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ABSTRACT

Experimental Study of Bridge Scour in Cohesive Soil.
(December 2009)
Seung Jae Oh, B.E., GyeongSang National University, South Korea;
M.S., Pusan National University, South Korea
Co-Chairs of Advisory Committee: Dr. Jean-Louis Briaud
Dr. Kuang-An Chang

The bridge scour depths in cohesive soil have been predicted using the scour
equations developed for cohesionless soils due to scarce of studies about cohesive soil.
The scour depths predicted by the conventional methods will result in significant errors.
For the cost effective design of bridge scour in cohesive soil, the Scour Rate In
COhesvie Soil (SRICOS) for the singular circular pier in deep water condition was
released in 1999, and has been developed for complex pier and contraction scour.

The present study is the part of SRICOS-EFA method to predict the history of
contraction scour, and local scours, such as abutment scour and pier scour. The main
objective is to develop the prediction methods for the maximum and the uniform
contraction scour depth, the maximum pier scour depth and the maximum abutment
using flume test results. The equations are basically composed with the difference
between the local Froude number and the critical Froude number. Because the scour

happens when the shear stress is bigger than the critical shear stress, which is the
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maximum shear stress the channel bed material can resist from the erosion, and
continues until the shear stress becomes equal to the critical shear stress.

All results obtained from flume tests for pier scour have been conducted in Texas
A&M University from 1997 to 2002 are collected and reanalyzed in this study. Since the
original pier scour equation did not include soil properties. The effect of water depth
effect, pier spacing, pier shape and flow attack angle for the rectangular pier are studied
and correction factors with respect to the circular pier in deep water condition were
newly developed in present study.

For the abutment scour, a series of flume tests in large scale was performed in the
present study. Two types of channel — rectangular channel, and compound channel —
were used. The effect of abutment length, shape and alignment of abutment were studied
and the correction factors were developed. The patterns of velocity and of scour were
compared, and it was found that the maximum local scour occurred where the maximum
turbulence was measured.

For the contraction scour, the results obtained from a series of flume tests
performed in 2002 and a series of flume tests for the abutment scour in the present study
are analyzed. The methodologies to predict the maximum contraction scour and the
uniform contraction scour in the compound channel was developed.

Although all prediction methods developed in the present study are for the
cohesive soils, those methods may be applicable to the cohesionless soils because the
critical shear stress is included in the methods. All prediction methods were verified by

the comparison with the databases obtained from flume test results and field data.
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CHAPTER1

INTRODUCTION

1.1 Background

Bridge scour is the aggradation or degradation of the riverbed around the bridge
structure. Bridge scour is usually widely divided into general scour, contraction scour
and local scour. General scour happens without the existence of bridge. The contraction
scour results from the acceleration of the flow due to the constriction of channel, while
local scour happens by the turbulence around bridge obstacles such as pier and abutment.
Generally the main cause of general scour is the manmade channel straightening of a
river inducing the increase of the flow velocity in the river. The main reason of local
scour is the existence of bridge abutment and pier which leads high velocity and big
turbulence. Pier scour is the removal of the soil around the foundation of pier, abutment
scour is the removal of the soil around the abutment which is the structure supporting the
bridge deck at the end of embankment, and contraction scour is the removal of the soil
by the reason of channel narrowing by the approach embankment.

Bridge scour is the main cause of bridge failure in the United States. Shirhole and
Holt (1991) found that around 60 % of bridge failures in the United States were related
with bridge scour on the basis of their survey from 1950 to 1990. Studies to predict the
depth of bridge scour have been performed since the middle of 20" century, and most

methods to predict bridge scour have been developed on the basis of laboratory flume

This dissertation follows the style and format of the Journal of Hydraulic Engineering.



test results using cohesionless soil. Those methods have been also used for cohesive soil
which has much slower erosion rate than cohesionless soil. It usually takes less than a
day for cohesionless soil to reach the maximum scour depth in cohesionless soil under
constant flow rate while the scour depth developed in a day maybe less than a percentile
of the maximum scour depth in cohesive soil by the reason of its slower erosion rate.
The erosion rate of soils has been studied by Briaud et al. (1999(b), 2003) and they
found that the scour rate of cohesive soils can be 1000 times slower than that of
cohesionless soils. In order to design cost-effective bridge, the time factor should be
considered for the scour depth prediction in cohesive soil. Briaud et al. (2003)
considered the time effect in bridge scour in cohesive soils for complex pier and
contraction scour in the research project NCHRP 24-15. A method to predict the scour
depth in cohesive soil in NCHRP 24-15 was called as Scour Rate In COhesive Soils
(SRICOS) method. The SRICOS method uses the maximum shear stress and the
maximum scour depth to predict the scour with time effect.

In present study as a part of the extension of SRICOS method, a method is
developed to solve the problems of abutment scour. In addition, the new method to
predict contraction scour and complex pier scour is developed using the data obtained

from the laboratory tests in Texas A&M University since 1997.



1.2 Objectives

The specific objectives of this study are:

—

To develop a methodology to predict the maximum complex bridge pier scour
with consideration of the critical shear stress of soil and the effect of water depth,
attack angle, pier shape and the spacing of piers.

2. To develop a methodology to predict the maximum bridge contraction scour in
the compound channel with consideration of the critical shear stress of soil and
the effect of contraction length and transition of contraction.

3. To develop a methodology to predict the maximum abutment scour in the
compound channel with consideration of the critical shear stress and the effect
of abutment shape, transition angle and abutment location.

4. To update the SRICOS-EFA method to predict pier scour, contraction scour,

and abutment scour using developed prediction methods.

1.3 Methodology

Scour occurs when the shear stress generated by flow around bridge structure
exceeds the critical shear stress of channel bottom soils. The shear stress decreases with
scour development and the scour continues until the shear stress acting around the bridge
structure equals to the critical shear stress of channel bottom soils. Flume tests results are

collected and analyzed to identify the scour patterns.



1.3.1 Flume tests

A series of flume tests was conducted for abutment scour and contraction scour in
compound channel composed with cohesive soil. The evolution of channel bottom was
measured frequently during every flume test, and the hyperbolic model was used to get
the maximum abutment scour and contraction scour depth at the equilibrium condition.
The water depth and velocity pattern were measured to find the relationship between the
variation of water depth and velocity with scour development.

The flume test results performed by Gudavalli (1997) and Li (2002) are re-
analyzed to formulize the relationship between pier scour depth and all parameters
including the critical shear stress of soil, hydraulic data and geometry.

In addition, Li’s flume test results (2002) are included for the formulation of

contraction scour.

1.3.2 Hyperbolic model

The scour rate of clays can be ten thousand times slower than that of sand. It can
take several months or years to reach the maximum scour depth because the Porcelain
clay is used for channel bottom material in flume tests in this study. In order to get the
maximum local scour depths, a hyperbolic model proposed by Briaud et al. (1999(a),
2001(a), 2001(b)), who found that the maximum pier scour depth could be obtained by
extrapolation with scour depth versus time, is applied to obtain the maximum scour

depths for pier, contraction and abutment scour.



1.3.3

SRICOS-EFA method

The EFA (Erosion Function Apparatus) is a device to get the erosion properties of

soil. SRICOS-EFA (Scour Rate In COhesive Soil-Erosion Function Apparatus) is a

method to predict the scour depth with the function of time considering the erosion

properties of soil. The procedure of SRICOS-EFA is summarized as following;

1. Perform EFA (Erosion Function Apparatus) tests on the samples and obtain the
relation of the erosion rate Z to the hydraulic shear stress 7 .

2. Determine the initial maximum bed shear stress 7, around the hydraulic
structure before the scour process using the equation obtained from numerical
simulations.

3. Obtain the initial scour rate Z, corresponding to 7, onthe -7 curve.

4. Calculate the maximum scour depth y_ .

5. Develop the complete scour depth y_ versus time ¢ curve.

YO =7 (1.1)
4oy

6. Predict the scour depth at the time corresponding to the duration of the flood by
reading the y -t curve.

1.4 Outline

This dissertation is written on the basis of flume test results performed since 1997

in Texas A&M University; Gudavalli (1997) conducted flume tests for pier scour in deep

water condition with cylindrical pier, but he did not formulize the results with the term



of soil property. Li (2002) conducted flume tests for pier scour and contraction scour. He
conducted a series of flume test to find the effect of water depth, pier shape, attack angle
and aspect ratio, and another series of flume test for contraction scour in the rectangular
channel. A series of flume test have been conducted for abutment scour and contraction
scour in compound channel since 2005. In this dissertation all flume test results are used
to formulize the results of pier, contraction and abutment scour.

Chapter 1II is consisted with the overview of the existing knowledge. This chapter
presents the literature review of pier scour, contraction scour, and abutment scour for
both cohesionless soil and cohesive soil. The summary of SRICOS-EFA method —
maximum shear stress for pier scour, contraction scour, and abutment scour, and
procedure of SRICOS-EFA - is also overviewed in this chapter.

Experiment setup is presented in Chapter III. This chapter details the test setup,
equipment, the properties of soil used in the flume tests, and test procedure.

The flume test results for abutment scour in the compound channel are induced in
Chapter IV. The pattern of velocity, the water depth change and the evolution of channel
bed are measured. Both the maximum abutment scour and the maximum contraction
scour of each test are calculated on the basis of the hyperbolic model. The pattern of
velocity and the scour pattern are compared to find the main cause of abutment scour
and contraction scour.

The comparison between the measurement during flume tests and one dimensional
simulation results are conducted in Chapter V. For one dimensional simulation, HEC-

RAS (Hydrologic Engineering Center River Analysis System) is used.



The flume test results for pier scour from Gudavalli (1997) and Li (2002) are
reanalyzed in Chapter VI. The data for deep water condition are selected, and the
prediction equation of pier scour in deep water condition is proposed. Using the
prediction equation in deep water condition, the shallow water effect, abutment shape
effect, attack angle effect and group pier effect are studied and several correction factors
are presented in this chapter. The pier scour equation is applied to the previous test
results for cohesionless soil for the verification.

Chapter VII presents the contraction scour prediction using flume test results from
Li (2002) and present study. The maximum contraction scour equation applicable to both
compound channel and rectangular channel is proposed. The uniform contraction scour
equation is also proposed using the relationship between the maximum contraction scour
and the uniform contraction scour, which is proposed by Li (2002). The uniform
contraction scour equation is applied to the flume test results conducted by Gill (1981).

Chapter VIII presents the abutment scour prediction using flume test results. The
abutment is regarded as the half of the wide pier, and the prediction equation form of
abutment scour is same to that of pier scour. The abutment shape effect, the attack angle
effect and the abutment location effect in the compound channel are studied with flume
test results. The abutment scour equation is applied to the Froehlich’s (1989) database
and Sturm’s (2004) database for the verification. The comparisons with other equations

using imaginary condition are conducted in this chapter.



