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ABSTRACT

The work described herein is a laboratory study of the scour of clays by two types
of jets: a submerged vertical circular impinging jet and a submerged plane turbulent wall
jet. The scour tests were undertaken using one type of soil composed of 40 % clay, 53 %
silt, and 7 % fine sand. The first objective was to examine the characteristics of scour in
clay by these jets, including the form of erosion of :he clay and the dimensions of the scour
hole produced by the jets. The second objective was to develop a method of predicting the
scour hol= dimensions in a clay from the hydraulic properties of the jet and the properties of
the soil.

For the scour by the circular impinging jet, an analysis based on the mechanics of
impinging jets shows the dimensions of the scour hole at an equilibrium state of scour are a
function of the momentum flux from the jet, the impingement height (for “large”
impingement heights), the viscosity and density of the eroding fluid, and the critical shear
stress of the soil. Equations were developed to predict the scour hole dimensions for the
asymptotic or equilibrium state of scour (for a scour hole eroded by mass erosion). A
dimensionless scour hole profile was also developed. Measurements showed that the scour
hole dimensions appear to grow linearly with the logarithm of time, except at times very
near the beginning of scour and as the scour hole nears equilibrium state, as has previously
observed in scour by jets in sand. In a similar method as for impinging jet scour, equations
were developed to predict the maximum depth of scour, the distance to the maximum
depth, the length of the scour hole, and scour hole profile, for scour in a cohesive soil by a
plane turbulent wall jet. This work shows that repeatable experiments in the scour by jets

of cohesive materials can be performed.
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?c,, = average for scour hole of the radial distance from the jet centreline where the
scour depth is half the centreline scour depth at equilibrium

b. = radial distance from the jet centreline where the scour depth is half the
maximum scour depth at equilibrium for the impinging jet tests

b. = average for a section of radial distance from the jet centreline where the
scour depth is half the maximum scour depth at equilibrium

=m,, = average for scour hole of radial distance from the jet centreline where the
scour depth is half the maximum scour depth at equilibrium

b, = length scale for wall jet tests

b, = length scale at equilibrium (wall jet tests)

Bw_ = average of the sectional measurements for a test of the length scale at
equilibrium (wall jet tests)

B = width of flow

B, = thickness of jet as it enters the tailwater

B, = thickness of jet

B, = maximum width of scour hole

c = parameter describing physiochemical properties of soil (Chapter 3)

C = skin friction coefficient

c’ = fatigue strength to rupture of soil

C, = diffusion coefficient
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d = jet diameter at nozzle

d. = diameter of culvert

d, = tailwater depth

D = particle grain size

E = erosion rate

F, = densiometric Froude number

g = gravitational acceleration

h = an exponent

H = height of jet above sample surface (impingement height)

H’ = distance from the nozzle to the clay surface along the jet centreline (for
oblique jets)

J; = jetindex

K = soil erodibility coefficient

n = a coefficient

m = an empirical constant

m = a coefficient

M, = momentum flux from the nozzle

Pw = pressure at the clay surface

4 = pressure exerted by the jet on the aggregates (Chapter 3)
n = factor to take into account hydrostatic pressure effects

PI = plasticity index

Q = flow rate

Q = scouring rate

r = distance from jet centreline

I = distance from centreline of first eroded particle

T, = radius of scour hole

) = radius of scour hole at equilibrium
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r. = average radius of scour hole at equilibrium for a section
T = average for scour hole of the radius of scour hole at equilibrium
r = distance from the jet centreline to top of ridge

R = Reynolds number

R, = hydraulic radius

R* = correlation coefficient

s = settling velocity of the soil particles

S, = specific gravity of the particles

S, = specific gravity of the soil (bulk)

S, = vane shear strength of soil

t = time

t, = total test duration

tso = time to reach 80% of the specified scour hole dimension
too = time to reach 90% of the specified scour hole dimension
t, = dimensionless time scale

t, = time scale (Chapter 3)

U, = velocity as jet enters the tailwater

u, = maximum velocity of the jet

U, = noneroding velocity

U, = velocity of the jet at the nozzle (jet origin)

U, = velocity at approach section

A" = average velocity

w = water content

w, = water content of sample just after cutting

w, = water content of sample just prior to test

w, = water content of sample after test
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distance from nozzle along the direction of flow
distance from nozzle of location of the maximum depth
distance from nozzle of location of the maximum depth at equilibrium

average of sectional measurements for a test for distance from nozzle of
location of the maximum depth at equilibrium

length of jet potential core
length of scour hole
length of scour hole at equilibrium state

average of sectional measurements for a test for the length of scour hole at
equilibrium state

distance from nozzle to top of mound (in sand scour)
distance along the jet axis from the water surface
distance along the jet axis from the water surface to original bed level

distance along the jet axis from the water surface to the bottom of the scour
hole

parameter describing hydraulic properties of jet for impinging jet tests
value of X at which mass erosion first occurs

distance across width of sample measured from edge of sample

depth of flow at approach section

vertical distance measured from the surface of the sample (wall jet tests)
soil factor

a constant

angle of inclination of the jet with the clay surface

a constant; in chapter 3, the height above the bed where the velocity is,
maximum

height above the bed where the velocity is half the maximum velocity

mercury manometer reading (head of mercury)
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Po
Ps

P

scour depth (measured from original clay surface)
average depth of erosion (Chapter 3)

scour depth at equilibrium state

centreline scour depth

centreline scour depth at equilibrium

maximum scour depth

maximum scour depth at equilibrium

average maximum scour depth at equilibrium of sectional measurements for
atest

soil homogeneity coefficient
parameter describing jet characteristics for wall jet tests (A = pU?2)

critical value of A below which no significant erosion occurs

dynamic viscosity of the eroding fluid
kinematic viscosity of the eroding fluid

an angle; an empirical constant

density of the eroding fluid

dry density of soil

density of water taking into account aeration
density of the particle

bulk density of the soil

normal stress on soil due to jet

sediment resistance parameter

tensile strength of the soi1

shear stress on the surface of the soil
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T = critical shear stress of the soil

