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CHAPTER I
INTRODUCTION AND OBJECTIVES
1-1 Introduction

The formation of local scour holes around bridge piers is
almost an unavoidable problem in alluvial channel beds
subjected to the erosive action of oncoming river flows. The
design and construction of bridges spanning across alluvial
channels requires the knowledge, or at least as accurate an
estimate as possible of maximum scour depth which might occur
during the anticipated life of the bridge near the piers.

A unifying theory for estimating scour depth at piers is
still in an embryonic stage, mainly due to the complex nature
of the scour problems. Major scouring usually occurs during
floods which are unsteady flows, and may even have different

flow directions from normal flows.

Scour is caused by three-dimensional boundary-layer
separation at the pier, resulting in erosion of bed material
by the local flow structure, which is characterized by a high
level of turbulence and vorticity. The investigation of scour
at bridge piers has been on-going for several decades.

Numerous experimental and analytical investigations of
local pier scour were conducted in alluvial channels and

series of prediction equations were developed by researchers
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to estimate the maximum scour depth at bridge piers under
different approach flow, sediment size and gradation, pier

type and size conditions.

Unfortunately, these studies have been confined to non-
cohesive soils. This is undoubtedly due to not only the
abundance of streams with these types of beds but also because
sand and gravel are easier to both characterize and model
physically. The local scour in cohesive materials has been
considered only by Abt and Ruff (1980) who measured scour
downstream of a culvert outlet and Nicollet (1975) who

observed scour around a pier in the laboratory.

The scour of cohesive materials is fundamentally
different from that of non-cohesive materials. Firstly, it
involves not only complex mechanical phenomena including shear
stress and shear strength, but also the chemical and physical
bonding of the individual particles. The scour process in this
environmental is for instance, significantly affected by the
amount and type of minerals clay, microscopic and macroscopic
clay properties, water content, pH and temperature of the
eroding water, and the thixotropy and consolidation of clay.
Secondly, cohesive materials once eroded, remain in suspension
such that clear water scour conditions always prevail. That
is, very little incoming sediment is deposited in the scour
hole and the scour depth increases as the flow intensity

increases.
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Thirdly, The slope of the scour hole in cohesive soils can be

very steep and in some cases, approaching 90° (vertical).

The local scour at bridge pier continues for a
sufficiently long time until the hydrodynamic forces in the
scour hole are no longer able to remove particles from the
hole. At this céndition, the scour hole reaches an equilibrium
condition, and the scour depth does not change appreciably

unless the flow conditions change.

The main interest of this research is to experimentally
study the magnitude and geometry of the equilibrium local
scour at bridge pier placed in cohesive soil. It is believed
that the systematic investigation of 1local pier scour in
cohesive materials is an important step in the evaluation of
bridge safety especially for bridges with limited service
life. The research presented in this dissertation investigates
the scour depth using literature review, theory; and through

laboratory experiments.

1-2 Objectives

The objectives of this research is to formulate an
empirical criteria for the prediction of pier scour in a
mixture of cohesive and non-cohesive soils, and in cohesive
soils. In order to develop an effective 1laboratory

experimentation program, the study identified several
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objectives. These objectives are as follows:

Primary Objectives

1) Develop a method for predicting the equilibrium bridge
pier scour depth placed in a mixture of cohesive and
non-cohesive soil and in cohesive soil.

2) Provide design criteria for the prediction of natural
scour hole dimensions at bridge piers.

3) Provide the time rate of scour at bridge pier in cohesive

soils, and in mixtures of sandy and clayey soils.

S8econdary Objectives

4) Perform a survey of previous experimental, theoretical,
and field studies related to cohesive soils through an
extensive literature review.

5) Identify flow conditions and soil characteristics which
have a great effect on the equilibrium pier scour.

6) Establish a data base of the equilibrium depth and volume

of the scour holes.

1-3 Methodology

To accomplish the goals of this investigation, three
physical models were conducted and fifty five scour test runs
were carried out in the Hydraulics Laboratory of Colorado
State University sponsored by the Department of

Transportation, Federal Highway Administration.
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The scope of work entailed three different sets of
experiments. In the first set, thirty nine experimental data
points were obtained to examine the effect of clay content in
non-cohesive soils. The second set (thirty nine experimental
data points) which contains two Subsets, 2.A and 2.B,
investigates the compaction effect of unsaturated cohesive
soils. The third set (thirty three experimental data points)
concentrated on the effect of initial water content (IWC) of

saturated cohesive soils on pier scour depth.

Chapter II is devoted to the classifications and
mechanism of local scour at a bridge pier. In this chapter,
analysis and influence of pier scour parameters are also

presented.

Chapter III presents the previous investigations of pier
scour in non-cohesive soils. A review of the background
information on the nature and behavior of »n;inerals clay
related to soil erosion is also discussed followed by the
previous experimental and theoretical studies on scour or

erosion of cohesive soils.

Chapter IV describes the experimental facilities, the bed
materials, and the experimental techniques used in this

investigation.
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Chapter V is devoted to the data reduction and analysis.
Complete analysis and discussion of the results are included.
The analysis entailed dimensional analysis, regression
analysis of the experimental data, and sensitivity analysis
for the developed equations. Charts and functional
relationships between the equilibrium scour depth and key

variables affecting pier scour are given in this chapter.

The last Chapter (VI) contains summary, conclusions, and

makes recommendations for further research.



CHAPTER II
S8COUR AROUND BRIDGE PIERS

2=1 Introduction

Local scour can be defined as the removal of the bed
materials through the action of flowing water in a specific
location. The main cause of concern about the stability of
bridges is the occurrence of scour at their supports. The
scouring may occur at piers, at abutments or at river banks.
This chapter presents the classification of scour as well as
the mechanism of local scour at bridge piers. The many
parameters which influence scour depth around piers are also

illustrated at the end of this Chapter.

2-2 pefinition and Classification of Scour
In a general sense, scour can be defined as the erosive
action of running water in streams that excavates and carries
away material from stream bed and banks. The total scour at a
bridge site can be classified into the following three
components:
1- General scour, which would occur whether a bridge is
present or not.
2- Constriction scour, which is caused by constriction of

the waterway by the bridge and its approaches.
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3- Local scour due to the interference with flow by piers
and abutments which accelerate the flow creating vortices

that remove the material around them (Richardson et

al.1975).

Laursen (1952) stated the general basic characteristics

of local scour as:

1~ The rate of scour will equal the difference between
the capacity for transport out of the scoured area
and the rate of supply of the material.

2- The rate of scour will decrease as the flow section is
enlarged.

3- There will be a limiting extend to scour.

4~ This limit will be approached asymptotically."

Furthermore, local scour in non-cohesive soils may be
classified as live bed scour and clear water scour. For the
case of clear water scour, the scour depth inéfeases almost
linearly with time and shear velocity until the limiting scour
depth is approached (see Figure 2-1). Live bed scour (also
known as scour with sediment transport) occurs when the bed
material upstream of piers or abutments is moving; which is to
say the shear stress in the undisturbed flow is higher than
the threshold value. According to the response of passage of
bed forms, live bed scour fluctuates about an equilibrium

scour depth, at which, the rate of sediment removed from the
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scour hole equals the rate of sediment supplied to the scour
hole from upstream. In case of cohesive soils, clear water

scour is always occurring since the cohesive materials remain

in suspension once they are eroded (Andres 1983).

2-3 Mechanism of Local Scour at Bridge Piers

In summary, when an obstruction such as a blunt-nosed
pier is placed in a flow field, locally the systems of
vortices are developed around the pier. These systems of
vortices are the basic mechanism of local scour, and this fact
were reported by many investigators including Posey (1949),
Laursen and Toch (1956), Shen (1967), and Melville (1975). The
vortex systems can be summarized in the following features:
1) The Downflow

As the pier blocks a uniform flow, the approach flow goes
to zero at the upstream face of the pier. Since the approach
flow velocity decreases from the free surface downward to zero
at the bed, the stagnation pressure, pu?/2, will also decrease
in the vertical plane of symmetry. This downward pressure
gradient drives the downflow.

According to Melville (1975), the downflow acts as a
vertical jet in eroding the bed. The equilibrium condition is
attained when fhe scour depth is just sufficient so that the
magnitude of the vertically downward flow can no longer

dislodge the surface grains.
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2) The Horseshoe Vortex System

The horseshoe vortex develops as a results of separation
of flow at the upstream rim of the pier. Melville (1975)
reported that the horseshoe is a consequence of scour, not the
cause of it, and it is initially small and weak. With the
formation of the scour hole, the vortex rapidly extends
downstreém past the sides of the pier for a few pier
diameters, before losing its identity and becoming part of
general turbulence. Also, the horseshoes vortex pushes the
downflow velocity within the scour hole closer to the pier.
3) wake Vortices

The stagnation pressure causes not only downflow but also
sidewards acceleration of the flow past the cylinder. The
separation of the flow at the sides of the pier creates the
wake vortices at the interfaces to the main stream. These
vortices are translated downstream with the flow and interact
with the horseshoe vortex at the bed causing it to oscillate
laterally and vertically. The strength of the wake vortex
system depends on pier shape and fluid velocity, and acts as
little tornadoes lifting sediment from the bed.
4) The Bow Wave

The bow wave develops at the surface with rotation in the
opposite sense to that in the horseshoe vortex. In case of
shallow flows, the bow wave interferes with the approach flow
and causes a reduction in the strength of the downflow.

Figure 2-2 shows the flow patterns at a cylindrical pier.
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2-4 Parameters affecting Local Pier S8cour

The treatments of the pier scour problem usually start
with the statement that the scour depth depends on fluid
parameters, flow conditions, stream bed material, pier
parameters, and time. These parameters can be stated as:
i- Fluid variables

p= fluid density.

p= dynamic viscosity.

g= gravity acceleration.

2- Flow variables
V,= approach flow velocity.
Y,= approach flow depth.

S,= stream bed slope.

3- Channel bed materials

a) Non cohesive materials
D= sediment diameter.
W= sediment fall velocity.
p, =sediment density.
G= gradation.

b) Cohesive materials
the chemical and physical properties of

mineral cohesive soils.
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4) Pier parameters
b= pier width.
¢ =pier shape.
1= pier length.

a = the flow angle of attack.

The dimension and shape of bridge pier has a strong
influence on the equilibrium scour depth. As shown in Figure
2-3, the bridge piers can be classified as blunt-nosed and
sharp-nosed piers. The blunt-nosed pier, such as square or
round noses, has a strong horseshoe-vortex system and thus the
maximum scour depth occurs at the pier nose. With the sharp-
nosed pier, the horseshoe-vortex system is very weak and
maximum scour depth occurs near the downstream end.

For the square-~nosed pier, the maximum scour depth is
about 20 peréent larger than a sharp-nosed pier, and, 10
percent larger than a round-nosed pier. Piers shape and their

coefficients are presented with the equation of CSU (1975).

Additionally, if the pier is not perfectly aligned with
the flow, the effect of pier shape other than circular, may be
entirely lost. Furthermore, the turbulence is significantly
increased when the pier is not aligned with the flow. The
scour depth is a function of the projected width of the pier,

which directly proportional to the flow angle of attack.
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Figure 2-4 shows that as the angle of attack increases, the
point of maximum scour depth moves along the exposed side of

the pier towards the rear end of the pier. The effect of the
angle of attack on pier scour depth has been tested by Laursen
and Toch (1956). They developed an empirical relation for the
ratio K, of scour depth to an angle of attack to that at zero
angle of attack. As shown in Figure 2-5, the angle of attack
depends on the ratio of the length of the pier to its width
(Laursen and Toch 1956).

With regards to the effect of the flow depth relative to
the pier diameter, several references states that this
parameter has a great effect on scour depth. But for flow
depth greater than three pier diameters, this parameter can be

neglected.

Because of the complexities and costs of measuring,
analyzing, and evaluating all of the above mentioned
variables, many researchers simplify and redﬁée the above
variables to the following:

1. density p and dynamic viscosity p of the fluid:
2. mean sediment diameter D), gradation, and density P, 7
3. approach flow depth Y, and mean velocity \/T

4. pier diameter b, shape ¢, and orientation (angle «).
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CHAPTER II1
REVIEW OF LITERATURE

3-1 Introduction

Presently, inférmation pertaining to pier scour in
cohesive soils is not available. From the review of past and
present literature, it is found that pier scour studies have
been concentrated in the area of non-cohesive materials,
although a considerable number of the bridges are located in
sites of silty or clayey soils. Therefore, future efforts have

to be devoted to investigate pier scour in cohesive soils.

In this chapter, Section 3-2 summarizes the important
concepts and results of some investigations dealing with pier
scour in non-cohesive soils. The next section, Section 3-3,
presents the important concepts and properties of mineral
clays which may have a great influence on the scour or erosion
of cohesive soils. Finally, Section 3-4 at the end of this
chapter presents some references, cites research on cohesive
soils, and identifies specific trends, indicators or

conclusions that may relate to local scour in cohesive soils.



19
3-2 Previous Studies of Pier Scour in Non-Cohesive Soils
The investigations of local scour at bridge piers have
been on-going for several decades. For non-cohesive materials,
several equations for predicting scour depth at bridge pier
were proposed by different researchers. Starting from 1938,
the following are examples of these formulas:

Inglis~-Poona (1938)

Y, £ 0.78 . (3-1)
i 1.70 (—;—] (ft-unit)

in which

Y, = depth of scour.

q discharge per unit width.

b

width of pier.
The equation was derived for clear water scour and zero
angle of attack, based on a series of experimental data of a

rectangular round-nosed pier.

Blench (1965)
H 144
i IO [.’1) (3-2)

in which

H, =scour depth from water surface.
y, =regime depth = 1.48 ( & / F,)3° .
F, = 1.9(D)'2 .

D =mean diameter of bed sand, in mm.
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q =average discharge intensity, in m?/s; and
b =width of pier.
This equation is based on the Inglis-Poona experiments.
A contradiction applies because the conditions of the Poona
tests were those of clear water scour and regime theory. The
regime theory implies a low to moderate rate of sediment

movement.

Ahmed (1962)
H, = K ¢* (3-3)

in which
H, =scour depth from water surface.
q =discharge per unit width; and
K =a multiplying factor that varies from 1.3 to 2.3
according to the general situation of the bridge and

other conditions.

The equation was derived based on field experience and
model studies, and applicable only for live bed scour. It is

developed for bridges in the case of deep sand fills.
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C8U’s equation (1975).
Y 0.65
2 =20KK (<) (Fr,)® (3-4)
Yl Yl

in which

Y

scour depth.

-]

= flow depth just upstream of the pier.

Y,
K, coefficient for pier shape from Table 3-1.

K, = coefficient for angle of attack of flow from Table 3-2.
a = pier width.