Chapter IX presents newly developed SRICOS-EFA method. The principle of
SRICOS-EFA, the procedure of the method, and new version of SRICOS-EFA program
is introduced in this chapter.

Chapter X addresses the conclusions of the dissertation and recommendations for

future research.



CHAPTER 11

LITERATURE REVIEW OF BRIDGE SCOUR

2.1 Introduction

The local bridge scour includes pier scour and abutment scour. Pier scour is the
removal of the soil around the foundation of pier, abutment scour is the removal of the
soil around the abutment which is the structure supporting the bridge deck at the end of
embankment. The contraction scour is the removal of the soil by the reason of channel
narrowing by the approach embankment. The local scour can be divided into clear-water
scour and live-bed scour with respect of the ratio between the shear stress and the critical
shear stress at approach section. The clear-water scour happens without sediment
transport from upstream, but the live-bed scour happens with sediment transport from
upstream to scour hole. The scour rate of clear-water scour is much slower than that of
live-bed scour while the deepest maximum scour depth happens at the threshold
condition, which is the borderline between clear-water scour and live-bed scour.

Extensive studies on bridge scour have been performed in the past. In this chapter,
the literatures about three local bridge scours - pier, contraction and abutment scour - are

summarized in the view of soil type.



10

2.2 Pier scour

2.2.1 Pier scour in cohesionless soil

A lot of pier scour studies have been conducted since 1950s, and these studies are
based on the laboratory test results in cohesionless soil. The followings are the summary
of famous studies on pier scour in cohesionless soil.

Laursen and Toch (1956) studied the effect of pier nose shape, attack angle and
water depth on pier scour. They presented a basic design curve of pier scour depth in

rectangular piers with zero attack angle, which was expressed as:

V. 0.3
Zatpier) 1.5(ﬁj 2.1)

a a
where y, .., 1s pier scour depth, y, is approach flow depth and a pier width. They

found the correction factor for pier nose shape, and the correction factors for the pier
scour depth as the function of attack angle and the ratio of pier width to pier length. The
correction factors for pier shape and attack angle proposed by the authors are presented
in Table 2.1 and Figure 2.1, respectively. Thus pier scour prediction considering pier

nose shape and attack angle is:

0.3
yx(pier) — Kl . K2 15(&) (22)
a a

where K, is the correction factor for pier nose shape, and K, is the correction factor for

attack angle.
Tison (1961) conducted a series of flume test with 0.7 m wide flume. The flow

condition mostly used in flume test was 0.105 m of flow depth and 0.03 m?/sec of
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discharge and mean velocity of 0.41 m/sec. A medium size of sand of Dsy = 0.48 mm
was used. He studied the pattern of flow around a bridge and approach section. He
showed that the downward velocity generated in front of pier so-called “horseshoe
vortex” is main cause of pier scour. He also mentioned that the maximum scour depth
occurred at the nose for the rectangular pier, and the length of pier was not important if

the flow direction is parallel to the direction of pier length (49 = 0°) for the rectangular

channel.

Table 2.1. Correction factor for pier nose shape (Laursen and Toch (1956))

Shape of pier nose L/a K,
Rectangular Bl‘ 1.0
Semicircular 1:1 G 0.9

2:1 G 0.8
Elliptic
1 ] o0rs
, 2:1 < 0.8
Lenticular
31 < 0.7
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Figure 2.1. Correction factor for attack angle (Lauresen and Toch (1956))
Larras (1963) analyzed Chabert and Engeldinger (1956) data and found the
relation of pier scour depth as functions of pier width, pier nose shape and attack angle.

The relation suggested by the author is:

Ysipiery = Ky - K5 -1.05-a"" (2.3)
where y, .., is pier scour depth in the unit of meter, a is the width of pier in the unit of

meter, K, is the correction factor for pier nose shape ranging from 0.41 to 1.4, and K, is

the correction factor for attack angle ranging from 1 to 2.0.

Jain and Fisher (1980) conducted a series of flume tests with tilting flume. Three
types of sand, which are fine, medium and coarse sands, were used for soil material.
Two circular cylinder piers with diameter of 0.051 m and 0.102 m were used for

laboratory tests. The proposed equation is:
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0.5
ys(pier) — 186 X (&) (Frl _ FrL )0'25 (24)
a a

where Fr, 1s Froude number based on approach water depth and velocity

[Frl =L], and Fr. is the critical Froude number based on critical velocity and
&N

approach water depth(F T, = Ve ] .

VE N
Melville and Sutherland (1988) analyzed data obtained from lots of previous

studies - Chiew (1984), Ettema (1980), Chee (1982), Melville (1975), Shen et al. (1966),

and Davoren (1985).

Ys(pier) — Kl . KZ . KI . KW 'Kd . Ko_ (25)
a

where K, is correction factor for flow intensity, K is correction factor for water depth,
K, is correction factor for sediment size ratio, and K is correction factor for sediment

gradation. Those correction factors recommended by authors follow:

Authors recommended to select one of reasonable correction factor for pier shape
effect among Chabert and Engeldinger (1956), Laursen (1958), Laursen and Toch (1956),
Tison (1940) and Venkatadri et al. (1965). The correction factor for attack angle is same

with Laursen and Toch (1956) as shown in Figure 2.1.

V—(V,-V.) V—(V,-V.)
24— "</ for ——<—<L <10
K, = % % (2.6)

2.4 , else
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y 0.255 y
0.78| =+ ,for =L < 2.6
K, = ( a j a (2.7)
1.0 , else
1.0 ,fora/D,, >25
a= (2.8)
0.57log(2.24-a/ D) , else

where V, is the mean velocity of flow at the “armor peak™ for nonuniform sediment or

critical velocity for uniform sediment.

Melville (1997) found more detail correction factor for water depth effect. It is that
the pier scour depth in deep water condition (y=1.43-a) is independent on the water
depth as shown in Figure 2.2. This relation is very helpful to analyze Gudavali’s data

(1997) and Li’s (2002) data in present study.

10 ; T T T I T = ;i
N | |
Pier Data 1 VIV,
s s =08 e 1.0 <
5 = 0.7
1 |- 340 - 0.5
i o i
ds/ a a ::” 1 1
0.1 ] :
= ] Circular | o
J | Vertical-wall m
’ ' i BEER i T
‘ J IR
.01 y/a =1.43
0.01 0.1 1 10
y/a

Figure 2.2. The influence of flow shallowness on local scour depth (Melville 1997,
Melville and Coleman, 2000)

Abdou (1993) performed experiments to study the effect of sediment gradation on

pier scour. The author used six different sediment mixtures with a constant median
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diameter. The following relation was proposed on the basis of experimental results and

data regression:

For o, =138 20 = 144.5. ' (2.9)
N

For o, =243 20 =38 0. 3 (2.10)
3

For o, =243 200 =93 (. @.11)
i

D —1.48
ys([’ier’) — 148 . Fr2.93 (ﬂj (212)
N 50

where o, = (D, /D, )O'5 is the geometric standard deviation of the bed material, and D,

Dso, Dga, and Dg are the particle size for 16, 50, 84 and 90 percentile of weight,
respectively.

Richardson et al.’s equation (1995, 2001) is recommended for the computation of
maximum pier scour for both live-bed and clear-water pier scour in HEC-18. The pier
nose shape, attack angle, bed condition and armoring effects are considered in the

recommended equation. The equation is:

ys(pier) — 20[{1 . Kz . K3 . K4 X aO.éS . y10.35Fr10.43 (213)
where K, is the correction factor for bed condition , K, is the correction factor for

armoring by bed material size. The correction factors from K, to K, are expressed in

following:
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Table 2.2. Correction factor for pier nose shape ( K, ) proposed by Richardson et

al.(2001)
Shape of pier nose K, Shape of pier nose K,
Square nose 1.1 Group of cylinders 1.0
Round nose 1.0 Sharp nose 0.9
Circular cylinder 1.0 - -

o

L 0.65
cos @ +—sin 6’)
a

(2.14)

Note: If the attack angle is bigger than 5 degree, the effect of pier nose shape becomes

irrelevant to scour depth. Thus K- K, = K, :(

a

cosﬂ+£sin0

0.65
j ,for @>5°.

Table 2.3. Correction factor for bed condition ( K,)

Bed condition H (m) K,

Clear-water scour N/A 1.1

Plane bed and antidune flow N/A 1.1

Small dunes 3>H >20.6 1.1
Medium dunes 9>H >3 1.2to 1.1

Large dunes H>9 1.3

where H is the height of dune.

K, =04V

(2.15)
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1
Vv 50 Vi95

C

. . . V.-V, . . .
where V,is velocity ratio (VR = [AD , V.5, 1s approach velocity to initiate scour at

0.053
. o D, . .
the pier for grain size Dj, (Viso =0.645 (%) VCSOJ’ Vo5 18 approach velocity to

0.053
initiate scour at the pier for grain size D, {Vigs =0.645 (fj VCQSJ, V., is critical

velocity for grain size Dy, (V.5, =6.19-y°- Dy’ ), and V., is critical velocity for grain

size Dy (V.o =6.19-3°-DJ7).

Note that the limits of bed material is Dy, 20.002m and Dy, 20.02m , and the

minimum value and maximum value of K, is 0.4 and 1.0, respectively.

2.2.2 Pier scour in cohesive soil

Pier scour in cohesive soil were investigated through laboratory tests or site
observations. Some of the interesting conclusions and predictive equations from those
investigations are given in the following:

Hosny (1995) investigated bridge cylindrical pier scour by flume tests in different
streambed states, i.e., mixed beds (cohesive and non-cohesive soils), unsaturated
cohesive soil and saturated cohesive soil. He found that soil compaction, and initial
water content (IWC) could affect local scour depth. The results also indicated that the
existence of cohesive soil could reduce the final scour depth, and the time to reach the

maximum scour depth in saturated cohesive soils was longer than that in mixed soils.
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Hosny recommended the following equations to estimate pier scour depth in cohesive
soils through test data regression and dimensional analysis:

For sandy-clayey soil:

Fr, ’
Yypiery =18.9a i (2.16)

For unsaturated and saturated cohesive soil:
_2 3
Ve, = 0.9B(IWC) 73 Fr2Comp™ 2.17)

Scour depth y,pi.r) has relationship with the volume of scour hole V;as:

v
Vv
Ys(Piery = kB (_;j (2.18)
a
where yypier) 1s the maximum scour depth, B is the diameter of pier, C is clay content,

Comp 1s degree of compaction (0.58<Comp<l), IWC 1is initial water content
(0.15<IWC<0.5), Fr= Vl/(gy1 )0'5 is the Froude number (0.18<Fr<0.51), k’ is a constant

(0.4<k’<0.7), Viis the volume of scour, V; is the approach average velocity and g is the
gravitational acceleration.