Tom = maximum shear stress on clay surface
T, = shear strength of the soil

E = volume of scour

E&. = volume of scour at equilibrium

Y = fines content of the soil (silt and clay)
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Research into the erosion of cohesive soils has made little progress that can be
applied directly to field situations. In Northern Alberta, much of the soil is glacial or
lacustrine clay, and engineers have had difficulty effectively accounting for erosion when
designing hydraulic works for that area (Andres, 1985). Study of the problem is
complicated by the many factors that affect the erodibility of clay, such as the clay
mineralogy and pore fluid chemistry, the natural inhomogeneity of soil, and the fact that the
soil is most often eroded by a turbulent fluid flow which in itself is not well understood.
Irrespective of the present state of knowledge, there are still bridge piers to be designed for
scour, river banks to be protected from erosion, canals to be designed against degradation,
and soil losses from fields to be estimated. As well, there is the local scour downstream of
hydraulic structures, created by flow in the form of turbulent water jets, that may
undermine the stability of these structures. Examples are the scour downstream of vertical
gates, flip bucket spillways, weirs, drops, and culverts.

The jet is a concentrated flow, where the higher velocity fluid of the jet discharges
into an ambient fluid that is either at rest or in motion. The jet can be either unsubmerged,
such as the case of a water jet discharging into air, or it can be submerged, where the jet is
discharging into the same fluid. The jet can also be of several different forms, with the
focus herein on the circular turbulent impinging jet and the plane turbulent wall jet. The
circular impinging jet is a jet produced by a flow through a circular nozzle to impinge
against a wall or boundary. The plane wall jet is a two dimensional jet produced from a
rectangular nozzle with a large aspect ratio to flow tangentially along a boundary. The jet
produced by flow under a sluice gate or that of a hydraulic jump in a rectangular cixannel
behaves similarly to a plane wall jet. A flip bucket produces an impinging jet that acts to

scour the downstream bed.
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Much work has been done on the study of scour by jets of cohesionless materials
such as sand. Relatively little work has been carried out on the scour of cohesive soils.
The work presented herein focuses on the scour of clay by jets. The first case studied is
the scour of clay by a submerged circular turbulent jet impinging at 90° to the sample

surface. The second case is the scour created by a submerged plane turbulent wall jet.

1.2 Objectives

The objectives of this study are:

1) To examine the characteristics of scour in clay by submerged circular turbulent
impinging jets and submerged plane turbulent wall jets. This includes study of the
form of erosion of the clay and the dimensions of the scour hole produced by the jets.
This is done by varying the hydraulic properties of the system (the velocity and
diameter of the jet at its origin and the height of the jet above the clay surface) rather

than through a change in the properties of the soil.

2) To develop a method of predicting the scour hole dimensions in a clay from the

hydraulic properties of the jet and the properties of the soil.

1.3 Organization of the Thesis
This thesis is organized into eight chapters. Chapters 2 and 3 are a review of the

literature. Chapter 2 provides a general overview of the characteristics and behavior of clay
particles and how these particles are affected by environmental conditions. It also includes
discussion of the many factors that affect the erosion of clays or cohesive soils and how
these are related to clay particle behavior. As well, this chapter provides a discussion of the
different erosion characteristics of cohesive soils previously observed by other researchers.
Chapter 3 provides a discussion of the mechanics of jets, the previous work done on
erosion by jets in cohesive soils, and the relevant results from the work done on jet scour

of sand. Chapter 4 provides information on the experimental setup and program. Chapter
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5 is a discussion of the different types of erosion observed during testing. Chapter 6 and
Chapter 7 present the results and analysis of the scour tests with the impinging jets and wall
jets respectively. Finally, Chapter 8 consists of a summary of observations, the

conclusions of this work, and suggestions for future research.
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CHAPTER 2: THE BEHAVIOR AND EROSION OF CLAYS

2.1 Background

Cohesive soil erosion has been studied for about 150 years, with reviews provided
by the ASCE Task Committee on Sedimentation (1966,1968), Andres (1985), Croad
(1981), Partheniades and Paaswell (1968), Paaswell and Partheniades (1968), Paaswell
(1973), Grissinger (1982), Zeman (1983), and Mirstkhoulava (1989). Typical of the first
attempts to quantify: the susceptibility of clay to erosion was the work done by Fortier and
Scobey (1925). Clay soils were categorized as, for example “stiff clay” or “clay loam”
and a range for the maximum permissible velocity was given for each type of soil. This
maximum permissible velocity was the average velocity of flow in a canal for which the
canal would neither fill with sediments (or “silt’’) nor scour.

With time, erosion studies included more detailed descriptions of the physical
properties of the clay soil as weil as the hydraulic conditions. Middleton (1930)
suggested the use of the “dispersion ratio”, the ratio of the percent of silt and clay found
by settling a small sample of soil in distilled water without chemical or mechanical
dispersion to the amount of silt and clay found with dispersion, to help determine whether
a soil would be erosive or nonerosive. Bouyoucos (1935) suggested erosiveness should
be related to the “clay ratio”, the ratio of the percentage of mass of sand and silt in the
soil to the percentage of clay. Laflen and Beasley (1960) determined the critical shear
stress for several soils and related it to the different soil physical properties such as void
ratio, plasticity, vane shear strength, and percent clay. Dunn (1959) correlated the critical
shear stress of several clays to the vane shear strength, percentage of fines (< 60 um), and

plasticity of the soil using a submerged vertical circular impinging jet to create erosion.
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The critical shear stress of a soil can loosely be defined as the stress created on the soil
surface by the flow below which no erosion occurs. Flaxman (1963) collected
observations of several channels in the field and then related estimates of the “tractive
power” (stream power) of the stream for the maximum observed flow to the unconfined
compressive strength of the soil. He then drew a dividing line on this plot to differentiate
channels that had been qualitatively described as either erodible or nonerodible. The
United States Bureau of Reclamation also performed several studies (Thomas and Enger,
1961; Carlson and Enger, 1962; Enger, 1963; Lane, 1952).

The work on clay erosion became increasingly more complicated as it became
more evident that the pore and eroding water chemistry and mineralogy of the clay are
important to its reéistance to erosion. Arulanandan and his colleagues at the University
of California at Davis undertook a series of studies to investigate the effect of these
properties (Alizadeh, 1974; Ariathurai and Arulanandan (1978); Arulanandan et al, 1973;
Arulanandan, 1975; Arulanandan et al, 1975; Sargunam, 1973; Sargunam et al, 1973).
Largely due to this work, it is now recognized that physicochemical factors can play a
strong role in the erosion of clays.