Fr, = Froude number = V, /( g¥,)"? ; and

V, = approach average velocity.

This equation was derived from laboratory data, and it is
recommended for both live bed and clear water scour. For live
bed scour, the predicted equilibrium scour depth will be 30 %
greater if dunes are present. In case of clear water scour,
plane bed or with antidunes, the equation predicts the maximum

scour depth.
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Table 3-1, Coefficient K, for pier types

Type of piers
Square nose 1.1
I Round nose 1.0
Circular Cylinder 1.0
n Sharp nose 0.9
Group of Cylinders 1.0

Table 3-2, Coefficient K, for flow.angle of attack.

45 2.3 3.3 4.3

90 2.5 3.9 5.0 II

Angle = skew angle of flow.

L = length of the pier.
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Bttema equation (1980)
(_Y_J i [2!3] (3-5)
Y, o Y,

Y = maximum equilibrium local clear water scour depth in

in which

uniform material.
Y,= flow depth.

b = pier diameter.

Davoren equation (1985)
Y, =039 Y, (3-6)

where
Y = scour depth from mean bed elevation(m).

Y,= approach flow depth(m).

Froehlich (1987)

_\0.62 0.46 0.08
Z! =032 ¢ (_b_) (Zl ] F? (_l’_) (3-7)
b b b
in which

¢ = coefficient factor for pier type.

= 1.3 for square-nosed pier.

1.0 for a round-nosed pier.

0.7 for a sharp-nosed pier.
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b" = pier width projected normal to the approach flow.

=bcos a + 1 sin a .

flow angle of attack.
= pier length.

= Froude number = V,/(g¥,)"? .

s = Sediment mean diameter.

The equation was derived based on field measurements and
multiple-linear-regression analysis of previous data.
Froehlich’s equation leads to a good agreement with some field

data when a factor of safety, 1, was added in such a way that:

Y, Y,
-b!(design) = -;‘(calculated) +1 (3-8)

Melville and Sutherland Equation (1988)

Y,
S -KKKKKEK 2 (3-9)
Y, Y

1
where
Y = scour depth;
Y,= flow depth;
b = pier diameter normal to the flow;
K= flow intensity factor;
K,= flow depth factor;
K~ sediment size factor;
K= sediment gradation factor;

K,= pier shape factor; and
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Ka= pier alignment factor.
The K values can be obtained using the graphs proposed by

the authors (1988).

Abdou (1993) performed large-scale experiments to investigate
the effect of sediment gradation coefficient and the effect of
increasing the size of coarse material fraction that exists in
a sediment mixture on local pier scour. The study included six
different sediment mixtures with a constant mean diameter.
Abdou derived the following equations based on the dimensional
and regression analysis:

For o°= 1.38

=X = 1445 (F)*¥ (3-10)
Yl
For o= 2.43
Y,
- =380 (F)*® . (3-11)
Yl
For o= 3.4
Y,
£ =230 (F)*? (3-12)
Yl
Y d..\"148
2| =1480 (F, % | =2 (3-13)
Y, dg,

in which

Y = local scour depth.
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¥,= mean flow depth.
Fr= Froude number.

d,,= sediment size (diameter) for which 90% of the sediment
material by weight is finer.

d;,;= sediment size (diameter) for which 50% of the sediment
material by weight is finer.

o, = Geometric standard deviation of sediment mixture,

04=(dg/ 1) *.

Noshi (1993) studied the relation between the maximum scour
depth of a hydrograph and the steady long-duration flow. He
used three different time steps which were 2.5, 5, and 7.5

minutes. The resulting developed equations were:

Y 44
B -oefd o 510
Y, smin Hyd Y,
Y : Y
= = 0.0459 + 0.79 |= . (3-15)
Y, Y,
2.5min Hyd.
Y 1.41
_" = 1.6 _‘ (3-16)
f! 7Smin Hyd. f Smin Hyd.
v .
[—'] =K [6.18 F, - 522 F? - 0716 ] (3-17)
Yl 4 r r

in which
Y= maximum clear water scour depth in uniform or/ and graded

bed material.
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Y,= mean flow depth.
F = Froude number.
K= 2.82 09<-1.33> Fr°'°‘9
o= geometric standard deviation of the particle size
distribution.
The equations were developed based on laboratory data and

regression analysis.

3-3 Review of the Properties of Mineral Clays

3-3-1 Clay Mineralogy

Knowledge of the nature and behavior of mineral clays is
very essential to understand the fundamental factors affecting
the erosion resistance or erosion rate of cohesive soil under
a given flow condition. Clay exhibits greater specific surface
area than sand and silt, therefore it is the most active in
physicochemical processes.

Mineral clay particles are flat shaped, and carry
negative electric charges on their surface. Theée charges are
unbalanced because of the incomplete charge neutralization of
terminal atoms on lattice edges. Hence, they are balanced
externally by exchangeable ions (mostly cations). This
cations-exchange phenomenon is very important in éoil physics
and soil chemistry.

Oon the basis of the force existing between water and
soil, the water in a clay fall into three categories: adsorbed

water, double layer water, and free water. The adsorbed water
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is strongly held by the so0il; the double layer water is all
the water attracted to the soil; and free water is the water
which is not attracted to the soil at all. Hence, the

interaction between water and the clay particles is the

primary mechanism governing the erosion of cohesive soils.

3-3-2 80il structure and Fabric

The term "fabric" refers only to the geometric
arrangement of the particles, particle groups, and pore spaces
in a soil. While the term "structure" refers to the combined
effect of fabric, composition, and interparticle forces. The
soil structure strongly affects the engineering properties and

behavior of the soil particles.

3-3-3 8tructure and Composition of Clay Minerals

Basically, clay minerals are formed by the stacking of
silica, brucite sheets, and gibbsite (aluminum octahedral
sheet). The most prevalent clay minerals aré the layered
aluminosilicates which are formed of crystals. These crystals
are composed of a tetrahedron of four oxygen atoms surrounding
a central cation, usually Si*, and an octahedron of six oxygen
atoms or hydroxyl surrounding a larger catioh of lesser
valency,usually Al1%* or Mg®.

The tetrahedra are joined together at their basal corners
by means of shared oxygen atoms. Similarly, the octahedral are

joined along their edges to form a triangular array. The
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layered aluminosilicate mineral clays are classified according
to the ratio of tetrahedral layers to octahedral layers, into
two principal types; 1:1, and 2:1 minerals.

In 1:1 minerals, such as Kaolinite, one tetrahedral sheet
is attached to one octahedral sheet.

In 2:1 minerals, like Montmorillonite, two tetrahedral
sheets, one on each side are attached to one octahedral sheet.
The bonding between these sheets is electrical, very strong
and may be sufficiently weak to response to changes in
environmental conditions. According to Marshall (1964), the
main types of electrical bonds are:

1) Primary valence bonds

These bonds are the strongest bonds to hold atoms
together in the basic mineral units. They can be classified
into three categories; Ionic bonds, Covalent bonds, and Heter
polar bonds. The Ionic bonds are the result of the exchange of
electrons by the linked atoms as in mica. The larger the layer
charge, the stronger the bond. The Covalent bonds are the
cause of sharing of electrons by the linked atoms, and the
Heter polar bonds result from an unequal sharing of electrons.
2) Hydrogen bonds

These bonds exist in the layer of OH groups, as in
Kaolinite. The hydrogen bonds occur when an atom of hydrogen
is rather strongly attracted by two other atoms as in water
molecules. These bonds are strong and prevent the layer to

separate in the presence of water.
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3) 8econdary forces (Vu; der Waals bonds)

These bonds arise from electrical moments existing within
the units. The secondary forces are an order of magnitude
weaker than the primary and the hydrogen bonds. These bonds
contribute to clay strength and cause soils to hold water.

In general, the layers bonded by Van der Waals are
greatly influenced by applied stress and can be changed in the

soil-water system.

3-3-4 Ions (Cations,anions) Exchange

Clay minerals have the property of adsorbing certain
anions, cations, and remaining in an exchangeable state. These
anions and cations are replaced by other anions or cations of
a water solution. The common exchangeable cations are Calcium
(Ca®*), Magnesium (Mg?'), Potassium (K') , and Sodium (Na‘).
While the common exchangeable anions are sulfate (so,f‘) '

chloride (Cl°), and phosphate (Poy™") .

In Montmorillonite minerals, the cation-exchange reaction
is slower, while in Kaolinite minerals, the cation exchange
reactions are more rapidly. In: general, the cation-exchange
capacity (CEC) is the result of the broken bond around the
edge of the silica-alumina unit. The amount of exchangeable
sodium (Na) relative to the other exchangeable cations in the
soil has an important influence on the structural status of

soils and is described in terms of the exchangeable Sodium
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percentage (ESP) as:

ESP = ‘exchangeableNa‘ %100 (3-18)
Cation exchange Capacity

Soils with ESP greater than about 2%, may behave as
dispersive clays in water (Mitchell, 1992). The most common
method to estimate ESP is Gapon’s equation. The practical form

of the Gapon’s equation is:

(3-19)

Na* ] - Na*
Ca**+Mg*'| J(C& +MZ)2],
The subscript "s" refers to the adsorbed layer, the
subscript "e" refers to the equilibrium solution, and "K" is
a selected constant. The constant K has a value of 0.017
(meq/1) V2 for a wide range of soils. The right hand side of
the last equation is defined as the sodium adsorption ratio

(SAR) in milliequivalent per liter, where

Na*
V(Ca +Mg*2],

= SAR (meg/D)\? (3-20)

The SAR can be detemihed easily by chemical analysis of
the pore water than the ESP.

Many studies (e.g.,Sherard et al., 1972; Arulanandan et
al., 1973) have indicated that the ESP and SAR are uniquely

related for most soils, and are a good indication of the
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resistance of clay soil structure to breakdown and particle

dispersion.

3-3=-5 Flocculation and Dispersion of Mineral Clays

When two mineral clay particles come into contact, forces
both of repulsion and attraction can come into play. If the
repulsion forces are dominant, the particles separate and the
clay is said to be dispersed, which is an important factor in
erosion of cohesive soils. On the other hand, when the
attractive forces prevail, the clay becomes flocculated and
the greater resistance to erosion might be.

The main types of flocculation are salt and nonsalt
flocculation. The salt flocculation is the result of high salt
concentration in the bulk solution, while nonsalt flocculation
is due to positive charged clay attracted to negatively
charged clay surface.

For Montmorillonite clay, the flocculation is mostly
salt, while in Kaolinite clay, the nonsalt fiocculation is
predominant. The repulsive force derives from the like charges
of the ionic swarms surrounding each particle, while the
attractive forces result when two clay platelet, one positive

charge and the other negative charge, are brought together.

3-3-6 Effect of Dielectric Dispersion (Ae€)
In order to examine the effect of type and amount of clay

fraction on erosion process, a method proposed by Arulanandan
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et al. (1970) was adopted. This method is based on applying an
alternating electric field to the soil-water system. A
response is produced which can be measured in terms of a
resistance (R) and a capacitance (C). The value of "c/c" is
defined as the dielectric constant, which reflects the ability
of the clay to store electrical energy. The parameter C,
refers to the capacitance of a condenser with only vacuum
between the electrodes.

The dielectric constant of soil-water system varies for
each frequency. As a result of increasing the frequency, the
accumulation charges on clay particle decreases the ability of
the system tq store electrical potential energy. This change
of dielectric constant with frequency is defined as dielectric
dispersion (A¢), which mainly depend upon the type and amount
of mineral clays.

Alizadeh (1974) showed that, at low values of SAR, the
dielectric dispersion increased as the clay content increased,

which in turn increased the critical shear stress.

3-3-7 Effect of Compaction on Cohesive 8oils

The fundamentals of compaction of cohesive soil was
established by Proctor (1930). He concluded that the amouht of
shear strain obtained after compaction of soils, is mainly
based on the water content, compactive effort, strength of the

pre-existing fabric, and the method of compaction.
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As shown in Figure 3-1, at the same compactive effort,
the soil fabric becomes more oriented with increasing water
content. Hence, at dry of optimum, the soils are always
flocculated, whereas at wet of optimum, the fabric becomes
more oriented or dispersed. If the compactive effort is
increased, the soil tends to become more oriented, even in

case of dry of optimum water content.

In general, the effects of compaction include breakdown
of flocculated aggregates, the destruction of shear planes,
the elimination of larger pores, and the production of a more
homogeneous arrangement or more dispersed fabric soil.

For the compacted clays, the strength and swelling are
greater for those compacted dry of optimum, while shrinkage of
the compacted clays is greater for those compacted wet of
optimum. The main methods of compactions are impact (hammer),

kneading (temper), and static loading (piston).

3-3-8 Plasticity of Mineral Clays

Plasticity may be defined as the property of mineral clay
which permits the material to be shaped by the application of
a force without rupturing and to retain the shépe produced
after the stress is removed. In general, clay materials
develop plasticity when they are mixed with relatively small

amount of water.
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Compacted dry density

. compactive
1effort

Water content

Figure 3-1. Effect of Compactlon on Soil Structure
(After Lambe 1958)
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The range of moisture contents required for ground clay
to form a coherent mass (plasticity is demonstrated) is called
Atterberg limits. The lower value of water content at which a
thread of soil just begins to crack and crumble when rolled to
a diameter of 1/8 inch is defined as plastic limit (P.L). The
higher value of moisture content at which a 2-mm-wide groove
in a soil pat will close for a distance of 0.5 inch is called
liquid limit (L.L). The difference between the lower and the

higher values is defined as the plasticity index (P.I).

3-4 Previous Studies of Scour or Erosion in Cohesive Soils
The phenomenon of scour or erosion of cohesive soils has
been studied by many investigators. Some of the early efforts
in attempting to understand the scour mechanism were made by
Middleton in the early 1930’s. He studied the effect of
physicochemical properties on erodiability of cohesive soil.
Based upon his observation, Middleton concluded that the clays
with high amount of calcium and magnesium are hbre resistant

to erosion than clays with high amount of sodium.

Lutz (1934) studied the effect of plasticity on erosion
of clay. He stated that a soil with high plasticity, which
.contains a higher percentage of clay, is nonerosive and its
suspension rapidly flocculated. While the lower plasticity

soil is more erodible.
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Another investigation was conducted by Dunn (1950) to
determine the critical shear stress required to initiate the
movement of soil particles. Dunn performed many experiments by
applying a vertical jet impinging upon submerged soil samples.
He concluded that the critical shear stress increases as the
clay content increases in the soil. Furthermore, he stated
that the grain size distribution of cohesive soil and
plasticity index in the range of 5 to 16, are good parameters
for predicting soil resistance to erosion. Dunn derived the
following equations from his experiments using statistical

analysis techniques:

5, +180
t, =02+ 2 x tan (30 + 173 PI) (3-21)
1000
5, +180
T, =002 + ~-—— x tan ( 0.06U,) (3-22)
1000

where S is the vane shear strength, U, is the percentage
of clay particles less than 0.06 mm by weight, and P.I is the

plasticity index.