Annandale (1995) proposed the Erodibility Index Method (EIM) to predict pier
scour in erosive rock and other resistant earth materials. The method is based on the
comparison between the available stream power and the required stream power. The
available stream power is the erosive power of the flowing water, and the required
stream power is the critical erosive power necessary to erode the soil away. Scour occurs
only at the condition that the available power is larger than the required power; and

scour stops when the contrary occurs. Therefore, the maximum scour depth happens
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when the available stream power curve and the required stream power curve intersect
each other.

The Erodibility Index is identical to Kirsten’s Excavatability Index (Kirsten, 1982)
used to quantify the relative ability of earth materials to resist erosion, and can be
determined as:

K=MKK,kJ, (2.19)
where K is the Erodibility Index, M; is the intact material strength number, K, is the
particle/block size number, K is the shear strength number, and J; is the relative ground
structure number. Each parameter can be obtained from tables and equations according
to the bed materials. The relationship between the required stream power and erodibility
index is given by:

K*7? K >0.1

P .= 2.20
required {0,96[{0'44 K<01 ( )

The available stream power at the base of the piers can be calculated for different
types of piers on the method developed by Federal Highway Administration’s (FHWA)
hydraulic laboratory for granular materials.

Annandale built relationships between the stream power amplification at the base

bridge piers P./P, and dimensionless scour depth Y, ..,/ Vi e DYy fitting

experimental data for different types of piers.

For round piers

2
Lo _30097 (L] —9.6589 (M]Hﬁm 2.21)

Ys(Piery_HEC Ys(piery_HEC

v |So

a
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For square piers

1’} = —4.0741In (&j +1.3186 (2.22)

ys(Pier)fHEC

a

For rectangular piers (0° skew angle)

2
Fo 1643 Yeren | _ppqy| s 1410614 (2.23)
Pa ys(Pier)fHEC ys(Pier)fHEC
For rectangular piers (15 ° skew angle)
P 2
L _ 51806 — e | _13212| 20 |4 93696 (2.24)
Pa yx(Pier)_HEC yx(Pier)_HEC
For rectangular piers (30 ° skew angle)
P 2
L _61006] —Den | _16.998| — e |12 267 (2.25)
Pa ys(Pier)_HEC ys(Pier)_HEC

where yypier) 1S the maximum scour depth in cohesive soil, Yypicr) mec 1s the maximum
scour depth calculated using HEC-18, P, is the stream power at the base of piers (or the
available stream power) and P, is the approach stream power per unit area in the
upstream reach and calculated by FHWA equation.

Gudavalli (1997) conducted extensive experimental research on cylindrical pier
scour in different soil beds. The results indicated that the existence of cohesive soils has
no noticeable influence on scour depth compared to the values predicted by HEC-18,

and a relatively simple equation was proposed to predict simple pier scour depth as:

(,ZV 0.635
Vocrer = 0.0018(—‘j (2.26)

Vv
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where y, ., 1s the maximum pier scour depth in meter, a is pier diameter, V; is the

mean approaching velocity, and vis kinematical viscosity of water.

In the study, it was also found that hyperbolic model works well to simulate the
time history of scour development and predict the maximum scour depth, especially for
scour in cohesive soils where scour depth strongly depends on the scouring time.

Li (2002) assumed that the difference between maximum shear stressaround pier
and the critical shear stress of channel bottom soil governs the scour depth. He analyzed
the database of scour in Gudavalli (1997), and proposed the pier scour equation in deep
water condition as:

0.4
Jatvien _ o (—Tm“”’fe” L j (2.27)
a pga
He conducted a series of flume tests to find the effect of water depth, pier spacing,

and pier shape, developed Gudavalli’s (1997) equation as:

a'V 0.635
Yypiery =0.0018-K -K_ -K, (TJ (2.28)

where  y, ., 1s the maximum pier scour depth, a is pier diameter,

a'=a (£ sin 8+ cos HJ is the projected pier width for rectangular pier, p is the density of
a

1
logRe

water, T .. pier) = {0.094,0%2( —O.lﬂ is maximum shear stress around cylindrical

pier proposed by Wei et al. (1997) , 7, is the critical shear stress of channel bottom soils,

V, is approach velocity, Re = (Vla / V) is pier Reynolds number, V is the kinematical
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viscosity of water (1()'6 m?/s at 20°C), K, is the correction factor for water depth effect,
K, is the correction factor for pier spacing effect.

Ivarson (1999) found that the pier scour predictive equation in HEC-18 only
restricts to bed materials with particle size D5y > 0.06m. He proposed a bed material size
factor, K4, for clay beds based on the correlation between the unconfined compressive

strength and the critical stress of soil:

K, =0.677log (soosﬁj (2.29)
where a is the width of pier, S, is the unconfined compressive strength of clay (lbs/ ft*).
In order to apply this correction factor into HEC-18, the unconfined compressive
strength (lbs/ ft* ) must be greater than 17 times of the pier width (inches).

Molinas et al. (1999) investigated bride pier scour in unsaturated and saturated
cohesive soils concerning the effect of clay content, soil compaction, and initial water
content (/WC). Based upon dimensional analysis and experimental data regression, the

scour depth equation using parameters such as compaction, initial water content, and

Froude Number was developed as follows.



23

For unsaturated cohesive soil:

0 Fr,<0.2

Comp 20.85
yx(Pier) _
a0_66y1,13 - Fi‘l <0.2 (230)

45.95(IWC) "™ Fr*Comp"® | Comp <0.85

Fr,>0.2

For saturated cohesive soil:

0 Fr, < Fr,

Ys(Pier) 0.66
e - 2.31)
Y, 9.61[£j (IWC)** (Fr,—Fr)"™  Fr,> Fr

"

where yypier) 1s maximum pier scour depth, y; is the depth of approach flow, a is pier

width, Comp is the degree of compaction, IWC is initial water content,

Fr,=V, / (gy,)" is the Froude number, Fr, =V, / (gy,)" is the scour initiating Froude

number, V; is the approach average velocity, V, = 0.065/ (1wc )2'92 is the scour initiating

velocity, and g is the gravitational acceleration.

Kwak (2000) extended Gudavalli’s (1997) pier scour research to the condition of
multi-floods and layered soils, and resulted in the SRICOS method. In this method, soil
erosion functions measured by EFA (Erosion Function Apparatus) and flow conditions
are combined in a series of hyperbolas, and these hyperbolas are joined together in a
time sequence to simulate the whole time history of scour process.

From the literature on pier scour in cohesive soils, it was found that the influence
of soil properties on pier scour has been partially examined in the previous research. The

deceleration effect of scour rate due to the existence of clay was clearly addressed and
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modeled. Even though arguments still exist, more and more evidences tend to support
that clay and sand have different maximum scour depth. Annandale and Molinas made
special contributions by independently developing the concept that it is under certain
critical values for a given soil that scour initiates and stops. But these boundary
conditions were not fully developed in their equations to represent the flow-soil
interaction. Also, the proposed methods by them to calculate the critical values are too

specific to be applied in general cases.

2.3 Contraction scour

The flow passing through the bridge section gets the higher velocity and the
corresponding higher shear stress than approach section. If the increased shear stress is
greater than the critical shear stress of the channel bottom soils, the contraction scour
happens. Many studies on the contraction scour in cohesionless soils have been
conducted since 1930s, and studies on the contraction scour in cohesive soils have been

performed recently.

2.3.1 Contraction scour in cohesionless soil

Straub (1934) is a pioneer to develop a methodology to predict the long
contraction scour in the live-bed condition. He assumed that the contraction scour would
continue until the local transport capacity is equal to the amount of sediment particles
supplied from upstream. Many researchers after him have developed long contraction
scour prediction method with his approach. Laursen (1963) and Komura (1966) applied

Straub’s approach (1934) in the live-bed contraction scour to the clear-water contraction
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scour. The formulations of long-contraction scour in cohesionless soil are summarized in

Table 2.4.

Table 2.4. Formulations for long contraction scour in cohesionless soil

Scour
Reference Contraction Scour Equation Notes
Condition
6 62+a 6 a
Laursen = Ta v a depends on the mode
Yeont _ % 7 i Tt n, 7ara Live-bed
(1960) Y o L, n, of sediment movement
Laursen o7 Clear-
Y Cont  _ 0 13 Q
(1963) Y Dy, y"L, water
2
Komura = 6/7 272
7 n’v
Yeonr _| Ta i T= % Live-bed
(1966) v, \7,) L Dy,
2
K z 6/7 Clear-
o Ve _[ Za |'[ L izac[Gs—l]gD .
Y T, water
(1966) 1Y
m is a function of
Gill 6/7 L Vm = sediment transport rate
Yeon =C i 2 1-— T_L + T_L Live-bed
(1981) ) L, L (2 (2 and varies between 1.5
and 3.0
Lim and
I 0.75
Cheng Yeow _ (—Zj Live-bed
» o o\L

(1998 (a))
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2.3.2 Contraction scour in cohesive soil

Ivarson (1999) developed a clear-water contraction scour formulation in cohesive
soils using similar approach used in Laursen (1963) in cohesionless soil. They used
Flaxman’s (1963) relationship between the unconfined compressive strength and the
critical shear stress in clay in order to get the critical shear stress, and the relationship is:

;= 12.111og Su —28.67
c V2

(2.31)

Substituting shear stress at contracted section in Manning’s equation for the friction
slope with Flaxman’s relationship (equation (2.31)), the total flow depth in the

contracted section is:

2 32 3 2 3/10
Voo =| 2 (2.32)
log§, —2.367

where 7, is the critical shear stress of channel bottom soil ( [bs/ ft*), Su is the
unconfined compressive strength of channel bottom soil (Ibs/ ft*), V, is the average
velocity in the contracted section ( ft/sec), y,,, 1s the total flow depth in the contracted

section, ¢, =Q/ L, is the unit discharge in the contracted section ( ft'/sec/ ft), n is

Manning’s roughness coefficient.