In this chapter, clay particles and their behavior are discussed. Next, the
characteristics of erosion of clays are described. It is found that there is more than one
form of erosion of a clay. Finally, there is a discussion of what factors influence the

erodibility of a clay with both the macroscopic and electrochemical properties of the clay

influencing its erosion resistance.
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2.2 Clay Particles and their Behavior

In order to understand what factors affect a clay and therefore the erosion
resistance of a clay soil, the characteristics of the material must be understood. In this
section, the characteristics of clay particles and how they behave are briefly described.
This discussion is based on the work of Mitchell (1993), Van Olphen (1963), and Grimm
(1953, 1962).

Clay particles are those particles in a soil less than 2 um in size. These particles
are composed of layered, sheet minerals. The atomic structure of clay mineral sheets is
commonly made up of two structural units, the silicon tetrahedron and the aluminum or
magnesium octahedron. The different clay mineral groups are characterized by the
stacking arrangement of the octahedral and silica sheets and the manner in which two or
three layers of these sheets are held together. Differences in clays within a clay mineral
group are usually due to differences in substituted cations in their structure called
isomorphous substitution. The isomorphous substitution of cations into the clay mineral
structure causes the clay particles to have a net negative electrical charge.

The negative charge on the clay particles is usually balanced by the adsorption of
cations from solution (the pore fluid). These cations are either held between the clay
structural layers or on the surfaces and edges of the particles. Many of the cations held
within the clay are “exchangeable cations”. These are cations that can be replaced by
cations of another type. There is a relative order of replacability known as the lyotropic
series. This order is given as Li*<Na*<K*<NH,/<Mg*<Ca**<Al**<Fe*, so that for
example Na* ions will be replaced by Ca** if there is Ca** available. The quantity of

exchangeable cations is referred to as the Cation Exchange Capacity (CEC). Overall, the
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CEC indicates the sensitivity of a clay to changes in its environment, as the exchangeable
cations can have a considerable influence on the interparticle forces between clay
particles (Arulanandan, 1575).

This attraction of cations by the clay particles results in the formation of what is
called the diffuse double layer (a cloud of cations surrounding the negatively charged
particle). The tendency for the cations to diffuse is balanced by their attraction to the
negatively charged particle, with the result that the concentration of cations is high near
the particle surface and decreases exponentially with distance from the particle. The
energy of repulsion or repulsive potential, which is the work it takes for another
negatively charged particle to move from an infinite distance to a given distance between
the particles, then also decreases exponentially from the particle surface. These repulsive
forces are counteracted by the attractive van der Waals forces of the particle that act at
small distances from the particle surface. The van der Waals forces are not affected by
the chemical environment.

Overlap of the double layers of two particles is a source of interparticle repulsion.
The balance or “net interaction” between the repulsive forces and the van der Waals
forces determine whether two clay particles in a quiescent environment will aggregate or
flocculate (when attractive forces predominate) or stay dispersed (when repulsive forces
predominate). Since the van der Waals forces are essentially fixed, whether a clay will
flocculate or disperse is controlled by size and extent of the repulsive forces which can be
affected by the environment. If the repulsion is reduced by reducing the extent of the
double layer the particles can be brought closer together and the tendency of the particles

to flocculate is increased. Factors that affect the extent of the double layer include the
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concentration and type of ions in the pore fluid, and the pH, temperature, and dielectric
constant’ of the pore fluid.

The fabric of clay is one factor that affects the erosion resistance of a clay soil.
The “fabric” of a soil is the arrangement of the particles, particle groups, and pore spaces
in soil as opposed to the “structure”, which is the combined effect of the fabric,
composition, and interparticle forces (Mitchell, 1993). Van Olphen (1977) defined
several types of association of clay particles that form the fabric of a soil (Figure 2-1):

1. Dispersed - no face-to-face particle associations.

2. Aggregated - face-to-face associations of clay particles.

3. Deflocculated - no association between aggregates.

4. Flocculated - edge-to-face or edge-to-edge association of aggregates.

The net interparticle forces are different in each case because of the different particle
orientations and therefore interactions.

Clays are distinguished from other soil particles by their net negative electrical
charge, the plasticity of the material when mixed with water, and the particles high
resistance to weathering (Mitchell, 1993). Clay minerals are often platy in shape
(kaolinite), but can also be needlelike or tubular (halloysite). The mineralogy of the clay
controls its particle size and shape and chemical and physical properties. Three common
minerals are kaolinite, smectite, and illite. Kaolinite has a CEC in the range of 3 to 15
meq/100 g. The particles are relatively thick and the clay is not prone to swelling.

Smectites (montmorillonite is in this clay mineral group) have a high CEC of about 80 to

! The dielectric constant of a medium, for example water, is the ratio of the electrostatic capacity of
condenser plates, separated by the given material, to that of the same condenser with a vacuum between the

plates (Mitchell, 1993).
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150 meq/100 g. Montmorrilonite has very thin flakes and is very much prone to
swelling. Illite, like the smectites, also has extensive isomorphous substitution, but
because the negative charge on the particles is partly balanced by a layer of K* ions
between the clay layers, the CEC is in the range of about 10 to 40 meq/100 g. Iilites are

small flaky particles that are most often mixed with other types of clays.

2.3 Characteristics of Erosion in Clay Soils

2.3.1 Introduction

Clay soils do not erode in one manner, but show a number of different types of
erosion depending on the properties of the soil, particularly the density and the degree of
inhomogeniety, and the shear stress on the bed. Very high void ratio materials behave
much like a fluid, with the interaction between the eroding fluid and the sediment layer
behaving much like a stratified flow. Muds, or high void ratio clay soils, are typically
eroded particle by particle or in flocs, named “surface erosion”, or by the removal of
clumps of soil named “mass” or “bulk” erosion. More heavily consolidated clay soils can
be eroded particle by particle as surface erosion, by the removal of flakes from the
surface, named “flake erosion”, or by the removal of small to large chunks of the soil,
again named mass erosion. The following is a review of the different types of erosion

previously reported in clay erosion studies.