Smerdon and Beasley (1959) performed several tests, in
which cohesive so0il samples were placed in the bottom of a
flume and water was allowed to flow over the sample until bed
failure was noted. They concluded that the tractive force
based on the properties of soil such as plasticity index,mean

particle size, and percentage of clay.
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They derived the following equations:

t=yDS (3-23)
T, = 0.0017 x ( PI ) aud (3-24)

where 7 is the tractive force (1b/ft?), D is the mean
depth of flow, S is the channel gradient, 7. is the critical

tractive force, and P.I is the plasticity index of soil.

Abdel-Rahman (1960) attempted to relate the soil
characteristics to hydraulic shear stress by running water in
a flume over a cohesive bed. The experiments were carried out
usixig sandy-clayey mixture with a maximum sand diameter of 2.0
mm. He developed the following equation based on the
dimensional analysis and the experimental results:

2
S?—“’R.s_f’ﬁ_=P+waT (3-25)

where (y, RJ,) is the tractive stress of water, S is the final
vane shear-strength of the bed soil (t/m?), T, is the mean
erosion depth, P=0.2x10"% y,6 (t/m?), and b=4.57x10% . The
applicable range of this equation is stated to be for Y RIe
between 0.746x10™% and 4.4x10°% t/m2.

According to the developed equation, the critical

tractive stress, at which T, equal zero, can be expressed as:

T, =S x02x10%y, tim? (3-26)
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Furthermore, he concluded from his experiments on purely
cohesive beds, that the stability of such beds depends on the
end flow conditions at which a certain mean bed roughness
height is attained (Q,). He derived the following equation by

using the dimensional analysis technique:

U? | 2]
PU. _ 083 x 10% + 29 x 10 | = Vs (3-27)
S pU.

where
Q, = Absolute mean roughness of the bed.
U,= Shear velocity(g R J))"? m/s
p = Density of water.
4 = Absolute viscosity of water.
J,= Slope of the bed.
S = Final vane shear-strength of the bed material.

F,= Friction Froude’s number (U.%/g Q).

A.study was carried out by Lyle and Smerdén (1965) to
examine the relation between the so0il properties and the
critical tractive shear force.

They conducted a group of tests on sandy loams, silty
clays, and clay materials in a hydraulic flume. They
correlated the plasticity index (P.I), dispersion ratio, mean
particle size, and clay percentage, to the critical tractive

force.
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The culmination of their study was the formation of the

following equations:

T = 0.00771+0.0233(1.2-e)+ (0.00079+0.00035(e-1.2))P.I

(3-28)
T = 0.0322 +0.0086(1.2~e))10™™" (3-29)
T = 0.0141 + 0.00075(1.2 =-e) 100-006pc) (3-30)
n =0.00452 (10)0-3%e1.2) (3-31)

where T is the critical tractive shear force, e is the
void ratio, P.I is the plasticity index, pc is the percentage
of clay, and Dr is the dispersion ratio.

Moreover, they found that some other parameter such as
percent organic matter, vane shear strength, cation exchange
capacity (CEC), and calcium-sodium ratio, have a great

influence on the erodibility of cohesive materials.

Partheniades and Paaswell (1970) stated that the vane
shear strength and plasticity index parameters do not
accurately describe the state of the soil at the surface.

Furthermore, the determination of the shear stress
required to initiate erosion is still lacking because of the
following parameters:

1) Lack of a technique to define the actual water stress at
the soil surface.
2) The difficulties in predicting the soil properties that

control erosion process.
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Extending the identification of the soil properties that
influence the erosion process, Paaswell (1973) reported that
the erosion of soil particles due to motion of water is the
result of external and internal forces. The external forces
are‘due to physicochemical osmotic pressure developed due to
difference in pore and eroding fluid. The internal forces
depend upon many factors, such as type and amount of clay,
pore fluid composition, temperature, soil structure, and

physicochemical behavior of clays.

Christensen and Das (1973) conducted several experiments
on group of samples tube with cohesive material. These samples
were placed in horizontal flume and allowed water to flow.
They concluded that :

1) The rate of erosion is a function of the shear stress,
temperature, density, soil moisture content, clay type,
percentage of clay, and cation concentration.

2) When the critical shear stress was ‘significantly
exceeded, large clusters of soils were removed from the

tube.

Liou et al (1973) concentrated their efforts in studying
the effect of physio-chemical parameters in the erosion of
cohesive soils. They concluded that the sodium adsorption
ratio(SAR) is a good parameter for prediction the erosion of

cohesive soil. As the SAR decreases, the shear strength of the
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soil will increase which in turn decreases the erosion rate.
Furthermore, they concluded that calcium ions increase the

critical shear stress of the soil than the sodium ions. This

fact was also confirmed by Arulanandan.

Investigation of the basic properties of cohesive soil
that may influence the critical shear stress was carried out
by Alizadeh (1974). He used three kinds of artificial cohesive
soils, Na-Montmorillonite (Volclay bentonite), Grundit Illite
with uniform graded material, and Hydrite-R Kaolinite. He
performed a group of experiments by using a modified rotating
cylinder apparatus. Alizadeh stated that:

1) At low values of SAR (1-5) and high pore fluid
concentration, the critical shear stress increases with
increasing dielectric dispersion (Ae). Hence,
Montmorillonite clay has a higher critical shear stress
than both Illitic and Kaolinitic soils.

2) At low value of SAR, the critical shear stfess increases
as clay content increases up to 20%. If the clay content
is more than 20%, the critical shear stress is
independent of clay percentage.

3) At higher values of SAR (50-60), the kaolinite clay has
higher critical shear stress than Montmorillonite clay.

4) At higher value of SAR, the critical shear stress is
inversely proportional to the clay content in a mixture

of sandy-clayey soil.
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The culmination of this study was the formation of the

following equations:

T, = (logC-C, )( C,- n log SAR) (3-32)

[02 Ae +14 ] (3-33)

o | 1- 1 SAR]

where C is the total concentration of pore fluid,
(C,,C,,n) are constants based on types of clay, Ae  is the
dielectric dispersion which based on the type and amount of
mineral clays, and cp is the percentage of clay. The constant
n is computed as:
n = 10-0.07 Ve for SAR < 20
n = 2.6+0.09 Ve for SAR > 20
Moreover, Alizadeh investigated the effect of soil
gradation on the rate of erosion. He used three soil mixtures
with different grain size distribution. Two of the mixture
contained uniform particle size with average grain sizes of
0.5 mm and 0.025 mm, the third mixture was considered as a
well graded soil with D,y grain size of 0.085 mm. From the
results, he stated that the rate of erosion of the well graded
soil is higher than the uniform soil. The reason is that the
finer particles in well graded soil are fitted between the
coarser particles, and as a result, the exposed surface area

subjected to erosion is larger than uniform soil mixture.
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Arulanandan (1975) examined the effect of the soil pore

fluid and the eroding fluid on surface erosion process. He

used a rotating cylinder similar to that used by Alizadeh.

Some of his resulting conclusion are:

1)

2)

3)

4)

The relation between the dielectric dispersion (Ae) and
Cation Exchange Capacity (CEC) of clay is a linear
relationship.

Calcium and Magnesium clays are bonded more firmly than
Sodium clays.

At high SAR, repulsive forces between the particles are
predominate, and thus increase the erodibility of such
clay. The reverse is true for clay has a low SAR value.
The erodibility of a cohesive soil decreases as the salt
concentration of the eroding fluid is equal to or higher
than the salt concentration of the pore fluid. If the
salt concentration of the eroding fluid is lower than the
spil pore fluid, eroding fluid will move into the surface
of clay particles causing swelling by oshosis process,

and thus reduce the interparticle bonding forces.

Kuti and Yan (1976) continued the identification of

the principle physical factor of the soil that affecting the

critical shear stress. They conducted many experiments on the

scour at the toe of a spillway using cohesive soils. The soil

used comprised of from 20 to 80 percent clay. They

concentrated on the time and scour parameters as a function of
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the percent of clay mineral in the soil. Their conclusions can

be summarized as follows:

1) Soil with high percentage of clay (by weight), takes a
longer time to reach equilibrium scour than soil with low
percentage of clay at the same void ratio.

2) The void ratio factor only affects time at which scouring
reaches an equilibrium state.

3) At the same void ratio, increasing the amount of clay

will decrease the scoured volune.

Abt (1980) examined the 1localized scour at culvert
outlets in hopes of establishing a design criterion for
quantifying scour hole in cohesive bed. He performed twelve
experiments on soil comprised primarily of 58% sand and 27%
clay yielding a plasticity index of 15.

He derived many equations based on the principle of
dimensional analysis using Buckingham PI theory. Some of the

resulting equations are:

t, = 0001 (S, +180)tan (30 + 173 PI) (3-34)
25-W,

s, =10 ¢ -log 5, (3-35)
s 14.7

T 0.34
-£=3.46( c ] (3-36)
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ﬂ = 2.18 Q (3-37)
D g%SD"
vV 142
—£ - 11032 | —2 (3-38)
D3 gO.SDSﬂ

where D is the culvert diameter, S, and S are the initial

vsat
and saturated shear strength, P.I is the plasticity index, W,
is the soil water content, d, is the scour depth, V, is the
scour volume, V is the velocity of jet at culvert outlet, r

[

is the critical shear stress, and p is the fluid density.

Shaikh (1988) studied the erosion rate of dispersive and
non dispersive clays. He conducted experiments on unsaturated
compacted sodium and calcium Montmorillonite clays. Clays were
pressed into sample containers and subjected to water in the
flume. The results showed that the erosion rate of Cca-
Montmorillonite was about two times the erosion rate of Na-
Montmofillonite. |

Shaikh treated the Ca-Montmorillonite with Calcium
chloride and Sodium carbonate to study the effect of clay’s
pore-water chemistry on erosion rate, which can be controlled
by the Sodium adsorption ration (SAR) and total diésolved salt
(TDS= Ca+Mg+Na+k).

The results showed that when éalcium Montmorillonite was
treated with 0.88% by dry weight sodium carbonate, the erosion

rate was reduced to the same order as sodium Montmorillonite.
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Briefly, Shaikh derived the following equations based on

analysis of experimental data for erosion rate:

E =441 (SAR)Y < (3-39)
E = 441 ( %clay )*' < (3-40)
E=0.157 (S, )%« (3-41)

where E 1is the erosion rate, S, is Torvane shear

t

strength, and 7 is the tractive stress.

Another research conducted by Kamphuis (1989)
investigated the abrasive effect of the granular material in
the eroding fluid on the cohesive bed erosion. He conducted
the experiments by adding sand to the water, at a
concentration of about 0.1% by volume.

Kamphuis concluded that the initiation of erosion is
determined by the initial movement of the graﬁular material
which was found over the cohesive soil. Therefore, Kamphuis
concluded that the designer should take into account the
sediment transport characteristics of the sand and gravel

existing in the eroding fluid.



48

CHAPTER IV

EXPERIMENTAL FACILITIES AND TEST PROCEDURES

4-1 Introduction

An experimental program was conducted in the hydraulics
laboratory at the Engineering Research Center of Colorado
State University. Three Sets of flume experiments were
performed to specify the effect of cohesion on pier scour.

Set 1 of test runs examines the effect of clay content in
non-cohesive soil (sand). Set 2 of experiments investigates
the effect of compaction of unsaturated cohesive soil. While
Set 3 of test runs specifies the effect of initial water
content (IWC) of saturated cohesive soil on pier scour.

A detailed description of the experimental facilities,
soil selection and samples preparation, and testing procedures

follows in the subsequent sections.

4-2 Experimental Facilities

4-2-1 Flumes

The experimental investigation was completed using three
different flumes located at the Engineering Research Center of
Colorado State University. The first of these flumes is a 17
feet wide by 100 feet long flume and will be referred to as

the Seventeen-foot flume. The second flume is 8 feet wide by
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200 feet long flume and will be referred to as the Eight-foot
flume. The third flume is a 4 feet wide by 29 feet long flume

and will be referred to as the Four-foot flume.

1) The Seventeen-foot flume

The flume is a recirculating end sill flume which is 17
ft wide, 100 ft long, and 3 ft deep with a constant slope of
0.2%. Water into the flume is supplied from a sump tank by a
pump and a 18-inch pipeline. A headbox consisting of a mesh
box of gravel which is placed at the upstream flume entrance,
is to reduce the turbulent eddies induced at the flume
entrance. The pump supplying water into the flume has a 75 HP
capacity and can provide a maximum discharge of abouf 15 cfs.

For the purpose of collecting the eroded material, a 6-
foot long sediment trap was placed at downstream end of the
flume across the width of the flume.

A motorized instrument carriage runs longitudinally along
the flume rails. The instrument carriage is deéigned to move
a point gage with an accuracy of 0.005 ft laterally so that

any place in the flume can be reached.

Six cylindrical clear plexiglass piers with 6 inches in
diameter were placed in the flume. As shown in Figure 4-1, the
distance between the piers were selected so that the
disturbances generated by one pier would not affect the other

piers .
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2) The Eight-foot flume

This flume is a recirculating tilting flume which is 8 ft
wide, 200 ft long, and 4 ft deep with an adjustable slope. The
side walls (except the test section for visual observations)
of the flume are made of aluminum plates. The flume could be
adjusted to any desired slope up to 3%. Water into the flume
is supplied through three pipelines by three different pumps
of 250 HP, 150 HP, and 125 HP. The three pumps can provide
maximum discharge of 80 cfs. The discharge passing through the
test flume is measured by a calibrated orifice meters placed
in each of the pipelines.

At the entrance of the flume, a series of flow
straighteners, a honeycomb, and a mesh box of gravel followed
by a concrete ramp were used to reduce the turbulent eddies
and to create a fully turbulent flow conditions in as short a
distance as possible. A vertical adjustable tail gate was
installed at the downstream end of the flume to control the

water depth.

Rails placed along the top of each side wall of the flume
support a motorized carriage. A point gage was mounted on the
carriage for collecting water surface and bed elévation data
and in order to support the probe of the magnetic current
meter used for the velocity measurements.

As shown in Figure 4-2, three clear plexiglass piers with

a diameter of 6 inches were installed along the centerline of
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the flume. The distance between the piers was 40 feet and was
selected such that the disturbances generated by any pier

would not affect the other piers since they were 80 pier

diameters apart.