Li (2002) conducted 13 contraction scour experiments in the rectangular channel
using Porcelain clay. He varied the approach velocity, contraction ratio, contraction
length and contraction transition angle, and found that the contraction scour depth can be

determined by flow and critical shear stress of soil in contracted section while the
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contraction length and contraction transition angle did not affect contraction scour depth.
He derived the maximum contraction scour equation and the uniform contraction scour
equation, and applied the uniform contraction scour equation to other laboratory test
results using sand performed by Gill (1981), Komura (1966) and Rana (1986). He
showed that his equation agreed well with those test results. The equations proposed by
Li (2002) are:

For maximum contraction scour

Jucom _ 1 9(1.38Fr, - Fr.) (2.33)
Vi

For uniform contraction scour

Ystuni_Conty _ 1.41(1.31Fr, - Fr,) (2.34)
M

where y,,,, 18 the maximum contraction scour depth, y .. co, 18 the uniform

) ) V(L /L)) .
contraction scour depth, y, is approach water depth, Fr, =L2) is Froude number
8
1/6
. . _ VC . .- _ (yl) T. .
in contracted section, Fr, = is the critical Froude number, V_ = . is
&N n P&

the critical velocity, 7, is the critical shear stress of channel bottom soil, n is Manning's

coefficient, g is gravitational acceleration and p is unit mass of water.
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2.4 Abutment scour

2.4.1 Abutment scour in cohesionless soil

Laursen (1960) assumed that the depth of abutment scour is a multiple of the depth
of long contraction scour. The depth of contraction scour was considered only as a
function of the contraction ratio for live-bed scour. The width of the abutment scour hole
was assumed to be 2.75 times the abutment scour depth. The relationship for live-bed
abutment scour in sand was based on these assumptions and expressed as:

716
£ =2.75 Yscabun ( ! scam +1J -1 (2.35)
Y M 11.5 Y

where L' is the projected length of abutment normal to the flow, y; is the water depth in
the approach section, and yyupu) 1s the maximum abutment scour depth.

Laursen (1963) used the same approach and developed an equation to predict the
depth of abutment scour for clear-water scour. The equation for abutment scour in sand

was:

1 716
| (.W+1j
£ _175 YscAbur) 11.5 N _1

% % 7))
T,

The scour depth equation (2.36) in the region of 1<L'/y <10 can be

(2.36)

approximated by

L' 2/3
ys(Abut) — 08 _(ﬂj (237)
Y N7

c
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where L' is the projected length of abutment normal to the flow, y; is the water depth in

the approach section, and yyup.) 1S the maximum abutment scour depth, 7, is the shear

stress on the channel bed at the approach section, and 7, is the critical shear stress on the

channel bed.

Garde et al. (1961) conducted a series of experiments in a rectangular channel with
various contraction ratio, sediment size of sand, and discharge. The flume used in the
experiments was 2 ft wide and 25 ft long. The maximum local scour occurred at the toe
of the abutment and the shape of the abutment scour hole was conical. In their findings,
the radius of the conical scour hole did not have any correlation with the depth of the
abutment scour. This contradicts Laursen’s (1960) finding that the radius is 2.75 times
the scour depth. They also found that the median size of sediment, contraction ratio
(Ly/Ly), and Froude number are crucial parameters that affect abutment scour depth.

They suggested an equation for abutment scour in sand as follows:

ys(Ahut) — K(AJ F’in _1 (2.38)
Vi L,

where K and n are coefficients that are function of the sediment size, L, is the width of
the channel at the approach section, L, is the width of the channel at the contracted
section, Fr, is the Froude number at the approach section, y; is the water depth in the

approach section, and ysapu) 1S the maximum abutment scour depth.
Gill (1972) used Straub’s (1940) model of long contraction scour to develop a

maximum abutment scour model. He stated that the maximum scour occurred when the
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channel bed material is under the critical shear stress (i.e., 7, =7,). Both fine sand and

coarse sand were used as channel material. The scour rate for the fine sand was
observed to be much faster than that for the coarser sand. An equation for scour rate was

proposed for both fine sand and coarse sand as:

, t
Yscann (D) =0.206logz+0.310  for coarse sand
Y Abur)

) 1
Sotann 1) _ 0.290logz+0.375  for fine sand (2.39)

Vs Abur)

where Yapur)(t) 1s the abutment scour depth at time 7, 7 is time in minute, and Yapur) 1S
the maximum abutment scour depth. The empirical equation for predicting the maximum

abutment scour depth in sand suggested by Gill is:

D 0.25 6/7
Yiam _g 375 (i] (i} _1 (2.40)
yl yl LZ

where Dsg is the median size of soil particle, L, is the width of the channel at the
approach section, L, is the width of the channel at the contracted section, y; is the water

depth in the approach section, and yypu,) is the maximum abutment scour depth.
Froehlich (1989) performed data regression using a total of 164 clear-water and
170 live-bed abutment scour measurements in sand taken by other researchers in
rectangular channels in different laboratories from 1953 to 1985. Froehlich applied
multiple linear regression analysis to obtain the relation among the local scour

(normalized by the initial water depth at the approach section) and several other
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dimensionless parameters. He proposed a live-bed scour and a clear-water scour
equation for abutment scour in sand as follows:

Clear-water scour:

I 0.63 0.43
ys(Abut) =0.78- K] . K2 . (_j (Lj F’,il.l6o_;1.87 (241)
Y M Dy,
Live-bed scour
L 0.43
ys(Abut) — 2'27 . Kl . K2 . [_j Frlo'61 (242)
Y N

where o, = (D, /D )0'5 is the geometric standard deviation of the bed material, and D,
Dsp, and Dg,4 are the particle size for 16, 50 and 84 percentile of weight, respectively,

Fr, =(Vl/ g )’1) is Froude number based on approach water depth and approach

velocity, K, is the correction factor for abutment shape that has a value of 1.0, 0.82 and
0.55 for vertical wall, wing-wall, and spill-through abutment, respectively. K, is the

correction factor for the alignment of the abutment with respect to the flow direction

(K2 =(6/ 90)0'13) with @ being the angle of abutment alignment (the embankment is

skewed downstream if 8<90°, and skewed upstream if >90°). L’ is the average
length of abutment ( L'=A /y with A, being the flow area obstructed by the
embankment), y; is the water depth in the approach section, and ysap) 1S the maximum
abutment scour depth.

HEC-18 uses equation (2.42) and a 1.0 safety factor for live-bed abutment scour

prediction in sand, i.e.:
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0.43
s _ 9 27.K, - K, (_j Fr®' +1.0 243)

N N
Melville (1992) developed a method to predict the abutment scour depth in sand in
a rectangular channel using a large number of experimental results under the clear water
scour condition. The ratio between the abutment length and the water depth was found to
be very important for the prediction. The method is classified into three conditions: short

abutment (L7 y <1.0), intermediate abutment (1.0< Ly, <25), and long abutment
(L' y, 225). The effect of abutment shape becomes irrelevant as the length of abutment

becomes longer. Similarly, the effect of the abutment alignment becomes irrelevant as
the length of abutment becomes shorter. Melville proposed the following equations for

the abutment scour depth in sand considering the three conditions as:

Yeiapuny =2:0-K, - L' for L'/ y, <1.0

Voo =2:0-K, - K, -K; (L"y, )0'5 for 1.0< LYy, <25

Yecanay =10.0- K, - y, for L7y 225 (2.44)
where L' is the projected length of abutment normal to the flow, ysuapu) 1s the maximum
abutment scour depth, K, is a correction factor for flow intensity ( K, =V,/V_ for
V,/V.<1.0 and K, =1.0 for V,/V_>1.0), and K, and K, are correction factors for

abutment shape and abutment alignment to the flow as shown in Table 2.5 and Figure
2.3, respectively. These two correction factors vary with the ratio between the abutment

length and the water depth as expressed in the following:
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K, =K, for L'/ y, <1.0
Kf=K1+(1—K1)(O.1%1—1.5j for 1.0<LVy <25
K =10 for L7y 225
K, =K, for L'/ y, 23.0
K;=K2+(1—K2)(1_5_()_5%1j for 1.0<L'"7y <3.0
K,=1.0 for L'/ y, <1.0

Table 2.5. Factor of abutment shape (K;) (Melville, 1992)

Shape of Abutment K,
narrow wall 1.0
Vertical wall
semicircular end 0.75
Wing-wall 45° 0.75
0.5:1.0 0.6
Spill-through (H:V) 1.0:1.0 0.5
1.5:1.0 0.45
K, A
1.1
1.0
0.9
30 ‘50 160 > 6

Figure 2.3. Correction factor of abutment alignment (K>) (Melville, 1992)
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Melville (1995) verified the effect of compound channel using Dongol’s (1994)
experimental results. In his study, only the abutments terminating in the main channel
were studied because abutments terminating in the main channel were considered as
being in rectangular channels. The correction factor for channel geometry was proposed

as:

K s(Abut)

G *
Y scAbur)

where y' ,,., is the local scour depth at an abutment situated in a compound channel.

The correction factor for channel geometry is:

K =L /L

5/3

L

where L, = L'{l—ff(l—y—f] n_m} in which L is the length, y is the water depth, n is
Ym ) Ty

Manning’s roughness coefficient, and the subscripts f and m indicate floodplain and
main channel, respectively. Accordingly, Melville (1995) expressed the final form for

abutment scour prediction in sand by considering all the conditions as:

Ys(Abur) =20-K,-K, ,Kl* . K; (2.45)

VL y

where y; is the approach water depth at the line of the toe of the abutment, ysapu) is the

maximum abutment scour depth, L' is the projected length of abutment normal to the

flow, K, is a correction factor for flow intensity ( K, =V,/V_, for V,/V_<1.0 and

K, =1.0for V,/V.>1.0), K, is the correction factor for channel geometry, K, is the
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correction factor for abutment shape, K ; is the correction factor for abutment alignment.

Sturm and Janjua (1994) conducted 37 experiments with sand in a compound
channel using a vertical wall abutment for abutment scour prediction. The slope of the
main channel was vertical and only half of the channel was modeled to maximize the
scale. The channel thus was assumed to be symmetrical and the width of flume was one
half of the channel width. They showed that the velocity at the approach section, the
distribution of the discharge at the contracted section, and the critical velocity are the
most important factors affecting the abutment scour depth. Although the ratio of the
channel opening in the approach section to the channel opening in the contracted section
were used in previous studies, the concept does not work in compound channels because
of the difference in velocity distribution between the main channel and the floodplain.
Both the contraction ratio in terms of discharge and the contraction ratio in terms of
channel opening width were used in the data analysis and evaluated against the
experimental results. They found that using the discharge contraction ratio resulted in a
better comparison. Their abutment scour equation for sand obtained after data regression

is as follows:

V.
yx(Ahm‘) — 7.7 S1 —035 (2.46)
Yn M 'Vfc

where Vj is average approach velocity on the floodplain, V. is the critical velocity on the
floodplain, yyapu) 1s the maximum abutment scour depth, yy is the approach water depth
on the floodplain, and M is the discharge contraction ratio defined as

M =(0ps = Qoo ) ! Qs With Qo being the total discharge and Qpec being the
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discharge blocked by the approach embankment.