2.3.2 Erosion of Muds or High Void Ratio Soils
Mehta et al (1989) and Mehta (1991) provide a good description of the erosion of
mud beds. The mode of erosion varies both with the magnitude of the bed shear stress

and the nature of the deposit. Surface erosion is the erosion of particles, flocs, or
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aggregates at the surface of the bed where “the flocs or aggregates, initially attached to
their neighbors by interparticle bonds, break up and are entrained as a result of
hydrodynamic lift and drag” (Mehta, 1991). Erosion rates depend strongly on the
interparticle forces and the fabric of the bed (Krone, 1983; Paaswell, 1973). Gularte et al
(1979a) suggested that when the clay fabric is more dispersed erosion takes place by the
removal of individual particles. As the clay fabric becomes more flocculated (with
increasing pore water salinity) erosion occurs along weak planes in the soil structure,
resulting;in the rexﬁoval of flocs and aggregates rather than the removal of individual
particles.

Mass or bulk erosion occurs when the bed fails at a plane underneath the surface
of the soil, and all the material above that plane is removed by the flow in clumps
(Mehta, 1991). This occurs at higher shear stresses, when the flow shear stresses exceed
the bulk shear strength of the bed (Mehta, 1991; Krone, 1983). The erosion rate by mass
erosion is much greater than that of surface erosion. It is first seen as pits on the clay
surface and then progresses to a rapid deterioration of the bed with increasing shear stress
(Krone, 1999).

Einsele et al (1974) observed erosion of angular shaped crumbs, shreds, and flat
cakes of clay in testing several mud beds. These different erosion characteristics were
attributed to the fabric of the bed, the shear strength of the soil, and the shear stress on the
bed. Crumbs eroded when the soil showed vertical microjointing, whereas the erosion of
flat cakes occurred when the weak planes in the clay were horizontal. They also found

that mass erosion first occurred at one or several locations on the sample surface.

10
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The work of Huang (1993) suggests that there is a link between the type of
erosion observed and the bulk density of the bed. He described the erosion
characteristics for sediments collected from Lianyum Harbour in China tested in terms of
the bulk density of the sediments. For a bulk density in the range of 1030 to 1180 kg/m’,
he reported that the deposits behaved as “a Bingham plastic fluid with large fluidity” and
scouring occurred as “the wavy interface between the muddy flow and clear water
breaks”. For bulk densities of the bed of 1180 to 1500 kg/m’, the deposit scoured as
“wisps of thread-like clouds that appeared on the surface of fluidified mud”. For bulk
densities of the soil greater than 1500 kg/m®, the material scoured “by a peeling off of the
deposit surface, discontinuously as small lumps™. This would indicate that mass erosion
occurred at the higher bulk densities.

Perigaud (1984b) defined a high mud concentration or low void ratio soil in
regards to erosion as that having a porosity less than 0.5, where the porosity is the ratio of
the volume of voids in a soil sample to the total volume of the sample. This corresponds
to a void ratio of less than 1, where void ratio is the ratio of the volume of voids in a soil
sample to the volume of solids (particles). Partheniades and Paaswell (1968) also divided
the erosion of muds from the erosion of more consolidated clays, although they did not

suggest a criteria.

2.3.3 Erosion of Low Void Ratio Soils

The most common type of erosion for low void ratio or high mud concentration,
consolidated soils is mass erosion (Karasev, 1964). Mass erosion is the erosion of soil
chunks or large aggregates and has been observed by Abdel-Rahman (1963), Epsey

(1963), Christensen and Das (1973), Hall (1981), Kamphuis (1983, 1988, 1990),

11
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Kamphuis and Hall (1983), Lefebvre et al (1986), McNeil et al (1996), Masch et al
(1963), Moore and Masch (1962), Perigaud (1984b), Rohan et al (1980, 1986), Terwindt
et al (1968), and Zeman (1982). However, mass erosion can be divided into two classes:
(1) erosion due to disturbances in the clay (such as those created by sampling) or along
preexisting planes of weakness (such as fissures or silt layers) and (2) erosion that is not
associated with disturbances in the clay structure but occurs at high bed shear stresses due

to failure of the clay.

Mass erosion due to disturbances of the clay sample was reported by Kamphuis
(1983), who noted that damage to the sample resulted in erosion at lower shear stresses
than the critical shear stress of the soil. Kamphuis (1990) noted:

“The water will normally remove the cohesive materials by pitting and
flaking, removing the material in very small pieces. When fractures or
sandy seams are present, the material will be removed in larger pieces
(spalling), as separation occurs along the fractures and sandy planes... On
portions of the samples where fracturing was absent, the samples were
hardly eroded by clear water. Thus the same soils yielded widely varying
values for initiation of erosion and for erosion volumes, depending on the
extent of fracturing.”

Kamphuis (1988) also describes how in flume testing of natural clays, in one of the clays
erosion took place by the removal of chunks that were bounded by fractures, with an
erosion rate that was high initially and gradually tapered off to nearly zero. For another

clay, the fractures were more widely spaced so that:

“The standard pattern of erosion at almost all of the velocities tested was
to have large particles either spall or peel away leaving a local
inhomogeniety in the sample surface. Smaller particles then flaked and
peeled away from the margins of these hollows until some state of
equilibrium was reached and no further erosion occurred until further
larger particles were eroded away. If no large particles eroded from the
sample surface, this surface appeared to remain untouched, with the
exception of very small particles flaking away.”

12
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Mirtskhoulava (1989) suggested that the flow would be coricentrated near any defects,
cracks, or mechanical damage in the clay which would result in the widening of the
cracks and the detachment of particles.