3) The Four-foot flume

The flume is a recirculating tilting flume with working
section of 4 ft wide, 35 ft long, and 3 ft deep. The side
walls of the flume are made of 0.5 inch plexiglass. The slope
of the flumes could be changed by means of an electrically
driven tilting mechanism. Water into the flume is supplied
from a sump tank through 6 inches pipeline by a 20-HP pump.
A headbox of gravel is placed at the flume entrance to reduce
the turbulent eddies induced at the flume head. The flow rate

in the flume is adjusted by a valve on the pipeline.

An instrument carriage runs manually along the flume
rails. The instrument carriage is designed té move a point
gage, with an accuracy of 0.005 ft, laterally so that any
place in the flume can be reached. This flume was used to
produce higher Froude number (Fr>0.56) for the experiments of
saturated clay at 32% initial water content. |

As shown in Figure 4-3, a single pier with.a diameter of
4 inches was placed at 20 ft downsﬁream of the flume head,
equidistance from the flume side walls. Summary of the flumes

used in this study is presented in Table 4-1.
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Table 4-1. The Flumes Used in the Study

Flume Wwidth Length Depth Slope Pump
ft (m) ft(m) ft(m) control power(HP)
| F17 17(5.18) | 100(30.5) | 3(0.915) | gnd siil | 75
F8 8(2.4) 200(61) 4(1.2) Tilting 250
F4 4(1.2) 29(8.85) 2(0.61) End sill | 20
e

4~-2-2 Piers

In all the experiments, cylindrical piers made of clear
plexiglass pipes, 6 and 4 inches in diameter, and 40 inches
long were used. Each pier was supported by a set of four
pieces of iron angle , bolted to the flume bed for rigidity.

For the purpose of the rate of scour measurement, three
measuring tapes were attached at the front, side, and back of
the interior wall of each pier. The scour depth development

around each pier was measured against time utilizing a small

periscope manufactured by the use of an inclined mirror.

4-2-3 Current Meter

During each experiment, velocity measurements were
carried out using a Marsh-McBirney magnetic velocity meter,
mounted to read values in orthogonal direction in a plane
parallel to the bottom of the flume. The current meter has an

accuracy of * 4% of reading and its range from

-0.5 to 19.99 ft/sec.
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4-2-4 Point Gage
Measurements of scour hole configuration, water slope,
bed slope, and water depth, were carried out using a point
gage supported on the motorized instrument carriage.
The point gage with an accuracy of 0.005 ft, was mounted

on a graduated scale and actuated by a slow-motion screw.

4-3 80ils Belection and Bed Material Preparation

In order to achieve the objectives of this study, it was
necessary to procure a material that satisfies the
requirements. It was decided to use a homogeneous soil
containing clay, silt, and fine sand particles, in which
cohesion plays a predominant role. The cohesive soil used in
the experiments was obtained from the Agronomy experimental

field of Colorado State University.

Utilizing the X-Ray diffraction test, the dominant clay
mineral was found to be Montmorillonite. Acéording to the
unified soil classification system (USCS), the cohesive soil
was also classified as medium plasticity clay and the texture
is clay loam.

A series of laboratory tests were performed on the
cohesive materials lead to the following properties as shown

in Table 4-2.
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Table 4-2, Properties of Cohesive Soil Used in the Study

Atterberg Limits I Chemical Properties

Liquid limit

Plastic limit

Plasticity index 18.3%

Soil Composition

Sand content
Silt content

Clay content

Optimum water content
Optimum dry density 110 pcf

Specific gravity
Bulk density

where Na is Sodium, Ca is Calcium, Mg is Magnesium, K is the
Potassium, P is the Phosphorus, Al is Aluminum, Fe is the
Iron, Mn is the Manganese, 0.M is the Organic Matter, SAR is
the Sodium Adsorption Ratio, and pH is the negative logarithm
of the Hydrogenfion Concentration (pH<7 is aci&ic, pH>7 is

alkaline).

The sand used in set 1 of experiments is commercially
labeled as Masonry sand with 0.55 mm mean grain size. The
resulting grain-size distribution for the Masonry sand and
Montmorillonite clay used in the experiments are presented in

Figures 4-4 and 4-5.
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Prior to each experiment, the cohesive soil was first
kept at a water content equal to 10-11%, and then sieved
through a 5 mm Sieve to ensure the uniformity of compaction

and in order to obtain a homogeneous material.

In this vstudy, three sets of experiments identified as
set 1, 2, and 3 were conducted. In set 1 of experiments, the
amount of clay contents mixed with the sand were 0, 5, 10, 20,
30, and 40% by dry weight of mixture. The desired Mixtures
were well mixed until homogenous materials at water content in
the range of 10-11% were produced.

In set 2 of experiments, two subsets of experiments
identified as subset 2.A and 2.B were conducted. In subset
2.A, the cohesive soil was prepared at an initial water
content egual to the optimum water content (20%). While in
subset 2.B, the clay soil was prepared at an initial water
content equal to 15% (lower IWC case). Afterwards, the
prepared clayey 'soil was laid out around the piers and
compacted at 58, 65, 73, 80, 87, and 93% degree of compaction.

In set 3 of experiments, the sieved clay soil was placed
in large dishes. The water content was measured and the
additional water was added to achieve the desired initial
water contents, which were 32, 35, 40, and 45%. The dishes
were then covered with a plastic sheet for 5 day to prevent

water losses and to achieve the maximum degree of saturation.
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4-4 Experimental Procedures

Prior to each experiment, the flume bed was prepared in
five stages as follows:
1) Laying out in the model

The pfepared material was placed around the piers in an
area of 3.5 ft wide by 3.5 ft long. The size of the area was
selected to cover four times the expected maximum scour hole.
The bed surface of each flume was leveled by hand using a
staff gauge and surveying equipment. The regions around the
piers, which were inaccessible with the blade, were leveled

manually using a hand trowel.

2) Compaction process.

Since the compaction effect of unsaturated cohesive soil
is the main interest of set 2 of experiments, the clay soil
was placed around each pier and compacted under various
degrees of compaction. The process of compaction was carried
out bf applying a specific mechanical energy; utilizing a
hammer weighing 20 1b with base area of 11 inches by 7.2
inches, and a metal plate of 1/8 inch thickness and a surface
area of 4 ft by 4 ft. The metal plate was constructed with a

6 inches in diameter semicircile.

The condition of applying the mechanical energy is a
function of the mass of a hummer (W), the hammer base area

(A), the height of drop (H), the numbers of drops or blows
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(N), the number of layers of soil (N|), and the thickness of
soil layer (d_), and is determined from the following

relationship:

WxHXNxN, ft-1bf
Axd,, £t

Mechanical Energy - (4-1)
In the compaction process, a 20 1lb hammer weight was
dropped from height 1 ft for all the experiments, while the
number of blows (N), number of layers (N;), and thickness of
soil (d_,) were varied according to the desired compactions.
The conditions of obtaining various degrees of compaction are

listed in Table 4-3.

Table 4-3 Conditions of compactions

Comp. Subset 2.A (IWC= 20%) Subset 2.B (IWC= 15%)
] N N d., energy N d., energy
(£t) ft-1bf/ft> (£t) ft-1bf/ft3
|| 87 3 6 0.4 19636 8 0.4 26181
i
80 2 4 0.6 5818 6 0.6 8727
73 1 3 1.0 1309 4 1 1745
65 1 1 1.0 436
58 This compaction was obtained by dropping the soil
around the piers under its weight .

* The accuracy of the obtained compactions was * 1.5%.
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Once the compaction process has been completed, the
degree of compaction was determined by measuring the wet unit

density of the compacted soil using a copper cylinder tube of
thickness 1.5 mm. The tube with sharp edges for inserting
easily through the soil and has a dimension of 1.915 inches in

diameter and 1.875 inches in height.

In order to determine the degree of compaction, the

following procedures were carried out:

a) The tube was immersed slowly into the leveled soil until
the tube edge flattened with surface of bed.

b) Next, the tube was extracted carefully without disturbing
the soil sample.

c) Afterwards, the soil sample was weighted (W), and placed
in a microwave for ten minutes for drying and then weight
it again (w,).

d) By knowing the tube volume (3.079x1073 ft3), the optimum
dry unit density of the clay (Pgope. =110 lb)ft3) , W, and
W,, the degree of compaction can be determined by using

the following equations:

W,
wet unit density (p‘,) = m gm[cm3 (4-2)
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water content (W.C) = ‘;V 2x100 % (4-3)

s

Pw

1 1 = 3 (4-4 )
dry unit density (p,) TSWC. gmjcm
Compaction (Comp.) = Pa x100 % (4-5)
Dopt.

In set 1 of test runs, the soil was compacted by applying
the same energy for all the experiments. While in set 3 of
experiments, there is no effect of applying any mechanical
energy and the obtained compaction is based on the initial

water content of saturated cohesive soil.

3) Boil shear strength measurements

Once the compaction process has been completed in Set 2
of experiments, the‘ initial Vane shear strength (S) was
measured directly by totally inserting a torvane shear vane
into reasonably flat bed at a depth of 0.5 inch from the'bed
surface. Afterwards, the torvane knob was rotated while
maintaining a constant vertical pressure.

At the moment of failure, the pointer showed the maximum
shear strength at which the failure had taken place. The
reported value of soil shear strength (S) around each pier was

considered as the mean of five readings at different locations.
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4) Initial bed elevation measurements
Once the degree of compaction and soil shear strength
were measured, the initial bed elevation around each pier was
measured by the point gage mounted on the motorized instrument
carriage. The initial readings on the three tapes inside each

pier were also taken.

5) Establishing flow cénditions

When the previous four stages were completed, water was
supplied into the flume by opening a valve on the pipeline
very slowly until a pool was formed in the upstream reach of
the flume between the headbox and the upstream end of the
false floor. This filling process allowed the sediment bed to
be wetted very slowly without causing any disturbance around
the piers. Afterwards, the discharge was increased gradually
with maintaining a large flow depth.

In the Seventeen and Four-foot flumes, the water depth is
controlled by an end sill. While in the Eight-foot flume, the
desired water depth was obtained by adjusting the tail gate.
The flow rate into each flume was determined from a manometer
readings at the orifice plate placed in a pipeline.

The'discharge and the water depth were held constant
during the entire experiment time, while the stream velocity
was the only parameter that varied against the scour depth.
All test runs were conducted under steady gradually varied

flow conditions.
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In the successive runs, the discharge and consequently
the average velocity was increased in such a way to develop
higher Froude numbers and the same previous steps were

repeated for each test run.

4-5 Experimental Measurements

Once the desired flow conditions were verified, the
carriage and the point gage were moved along the flume in such
a way that any point could be reached with the measuring
devices. Each experiment lasted for an average of 16-20 hours,
based on the condition of each set, to ensure that the maximum
scour depth has been reached.

The experimental measurements contain different issues
and could be listed as follows:

1) Velocity distribution measurements.

2) Rate of scour measurenents.

3) Water slope and water depth measurements.

4) Scour hole measurements. N

In what follows each item of measurements will be discussed.

1) The velocity distribution measurements

When the steady gradually varied flow conditions at the
requested discharge and flow depth have been established, the
velocity measurements were carried out using a Marsh-McBirney
magnetic velocity meter with an accuracy of *4% of reading and

its range from -0.5 to 19.99 ft/sec.
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In the approach of each pier, velocities were measured at
three cross sections, 3 ft, 5 ft, and 7 ft away from the
piers. As shown in Figure 4-6, reference point grids provided
the location of each vertical measurements with respect to the
pier. Along each of these sections five vertical velocity
profile measurements with at least eight points were taken.
The value of the approach velocity reported for each pier
is the average of depth, width, and distance integrated

average of at least 80 velocity measurements.

2) Rate of scour measurements

Once the desired discharge and flow depth were
established, the scour around each pier was observed and
readings from the tapes placed inside each of the piers were
taken against time. The time interval between the readings was
small during the first five hours of the experiment and it was

bigger as the progression of scour became slow.

3) Measurements of water depth, water slope, and bed slope
The water surface elevations and corresponding bed
elevation at the approach of each pier were measured at 3
approach cross sections and at 3 lateral 1ocatiohs at each of
these sections by the use of point gage mounted on the flume

carriage with an accuracy of 0.005 ft.



67

PTID sjuswaansesy A3TooisA *9-% aanbrd

'llll'llllllllllll'-lllIll-lllllllll.-l-lllJ

.llllllllllll-lllllllllllll-llllllll_lllllll



68

The approach water depth value of each pier was
calculated and reported as the laterally and longitudinally
averaged value of the difference between the water surface
elevations and bed elevations at each pier approach. For high
Froude numbers, the water surface readings were fluctuated
significantly. Therefore, the minimum and maximum values at
various points along the flume were averaged to obtain the
actual value of water surface elevation.

For water slope value, linear regression was applied to
the data to determine the best-fit line to the water surface
slope in the approach of each pier.

For bed slope value, the same procedures were carried out
along the centerline of the flume. Then a linear regression

analysis was preformed to determine the bed slope.

4) Scour hole measurements

At the end of each run, the flow into the flume was
stoppea with fhe tail gate in closed position,-énd water was
drained graduallf to avoid any disturbance. After sufficient
water was drained allowing the bed material surface to be
visible, the scour hole topographies were measured by the use
of the point gage.

The measurements were carried out through an intensive
grid. At least eight cross sections were taken in the region
of the scour hole to determine the maximum scour depth and

volume. Depending on the conditions of each scour hole, at
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least eight points were measured along each of these cross
sections. The maximum scour depth for each pier was calculated
as the difference between the mean bed elevation at the
upstream edge of the hole and the lowest measured point of

scour.

In general, it was observed that the developed scour
holes in the experiments of low compacted unsaturated clay and
mixture of high clay content, were affected by the process of
settlement and shrinkage during the drained time. Therefore,
the scour hole measurements of these experiments were carried

out once the scour hole could be visible.

Afterwards, photographic documentation was taken at the
upstream, sides, and downstream of each scour hole to define
the geometric shape of the scour. Finally, the scour hole
volumev was measured using a plastic sheet and water. The scour
hole was first covered by a plastic sheet and caiibrated water
was dropped into the scour hole till the water flattened with
the bed surface. The scour volume was considered as the volume

of the dropped water into the developed scour hole.
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CHAPTER V

ANALYSIS OF THE EXPERIMENTAL RESULTS

5=1 Introduction

In this Chapter, the available experimental data points
are analyzed to predict the local scour at bridge pier placed
in a mixture of cohesive and non-cohesive soil and in cohesive
soil. Section 5-2 presents the dimensional analysis for the
parameters affecting the pier scour. The data from the flume
experiments for each set have been analyzed and the results

are presented in Sections 5-3 through 5-5.

Section 5-3 presents the experimental results and
analysis of pier scour in the mixtures of cohesive and non-
cohesive soils. Section 5-4 introduces the experimental data
for pier scour in compacted unsaturated cohésive soils.