Sturm (1999, 2004) and Sturm and Janjua (1994) presents the results of flume tests
for abutment scour in compound channels using 3 types of cross sections. Various
contraction ratio, water depth, and soils were used but only a vertical wall abutment was
used. The backwater problem found by some researchers was not found by Sturm and
Janjua (1994). The flume used in their study is only 5.18 m long so it may be too short
to observe the backwater effect. They developed an equation for vertical abutment scour
in sand using the test results without the influence of backwater caused by abutment. It

is expressed as:

Loam _g 4| A0 _04 (2.47)
Yo r 4o

where g, (=V,,-y,) is the unit flow rate at the approach section with the effect of
backwater induced by the abutment, g .,(=V " y,,) s the critical unit flow rate on the

floodplain without the effect of backwater, Vj is the approach average velocity on the
floodplain, V,, =( % J(Gs =Dz, DG y}o j is the critical velocity on the floodplain
without backwater effect, Gs is the specific gravity of cohesionless soil, &, is constant in

Strickler-type relationship for Manning’s n (n=k,D}’), 7., is the critical value of

Shields’ parameter, Dsy is the median diameter of sediment, yp is water depth on
floodplain without backwater effect, ys is the approach water depth on the floodplain

and yyapur) 1S the maximum abutment scour depth.
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Sturm (2004) found the effect of abutment shape to be negligible (K, =1.0) with

the increase of the length of approach embankment. The correction factor associated
with the abutment shape for spill-through abutments was calculated based on the ratio
between the predicted scour depth using equation (7.13) and that using the vertical

abutment. The correction factor for spill-through abutment was suggested as:

K, = 15262067 o 0e7< £<12 (2.48)
£-04
q
where & = fc; s 471 (=V,, - y;,) 1s the unit flow rate at the approach section with the
fc0

effect of backwater induced by the abutment, g ,,(=V - y,) is the critical unit flow

rate on the floodplain without the effect of backwater, and M is the discharge contraction

ratio defined as M =(Q,,.. = Cyioer )/ Qs With Qiorar being the total discharge and Qpiock
being the discharge blocked by the approach embankment. Note that K, =1.0 for

1.2< ¢ and K, =0 for £<0.67. The correction factor is the same for both wing wall

abutment and spill-through abutment. = Accordingly, the abutment scour depth

considering abutment shape becomes:

Ys(Abur) =K,-8.14 L—OA (2.49)
Yro ’

Kouchakzadeh and Townsend (1997) used a symmetrical compound channel with
2 types of sand to investigate the lateral momentum transfer on abutment scour. They

used 4 types of abutments — vertical wall, wing wall, semi circular vertical wall, and
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spill-through. They found the discharge ratio, O, /Q,, is an important factor and

developed the following dimensionless function:

Ys(Abur) _ f[%,Fr

fl,FrfC,Shj (2.50)
Yri

a

Based on multiple data regression, they obtained the following equation:

39
ys(Abut) — Kl . ISS(QW ] Frf1i17 . Frf_co'zs (251)
Y1 Q

a

Vfl

N

where Frfl{z } is the Froude number in the approach section on the floodplain,

Fr

" (: L J is the critical Froude number in the approach section on the floodplain,

V&

Sh is the shape of abutment, Q, is the floodplain flow beyond the toe of the abutment
which converges and accelerates towards the abutment toe, Q, is the flow intercepted by
the abutment, and K, is a shape correction factor of abutment with values of 1.25, 1.08,

and 0.95, respectively, for vertical wall, wing wall, and spill-through abutment with a
side slope of 0.85 (H): 1 (V) , yu is the approach water depth on the floodplain, and
Vsabur) 1S the maximum abutment scour depth.

Lim (1997) developed a maximum abutment scour equation for sand based on a
semi-empirical analysis for clear water scour. He assumed that only the flow at the
approach section with a width corresponding to the length of the abutment and the lateral

length of local scour hole could develop the local scour at the toe of abutment. The shear
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velocity concept proposed by Rajaratnam and Nwachukwu (1983) was used to derive the

equation. Lim’s clear water abutment scour depth is given as:

yy(Abut) — Kl . (()9X — 20) (252)
Y

where y; is the approach water depth, ysupu) 1s the maximum abutment scour depth, K,

is the correction factor for abutment shape that has a value of 1.0 for vertical wall
abutments, and using Melville’s (1992) correction factor for other shapes, X in the
equation is given as:
0.25
_ FOQ75 (Dso / yl)
7 -(0.94L7 y, +1.0)

where FO(:VI/\/(Gs—I)-g-DSO) is the densimetric Froude number at the approach

section, @, (: T/ [( p.—p) gDs()]) is Shields’ parameter, Gs 1s the specific gravity of the

soil solids, and g is gravitational acceleration, 7, is the critical shear stress, p, is the
density of soil particle, pis the density of water, and Dsy is the median diameter of
sediment. He suggested this equation should be used for the case of X >2.22 because
VsaburyY1 = 0 for X =2.22.

Lim and Cheng (1998 (b)) derived a maximum abutment scour equation for live
bed condition using the same approach as in Lim (1997). The equation to predict

abutment scour in sand is given as:
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(2.53)

453 -
(Hysmbm)j . 1+1.2LYy,
2y1 2 ' 2/3 2
(u*cj N L tan¢+1 ' 1_(%}
Uy Ys(Abur) Uy

where y; is the approach water depth, ysupu) 1s the maximum abutment scour depth, K,

is the correction factor for abutment shape, u,, is the shear velocity at the approach
section, u._ is the critical shear velocity, L' is the length of abutment, and ¢ is the
lateral side slope angle of scour hole.

In the clear water scour condition, the term 1—(u,, / ., )2 in equation (2.53) should

be regarded as zero and the equation is reduced to the clear scour equation proposed by
Lim (1997). The abutment scour depth equation for sand in the clear water condition is

thus:

4/3

‘ 1+1.2\/L"

14 Dsaan | _ K, N (2.54)
2y, u,, lu,

Chang and Davis (1999(a), 1999(b)) developed a method to predict the abutment
scour depth for non-cohesive soil by assuming that abutment scour is a function of
contraction scour. Contraction scour was postulated to develop until the shear stress is in

the critical state; it was expressed as:

V.=q!Ye (2.55)
where V_ is the critical velocity, g is the average unit discharge in the approach section,
and y.,, 1s the contraction scour flow depth. They transformed Neill’s (1973) critical

velocity curve, shown in Figure 2.4, in terms of median diameter of cohesionless soil
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and water depth into a set of equations to calculate the clear-water contraction scour

flow depth. The clear-water contraction scour flow depth is given in equation (2.56).
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Figure 2.4. Neill’s (1973) critical velocity curve in terms of median diameter of

cohesionless soil and water depth

0.86
v = il for Dy, 20.03m
@635 DY

1/(1+0.125/D%'®)
Yo =D for 0.03m > Dy, >0.0003m
« | 4.16- DY}

v =1.49.4% for0.0003m > D, (2.56)
Cont ‘ 1
where y.,, 1s the contraction scour flow depth, g, the average unit discharge in the

approach section, and Dsg is the median diameter of sediment. They recommended the
use of Laursen’s (1960) equation for the calculation of the live-bed contraction scour

flow depth. The clear-water contraction scour depth (yscons)) 1S Obtained by subtracting
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the initial flow depth at the contracted section from the contraction scour flow depth.
The abutment scour depth is always deeper than the contraction scour depth

because of the high turbulence around the toe of the abutment. Chang and Davis

(1999(a), 1999(b)) proposed an abutment scour equation for vertical wall abutments

which uses the flow around the end of abutment:

Yoy = K, - K K)PT Yeom ~ Yo (2.57)
where ysapuy) 18 the maximum abutment scour depth, y,is the initial flow depth at
contracted section, y,,, 1s the contraction scour flow depth, K, is the correction factor
for pressure flow (K, =0.66Fr"*), K, is the correction factor for spiral flow at the
abutment toe (K, =0.1+4.5Fy for clear water scour and K, =0.35+3.2Fr for live-

bed scour, and it should be between 1.0 and 3.2), and K is the ratio of velocity at the

abutment toe to the mean velocity in the contracted section (K, =0.8(q, / g, )1'5 +1 with

g, being the unit discharge in the approach section and g, the unit discharge in the

bridge section) .
Subsequently, Chang and Davis studied the effect of abutment shape and presented
the results in the Maryland SHA bridge scour program. In addition, the correction factor

for spiral flow K, was updated in the Maryland SHA bridge scour program version 8
(Chang and Davis, 2007), and it is 0.13+5.85Fr for clear water scour and

0.46+4.16Fr, for live-bed scour in the range between 1.4 and 4.0.
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The effect of abutment shape diminishes with an increase of abutment length; the
effect becomes negligible if the length of the abutment is ten times greater than the
horizontal distance between the toe of abutment and the end of wetted part of abutment

at the upstream section. The correction factor for abutment shape is proposed as:

K, =0.55+0.05(X,/X,-1) for spill-through abutment
K, =0.82+0.02(X,/ X,-1) for wing-wall abutment
K =10 if K, >1.0 (2.58)

where X, is the horizontal distance between the toe of abutment and the end of the
wetted part of the abutment at the upstream section and X; is the length of abutment as

shown in Figure 2.5.

(a) Wing-wall abutment (b) Spill-through abutment

Figure 2.5. Abutment shape factor measurement (Chang and Davis, 2007)

Finally the abutment scour equation is expressed as:
Ysanay = Ky - K, (Kp 'Kf ) K3857 “Yeom yo) (2.59)

where ysapu) 1s the maximum abutment scour depth, v, is the initial flow depth at
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contracted section, Y, is the contraction scour flow depth, K, is the correction factor

for pressure flow, K ¢ is the correction factor for spiral flow at the abutment toe, K is

the ratio of velocity at the abutment toe to the mean velocity in the contracted section ,

K, is the correction factor of abutment shape, and K, is the correction factor for

abutment alignment proposed by Froehlich (1989).
Ettema et al. (2008) categorized abutment scour into three conditions. In condition

A (L'20.75L; ), the maximum local scour occurs in the main channel. In condition B
(L'<0.75L; ), the maximum local scour occurs on the floodplain. In condition C, the

breach of embankment is fully developed and the abutment columns are exposed like a

bridge pier. The maximum local scour flow depths (y,,, = Y,p) + ¥, 0 condition B,
Yavur = Vscapury T Yr 10 condition A) were compared to Laursen’s long contraction scour
flow depths (¢, = Yycom) T Y110 condition B, ye,., = ¥ con) + ¥,n 10 condition A). The
scour condition A (L'20.75L, ) and B (L'<0.75L, ) were classified as the ratio of the

length of embankment projected normal to the flow (L’) to the width of floodplain (L),

as shown in Figure 2.6. The ratio (y,,, /Y., ) was defined as an amplification factor:

a,, a, and a, for the three scour conditions and discussed below.
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L'=0.75 L ‘
- L' ,I j/j‘f
- L = 0.5L
L

Figure 2.6. Boundary of scour condition A and B with the ratio of abutment length to

the width of floodplain (Ettema et al., 2008)

Laursen’s live bed contraction scour flow depth was used in condition A. Usually
the floodplain is made of less erodible soils while the main channel is made with more
erodible soils. Accordingly, live bed contraction scour occurs in the main channel and
clear water scour occurs on the floodplain during a flood event. The amplification factor

o, depends on the unit discharge ratio and the abutment shape, as shown as Figure 2.7
(a). In the figure, g, is the average unit discharge at the approach section, g, is the
average unit discharge at the bridge section, g, is the unit discharge in the floodplain at

the approach section, and g, is the unit discharge in the floodplain at bridge section.