Rohan et al (1980) tested two sensitive, structured natural clays in flume tests on
samples collected from Eastern Canada. Erosion in their samples occurred in three ways.
The first was a selective erosion of silty nodules, where the silt was picked out of the clay
surface by the flow, leaving the surrounding clay uneroded. The second was an erosion
of chunks which was attributed to disturbances of the clay in preparation for testing. This
usually occurred only in the first few minutes of testing. The final type of erosion was
removal of particles along preexisting planes of weakness and fissures. Lefebvre et al
(1986) felt that “for natural intact structured clays, erosion at the particle level does not
appear to be significant ... links between structure clay particles are such that to be
eroded, structure clays need to have some planes or weakness or defects such as
microfissures, planes of bedding, or lenses of sand or silt.” They also give that:

“For natural intact structured clays erosion takes place rather by the
pulling out of coarse grains or chunks and do not involve failure. Erosion
is then associated with defects in the clay matrix, which act as zones or
planes or weakness. As a consequence, the chemistry of the soil/water
complex plays a very minor role, if any in the erodibility of intact
structured clays. The physical or the physicochemical processes that are
responsible for weathering and fissuring or surficial clays can however,
drastically change the erodibility of a clay, as a result of the creation of
defects”.

Preliminary work done by the author on clay scour by jets showed that creating a
disturbance in a clay soil could cause mass erosion to develop. In testing a clay for

erosion with a plane submerged wall jet (the apparatus described in Chapter 4), only

erosion of small thin flakes from the clay surface was observed until a very small mark

13
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was made on the sample surface. After a few hours, a scour hole that was an order of
magnitude larger than the size of the original mark on the sample surface had formed.
Further testing showed that mass erosion could be induced to occur if marks were made
on the surface of the clay.

Mass erosion will also develop for undisturbed clay tested at high stresses.
Perigaud (1984b) described flume testing for erosion for a soil with a “high mud
concentration”:

“One can see small blocks pulled out of the bed and carried individually

by the flow; the size of these blocks (a few millimetres in these

experiments) are much bigger than the size of the individual particles (a
few microns)”.

Epsey (1963) also describes the results of his erosion tests on a consolidated clay in

rotating cylinder tests:

“At some critical point, a large amount of material is suddenly ripped

loose from the sample, resulting in a high rate of scour for the particular

shear stress. ... The preparation of the soil sample was a very important

part of the test. If any small cracks formed in the samples during molding,

failure of the samples was premature. The samples would fail along the

planes formed by the cracks.”
Photographs included in Epsey (1963) show samples that are degraded by the removal of
very large chunks (several centimetres in size), resulting in a very uneven sample surface.
The mass erosion rate appeared to increase with increasing shear stresses on the clay.

Others who have observed mass erosion include Terwindt et al (1968), who
performed field tests in a flume on a natural soil that was called a “well-consoclidated
clay.” They found the soil eroded by the detachment of clay fragments or “pebbles”, but
did not discuss the size of the particles eroded. Moore and Masch (1962) observed

sudden jumps in the relation between the scour depth and time and attributed these to the

erosion of large chunks in testing for scour of clays by a circular impinging jet.

14
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Some researchers have observed a pitting of the surface of the clays. Kamphuis
and Hall (1983) found in most tests that their samples eroded by the formation of small
pit marks in the sample surface. These pits expanded in size (diameter and depth) with
time. Partheniades (1984) in a discussion of this work, thought that the pit marks were an
indication of mass erosion. Mehta (1991) noted that “when the soil is hard, pitting of the
bed due to dislodgment of large pieces of soil is often observed”.

Surface erosion has been observed also in consolidated clays. The erosion rates
are usually extremely small as compared to mass erosion. Those who have observed
surface erosion include Dunn (1959), who described the initiation of erosion in the jet
testing of several field soil samples as when the water in the jet tank became cloudy. He
did not report removal of chunks of clay. In flume testing, Kamphuis and Hall (1983)
found in a few tests that the bed eroded “in a general fashion at a very slow rate”.
Hedges (1990) observed particle by particle erosion at lower stresses tested for his
impinging jet and the removal of “flat aggregates with a maximum thickness 1/4 in” at
the higher stresses tested.

McNeil et al (1996) also observed surface erosion at low shear stresses and mass
erosion at higher shear stresses. They asserted that if the flow was hydraulically smooth,
erosion would occur primarily in the form of surface erosion. Observations showed that
surface erosion occurred at the lower shear stresses tested in flume tests when the flow
was estimated to be hydraulically smooth. As the shear stress increased and the flow
became hydraulically rough, pits on the order of 1 mm in size were observed, indicating

mass erosion occurred.
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Of the studies where the erosion of flakes or “flake erosion” was observed are
Epsey (1963), Masch et al (1963), and Zeman (1982). In rotating cylinder tests, Epsey
(1963) saw flakes were eroded from the surface of his samples at the lower shear stresses
tested, which he described as a washing of the surface of the sample. He felt that this
erosion might be due to sample surface conditions. Flake erosion results in the erosion of
only a very thin layer of soil at the clay surface and gives very low erosion rates.

Based on the above, it may be concluded that at lower stresses, surface erosion,
flake ero;ion, or pit.ting of the sample surface might be observed. For higher stresses, it
is likely the bed will be eroded by the erosion of chunks of clay or mass erosion.
However, if there are disturbances in the clay such as fractures, silt layers, or other
inhomogenieties érosion of large clay chunks will occur along these discontinuities at

stresses much lower than would occur for the intact clay.

24  Factors Affecting the Erodibility of Cohesive Soils

2.4.1 Background

The erodibility of a clay soil can be described by both the erosion rates for a given
shear stress and the critical shear stress. The number of factors known to affect the
erodibility of a cohesive soils are many including the type and amount of clay; shear
strength; plasticity index; the pore and eroding fluid chemistry, the density of the soil,
and the temperature. Herein, these factors are separated into independent properties of
the soil that control the erosion of clay. They are the clay content and gradation .of the
soil, the mineralogy of the clay particles, and the structure of the soil. Other factors such
as the pore and eroding water chemistry, strength of the soil (based on the vane shear or

unconfined compression strength test), density, and temperature, either influence or are
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influenced by these factors. This discussion of the factors that affect erosion does not
extend to those changes in the flow that may affect erosion rates such as turbulence

levels.