Section 5-5 discusses the results of pier scour in
saturated cohesive soils as well as the effect of dry-wet
cycle on pier scour in cohesive materials. As a result of the
analysis, a general equation for pier scour in both
unsaturated and saturated cohesive soil is proposed.

The sensitivity analysis for the developed equations are

presented in Section 5-6.
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The complete experimental records of this study are
presented as a part of the data supplement for the Project No.
DTHF 61-91~c-0004 entitled" Effect of Sediment Gradation and
Cohesion on Scour" for the U.S Federal Highway Administration.
Therefore, only summary data Tables and pertinent summary

information have been included in this dissertation.

A1l the experiments of the present study were carried out
under steady gradually varied flow conditions. 14 test runs
were conducted in the Seventeen-foot wide flume, 12 test runs
were conducted in the Eight-foot wide flume, and 8 test runs
were carried out in the Four-foot wide flume, for a total of
34 test runs and 111 data points. In each of the test runs up
to 6 piers have been studied simultaneously to cover a wide

range of flow and soil conditions.

5-2 Dimensional Analysis

The dimensional analysis in different formé has been used
extensively for correlating the variables affecting the scour
depth at bridge piers. The variables used in the analysis are
parameters of soil, fluid, and model systems. These parameters

are given below.

d =f(Y, bV, dyo,b18p VS C Comp, IWNC) (5-1)
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where d= scour depth; Y=depth of approach flow; b= pier
width:; V= velocity of approach flow; d50= mean sediment
diameter; o= geometric distribution of sediment diameter
about the mean; ¢= pier shape factor; t= time; g=
gravitational acceleration; p= fluid density; v= fluid
kinematic viscosity; S= soil shear strength; C= clay content;

Comp.= degree of compaction; and IWC= initial water content.

Applying the Buckingham-Pi Method and using b, V, and p
as repeating variables, the following set of dimensionless

parameters can be obtained.

v s

d, Y dy Ve
- = S ° ’ s s T, s "_"'_$C’C -:IWC (5-2)
p T(3: 5% ¢, ¢ IS Ade omp )

Since the parameters Y/b, ¢, Ogr d;,/Y, and a were kept
constant during the study, these parameters will be eliminated
from equation 5-2. For lafge expé.rime_nt durations, the value
of the term (Vt/b) had a very week effect on the regression
analysis, thus this term was also removed and equation 5-2

becomes:

’=f(F,,——$;—,2—,C,Comp.,IWC) (5-3)

P

o | &

in which

F= Froude number:;
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C = a parameter describing the amount of clay content in
sandy soil (dry weight of clay/dry weight of
mixture) ;
Comp.= degree of compaction of clayey soil;
IWC = initial water content of clayey soil; and

S = soil shear strength.

The parameters that were varied in the experiments have
been evaluated for their effect on the scour depths obtained.
The parameters that were varied were the stream velocity, the
clay content in sandy soils, the compaction of unsaturated
cohesive soils, and the initial water content of saturated

cohesive soils.

The analysis of these parameters was presented in two
separate ways. Firstly, the parameters were analyzed to
determine general trends relating to the individual parameters
involved. Secondly, the scour ratio, d/b, (scéur depth/pier
diameter) was regressed against the remaining dimensionless
groups using multiple 1linear and non-linear regression
analysis in the commonly available SAS statistical analysis
package. The theory of this program is based 6n the least

squares method.
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5-3 Analysis of Pier Bcour in Cohesive-Noncohesive 8o0il
Mixtures
The first set of runs (39 experimental data points) was
conducted to investigate the effect of clay content in sandy
soils. Generally, the results from this set indicate that the
scour depth decreases as the clay content in sandy soil

increases up to 40%.

Summary of experimental conditions and results of this
set of runs are presented in Table 5-1. Looking down the
columns in Table 5-1, one can see that the scour depth
decreases as the clay content increases for every condition
tested. The relationship is in agreement with results of the
previous research involving the rate of erosion of the
mixtures. The reason is that, as the clay content increases in
a mixture, the cohesion forces between the particles play an

important part in controlling the scour process.

5=-3-1 Geometry of Scour Hole in ﬁixtures

For all the experiments conducted in clay-sand mixtures,
the maximum scour depth was observed to be occurring in front
of the circular piers. This observation agrees ﬁith those of
previous researchers conducting studies in sandy soils.

Generally the shape of the scour hole is conical in
nature, with a smooth almost uniform half cone in front of the

piers. The scour hole behind the pier is also a conical shape
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Table 5-1. Summary of Experimental Conditions and Results for Set 1

(Etfect of Clay Content on Pier Scour)

Run- Q Clay Approach Y |ApproachV | Fr ds (ds/b) Vs (Vs/b~3)
PierNo. | (cfs) |(%C) (ft) (ftfs) (in.) (in.~ 3)

13-PA 11 0 0.776 0.920 0.184 | 3468 | 058 | 4943 | 2288
13-PB 11 5 0.776 0.989 0198 | 3010 | 050 | 4089 | 1893
13-PC 11 10 0.776 1.020 0204 | 3630 | 061 6103 | 2.825

[ 1a-PA 10 0 0.690 0.830 0.196 | 2736 | 046 164.8 | 0.763 |
14-PB 10 5 0.690 0.925 0.19 | 3020 | 050 | 4000 | 1.852
14-PC 10 10 0.690 0.889 0.189 | 2600 | 043 | 2105 | 0975
" 15-PA 12 0 0.735 0.900 0.185 | 3492 | 058 | 4943 | 2288
15-PB 12 5 0.735 1.008 0207 | 4152 | 069 | 8543 | 3955
[ 15-PC 12 10 0.735 1.028 0211 | 3600 | 060 | 5492 | 2543
16-PA | 146 0 0.800 1.038 0205 | 4562 | 076 | 10130 | 4.690
16-PB | 146 5 0.800 1.169 0230 | 5004 | 083 | 1191 | 5.537
|_16PC | 146 10 0.800 1.238 0244 | 5650 | 094 | 12200 | 5648
17-PA 10 20 0.690 0.830 0.176 | 1788 | 030 885 | 0410
17-PB 10 30 0.690 0.925 0.19 | 2050 | 034 1666 | 0.771
17-PC 10 40 0.690 0.889 0.189 | 2020 | 034 1505 | 0.697
" 18PA 12 20 0.735 0.900 0.185 | 2280 038 1885 | 0.873
18-PB 12 30 0.735 1.008 0207 | 2232 | 037 | 3098 | 1434
18-PC 12 40 0.735 1.028 0211 | 2352 | 039 | 2505 | 1.160
[ 19-PA | 146 20 0.798 1074 0212 | 2.610 0.44 4003 | 1.853
19.PB | 146 30 0.798 1.175 0232 | 3780 | 063 8900 | 4.120
19PC | 146 40 0.798 1.189 0235 | 3300 | 055 5553 | 2571
[ 20-PA | B3S 20 0.756 1.045 0212 | 30% | 052 | 3875 | 17%
20PB | 135 30 0.756 1.140 0231 | 4116 | 069 | 9505 | 4.400
20-PC | 135 40 0.756 1.145 0232 | 3.780 | 063 | 6906 | 3.197
21-PA 2 20 0.736 0.900 0.185 | 2. 038 | 2054 | 0951
21-PB 12 5 0.736 1.008 0207 | 4152 | 069 | 8543 | 3955
21-PC 12 10 0.736 1.028 0211 | 3612 | 060 | 5492 | 2543
[ 2-PA 10 20 0.701 0.857 0.180 | 2124 035 885 0.410
22-PB 10 5 0.701 0.926 0.195 | 3012 | 050 | 4089 | 1893
2-PC 10 10 0.701 0.892 0188 | 2664 | 044 3105 | 1438
[~ 30-PA 13 0 0.950 1.696 0307 | 9.750 163 | 2029.1 | 13.561
30-PB 13 20 0.950 1752 0317 | 6240 | 104 | 23189 | 10.736
30-PC 13 40 0951 1.820 0329 | 3720 | 062 | 17087 | 7910
" 31-PA 13 10 0.950 1.696 0307 | 8280 138 | 28315 | 13.109
31.PB 13 30 0.950 1712 0310 | 6520 109 | 24004 | 11.113
31-PC 13 40 0951 1.820 0329 | 5300 | 088 | 19003 | 8.798
" 32-PA 9 0 0.310 1.186 0.232 | 7.500 125 | 20026 | 9271
32.PB 9 20 0.810 1.158 0227 | 4800 | 080 | 10000 | 4.630
32-PC 9 40 0.850 1.194 028 | 3500 | 058 | 9800 | 4.537

NOTES:

* For all these runs, soils around the piers were compacted with the same energy.
* The initial water content of the mixtures were kept in the range of 10-12%.
* Runs 13 through 22 were conducted in the Seventeen-foot wide flume.

* Runs 30 through 32 were conducted in the Eight-foot wide flume.
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but it is much shallower and wider than the portion in front
of the pier, similar to observations reported earlier.

The scoured material is deposited downstream of the scour
hole and formes a mound. The volume of this mound decreases as
the clay content in the mixtures increases. As the flow passes
the mound, depth of flow suddenly increases causing a
reduction in flow velocity. At this low velocity the fine
materials settled around the mound‘’s edge.

During this set of test runs, especially with runs of low
clay content in the mixtures, the finer particles move out and
the coarser grains concentrate in the top layer and start to
rearrange themselves in a particular way to form an armor coat
at the end of each run. This armor layer, once formed, acts as
a coating or protection for the underlying and surrounding
fine materials from being scoured.

The geometry of scour holes under different flow
conditions and various clay contents are presented in Figures
5-1 through 5-4. These photographic documentafibn show that
the scour volume around the piers decreases with increasing

clay content.

The cross section geometry of the scour holes across the
center line of the piers are plotted in Figures 5-5 through 5-
10. These plots show that the slope of the scour hole steepens
with decreasing clay content in sandy soils under different

flow conditions.
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Figure 5-1. View of the Scour Hole for Pier A (0% Clay)
at the End of Run R32, Q= 9 cfs

[ ORI R AR AN B B
Q=90 s

Figure 5-2. View of the Scour Hole for Pier B (20% Clay)
at the End of Run R32, Q= 9 cfs
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Figure 5-3. View of the Scour Hole for Pier B (30% Clay)
at the End of Run R20, Q= 13.5 cfs

Figure 5-4. View of the Scour Hole for Pier C (40% Clay)
at the End of Run R20, Q=13.5 cfs
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From the scour hole measurements a relationship between
the side slope of the scour hole (2) and the clay content (C)
was developed as shown in Figure 5-11. By using the regression

analysis, the following relationship is obtained:

Z=1422 +006 (% C) (5-4)
Using equation 5-4, the diameter of the scour hole (B)

region can be approximated by:

B=2b+224d, (5-5)

The relationship between the scour depth (d,) and scour
volume (V,) in dimensionless form is shown in Figure 5-12 for
all data points. By fitting the best line to the points

plotted on Figures 5-12, the following relationship is

041 '
4] -0a( %) e
b

In order to apply the results of the present study to any

obtained.

pier diameter size, a scour ratio is introduced. The scour
ratio is defined as the maximum scour depth measured in each
individual test run to the pier diameter.

The variation of the scour ratio with Froude number has
been analyzed for different clay contents in sandy soil.

Figure 5-13 is a plot of these variables for all data points.
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An analysis of these data points shows the trend as drawn on
the graph. As the clay content increases up to 40%, the scour
ratio decreases. The analysis can not be extended to clay
content greater than 40 percent since beyond this amount of
clay content, other cohesive parameters such as compaction,
water content, etc. become dominant.

The conclusion that may be drawn as a result of these
experiments is that the clay content in sandy soil can be
represented in the form of a reduction factor which can be
multiplied by the scour depth in sandy soil in order to obtain
the scour depth in a mixture of sandy-clayey soil. This
reduction factor can be defined as the ratio between the
maximum scour depth in a mixture of sandy-clayey soil to that
in sandy soil under the same flow conditions. Using this
definition, the reduction factor would be 1 when the clay
content is zero (all sand). The reduction factor can be
applied to a wider range of conditions.

From Figure 5-13, the reduction factor (K)»as a function
of clay content in sandy soil is presented in Figure 5-14. A
regression analysis of all data points in Figure 5-14 based on
the assumption that the reduction factor is a power function

of the clay contents, yielded:

1

k-—1 (5-7)
(1+C)»
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The value of linear correlation coefficient, R=0.95,
between the observed and predicted reduction factor indicates
how well the equation fits the data.
In order to form an envelope for all data, the exponent

2.5 in equation 5-7 was modified to 2, it resulted in

1

I S—— (5-8)
(1+C)

The comparison between the observed and predicted

reduction factor is shown in Figure 5-14.

5-3-2 Effect of Flow Intensity on Pier Scour in Mixtures
Generally, it was observed that the dimension of the

scour hole increased with increasing the flow discharge. At
the‘same water depth, the scour depth was varied only as a
function of the approach velocity. Due to this fact, the
stream velocity and Froude number are appropriate measures of
the flow strength to analyze the behavior of scour depth in
different mixtures. The approach velocity as cited in section
4-5 is the average of five vertical velocity profiles in the
approach zone of each pier. Figures 5-15 through 5-18 show the
distribution of velocities in the approach area for each pier.
The approach velocity and Froude number were plotted

versus the scour ratio in Figures 5-19 and 5-20 respectively.
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The lines on the graphs show the trend of the data for various
clay contents in the mixtures. A definite trend in each of the

curves is apparent. Generally, when the approach velocity or
Froude number increases, more materials will be eroded from

around the piers.

5=-3-3 Effect of the Test Duration on Pier Scour
in Mixtures
In this investigation, all test runs were conducted with
960 minutes test duration to insure the equilibrium scour
depth was reached and became constant for a sufficient period
of time. The development of scour depth with time was observed
by the use of a mirror placed inside each of the plexiglass

piers and by using a scale mounted on the walls of the piers.

Examples of the typical relationship between the scour
depth _and time of scour for various clay contents and
different flow conditions are shown in Figures 5421 and 5-22.

Approximately 90% of the scour occurred during the first
360 minutes of each test. As shown in Figures 5-21 and 5-22,
the equilibrium scour depth was reached in a shorter time for
a mixture of lower clay content compared to that in a mixture
of higher clay content. This means that the higher the clay
content in a soil, thé longer the éime it takes to reach the

equilibrium scour depth.
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5-3-4 Regression Analysis for Pier Scour in Mixtures
Based on the dimensional analysis performed and the
experimental data points, a stepwise regression analysis was
used to develop a new clear water scour depth in a mixture of
sandy-clayey soils.