The maximum local scour occurs on the floodplain if the abutment has a long set
back on the floodplain or exists in a rectangular channel (condition B). Laursen’s clear
water scour flow depth was used for condition B because scour on a floodplain is mainly

clear water scour during a flood event. The amplification factor ¢, displays a relative

higher peak than that for condition A. The highest value occurs when the length of

abutment is very short as shown as Figure 2.7 (b).
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In condition C, embankments were built with the same material as for the channel
bottom so the embankments are vulnerable to erosion. Laursen’s clear water scour flow
depth was used to compare with the maximum local scour flow depth. The amplification

factor ¢ is less than 1.0 since embankments failed before local scour is fully developed.

The foundation of the abutment is exposed to the flow like a pier.
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(a) Condition A (b) Condition B

Figure 2.7. Scour amplification factor versus unit discharge ratio (replotted using data

from Ettema et al., 2008)

2.4.2 Abutment scour in cohesive soil

Yakoub (1995) varied WC (initial water content), CC (clay content), C (the degree
of compaction related to the optimum compaction) and CT (clay type) for a series of
tests on abutment scour in cohesive material. He compared abutment scour depth in
cohesive material with that in sand. He used a constant water depth and the same
abutment to examine the effect of clay. A vertical abutment that is 0.116 m (0.38 ft) long

and 0.219 m (0.72 ft) wide was used. The medium size and the geometric standard
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deviation of the sand were 0.81 mm and 2.41, respectively. The experimental results in
cohesive soil were directly compared with that in cohesionless soil with the same test
condition. He found that the abutment scour depth in cohesive soil is related to WC, CC,

C, and CT and can be expressed as:

2.4.2.1 Montmorillonite clay
(1) 100 % of Montmorillonite clay

For unsaturated soil

= (2.186—5.342-WC)-(15.407—52.202-C+60.873- c’ —23.512-C3) (2.60)

58

QU

For saturated soil

Z”" =(4.76—45.1-WC +136.1-WC? =126 -WC?)-(—0.339+1.744 - C) (2.61)

58

(2) Effect of clay content

¢ =1,0-0.608-CC—4.286-CC* +10.159-CC* (2.62)

AN

QU X

where d_, is the abutment scour depth in cohesive material, d is the abutment scour

depth in sand based on a 0.81 mm Dsy, WC is the initial water content, CC is clay

content, C is the degree of compaction related to the optimum compaction, and CT is

clay type.

2.4.2.2 Kaolinite clay

(1) 30 % of Kaolinite clay
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The degree of compaction has no effect on the scour depth at the sandy soil with a
30% mixture of Kaolinite clay. The effect of initial water content was also found
negligible.

(2) Effect of clay content

Ze =(),988—2.788-CC —52.56-CC* +110-CC* (2.63)

88

QU

where d_, is the abutment scour depth in cohesive material, d is the abutment scour

depth in sand based on a 0.81 mm Dsp, and CC is clay content.

2.5 SRICOS-EFA method

Since cohesive soils are much more slowly eroded than cohesionless soils, it needs
to include the scour rate in the calculations. The SRICOS-EFA (Scour Rate In Cohesive
Soils — Erosion Function Apparatus) method (Briaud et al., 1999(a)) was developed to

consider the erosion rate for the scour depth prediction.

2.5.1 Procedure of SRICOS-EFA method
The time to reach the maximum scour depth in cohesive soils is much longer than

the duration of flood. Thus the time effect should be considered to predict the scour
depth. The SRICOS method was proposed in 1999 to predict the single cylindrical pier
scour depth with consideration of time. The procedure of SRICOS method (Briaud et al.,
1999(a)) is:

1. Collecting Shelby tube samples near the bridge pier,

2. Testing them in the EFA (Erosion Function Apparatus, Briaud et al. 1999(a)) to

obtain the erosion rate 7 (mm/hr) versus hydraulic shear stress 7 (N/m?) curve,
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3. Calculating the maximum hydraulic shear stress 7., around the pier before scour

starts,

4. Reading the initial erosion rate z, (mm/hr) corresponding to 7, on the z vs. 7

curve,

5. Calculating the maximum depth of scour y_,
6. Constructing the scour depth y (#) versus time ¢ curve using a hyperbolic model,

7. Reading the scour depth corresponding to the duration of the flood on the scour

depth y (¢) vs. time ¢ curve.

The hyperbolic model describing the shape of scour depth y (¢) vs. t curve is:

y. (1) = (2.64)

t

1

Z'i y K
The SRICOS-EFA was developed to predict the single cylindrical pier scour, and

this method was extended to the complex pier scour, contraction scour and abutment

scour.

2.5.2 Maximum shear stress

In order to read the initial erosion rate z, (mm/hr) on the z vs. 7 curve, the

maximum shear stress 7,.,. should be calculated. Since Wei (1997) constructed the
maximum shear stress equation for single cylindrical pier, three maximum shear stress

equations for different bridge structure have been developed by Nurtjahyo (2003) and
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Chen (2008). Maximum shear stress equations after Wei (1997) are summarized in

following:

2.5.2.1 Maximum shear stress for single cylindrical pier

Wei (1997) studied the maximum bed shear stress around circular pier on constant
depth cannel with 3D simulation. The maximum bed shear stress equation is proposed
based on pier Reynolds number rather than the commonly used approach bed shear
stress in open channel flow. The maximum bed shear stress is also found independent of

water depth when the upstream flow is deeper than twice of the pier diameter.

7. =009%pV? L 1 (2.65)
logRe 10

where p is the density of water (kg/mS), Vi is the approach velocity (m/sec),

Re(=V,a/v) is the Reynolds number

2.5.2.2 Maximum shear stress for complex pier
Nurtjahyo (2003) further extended Wei’s equation to the complex pier conditions,

including the effect of water depthk, , the effect of pier spacing k, , the effect of

w

shape k, , and the effect of attack angle k.

1 1
Tcoien = KoKk, Ky -0.094 pV; -—— 2.66
max( pier) w'sh ™ spTt @ p |:10g Re 10i| ( )

where p is the density of water (kg/rn3 ), Vi is the approach velocity (m/sec), 6 is the
attack angle (in degree), S is spacing between adjacent two piers (measured center to

center), a is width of pier, L is length of pier, y, is approach water depth, Re(=V,a/v)
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is the Reynolds number, & the correction factor for the water depth effect, k, is the
correction factor for the pier shape, k,is the correction factor for the attack angle effect,

and k, is the correction factor for the pier spacing
k,=1+16exp(—4y/a)

k, =1.15+7exp(-4L/a)

k=1415(94,)

k,, =1+5exp(-1.15/a)

2.5.2.3 Maximum shear stress for contraction scour

Nurtjahyo (2003) numerically studied the maximum bed shear stress at the center
of the channel under long contraction. The equation is generated by correcting the open
channel flow equation including several correction factors for channel geometry and

water depth effect.

1

=k ok, k k pgn’V’R, 3 (2.67)

a’"a

Tmax(Com‘)
where p is the density of water (kg/rn3 ), Vi is the approach velocity (m/sec), g is the
gravitational acceleration, n is Manning’s coefficient, R, is the hydraulic radius, ¢ is the
transition angle (in degree), W, is the top width of the abutment, L, is the channel width
at approach section, L, is the channel width at bridge section, k,is the correction factor

for the contraction ratio, k,is the correction factor for the transition angle, k , is the

correction factor for the contraction length, and & is the correction factor for the water
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depth

1.75
_ L
kR—0.62+O.38( L)

k, = 1.0+0.9(%0)1'5,

" ~1.os[ ™. o
b= 0.77+1.36( (Ll—Lz)j 1.98(/L1_L2)j, for /Ll_Lz)go,gs

1.0 , for otherwise

k,=1.0

w

2.5.2.4 Maximum shear stress for abutment scour

Chen (2008) numerically studied the maximum bed shear stress around the toe of
abutment considering Froude number effect, aspect ratio effect, abutment shape effect,
abutment alignment effect, and overtopping flow effect. The maximum shear stress

equation around abutment is:

T =12.45k,, k ,ky, k ko k, k, pV2 Re ™% (2.68)

max(Abut) crRsn g KK
where p is the density of water (kg/m3), V1 is the approach velocity (m/sec),
Re(=V,W, /v) is the Reynolds number defined with top width of the abutment, g, is the
unit discharge at approach section, g, is the unit discharge at bridge section, d,is the

distance from the water surface to the low chord of the bridge at upstream face of the

bridge, d,,, is the thickness of the bridge deck, &, is the correction factor for the aspect
ratio of the approach embankment, k,, is the correction factor for Froude number, &, is

the correction factor for abutment shape, k, is the correction factor for abutment
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alignment, k, is the correction factor for overtopping

q N\ 024
4 o W,
o = {12(())7 Fr+038 I;r ><O'(: . 1.0 vertical-wall abutment
. 10' e k, =<0.65 wing-wall abutment
sk 0.58 spill-through abutment
1.0 for (L, —L)/y, <=2
. 0.6(L,—L)/y,+1.2  for—2<(L,—L)/y, <0
Cole1aL, —L) y, 412 forO<(L,~L)/y, <I
1.0 for1<(L,-L)/y,
0.92-(d, /d,y )+1.0 ford, /d,,, <1.0

k,=1021(d,/d,, )" -1.27(d,/d,, )+2.97  forl.0<d,/d, , <3.0
1.0 for3.0<d, /d,,
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CHAPTER III

FLUME TEST SETUP

3.1 Introduction

Gudavalli (1997) used two different flumes located in the Hydromechanics
Laboratory at Texas A&M University for singular circular pier scour tests in deep water
condition. One is a 0.45 m wide variable slope flume, and the other is a 1.5 m wide
concrete flume. Li (2002) used same flumes which Gudavalli used in 1997. Li used a
0.45 m flume for the contraction scour tests in the rectangular channel, and a 1.5 m wide
concrete flume for the complex pier scour. Another concrete flume which is 3.6 m wide
is used for the abutment scour and the contraction scour located in the Haynes Coastal
Laboratory at Texas A&M University. The details of test setup, equipment and test

results are described in the following.