24.2 Ciay Content and Soil Gradation

Many studies indicate that increasing the clay content in a soil increases its
erosion resistance as the critical shear stress increases and the erosion rates decrease
(Bouyoucous, 1935; Dunn, 1959; Smerdon and Beasley, 1961; Grissinger, 1966; Dash,
1968; Bhasin et al, 1969; Kuti and Yen, 1976; Thorn and Parsons, 1980; Kamphuis and
Hall, 1983; Hanson, 1990; Torfs et al, 1994; Hosny, 1995; Huygens and Verhoeven,
1996). These studies have included mud, more consolidated soils, and unsaturated soils.
Increasing the clay content increases the interparticle forces within the soil, thus
increasing erosion resistance (Partheniades and Paaswell, 1968).

Several studies also report increasing erosion resistance with the plasticity index
of soil (Dunn, 1959; Smerdon and Beasley, 1961; Lyle and Smerdon, 1965; Kamphuis
and Hall, 1983). Plasticity index (PI) is a function of both the clay content and the type

of clay minerals present in the soil (and therefore not an independent property of the soil).

For soils with similar activity, where the activity A = , an increasing plasticity

Yoclay
index indicates an increasing clay content. Partheniades and Paaswell (1968) analyzed

the work of Dunn (1959) and found that his clays had similar activities. It was thus

concluded that the increase in critical shear stress that Dunn (1959) observed with

increasing plasticity index was due to an increasing clay content in the soils.
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The gradation of the soil also has an affect on its erodibility. As the sand
constituent in a soil becomes more well-graded, erosion rates decrease (Bhasin et al,
1999). It has also been observed that deposits with a high percentage of sand and silt
particles or with sand or silt nodules of lenses are more erodible than a homogeneous clay

(Lefebvre et al, 1985).

2.4.3 Mineralogy of the Clay Particles

The mineralogy of the particles can affect the erosion resistance of a clay soil.
Mitchener and Torfs (1996) found that the increase in the critical shear stress with the
clay content depended on the type of clay mineral added. Partheniades and Paaswell
(1970) suggested that adding some very active clays, such as bentonite, to a soil has been
shown to increase erosion resistance. In general, it has been found that clays with higher
plasticities are more erosion resistant for the same clay content (Sargunam, 1973), so that
montmorillonite is less erodible than illite, and illite is less erodible than kaolinite. A
more dispersed montmorillonite may even show a higher erosion resistance than a

flocculated kaolinite (see discussion below) (Sargunam, 1973).

2.4.4 Fabric of the Clay

2.4.4.1 Saturated Soils

A flocculated soil has a critical shear stress that is much higher than one with a
dispersed structure (Arulanandan et al, 1975). As such, the pH of the pore fluid may
have an effect on the fabric of the clay in some circumstances. Dennett et al (1995)
found for a kaolinite clay with a 60 % water content that was settled in a flume, that at

low pH the clay was flocculated and had increased cohesion and increased erosion
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resistance. At high pH, the clay was dispersed with a reduced resistance to erosion. This
is likely because kaolinite particles are charged positively on their edges in a low pH
environment (Mitchell, 1993). However, Raudviki and Tan (1984) found that, in general
for clays, as the pH increases erosion rates increase. For bentonite, Raudviki and Tan
(1984) noted an initial rapid increase in erosion rates with increasing pH, with a leveling
of the erosion rates with further increases in pH.

The type of fabric also affects the form of erosion. Gularte et al (1979b) found a
marked increase in the critical shear stress for an illitic clay with increasing pore water
salinity (a range from 2.5 to 10 % NaCl). They noted that at low salinities clays have a
more dispersed fabric in which erosion should take place by the removal of individual
particles. With increasing salinity, the clay particles will flocculate and erosion should
occur through flocs or aggregates rather than individual particles. Raudkivi and Tan
(1984) found that the eroded surface of some clays looked distinctly pitted, whereas clays
with face to face stacking of the particles appear to flake. Similarly, Minks (1983) found
mass erosion as flat plate like particles for an unsaturated soil with parallel particle
orientation and erosion in more spherical chunks for soils with a random particle

orientation.

2.4.4.2 Unsaturated Soils

There have been a number of papers that investigate the influence of fabric on the
erosion of compacted unsaturated soils. These studies use the observations of I..ambe
(1955a,b) who found that if a cohesive soil is compacted wet of optimum the soil will
have a more dispersed fabric as the particles become aligned perpendicular to the

direction of loading. If the soil is compacted on the dry side of optimum, the soil will
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have a more flocculated fabric. Unlike that found for saturated soils by Arulanandan
(1975), the work on unsaturated soils found that the more flocculated fabric had erosion
rates much higher than the dispersed fabric (Shaikh, 1986; Shaikh et al, 1988a,b;
Grissinger, 1966). Shresta and Arulanandan (1988) suggested, however, that since the
soils are unsaturated it is likely that the soils are undergoing slaking so that erosion rates
are much higher than if the soil was only eroding. Slaking is the disintegration of an
unsaturated soil after immersion in water into a pile of pieces or small particles (Mitchell,
1993). The flocculated soils have a higher permeability than the dispersed soils, allowing
water to penetrate the unsaturated soil much more quickly resulting in much higher
slaking rates than the dispersed soil. It can be concluded, whether the clay is either
slaking eroding, that the erosivity for compacted soils depends strongly on the water

content of the soil (Kandiah and Arulanandan, 1976).

2.4.5 Interparticle Bonds
2.4.5.1 Effect of the Pore and Eroding Water Chemistry

There is a strong affect on erosion of the pore and eroding water chemistry and, in
particular, of the difference between the pore and eroding water chemistry. One method
of describing the water chemistry is through the use of the sodium adsorption ratio
(SAR). Itis defined as:

(Na™)

= 2.1
J0-5[(Ca*) + (Mg™)] @b

SAR

where Na*, Ca®*, and Mg?* are the concentrations of the sodium, calcium, and magnesium
ions respectively. If the pore and eroding water are the same, an increase in salt

concentration in the pore fluid with any composition (any SAR) will give an increase in
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the erosion resistance of a soil (Arulanandan et al, 1973). This is because there is a
reduction in the double layer thickness and therefore the repulsive forces in the clay and
the clay tends to flocculate. However, there is a limit to the increase in erosion resistance
with an increase in salinity, after which the increasing salinity will not have a strong
effect (Parchure and Mehta, 1985; Raudkivi and Tan, 1984). As well, if the SAR
increases, the critical shear stress decreases. With increasing SAR the interparticle bonds
weaken and the surface soil particles detach more easily (Arulanandan et al, 1973).
There can be a substantial increase in the critical shear stress and decrease an erosion
rates when exchangeable sodium is replaced with high exchangeable cations with higher
valencies (Arulanandan, 1975).