During this set of test runs, the initial water content,
compaction, and soil shear strength were kept constant, hence
these parameters will be eliminated from Equation 5-3. For the
purpose of using the scour depth predictor in sandy-clayey
mixtures or in sandy soil, one was added to the clay content

to allow for 0% clay content, thus equation 5-3 becomes:
ds
5 =f(F,, 1+C) (5-9)

The logarithmic values of (d,/b) were regressed against
the remaining dimensionless groups in equation 5-9 using the
multip].e linear regression form in the commonly used SAS
statistical analysis package. The theory of thié program is
based on the least squares method. The best-fit regression
equation which describes the data points given in Table 5-1

can be expressed as:

2.08
%o | F (5-10)
b (l + O0) 1.88

in which C is the clay content in the sandy soil (C varies
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between 0 and 0.4). This equation was developed for clear
water scour and was tested for Froude numbers ranging from
0.18 to 0.33. The correlation coefficient, R=0.85, between
the observed and predicted scour ratio indicates how well the
equation fits the data points. The best-fit regression
equation output from SAS program is presented in Table 5-2.

For the purposes of simplicity form, equation 5-10 was

modified; it resulted in :

2
f:'. = 13_9( F' ) (5-11)
b +

The scour depth computed from this equation results in
slightly larger values than those computed from equation 5-10.
A comparison of equation 5-10 with the experimental data is
shown in Figure 5-23. The dashed 1lines in this Figqure
represent 120 percent error boundaries. As shown in Figure 5-
23 with the exception of 2 data points, all data represented

by equation 5-11 with maximum error of +20 percent.

5-4 Analysis of Pier Scour in Compacted Unsaturated
Cohesive B8oils
In set 2, 17 test runs were carried out to investigate
the behavior of pier scour in unsaturated clay soil at various
degrees of compaction. All the concepts and the principal

results obtained in this set of experiments are summarized in
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Table 5-2. Regression Output from SAS Program for Set 1

Dependent Varlable: LOG(ds/b)

Analysis of Variance
Source DF Sum of Mean F value Prob>F
Squares Square
Model 2 1.01218 0.50609 104.366 0.0001
Error 36 0.17457 0.00485
C total 38 1.18675

Root MSE Dep Mean C.V. R-Square Adj-R-Sq "

0.06964 |-0.22536  |30.9004 0.8529 0.8447 "

Parameter Estimates

Variable DF Parameter Standard | T for Ho:

Estimate Error Parameter=0 | Prob> [T]

INTERCEP 1 1.276727 0.1058265 12.064 0
Fr 1 2.085649 | 0.15100037 13.812 0
C 1 -1.883512 | 0.23058824 -8.168 0

CORRELATION
CORR. Fr C (ds/b)
Fr 1.0000 0.2986 0.7618
C 0.2986 1.0000 «0.2709
{ds/b) 0.7618 <0.2709 1.0000
Regression Models for Dependent Variable: LOG(ds/b)
Number in R-Square Adjusted C(p) MSE Variables in Model
Model! R-Square
1| 0.58027283 | 0.56892886 67.72099 0.01346251 | Fr
1] 0.07336803 | 0.04832392 191.7772 0.0297212 | C
2 | 0.85290078 0.8447286 3 0.0048918 | Fr, C
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Tables 5-3 and 5-4. In general, as expected, these Tables
indicate that the scour depth decreases with increasing the
degree of compaction. The less compacted clay material allows
water to penetrate through the surface of clay particles

causing swelling and resulting in the reduction of the
interparticle bonding force which in turn increases the scour
depth. This fact has been confirmed by many investigators in

previous studies.

5-4-1 Geometry of Scour Hole in Unsaturated Cohesive
Boils
The shape of the scour hole in cohesive soils is conical
in nature with maximum scour depth occurring immediately
upstream of the pier as in non-cohesive soils. But compared to
non-cohesive soils, the slope of the scour hole was observed
to be very steep and in some cases, approaching 90°
(vertical). As expected, the results of experiments showed
that the slope of the scour hole increases as ﬁhe compaction

of cohesive soil increases.

In cohesive soil erosion process, once the material
eroded and removed from its environments, it remains in
suspension. Therefore, there is no deposition upstream or
downstream the scour hole compared to that in sandy soils.

The view of the scour holes for some runs are shown in

Figures 5-24 through 5-27.
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Figure 5-24. View of the Scour Hole for Pier A (58% Comp.)
at the End of Run R27, Q=11 cfs

Figure 5-25. View of the Scour Hole for Pier C (80% Comp.)
at the End of Run R27, Q=11 cfs
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Figure 5-26. View of the Scour Hole for Pier E (80% Comp.)
at the End of Run R17, Q=9.96 cfs

Figure 5-27. View of the Scour Hole for Pji
ler E (73% Conp.)
at the End of Run R26, Q=10 cfs ( P
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Examples of cross sections passing acrosé the scour holes in
cohesive soils at various degrees of compaction are presented
in Figures 5-28 through 5-31 for various flow conditions.

For set 2 of test runs, the data points plotted in Figure
5-32 show the relationship between the scour ratio (d,/b) and
degree of compaction under different flow conditions. The
results indicate that for a given flow condition, the scour

depth decreases as the soil compaction increases.

The relationship between the scour depth and scour volume
in dimensionless form is shown in Figure 5-33 for all data
points. By fitting the best line to the points plotted on

Figure 5-33, the following relationship is determined:

( fﬂ ] =05 Z.-'. (5-12)
b b b3

The conclusion that may be made is that the volume of
scour hole (the inverted cone) is reduced significantly by
increasing the degree of soil compaction. The time development

of scour depth was also reduced significantly.

S-4-2 Effect of Flow Intensity on Pier 8cour in
Unsaturated Cohesive S8cils
As was mentioned before, all test runs were conducted
under steady gradually varied flow conditions. The approach

flow depth was kept approximately constant and all other
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parameters were constant, while the stream velocity was the
only pérameter that varied against the scour_depth.

In general, the higher compacted clay required higher
velocity or Froude number to initiate scour. Figures 5-34 and
5-35 demonstrate the effect of the approach flow velocity and
Froude number on scour ratio. These Figures show an increase
in scour ratio with an increase in the approach Froude number
or velocity for various degrees of compactions. They also show
that, at the same flow condition, the scour depth decreases

with increasing the soil degree of compaction.

5-4-3 Effect of the Test Duration on Pier Scour
in Unsaturated Cohesive 8o0ils

As cited before, all test runs lasted 960 minutes to
ensure that the maximum scour depth was reached and the rate
of scour became very slow, almost zero to record. The obtained
scour in cohesive soil is 1limited in time scale to the
experiﬁental laboratory times. |

It was concluded that the development of scour depth with
time is strongly affected by the degree of compaction of

cohesive soils around the site of the piers.

The scour depths are plotted versus the time in Figures
5-36 and 5-37 as examples for some runs. The curves on the
graphs show the trend of the data for these flow conditions.

It was observed that for a cohesive soil at 58% compaction,
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90% of the equilibrium scour depth is reached in the first 90
minutes, while the same percentage required the first 300

minutes for a cohesive soil at 80% degree of compaction.

5-4-4 Regression Analysis for Pier Bcour in Unsaturated
Cohesive Boils

Since many parameters affect the development of the scour

depth, the experiments had been conducted by considering only

the effect of flow conditions, initial water content, soil

shear strength, compaction, and accepting the other parameter

as constant during the study. Thus equation 5-3 becomes:

o | R

= =f| IWC,F,, S , Comp. (5-13)
p V?

The measured values of (d,/b) were regresséd against the
remaining dimensionless groups in equation 5-13 utilizing the
commercial SAS computer software. The theory of this program
is based on the least-squares method. The best-fit regression
equation resulting from the statistical analysis of

experimental data is :

d s 0.023
(—‘-) = 2.71 (IWC)™°36 F!* (—] ( Comp. ) 1€ (5-14)
b P pV? v

in which IWC is the initial water content ranging from 0.15 to

0.5, Comp. is the compaction of soil ranging from 0.5 to 1, V
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is the approach velocity (m/sec.), § is the soil shear
strength (kg/m?), and p is the water density (p=Y/g=102 kg-
sec.?/m*). This equation was tested in Froude numbers ranging
from 0.18 to 0.37.

The best-fit regression equation output from SAS program
is presented in Table 5-5. The higher value of the correlation
coefficient, R=0.95, between the observed and predicted scour
ratio indicates the strong correlation between measured scour
depths and the parameters selected for defining flow and

sediment properties.

From practical considerations, a simpler form of equation
5-14 was adapted. This new equation results in slightly larger
scour depth values than the best-fit equation (e.g. more

conservative) and is given as:

1J40
[ﬂ) = 33 qwoy'» F,z [_'S_) ( Comp. )3R (5-15)
b P sz o

The comparison of equations 5-14 and 5-15 with the
observed data is presented in Figure 5-38. The data from
experiments with no scour were not used in the correlation
analysis since there are not enough experimental data
available for highly compacted cohesive soil under a wide

range of approach flow conditions.
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Table 5-5. Regression Output from SAS Program for Set 2

Dependent Variable: LOG(ds/b)
Analysis of Variance

Source DF Sum of Mean F value
Squares Square

Model 4 123638 0.3091 59.909

Error 30 0.05799 0.00193

C total 34 1.29437

] Root MSE Dep Mean C.V. R-Square Ad}|-R-Sq
10.04397 -0.26153 -16.81114 0.9552 0.8492

Variable DF Parameter | Standard T for Ho:

Estimate Error Parameter=0 | Prob> [T]

INTERCEP 1 0.42925 | 0.31346494 1.369 0.1
wC 1 -0.364999 | 0.26717511 -1.366 0.1
Fr 1 1.928244 | 0.25404583 7.59 0

SROHV2 1 0.024526 0.1060258 0.231 0.8
Comp. 1 -1.622395 | 0.36316943 -4.467 0

CORRELATION
CORR. IWC Fr — SROHV2 Comp. ds/b
IWC 1.0000 0.1274 0.3722 0.0208 -0.1608
Fr 0.1274 1.0000 0.5925 0.0692 0.6526

SROHV2 0.3722 -0.5925 1.0000 0.5882 -0.4190

Comp. 0.0208 0.0692 0.5882 1.0000 -0.8805

ds/b 0.0068 0.8503 -0.8423 -0.4120 1.0000

Regression Models for Dependent Variable: LOG (ds/b)

Number in | R-Square Adjusted C(p) MSE Variables in Mode!

Model R-Square
1 | 0.72299266 0.7145985 154.49358 0.01086517 | Fr
1| 0.70948114 | 0.70068785 163.53466 0.01139475 | SROHV2
1} 0.16977837 | 0.14462014 524.94478 0.03256412 { Comp.
1 4.621E-05 | -0.0302554 638.60324 0.0392215 | IWC
2 | 0.94578789 | 0.94239963 7.30228 | 0.00219283 | Fr, Comp.
2 | 0.89956602 | 0.89328889 38.25403 0.00406247 | Fr, SROHV2
2 | 0.82860161 | 0.81788921 85.77422 0.006932 | IWC, SROHV2
2 | 0.73344621 | 0.71680351 149.48287 0.01078123 | IWC, Fr
2§ 0.72011337 0.7026421 158.40801 0.01132035 | SROHV2, Comp.
2| 0.17001489 | 0.11814082 $26.7864 0.03357218 | IWC, Comp.
3 | 0.95511951 | 0.95077624 3.05351 0.00187394 | IWC, l-=r, Comp.
3 | 0.95241231 | 0.84780705 4.86634 0.00198676 | Fr, SROHVZ, Comp.
3 | 0.92539662 | 0.91817693 22.95698 | 0.00311499 | IWC, Fr, SROHV2
3 | 0.86916698 | 0.85650572 | . 60.61026 | 0.00546279 | IWC, SROHV2, Comp.
4| 0.95519942 | 0.94922601 5.00000 | _0.00193295 | IWC, Fr, SROHV2, Comp. |
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For the range of flow conditions considered for this
experimental study, the predicted scour depth should be taken

zero in case of (F.<0.2 and Compaction >85%).

5-5 Analysis of Pier Scour in Saturated Cohesive Soils

This section discusses the effect of the initial water
content of saturated cohesive soils on pier scour. To specify
this effect, 24 test runs were conducted, of which 6 test runs
were conducted with supercritical approach conditions
(F.>1.0). The experimental conditions and results of set 3 are

presented in Table 5-6.

5-5-1 Geometry of Pier Scour in Saturated Cohesive Soils

As was mentioned before, the geometry of the scour

hole is conical in nature with maximum scour depth occurring
immediately in the front of the pier. In general, the slope of
the scour hole in saturated cohesive soil was observed to be
steeper than that in sandy soils and sandy-clayéy mixtures.

This slope increases as the initial water content decreases.

The configuration of scour holes in saturated cohesive
soil are presented in Figures 5-39 through 5-42. This
photographic documentation shows that the scour depth and

volume decrease by decreasing the initial water content.
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Figure 5-39. View of the Scour Hole for Pier A (35% IWC)
at the End of Run R36, Q=17.7 cfs

Figure 5-40. View of the Scour Hole for Pier C (45% IWC)
at the End of Run R36, Q=17.7 cfs
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Figure 5-41. View of the Scour Hole for Pier B (40% IWC)
at the End of Run R36, Q=17.7 cfs

A RAL
| o

Figure 5-42. View of the Scour Hole for Pier A (32% IWC)
at the End of Run R41, Q=1.95 cfs
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Examples of cross sections passing through the scour
holes at various initial water contents are plotted in Figures
5-43 through 5-47 for different flow conditions. From these
Figures, it appears clearly that the volume of scour hole
increases as the initial water content (IWC) of the saturated
cohesive soil is increased.

The relationship between the scour depth and the scour
volume in dimensionless form is plotted in Figure 5-48. With

the same procedure, the best-fit regression equation is:

& = 0.719 E (5-16)
b b b3

5-5-2 Effect of the Approach Flow and IWC on Pier
S8cour in S8aturated Cohesive Soils

Generally it can be concluded from this set of test runs
that the scour depth is strongly affected by the initial water
content of saturated clay and the approach Froﬁdé number.

In light of the dimensional analysis and choosing the
~initial water content and Froude number as independent
variables, the variation of scour ratios is plotted in Figure
5-49. The curves on the graph show the trend of the data for
these flow conditions. For a given IWC, scour depth increases
as the approach flow conditions are augmented. As the IWC is
increased for a given flow condition, the scour depth

increases.
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For the range of IWC’s tested, it can be seen that the scour
rate of increase appears to be constant. Next, the approach

velocities are plotted versus the scour ratios in Figure 5-50.

It was observed that the saturated cohesive soil at 32%
initial water content did not indicate any scour at Froude
numbers less than 0.56. Therefore, 6 additional test runs were
conducted at supercritical flow conditions and the results are

presented in Table 5-6 and plotted in Figure 5-51.