3.2 Experiment setup

3.2.1 Flume

Three different flumes have been used for scour experiments in Texas A&M
University since 1997. One is a variable flume, which is 0.45 m wide, 36 m long, and 1.
2 m deep with plexiglass side wall. The second flume is a concrete flume, which is 1.52
m wide, 30.48 m long, and 3.48 m deep. Gudavlli (1997) used both flumes for singular
pier scour while Li (2002) used the first flume for the contraction scour in the

rectangular channel and the second flume for the complex pier scour. A false bottom
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made of plywood was installed in the flume. The details of two flumes were described in
Gudavalli (1997) and Li (2002).

A concrete flume that is 45.7 m in length, 3.6 m in width and 3.4 m in depth was
used to conduct the abutment scour tests. A sediment pit is located around the middle of
the flume that has dimensions of 7.5 m in length, 3.7 m in width and 1.5 m in depth.
Four recirculation pumps with a combined capacity of 2.21 m’/s were used to generate
the needed flow. A flow straightener was installed at the outlet of recirculation pumps to
decrease the magnitude of flow irregularity. The water depth and velocity were
controlled by varying the height of a tailgate and the output of the pumps since the slope
of the flume is fixed. A false bottom was built and installed to form a compound channel.
Figure 3.1 depicts the setup in the flume. Only one half of the channel was modeled in
the tests to maximize the scale of the experiments.

Two types of channel were used in the experiments. One is a rectangular channel
with a long setback abutment while the other is a compound channel with a short setback.
Figure 3.2 shows the cross sectional view of the rectangular channel and compound
channel. The rectangular channel was used directly without the installation of a false
bottom, while a false bottom was used to induce a smooth flow to the test section and to
form the compound channel. The width of floodplain (L) was fixed at Ly = 2.4 m for the
compound channel, and the false bottom was installed at approach section and
downstream section of the abutment. The upstream part is 18.3 m long and 2.4 m wide

and the downstream part is 9 m long and 2.4 m wide.
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Figure 3.1. Sketch of the flume and experimental setup in Haynes Coastal Laboratory at Texas A&M University (not to scale)
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3.2.2 Bridge structure

Gudavalli (1997) used circular piers made of plexiglass. Four piers with 25 mm,
75 mm, 150 mm and 210 mm diameter were used. Li (2002) used circular piers made of
PVC pipes for shallow water effect and pier spacing effect, and rectangular piers for pier
shape effect and attack angle effect.

Three circular piers with 61 mm, 160 mm and 273 mm diameter, and four
rectangular piers with 61 X 61 mm, 61 X 244 mm, 61 X 488 mm and 61 X 732 mm
were used. Three types of contraction ratio — L,/ L; = 0.25, 0.5 and 0.75 - were made by
blocking the flume with wooden structures. The length of contraction and the transition
angle were changed to find the effect of those two parameters. The details of pier scour
and contraction scour in the rectangular channel can be found in Gudavalli (1997) and Li
(2002).

Three types of abutment made of plywood were used in the flume tests for the
abutment scour: the first one is of a wing wall shape, the second one is of a spill-through
shape with a 2(H):1(V) slope, and the third one is of a spill-through shape with a
3(H):1(V) slope. They are shown in Figure 3.3. The projected length of abutment (L’)

was adjusted by changing the length of the embankment.
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1293

(a) Wing-Wall (b) Spill-Through (¢) Spill-Through
(2(H):1(V)) (3 (H): 1(V))
Figure 3.3. Abutment shapes (all dimensions are in mm)

3.2.3 Soils and channel bottom preparation

1. Soils

Five types of soil — 2 types of sand, Porcelain clay, Bentonite and Armstone - were
used in Gudavalli (1997). Porcelain clay was used in Li (2002) and present study. The
Porcelain clay, Bentonite and Armstone used in the tests were prepared by a supplier.
The mineral content, compaction degree, and water content were maintained in the clay.
The clay was delivered in individual blocks of 150 mm x 150 mm x 230 mm in size.
Each block was sealed in a plastic bag to minimize the change of water content.

Geotechnical tests were conducted according to ASTM (American Society for
Testing and Materials) standards. The properties of soil are given in from Table 3.1 to
Table 3.3. The grain size distribution of sand used by Gudavalli is shown in Figure 3.4
and of Porcelain clay used in Li (2002) and the study on abutment scour is shown in

Figure 3.5.
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The erosion properties of the Porcelain clay were obtained by EFA tests (Briaud et
al., 2001(a)). After 2 EFA tests in Li (2002) and 11 EFA (Erosion Function Apparatus)
tests for the study on the abutment scour, the results of the EFA tests obtained by Li and
late 11 tests are given in Figure 3.6 and Figure 3.7, respectively. Based on the tests, the

critical shear stress of the Porcelain clay is 0.7 Pa in Li (2002) and 0.8 Pa in the recent

tests.
Table 3.1. Geotechnical properties of soils used by Gudavalli (1997)
Sand A Sand B Porcelain Armstone Bentonite
clay clay clay
Dso (mm) 0.6 0.14 -
Plasticity Index (%) 14.15 25.81 39.78
Clay content (%) 0 0 100 75 0
Water content (%) 28.51 26.18 39.28
7. (Pa) 0.456 0.107 0.515 0.761 0.7

Table 3.2. Geotechnical properties of Porcelain clay used by Li (2002)

Property Test 1 Test 2
Liquid Limit (LL) (%) 40.23 37.7
Plastic Limit (PL) (%) 19.17 14.4
Plasticity Index (PI) (%) 21.06 23.3
Water Content (%) 27.35 30.5
Bulk Unit Weight (kN/m°) 19.65 24.99
Undrained Shear Stress (kPa) 10.7 18.1
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Table 3.3. Geotechnical properties of the Porcelain clay used in the study on abutment

scour
Property Test1 Test2 Test3 Test4

Liquid Limit (LL) (%) 309 298 31.5 30.7
Plastic Limit (PL) (%) 16.9 17.2 16.0 16.3
Plasticity Index (PI) (%) 14.0 12.6 15.5 14.4
Water Content (%) 25,5 2325 2675 24.35
Undrained Shear Stress (kPa) 19.5 21.3 20.7 23.4

Percent Finer (%)
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Figure 3.4. Grain size distribution of Sand A and B
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Figure 3.7. Results of 11 EFA tests

2. Channel bottom preparation

For the flume tests, the clay was installed block by block in the sediment pit and
compacted with a 254 mm X 254 mm tamper to minimize voids and gaps between the
clay blocks. Clay installation and compaction was repeated until the elevation of the clay
surface was leveled with the channel bottom. The soil surface was then leveled and
smoothened by using trowels. Figure 3.8 shows the clay installation, and Figure 3.9
shows the test section after clay installation for the rectangular channel and the
compound channel. After each test, the excessive water was pumped out of the test
section, the layer of clay around the scour holes was removed until undisturbed clay was

reached, and new clay was used to replace the excavated clay.
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(a) Clay compaction (b) Plaster work

Figure 3.8. Clay installation

(a) Rectangular channel | (b) Compound channel

Figure 3.9. Test area for abutment scour after clay installation
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3.2.4 Measurement equipment for the study on the abutment scour

Two side looking three-dimensional ADVs (Acoustic Doppler Velocimetry) were
used for point velocity measurements in the study on the abutment scour. One ADV
made by Nortek was capable of measuring velocities from 1 mm/s to 4 m/s with a 0.5%
error of the measured value. The other ADV made by Sontek was capable of measuring
velocity up to 2.5 m/s with a 1% error of the measured value. The sampling rate of the
two ADVs was kept constant at 25 Hz. The depth-averaged velocities were
approximated by taking measurements at the 60% water depth from the free surface
according to open-channel theory. At each point the velocity was averaged over data
taken 60 seconds or longer. The velocity measurement was performed to obtain the
discharge and velocity pattern from the approach section to the downstream side. The
locations of velocity measurement varied with the test condition. Figure 3.10 shows the
view of AVD probes used in flume tests. Figure 3.11 shows typical locations of velocity
measurement in the tests.

A point gauge was used to measure the water depth and the maximum scour depth.
The point gauge is designed based on the differences in electrical conductivity between
two different materials: between clay and water and between water and air. The accuracy
of the point gauge is 0.1 mm. Figure 3.12 shows the typical locations of water depth
measurements in the tests.

A bed profiler was used to scan the channel bottom topography. It was necessary
to use a profiler because the flow was very muddy during the tests, and it is impossible

to find the location of the deepest scour hole and the pattern of scour without using the



66

profiler. The profiler consists of 23 sets of pipes. Each set consists of two plastic pipes
with a different diameter and length. The bigger and shorter pipes guide the smaller and
longer pipes to move only vertically. A ruler is attached to each of the smaller pipes.
Each of the 23 sets measures the bed elevation at a given point. There is a 150 mm
interval between two adjacent points. The accuracy of the measured profile is 3 mm. The
point gauge was used to measure the maximum scour depth after finding the location of
maximum scour using the bed profiler. Figure 3.13 shows eleven bed profilers among
the twenty-three bed profilers. Figure 3.14 shows typical points of scour measurement
using the bed profiler in the experiments.

The ADVs, bed profiler, and point gauge were mounted on the carriage which is
allowed to move forward and backward. Figure 3.15 shows the view of carriage and

measurement scene.

(a) Nortek side-looking 3D AVD (b) Sontek side-looking 3D ADV

Figure 3.10. View of ADVs
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Figure 3.15. View of carriage and measurement scene
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CHAPTER IV

FLUME TEST AND MEASUREMENT RESULTS

4.1 Flume test and measurement results for abutment scour

The flume test results for abutment scour are induced in this chapter. The pattern
of velocity, the water depth change and the evolution of channel bed are measured. Both
the maximum abutment scour and the maximum contraction scour of each test are
calculated on the basis of the hyperbolic model. The pattern of velocity and the scour

pattern are compared to find the main cause of abutment scour and contraction scour.