Arulanandan (1975) observed that the critical shear stress (for surface erosion)
increased with increasing CEC at low SAR and decreased with increasing CEC at high
SAR. This is likely because at low SAR, there are more higher valence ions which
produces a shrinking double layer and higher bonding between the particles. Increasing
CEC would indicate a higher capacity to “use” these ions in solution and a result there
would be a higher strength. For high SAR, the increased sodium in the pore fluid would
result in a tendency of the clay particles to disperse and therefore there would be less
erosion resistance with increasing SAR. Arulanandan (1975) suggested at high SAR, the
clay is in a dispersed state and therefore there is more swelling reducing the erosion
resistance. The low SAR clays were thought to have reduced swelling, and “as swelling
is reduced, larger critical shear stresses are required to detach particles.”

If the eroding water is less saline than the pore fluid, an osmotic pressure is set up

so that water moves into the clay surface, creating swelling and weakening the
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interparticle bonds (Karasev, 1964; Arulanandan, 1975; Arulanandan and Heinzen,
1977). If the eroding water is more saline than the pore fluid or contains ions that are of
higher valence than that of the pore fluid, the clay will absorb those ions. This results in
an increase in the strength of the clay (at the clay surface). Partheniades (1962,1965)
found that absorption of iron from the eroding water into the clay surface made his clay
more erosion resistant. He also found that this only affected the surface of the clay bed.
Dispersive clays are ones with essentially no critical shear stress. They will
erode, siéniﬁcantli under any flow. It is thought that a clay will behave as dispersive
when the repulsive forces in the clay are strong and the clay is “deflocculated” (Sherard
et al, 1972). When the clay comes in contact with water, individual clay particles detach
from the clay surface and are carried away by the flow. This dispersivs behavior of a
clay may occur when the clay has a high amount of exchangeable sodium in the pore

fluid and the eroding water has a low salt content.

2.4.5.2 Effect of the Soil Density

Both the fabric and interparticle forces are affected by a change in density of the
clay soil. There is a strong dependence of the critical shear stress of a soil on the bulk
density of the soil (Jakobsen and Diegaard, 1996; Mitchener and Torfs, 1996; Berlamont
et al, 1993; Huang, 1993; Hanson, 1992, 1996; Hanson and Robinson, 1993; Kamphuis
and Hall, 1983; Thorn and Parsons, 1980; Thomas and Enger, 1961). It was found that
the critical shear stress increases for increasing soil density for muds, more conso{idated
soils, and unsaturated soils. Some typical values for the critical shear stress at different
densities for saturated soils are given in Table 2-1. This increase in erosion resistance has

been attributed to the increase in contact between the particles because of the reduced
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interparticle spacing and therefore increased interparticle bond strength (Gularte et al,
1979a; Partheniades and Paaswell, 1968).
Krone (1999) describes the effect of increasing density on erosion rates for self-
weight consolidated mud:
“The resistance to shear is clearly determined by the mass of solids
overburden and can be described as progressive collapse of the aggregate
structure that creates increasing numbers of interparticle bonds. At the
depth where the overburden causes collapse to a nearly homogeneous
structure, such as that of first-or-zero order aggregates, the resistance to
erosion increases linearly with increasing overburden but at a much slower
rate. Small increases in shear stress above the threshold for this structure
causes rapid erosion. The final change in structure is that from collapsing
pores of aggregates to one where simple particle arrangement will be the
response to increasing overburden.”
This change in structure with increasing overburden (or consolidation) pressures will
depend on the fabric of the clay. Raudkivi and Tan (1984) suggested that if the clay had
a “card house” structure the effect of consolidation would be small until the card house
structure collapsed. However, if the clay particles were stacked face to face, the
consolidation pressure would affect the interparticle distance and thus the interaction of

the particles (the van der Waals forces would become more predominant).

The bulk density can be related to the water content, dry density, and void ratio of

the soil by:
p, +pSe
P =p(l+w) = 2.2)
l+e
M .
where: =—t 23
P, v (2.3)
M
=—s 24
Py v, (2.4)
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<

e= 2.5
v, (2.5)
M
W= —W 2.6
M, (2.6)
with: e= void ratio
M. = mass of solids in soil

M, = total mass of soil
M, = mass of water

= saturation (S=V,_ /V,)

V.= volume of solids
V,= total volume of soil
V,= volume of voids

V.= volume of water S=V,_/V,

w = water content

p.= bulk density of the soil

Py = dry density of the soil

P, = density of the solids

p= density of water (or fluid in the voids)
Thus studies that show an increasing critical shear stress and decreasing erosion rates
with decreasing water content (Gularte et al, 1979a and 1980; Dash, 1968; Bhasin et al,
1969; Hosny, 1995) also indicate that the critical shear stress increases and erosion rates
decrease with increasing density. Similarly an increasing critical shear stress with
decreasing void ratio as found by Laflen and Beasley (1960), Lyle and Smerdon (1965),
Ghebrieyessus et al (1994) indicates an increasing critical shear stress with increasing
density.

Variation of the critical shear stress with soil density may vary with the soil

structure. Gularte et al (1979a) tested saturated soil samples of 50 % illite and 50 % silt
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at water contents of 50 to 80 % at the different salinities of 2.5, 5.0, 7.5, and 10.0 % NaCl
in the pore and eroding fluid. The drop in critical shear stress (for surface erosion) with
increasing water content was much more pronounced for the soils with the higher
salinities. This may indicate a more flocculated structure is more sensitive to changes in
density for erosion resistance.

Lefebvre et al (1986) (see also Lefebvre and Rohan (1986)) studied the effect of
consolidation on erosion of natural clays. They found that if the clay is originally
structured, consolidation pressures above the preconsolidation pressure can damage
bonding that has developed between the particles and thus weaken the links between the
particles. They saw a drop in the critical shear stress by an order of magnitude for a clay
consolidated to 1.5 to 3.5 times the preconsolidation pressure. Thus, increasing the soil

density to decrease erosion rates will not be helpful in all cases.