The conclusion which can be made from this set of runs is
that the water content of saturated cohesive soil as well as
the magnitude of the approach flows govern the scour process.
The IWC of saturated clay performs a very important part in
the cohesive forces between the particles. which in turn

control the behavior of scour around the piers.

5-5-3 Effect of Test Duration on Pier Scour in Saturated
Cohesive Boils

As pointed out in previous sections, all runs were

conducted with 960 minutes to reach the equilibrium scour.

The scour depth variations with time at different initial

water contents are presented in Figures 5-52 and 5-53 for some

runs as examples. The obtained scour depth is limited in time

scale to the experimental laboratory times.
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5-5-4 Regression Analysis for Pier SBcour in Saturated
Cohesive 8oils

As stated before, a multiple linear regression analysis
was used utilizing SAS computer software in order to develop
a general equation for estimating the scour depth in saturated
cohesive soils.

Compared to unsaturated cohesive soil, the dimensionless
parameter of soil shear strength, (S/pV?), is eliminated from
equation 5-13 since this term has no physical meaning for
saturated clays at high initial water contents. In several
experiments with initial water content of 32% and above,
different values of scour depth (starting from zero) were
observed in spite of the torvane shear strength was measured
to be close to zero. Therefore, this parameter could not be
used as an indicator to explain the scour phenomena.

The compaction (Comp.) of saturated cohesive soil is
mainly related to the water content, therefore this parameter
is also removed. Furthermore, the critical Froudé number, F_,
(criterion for the initiation of scour) was introduced to
eliminate over prediction of scour ratio for experiments
resulting in no scour. Thus, equation 5-13 after replacing F,

by (F.-F.), reduces to:

* = f(IWC, F,F,) (5-17)

o | &
fl
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on the assumption that the critical Froude number is a
function of initial water content of saturated cohesive soil,
the scour ratios were plotted versus Froude numbers for each
initial water content. The critical Froude number, Fc, which
is defined as the value at which the scour ratio is zero, is
determined by interpolation. A regression analysis using six
data points was then carried out based on the assumption that
the critical Froude number is a power function of the initial
water content. This analysis.with a correlation coefficient of

0.95, yielded:

F = 0.035

= (5-18)
awcy?

The regression analysis of the data given in Table 5-6

based on equation 5-17, yielded:

(ibs_ ] = 5.48 ( IWC )1.14 (F'- c)0.6 o (5-19)
4

where IWC is the initial water content ranging from 0.15 to
0.5. This equation was developed for Froude numbers varying
between 0.18 and 0.506. The data for (F-F_.)<0 and data of
supercritical flow conditions were not included in the
regression analysis in arriving at equation 5-19. The
relatively high value of 1linear correlation coefficient,
R=0.89, between the observed and predicted scour ratio

indicates that the equation fits the data very well.
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The best-fit regression equation output results from SAS
computer software is presented in Table 5-7. Equation 5-19 was
modified in order to form an envelope for all data points; it

resulted in:

(121 ) = 5.5 (IWC) (F,-F)° (5-20)
4

A comparison between the observed scour ratio given in
Table 5-6 and predicted scour ratio by equations 5-19 and 5-20
is presented in Figure 5-54. The maximum scatter in the
predicted scour ratio in Figure 5-54 for scour fétiés greater
than zero lies between *20 percent. This scatter was probably
due to: 1) the duration of experiments were not sufficient to
reach the final equilibrium scour depth; 2) the experimental
inaccuracies in measuring the initial water content and Frooude
number (especially at high flows); 3) scale effects in
conducting experiments in three different flumes; 4) most
importantly, inaccuracy in defining the critical condition by
equation 5-18. |

An arbitrary criterion that a formula is satisfactory if
the predicted scour ratio within 26% less-or over-prediction.
This criterion is met by equation 5-20 and is represenﬁed by
dashed lines in Figure 5-54.

The regression equation (5-20) was developed using data
of subcritical flows up to Froude number of 0.5. Applying this

equation for higher Froude numbers (1<F}<1.76)'resu1ts in
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Table 5-7. Regression Output from SAS Program for Set 3

Dependent Variable:LOG(ds/b)
Analysls of Variance

Source DF Sum of Mean F value Prob>F
Squares Square
Model 2 0.47717 0.23858 53.087 0.0001
Error 13 0.05842 0.00449
C total 15 0.53559
‘Root MSE |[DepMean | C.V. R-Square Ad]-R-Sq
.06704 <0.16295 -41.14152 0.8909 0.8741
Parameter Estimates
Variable DF Parameter | Standard T for Ho:
Estimate Error Parameter=0 | Prob> [T]
INTERCEP 1] 0.738837 | 0.19686108 3.753 0
wC 1 1.138035 0.631456 1.776 0
Fr-Fc 1 0.606937 | 0.1189548 5.102 0
CORRELATION
CORR. . we - Fr-Fc ds/b
lWE 1.0000 0.7705 0.8200
Fr-Fc 0.7705 1.0000 0.9298
ds/b 0.8200 0.9298 1.0000

Regression Models for Dependent Variable: LOG (ds/b)

Number in | R-Square | Adjusted C(p) MSE Variables in Model
Model R-Square ‘
1 | 0.86445809 | 0.85477653 4.15312 | 0.00518539 | Fr-Fc
1 10.67247191 | 0.64907705 27.03294 | 0.01253016 | IWC
2 | 0.89091612 | 0.87413398 3.0000 | 0.00449421 | IWC, Fr-F¢
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over-prediction by a factor up to 2 times. The best-fit
regression equation for the data shown in Figure 5-51 (32% IWC
of saturated clay, supercritical flow conditions) was

developed. The regression analysis resulted in:

d

(;"J = 2.5 (W0 (F,—Fc)“ (5-21)
P

The comparison between equations 5-20 and 5-21 shows that

the coefficient 5.5 in equation 5-20 is reduced by almost 50%.

5-5-5 Effect of Dry-wet Cycle on Pier S8cour in Saturated
Cohesive Boils

In order to specify the effect of dry-wet cycle of
saturated clay on pier scour, three test runs were conducted
in the Four—feot wide flume. Each test run lasted for 16 hours
with water depth of 2.28 inches and Froude number of 1.76.

The first run was performed for saturated clay at initial
water content of 32% and compaction of 86%, and the maximum
scour hole depth was recorded. The scour hole was let to dry
for a period of 28 days resulting in reducing the initial
water content to 25% and increasing the compaction to 91%.

Afterwards, the experiment was repeated using the bed
configuration resulting from the first run with the same flow
conditions. The second run lasted also for 16 hours without
developing any additional scour.

The experiment was repeated for the third time at the
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same flow conditions. Following the same procedures (120 days
drying period), the initial water content was found to be
reduced to 19% and the compaction was increased to 100% at the
end of the drying period. No additional scour was reached
beyond the scour that obtained in the first experiment.

The scope of these experiments, results, and the maximum
cracks dimension at the end of each drying period are
presented in Table 5-8.

Table 5-8. Effect of Dry-Wet Cycle on Saturated Clay

Dry period IwC Comp. ds/b Cracks (in.) “

(days) % % width heightl
32 86 0.9 0 o I
25 91 0 0.433 2.52 n

o

“ 3 © 120 19 100 0.875 5 n

Notes:

- All runs were performed at water depth= 0.19 ft

and approach velocity= 4.4 ft/sec. (F=1.76).

The conclusion from these runs is that the dry-period
reduce§ the initial water content which in turn fésults in an
increase in the cbmpaction of saturated clay. As a result, the
resistance of saturated clay to scour is increased. Additional
scour is not developed without changing the flow condition.

On the other hand, the dry period develops shrinking
cracks on the soil surface. As the duration of the dry-period
increases, the cracks become wider and deeper resulting in

separating the soil surface around the pier into clusters, as

shown in Figures 5-55 through 5-58.
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Figure 5-55 Soil Surface Conditions after 6 Days of
Dry Period.

Figure 5~56. Soil Surface Conditions after 22 Days of
Dry Period.
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Figure 5-57. Soil Surface Conditions after 30 Days of
Dry Period.

Figure 5-58. Soil Surface Conditions after 120 Days of
Dry Period.
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In prototype systems, the resulting blocks (much smaller
crack size to pier diameter ratio) may become easily removed
and carried away by the oncoming flow. However, the size of
clusters in the model is exaggerated since the cluster size-
to-pier diameter ratio is distorted, and no additional scour
occurs. The effects of cracks size should be investigated
further in future research to define the critical dry period

that can lead to the removal of clay clusters.

5-5-6 General Equation for Pier Scour in Cohesive S8oils

In this section, a generalized expression for predicting
the maximum scour depth in both unsaturated and saturated
cohesive soil was developed by combining the experimental data
points of Sets 2 and 3. With the same procedure, the
logarithmic values of (d,/b) for all data points were
regressed against the remaining dimensionless parameters in
equation 5-13 after excluding the term S/pV? from the
parameters list.

The best-fit regression equation which describes the data

points is expressed as:

( %J = 0.85 (IWC )7 F* Comp."1% (5-22)
»

in which IWC is the initial water content varying between 0.15

and 0.5, and Comp. is the compaction of cohesive soil varying
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between 0.58 and 1. This equation was developed for Froude
numbers ranging from 0.18 to 0.506. The output results from
SAS computer software is presented in Table 5-9. The value of
correlation coefficient, R=0.89, indicates the strong
correlation between the observed and predicted scour ratios.
For practical considerations, equation 5-22 was modified

to be slightly more conservative; it resulted in:

d
( 7‘] = 09 (IWC)™ F* Comp. (5-23)
4

The comparison between the observed and predicted scour
ratio is presented in Figure 5-59. The dashed lines in this
Figure illustrate the criterion of +20 percent less-or over-
prediction. A comparison between the general equation (5-23)
and other two equations for unsaturated (5-15) and saturated

clay (5-20) is presented in Figure 5-60.

5-6 BS8ensitivity Analysis:

According to the International Standards Organization
(ISO): "No measurement of a physical quantity can be free from
uncertainties which may be associated with either systematic
bias caused by errors in the standardizing equipment or
a random scatter caused by a lack of sensitivity of the

measuring equipment. The former is unaffected by repeated
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Table 5-9. Regression Output from SAS Program for the General Equation

Dependent Varlable:LOG(ds/b)
Analysis of Varlance

Source DF Sum of Mean F value Prob>F
Squares — Square
Model 3 1.67087 0.55696 87.658 0.0001
Error 48 0.30498 0.00635
C total 51 1.97585
Root MSE | Dep Mean | C.V. R-Square Adj-R-Sq
.07971 =0.23433 =34.01583 0.8456 0.8360
Parameter Estimates
Variable DF Parameter | Standard T for Ho:
Estimate Error Parameter=0 | Prob>[T]
INTERCEP 1 -0.0843 | 0.04900156 -1.721 0.2
iwC 1 «0.726934 | 0.10734223 £.772 0
Fr 1 1.567336 | 0.11750503 13.338 0
Comp. 1 -1.917581 | 0.20956533 «9.15 0
CORRELATION
CORR. IWC Fr _ Comp. ds/b
IWE 1.0000 0.7986 0.2243 0.2471
Fr 0.7986 1.0000 0.2252 0.6294
Comp. 0.2243 0.2252 1.0000 -0.3938
ds/b 0.2471 0.6294 -0.3938 1.0000

Regression Models for Dependent Variable: LOG (ds/b)

Number in | R-Square | Adjusted C(p) MSE Variables in Model
Model R-Square
1 1 0.39610535 | 0.38402746 | 139.79465 0.0238641 | Fr
1 ] 0.15503952 | 0.13814031 | 214.75951 | 0.033144488 | Comp.
1| 0.06106346 | 0.04228473 | 243.98348 | 0.03667968 | IWC
2 10.69816761 | 0.68584792 47.86158 | 0.01279312 | Fr, Eomp.
2 1 0.57640118 | 0.55911144 85.7276 | 0.01708097 | IWC, Fr
2 | 0.2735229 | 0.24387078 | 179.91443 | 0.02870911 | IWC, Comp.
3 10.84564553 | 0.83599838 4.00000 | 0.00635377 | IWC, Fr, Comp.
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measurement and can only be reduced if more accurate equipment
is used for the measurement. Repetition does, however, reduce
the error caused by random scatter."

Another source of error is the sensitivity of derived
quantities to discretization and computional procedures.
Example of such estimates in alluvial channel measurements
are:the estimation of area of cross section, discharge of
water flowing through a section, average velocity of flow in

a vertical, and bed material load.

In the present study, the uncertainties of different
parameters measurement in the laboratory flumes are as follow:
a) Water depth measurements

Measurements of water depth were made by using a point
gage with an accuracy of 0.005 ft. For the different sets of
test runs, water depths varied between 1 ft and 0.3 ft which
leads to have an estimated error of 0.5% to 2%.

b) 8cour depth measurements

Scour holes were measured by means of the same point
gauge. Since the scour depths for all test runs véried between
0.812 ft to 0.116 ft, the estimated error are inlthe range of

0.6% to 4.3%.
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c) Velocity measurements
As mentioned before, the velqcity measurements were
carried out using a Marsh-Mc Birney 2-D magnetic velocity

meter with an accuracy of 4%.

d) 80il preparation measurements

It can be reasonably assumed that the errors of
measurement the clay content in sandy soil, initial water
content, compaction, ‘and soil shear strength are *1.5%, +1%,

+1.5%, and *1% respectively.

By using the Gaussian error propagation law, the absolute

error in the predicted scour depth is:

(0u) = E( égi—s )2 o? (5-24)
where o, is the error in measuring the parameter i,
dds/di is the partial derivative of scour depth (ds) with
respect to parameter i.
The sensitivity ahalysis'had been done by applying the

Gaussian propagation law on the developed equations.

Due to the error in measuring the water depth, approach
velocity, clay content, soil shear strength, initial water
content, and the degree of compaction, the absolute error in

the predicted scour ratio for equations 5-11, 5-15, 5-20, and
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5-23 can be determined respectively as:

(os) 2= (gf) o) + (5%

|| oo + ( )<o,>z (35

(5-25)

) Oy ¥ (5-26)

L[_9d Y
y (GChmp

(00) 2= (aa

2
( ﬁ) 2= (aaIWC) (QIWC)2 ( ] (op’)z (5-27)
2 2 )
(o) = (38—1%) (O + (g ] (op) + (—5%;%) (O compr ) (5-28)
where
o F, 2 o )
(OF')z (a V) V)z ( ) (oy)z ) (5-29)

Utilizing the accuracy of the water depth measurement of
2%, scour depth measurements of 4.3%, velocity measurements of
4%, initial water content of 1%, and soil shear strength of
1%, the relative error of the predicted scour in the mixtures
was found 'to‘ be 9.7%, and it was found to be 9.2% for
unsaturated and saturated cohesive soil.