4.1.1 Flume test condition

The test matrix for the abutment scour experiments is shown in Table 4.1 and
Table 4.2 in dimensionless form and dimensional form, respectively. The definition of
variables is illustrated in Figure 4.1. There are 17 experiments in the test matrix plus 2
additional experiments which are case 12B and case 11I. The test condition of case 12B
is identical to that of case 12 except the velocity and Froude number. The velocity and
Froude number in case 12B at the approach section are 0.635 m/s and 0.31, respectively.
Case 1II was performed as a repeatability test; the test condition is identical to that of
case 1. In Table 4.1, each dimensionless parameter was varied in the compound channel
condition to examine the effect of the parameter. The cases with an even number have a
lower value, while the cases with an odd number have a higher value in terms of the

dimensionless parameter if compared with case 1.



Table 4.1. Test matrix in dimensionless form
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Case ya/L' F, L |tang,) | O(°)

1 0.16 0.23 0.5 0.5 90

2 0.1 0.23 0.5 0.5 90

3 0.22 0.23 0.5 0.5 90

4 0.16 0.18 0.5 0.5 90

5 0.16 0.28 0.5 0.5 90

Compound 6 0.16 0.23 0.333 0.5 90

Channel 7 0.16 0.23 0.667 0.5 90

8 0.16 0.23 0.5 0.3 90

9 0.16 0.23 0.5] vertical 90

10 0.16 0.23 0.5 0.5 60

11 0.16 0.23 0.5 0.5 120

12 0.16 0.18 0.5] vertical 90

13 0.36 0.18 0.28 | vertical 90

Rectangular 14 0.23 0.18 0.44 vert?cal 90

Channel 15 0.16 0.18 0.61 vert!cal 90

16 0.13 0.18 0.75| vertical 90

17 0.28 0.18 0.36 | vertical 90

Table 4.2. Test conditions in dimensional form

Abutment|Channel| V; Vi Y 1 L L, L I} 0.5Q o1/
TestNo- | shape | Type | mie) | ‘@ | m | m | m | m | o) [P )
Casel || ST (2:1) | Comp. | 0.464| 0.291] 0.494| 3.658 | 2.438 | 1.829 90 05] 0573
Case 1l || ST (2:1) | Comp. | 0.456| 0.294| 0.497 | 3.658 | 2.438 | 1.829 90 05| 0.562
Case2 | ST (2:1) | Comp. | 0.377| 0.184| 0.387 | 3.658 | 2.438| 1.829 90 05 0.320
Case3 | ST (2:1) | comp. | 0.496 | 0.400| 0.604 | 3.658 | 2.438 | 1.829 90 05 0813
Case4 | ST (2:1) | comp. | 0.358| 0.278| 0.482| 3.658 | 2.438 | 1.829 90 05| 0.442
Case5 | ST (2:1) | comp. | 0.546| 0.294| 0.497 | 3.658 | 2.438 | 1.829 90 05| 0.662
Caseb | ST (2:1) | Comp. | 0.432| 0.294| 0.497 | 3.658| 2.438| 1.219 90 05 0561
Case7 | ST (2:1) | Comp. | 0.472| 0.291| 0.494 | 3.658 | 2.438 | 2.438 90 05| 0.564
Case8 | ST (3:1) | comp. | 0.456 | 0.291| 0.494 | 3.658 | 2.438 | 1.829 90] 0.33] 0.570
Case9 | Ww | comp.| 0.453| 0.294| 0.497| 3.658| 2.438 | 1.829 90| verticall  0.568
Casel0 || ST (2:1) | Comp. | 0.458 | 0.291| 0.494 | 3.658 | 2.438| 1.829 60 0.5 0.554
Casell || ST (2:1) | Comp. | 0.457 | 0.291| 0.494 | 3.658 | 2.438| 1.829 120 05| 0.565
Casel2 | Ww | Comp. | 0.347| 0294 0497 | 3.658| 2.438 | 1.829 90| vertical 0.433
Case12B| WW | Comp.| 0.635| 0.294| 0497 | 3.658| 2.438| 1.829 90| vertical 0.759
Casel3 | ww Rect. | 0.328| 0.366| 0.366| 3.658 | 3.658 | 1.015 90| vertical 0.430
Casel4 | ww Rect. | 0.326| 0.372| 0.372| 3.658| 3.658| 1.625 90| vertical 0.433
Casel5 | ww Rect. | 0.310| 0.384| 0.384| 3.658 | 3.658 | 2.234 90| vertical 0.416
Casel6 | ww Rect. | 0.233| 0.347| 0.347| 3.658| 3.658 | 2.743 90| vertical 0.285
Casel7 | ww Rect. | 0.364] 0.360| 0.360| 3.658| 3.658 | 1.320 90| vertical 0.485
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' Side View
|+ L :{:

¢ Flow :

Notes: £, = 90° for wing-wall shape abutment

where L: half width of channel
L’: projected length of embankment normal to flow
L,: length of embankment
Ly width of flood plain
L,,: half width of main channel
@: skew angle of approach embankment
tan(f3,): slope of abutment (V:H)
V,: approaching average velocity
yan: water depth at the toe of the abutment estimated as the water depth immediately
upstream of the toe of the abutment
Ym1: approach water depth at main channel

Figure 4.1. Definition of variables and coordinate system
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4.1.2 Water surface profiles

The measured streamwise water surface profiles at the beginning of the
experiments are shown in Figure 4.2 for all the tests cases in the present study with a
compound channel. Note that the test matrix is shown in Table 4.1and Table 4.2. Case 1
is the reference case while case 1II is a repeat test of case 1. All water surface
measurement results in the compound channel are compared with that in case 1 and case
III. In Figure 4.2, the variation of water surface profile at the approach section is
negligible while the profile at the bridge section becomes more prominent with the
increase of velocity and abutment length. The water level becomes stable after the bridge
section in all the experiments.

In Figure 4.2 (a), the length of abutment was held constant, while both the water
depth and velocity were changed to maintain a constant Froude number to study the
effect of water depth variation. In Figure 4.2 (b), the length of abutment and approach
water depth were kept constant, while the approach velocity was varied to examine the
effect of velocity variation. Figure 4.2 (c) shows the water depth profile for different
abutment lengths. Figure 4.2 (d) and Figure 4.2(e) show that the abutment shape and
abutment alignment do not have a remarkable effect on the water depth variation if the

flow conditions are maintained constant.
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Figure 4.2. Water surface profile in compound channel
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Figure 4.2. (continued)
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Figure 4.2. (continued)

The water surface profile changes as scour develops. The water surface at the
approach section (up to x = -1.41 m) was almost constant while scour was progressing,
but there were significant changes in the surface elevation after the approach section.
The water level after the approach section increased as scour progressed. It finally
reached the same level as that of the approach section and reached an equilibrium
condition. Figure 4.3 shows the change of water surface profile for case 111 and case 7.
The water depth at the approach section seems to be a dominant parameter in evaluating
the scour depth. However, the approach water depth in a real channel is not constant
through the flow direction while it is nearly constant in the flume test. Thus the water
depth immediately upstream of the abutment is used to evaluate the clear water scour

depth not only for the laboratory tests but also for the real channel.
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Figure 4.3. Change of water surface profile with scour development
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4.1.3 Velocity distribution

The streamwise velocity distribution in the approach section at the compound
channel is shown in Figure 4.4. The main channel velocities are slightly higher than that
on the floodplain, and the maximum difference of streamwise velocity between the
floodplain and main channel is less than 10% throughout the experiments.

The streamwise velocity in the contracted section along the abutment centerline is
shown in Figure 4.5. The maximum velocity is found to be around the toe of the
abutment regardless of the shape, the alignment, and the length of the abutment. The
ratio between the maximum streamwise velocity and the average velocity in the main
channel is found in the range between 1.04 and 1.17 from the flume test results. Figure
4.6 shows the pattern of time averaged velocity distribution of case 1II. The color
indicates the magnitude of the velocity, and the arrows show the direction and
magnitude of the velocity (V, and V). The maximum velocity occurs downstream from
the abutment and close to the flume wall near the center of the channel (only one-half of
the channel is modeled). The downstream velocity decreases with the scour development.

T1I (turbulence intensity) is calculated in this study and is expressed as:

Tl =0’ +0’ +0°
o 7 N “4.1)

where o is the standard deviation of the measured velocity and the subscripts x, y and z
are the directions of flow. The coordination system is shown in Figure 4.1.

Figure 4.7 shows the corresponding pattern of turbulence intensity with scour
development. The maximum turbulence intensity appears to be around the toe of

abutment on the downstream side. The magnitudes of velocity and turbulence intensity
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decrease with the scour development. The patterns of velocity and turbulence intensity

for other cases are displayed in Appendix A.
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—— Case4 (Fr=0.18) —&— Caselll (Fr=0.23) —aA— Case5 (Fr=0.28) |

Figure 4.4. Streamwise velocity distribution at approach section
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Figure 4.5. Streamwise velocity distribution in the contracted section along the

abutment centerline
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Figure 4.5. (continued)
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Figure 4.5. (continued)
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4.1.4 Scour development

The erosion rate of cohesive soil is much lower than that of cohesionless soil, and
the water was very muddy so it is impossible to see the eroded channel bottom during
flume tests. The bed profiler and point gauge (mentioned in Chapter III) were used to
scan the channel bottom and locate the deepest scour hole. Each test usually took more
than 10 days. The interval of measurement in the first 5 days was every 20 hours and
then approximately every 44 hours after that. This was done because the scour rate
decreases with an increase in scour hole development. Figure 4.8, Figure 4.9 and Figure

4.10 show the channel bottom topography changes for case 1II (L7 L, =0.75), case 6
(L/L,=0.5), and case 7 (L/L, =1.0), respectively. case 7 was stopped after 257

hours of test run while the other cases were stopped after 320 hours because the
abutment scour depth of case 7 at 257 hour test run was almost close to the thickness of
the clay layer. Detailed results for all the tests are presented in Appendix B. Figure 4.11,
Figure 4.12 and Figure 4.13 show the views of test area before and after the test for case
111, case 6 and case 7, respectively. The pictures for all the tests are presented in

Appendix C.
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(a) Before experiment

(b) After experiment (320 hours)
Figure 4.11. View of test section (case 11I, L/ L, =0.75)
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(a) Before experiment

(b) After experiment (320 hours)

Figure 4.12. View of test section (case 6, L'/ L = 0.5)
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(a) Before experiment

(b) After experiment (257 hours)

Figure 4.13. View of test section (case 7, L'/ L, =10)

91



92

The deepest abutment scour hole is usually located around the toe of the abutment
but slightly downstream. The deepest contraction scour hole is usually located close to
the wall away from the abutment and downstream of the abutment. This means that the
deepest contraction scour hole occurred along the centerline of the river. This is
consistent with the finding in Briaud et al. (2003) that the maximum contraction scour
occurred at the centerline of the main channel if the channel is symmetrical.

Interestin