For the general equation in cohesive soil, the relative
error in the predicted scour depth was also calculated and
found to be 11.6%. Tables 5-10 through 5-16 present an example

of the sensitivity analysis determinations.
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Table 5-10. Results of the Sensitivity Analysis for Set 1,

Run R15-PB
ﬂ ' Y \' F c ﬂ
dds/ 9i - - 3.551 - 0.7009
o, 0.0147 0.0403 0.008545 0.00075
(6ds/di) o, - - 0.0303 - 0.00053
- 0,/i 0.02 0.04 0.04116 0.015

Absolute Error (04) = 0.0303 ft

ﬂ Relative Error (o!/ds) = 8.77%

Table 5-11. Results of the Sensitivity Analysis for Set 1,

Run R31-PC

dds/ di - - 3.12214 - 0.7337
II o 0.019 0.0728 0.0135 0.006

(dds/di) o, - - 0.043 - 0.0044

o./i 0.0414 0.015

Absolute Error (0¢Q = 0.043 ft
Relative Error (o,/ds) = 9.7%
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Table 5-12. Results of the Sensitivity Analysis for

Set 2, Run R35-PA

| 0 -2.03
H o, 0.018 | 0.072 | 0.014 | 0.002 | 0.001 | 0.0087
“ (dds/di) o, |- - 0.064 | =0.002 |0 -0.018
l 0./i 0.02 |0.04 |0.021]0.01 0.01 | 0.015

Absolute Error (o,) = 0.066 ft

Table 5-13. Results of the Sensitivity Analysis for

( Relative Error (o,/ds) = 8.8%

Set 2, Run R33-PC

- - 2.398 | -0.744 | o -0.578
o, 0.017 | 0.059 | 0.012 | 0.0015 | 0.002 | 0.013
ﬂ (8ds/8i) o, |- - 0.028 | -0.001 |0 -0.007 “
; 0.01

Absolute Error (04) = 0.0285 ft

H Relative Error (g,/ds) =

9.2%
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Table 5-14. Results of the Sensitivity Analysis for

Set 3, Run R23-PA

| dds/di - - 0.5056
H o, 0.0195 | 0.0428 | 0.0087 0.0048
H(ads/ai) o, - - 0.0444 0.00246

o./1i

Absolute Error (o¢) = 0.0445 ft

0.1464

0.01

H Relative Error (a!/ds) = 9.2% “

Table 5-15. Results of the Sensitivity Analysis for

Set 3, Run R38-PC

Absolute Error (04) = 0.053 ft

dds/di - - 2.573 1.41
o, 0.025 0.126 0.02 0.0045 H
(8ds/di) o, - - 0.0529 0.0064 H
o./i 0.01

ﬂ Relative Error (a!/ds) = 8.5% H
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Table 5-16. Results of the Sensitivity Analysis for

the General equation, Run R24-PA

[ e T v = [mc [com |

dds/di -0.822

z
|
;
! o, 0.024 | 0.042 | 0.008 0.0045 0.0113
“ (0ds/di) o, - - 0.019 -0.0046 | -0.009

g/4S) = 11.6%

An uncertainty of the predicted scour depth results from
the uncertainty of the measured independent variables (F,, C,
IwWC, S, Comp.) ‘used in deriving the predicted equations. To
study the sensitivity of the predicted equations to the
variation in each of these parameters, each variable was
increased by 2% and the predicted scour depth was determined.
As shown in Tables 5-17 through 5-20, the maximum error in the
predicted scour depth results mostly from the uncertainty in
measuring the parameters V and Y, which are used in computing
the Froude number. The magnitude of uncertainty in scour depth
prediction due to a 2 percent uncertainty in measuring the

Froude number is 4 per.‘cerit.
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Table 5-17. Error in the Predicted Scour Depth Due to 2%

Error in the Measured Parameters for Set 1.

5, | c [ ascety | Error w Comments |

0.204 0.1 0.325 0 Set 1, Run R13-PC

- (Base Condition)
|| 0.208 0.1 0.3382 | 4 1.02 F,
0.11 0.324 0.3 1.02 C

mm__ﬂq

0.4 0.215 0 Set 1, Run R18-PC

(Base Condition)
0.4 0.224 4 1.02 F_

" 0.211

0.227 0.2

0.2120 1.02 C

Set 1, Run R32-PB
(Base Condition)

0.231 0.2 0.351 4 1.02 F,_

0.227 0.204 1.02 C

Table 5-18. Error in the Predicted Scour Depth Due to 2% Error

in the Measured Parameters for Set 2.

IWC F, S/pv? | comp. | as(ft) | Errors Comments

0.2 0.336 | 33.17 0.58 0.787 0 Set 2, R35-PA
(Base Condition)

0.204 0.336 | 33.17 0.58 0.7826 0.6 1.02 IWC

0.2 0.343 | 33.17 0.58 0.819 4 1.02 F_

0.2 0.336 | 33.83 0.58 0.788 0.13 1.02 8§

0.2 0.336 | 33.17 0.592 0.7646 2.8 1.02 Comp.

0.15 |o0.28 [79.59 |o0.87 [o0.3359 | o Set 2, R33-PC

(Base Condition)

0.153 0.28 79.59 0.87 0.333 0.9 1.02 IWC
0.15 0.285 | 79.59 0.87 0.349 3.8 1.02 F,_
0.15 0.28 81.18 0.87 0.336 0.03 1.02 8

0.15 0.28 79.59 0.887 0.326 2.9 1.02 Comp.
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Table 5-19. Error in the Predicted Scour Depth Due to 2% Error

in the Measured Parameters for Set 3.

Set 3, R34-PB
(Base Condition)

1.02 IWC

Set 3, R38-PA
(Base Condition)

0.2994 1.02 IWC
0.297 1.4 1.02 (F.-F.)

e oo —————— o e e e

Table 5-20. Error in the Predicted Scour Depth Due to 2% Error

in the Measured Parameters for General Equation.

IWC F Comp. ds (ft) Errort Comment
0.38 0.374 | 0.79 0.314 0 Gen. Eg., R28-PB
(Base Condition)
0.388 0.374 | 0.79 0.309 1.6 1.02 IWC
| 0.38 [o0.381]0.79 |o0.324 3.18 1.02 F,
“ 0.38 0.37{_ 0.806 | 0.302 - 3.8 __1.02 comp. __
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CHAPTER VI

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6-1 Summary

Local scour around bridge piers and abutments has been
recognized as a most serious and costly engineering problem
for many decades. Severe scour in the vicinity of bridge piers

often results in the instability and failure of the bridges.

In an attempt to understand, control and manage 1local
scour, a series of studies was conducted earlier to observe
and identify many of the basic principles governing the
mechanics of Jlocal scour around bridge piers. Many
investigators studied the behavior of local scour under
variety of parameters such as flow conditions, mode of scour,
Froude number, shape and dimension of -piers, scour
overlapping, contraction effect, flow depth, sediment size,

angle of attack, and time.

It is important to recognize that all the prévious scour
studies were performed on sandy soils in spite of the fact
that in a significant number of cases, the bed materials found
at bridge sites are silty and clayey soils. The literature

review revealed that the study of bridge pier scour in
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sandy-clayey mixtures or in cohesive soils has not been
previously investigated. Therefore, it is important to
identify the basic soil characteristics and properties which
influence so0il erodability. As reported by Dunn (1950),
Alizadeh (1974), Arulanandan (1975), Abt (1980), and Shaikh
(1986), the parameters which were considered significant
erosive indicator are the type and percentage of mineral clay,
soil shear strength, cation exchange capacity, plasticity
index, grain size distribution, pore fluid, moisture content,

and sodium absorption ratio.

The main purpose of this study was to investigate bridge
pier scour in a mixture of cohesive and non-cohesive soils and
in unsaturated and saturated cohesive soils. These objectives
were achieved by conducting three set of test runs for a total
of one hundred and eleven experimental data points utilizing
three different laboratory flumes located in the Engineering

Research Center of Colorado State University.

For each test run, the flow condition was classified as
steady gradually varied flow over the entire test flume
length. The test runs were lasted until the near‘equilibrium
scour depth was reached. The experimental program included
subcritical as well as supercritical flow conditions (6

experiments).
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The properties and characteristics of bed materials used
in this study were presented in Section 4-3. In the first set
(39 experiments), a Masonry sand of 0.55 mm mean grain size
was mixed with 0, 5, 10, 20, 30, and 40 percent of cohesive
soil mixture (containing 78% finer than sand sizes by weight).
In the second set (39 experiments), the cohesive soil was
first prepared at 20 and 15 percent of water content and then
compacted at 58, 65, 73, 80, and 87 percent of degree of
compaction. For the third set (33 experiments), the cohesive
soil was saturated at initial water content of 32, 35, 40, and
45 percent.

The regression analysis of the experimental data resulted
in equations 5-10, 5-14, and 5-19 for predicting the maximum
scour ratio. These equations which were derived for 8-inch
diameter pier size and 10-inch flow depth are given below.
The expression for pier scour for clayey-sand mixtures
(containing Montmorillinite clays) with up to 31 percent silt-

clay content by dry weight from this study is given by:

(5-10)

where C = fraction of cohesive soil finer than sand (up to 31
percent, or C < 0.31); b = pier diameter of 8". For flow and
geometry conditions beyond the scope of the present
experimental study, adjustments are needed based on previously
established relationships. For example, in order to apply
equation 5-10 to other circular pier sizes and flow depths,
the right hand side of the equation must be multiplied by
(b

dosivea! Pe € (A, ./d nN°?7, where by, dj,. are pier diameter
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of 8" and flow depth of 10" (in desired units), respectively;
and Dusireasr Qaesirea are desired pier diameter and flow depth,
respectively. 8imilarly, other correction factors for flow
angle of attack, pier shape, coarse size fraction, etc. must
be applied using methodologies available in literature.
Selection of cohesive pier scour equation depends on the
degree of soil saturation. Within the bounds of this study,
Equations 5-14 and 5-19 can be used for this purpose.

For unsaturated cohesive soils:

d 0.023
%l < amaworsF ST (compyre (5-14)
b P sz

where 4, = 0 for F, < 0.2 and for Compaction > 85 percent.

For saturated cohesive soils:

d
(7] = 5.48 (IWC)** (F,-F )¢ (5-19)
p

0.035

where F, = S and 4, = 0 for F, < F..

Scour around circular piers is dominated byAtﬁe intensity
of flow in excess of critical values for various types of
cohesive soils. The scouring action continues until the
reduced shear intensity due to the development of a scour hole
can no longer erode the material (critical shear conditionms).
As a result, the maximum pier scour relationships given by
equations 5-14 and 5-19 do not express scour as a rate of

erosion.
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6=-2 Conclusions

as

1)

2)

3)

4)

5)

The conclusion from this experimental study can be listed

The presence of cohesive material in non-cohesive soils
causes a reduction in the scour depth. The scour depth
decreases as the clay content in sandy soil increases up
to 40%. Beyond this clay content other'parametefs such as

compaction, water content, etc become dominant.

In sandy soil, a new scour depth predictor is proposed in
terms of Froude number and clay content. The scour depth
is directly proportional to Ff and inversely proportional
to (1+C)2, where C is clay content.

The side inclinations of the scour hole as a function of
clay content is developed. As the clay content is
increased, the angle of repose is decreased. This is due
to the fact that the clay in sandy-clayey mixture, acts
as a lubricant.

For unsaturated compacted cohesive soils, a new scour
depth equation is proposed in terms of initial water
content, Froude number, soil shear strength, and
compaction. The scour depth is inversely proportional to
the degree of compaction.

The slope of the scour hole in cohesive soils is may be
much steeper than those in non-cohesive soils, and

increases as the compaction of cohesive soil increases.
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7)

8)

9)

10)
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For saturated cohesive soils, a new scour depth predictor
is developed as a function of initial water content, ‘and
Froude number. The scour depth decreases as the initial
water content deéreases.

The concept of critical Froude number (F. ) as a function
of initial water content is used in defining the
initiation of pier séour in saturated cohesive soil
(F.=0.035/ (IWC)?).

For saturated cohesive soils, it was observed that the
time to reach the maximum scour depth (900 minutes) was
much larger than those observed in sandy-clayey mixture
(420 minutes).

For the time rate of scour, approximately 90 percent of
maximum scour in sandy-clayey mixture occurred during the
first 300 minutes, while the same percentage required the
first 540 minutes in saturated cohesive soils.

For sandy-clayey mixture and unsaturated cohesive soil at
low compactions, the scour holes were observed to be
conical in shape and independent of bed material.
However, for saturated cohesive soil at low water content
and for unsaturated cohesive soil at high degree of
compaction, the shape of the scour hole is mbre likely to

be cylindrical with steeper side slopes.

6-3 Recommendations for Further Research

The findings of the present study should be applied to
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the design of bridges in similar soils and channel
characteristics. The empirical equations were developed and
assumed generally representative of the scour depth in mixture

of cohesive and noncohesive soils and in cohesive soils.

Due to wide variations in the properties of cohesive
soils, the application of the developed equations in bed

materials of different origin (such as Kaoiinite) than those

described in this study may be inadequate for scour depth
estimation. There are many other factors that have not been
covered in this study which may affect the shape and size of
scour holes. Therefore, it is recommended that further studies
should be pursued to extend the applicability of the developed
equations. The following are suggested for further study:

1) In a manner similar to those procedures presented herein,
tests should be conducted on other type of cohesive
soils (for example soil with large amount of Kaolinite or
Illite minerals clay have not been covered in this
study) .

2) All tests of this study were performed without changing
the chemical properties of the cohesive soils and eroding
fluid. Therefore it is recommended to investigate the
effect of sodium adsorption ratio of clay soil and salt
concentration of the eroding fluid on the scour depth.

3) In order to apply with confidence the proposed equations,
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5)

6)

7)

8)

9)
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field measurements are needed to verify the conformity of
model and prototype. Any discrepancies between the
predicted scour and field measurements may indicate
factors that should cover in further study.

Research on the effects of dry-wet cycle on pier scour in
cohesive soiis should be conducted in a larger scale.
The effect of sand content of the oncoming flow should be

investigated to examine the abrasive effects of flows.

Defining the F, for various types of cohesive soils at
different initial water content should be studied.

It is recommended to check the influence of the shapes of
flood hydrograph and sediment content of the flood flow
on the behavior of pier scour in cohesive soils.
Throughout this study, the circular piers were aligned
with the direction of the flow. It is suggested that
tests be performed with different angles of attack and
various pier shapes in order to investigate the effect of
these parameters on the scour depth in cohesive soils.
It would be beneficial to test the development equations
for very shallow flows (Y/b <0.2) and for deep flows

(¥/b> 10.0 to 20.0).
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