2.4.5.3 Effect of Test Temperature

The temperature affects the double layer thickness and thus the interparticle bond
strength in many ways. Increasing temperature, directly, has the effect of increasing the
double layer thickness. However, increasing temperature also causes a decrease in the
surface potential for a constant charge and the dielectric constant of the pore fluid, which
decreases the double layer thickness. Thus, these effects of increasing temperature work
against eachother and the growth of the double layer with temperature is not clear
(Mitchell, 1993). Thus, the dependence of erosion on temperature is also not clear.

Many researchers have observed an increase in erodibility with increasing
temperature (Christensen and Das, 1973; Kelly et al, 1979; Zreik et al, 1998). For

erosion resistance, Kelly et al (1979) found an increasing surface erosion rate with
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temperature in a remolded illitic clay at 40 % water content. Grissinger (1966) saw
increasing erosion rate with increasing eroding water temperature for compacted
unsaturated samples in flume tests. Liou (1970) also found decreasing critical shear
stress with temperature in testing of a high water content (w=510 %) bed. Zreik et al
(1998) found that a younger bed (just settled) at higher temperature eroded more quickly
than a young bed at low temperature. They believed it was a result of a decrease in bond
strength with an increasing temperature. Zreik et al (1998) also suggested that the effect
of temperature on the erosion behavior of the high void ratio, self-weight consolidated
sediments tested only was important for about the top 0.5 cm of the bed, below which the
bed structure and age were the dominant factors.

Croad (1981), however, found that the relation between surface erosion rates with
temperature was more parabolic in shape (instead of only increasing with temperature)
that and could have either positive or negative curvature. This behavior was also shown
by Raudkivi and Hutchison (1974) who found that the effect of temperature on surface
erosion rates was reduced for increasing pore water salinity and decreasing particle size.
Raudviki and Hutchison (1974) also suggested that “temperature is not going to be a

variable of primary importance in natural conditions.”

2.4.6 Macroscropic Strength of the Bed

The macroscopic strength of the bed such as the tensile strength, the vane shear
strength, and the unconfined compressive strength are a function of the properties
described above. Several researchers have correlated the erosion resistance of clay soils
to these measurements. However, there is some argument as to what the appropriate

measurement is for determining the erodibility of a soil. Many researchers believe that it
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is the tensile strength of the soil that should be used (Martin, 1962; Dash, 1968;
Mirstkhoulava, 1975; Nearing, 1991). Others have used the vane shear strength or the
unconfined compressive strength measurements in determining erodibility of the soil
(Lyle and Smerdon, 1965; Kamphuis and Hall, 1983).

Some of the confusion on what strength measurement should be used to determine
the erosion resistance of a soil, comes from the fact that the cohesion measured in current
geotechnical testing methods comes from not only the interparticle bond strength, but
other sources (Reddi and Bonala, 1997; Mitchell, 1993). Mitchell (1993) classified the
sources of strength in a soil as true and apparent cohesion. True cohesion involves short-
range and cementation bonds and electrostatic and electromagnetic attractions and can be
related to the interparticle bond strength. Apparent cohesion involves capillary stresses
due to the surface tension of the fluid in the void space and mechanical forces due to
interlocking rough surfaces on the failure plane (friction). However, true and apparent
cohesion cannot be measured separately at this time. Erosion is considered as a plucking
of the particles from the bed (Nearing, 1991) so that frictional strength should not be a
large component of the erosion resistance of a soil. Others believe that erosion occurs
when the moving water flows through the open pores of the soil skeleton and detaches
the flocs through a lifting and- drag action (Zreik et al, 1998), again not requiring
frictional strength. The critical shear stress has been found to increase with increasing
vane shear strength and unconfined compressive strength (Dunn, 1959; Flaxman, 1963;
Hall, 1983; Kamphuis and Hall, 1983).

However, in an early study of erosion of mud beds, Partheniades (1965)

concluded from three experiments with two muds of high water content that there was no
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dependence of erosion rate for surface erosion on vane shear strength. “The minimum
scouring shear stresses and the erosion rates are independent of the strength of the bed
material, provided that the flow does not induce stresses of an order higher than the order
of the macroscopic strength of the bed” (to induce mass erosion). His supporting idea for
this conclusion was that the strength of the bonds between the flocs (the interparticle
bonds) did not change significantly with a change in void ratio, until the material was
highly consolidatedr The conclusion that the erosion is independent of the shear strength
of the bed has spread in the literature. However, the vane shear strength for the bed at
high water content is difficult to measure and it is likely that his measurements of the
shear strength of ;he bed were in error (Zreik et al, 1998) indicating that his original
conclusions may be questionable as well.

The typical magnitude of the critical shear stress is usually several orders of
magnitude less than the macroscopic shear strength of the bed (Partheniades, 1971).
Dunn (1959) found critical shear strength values (likely for surface erosion) that were
about 1/2000 of the values for the vane shear strength for low void ratio soils. Zreik et al
(1998) found that the critical shear stress (for surface erosion of aggregates and flocs)
was one order of magnitude smaller than both the undrained and drained shear strength of
the soil in tests of a high void ratio soil. They attributed the difference between the shear
strength and the critical shear stress to the frictional components of strength in their
measurements and that “the resistance to the erosive_ action of the water is provided by
the individual bonds between the flocs, with the weakest bond governing, while the
resistance to the shearing action of the cone penetration and the slope failure is provided

by the ensemble of bonds between the flocs available in the shear soil mass”. They also
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thought the difference between the shear strength of the soil and the critical shear stress
was that turbulent fluctuations greatly increase the actual shear stress on the bed over the
average measured value. Mehta (1991) suggested that the erosion resistance of a soil for
surface erosion was in the same order as the interparticle forces of the aggregates of the

particles.

2.4.7 Summary
As a summary of the above, in general erosion resistance will increase for a

homogeneous saturated clay soil that is not fissured, stratified, cemented, or disturbed by
sampling:

e for increasing clay content.

e for increasing density of the soil.

e for increasing salinity of the pore and eroding fluid.

e for decreasing SAR of the pore fluid.

e if the fabric of the soil is flocculated rather than dispersed.

e for increasing shear strength of the soil.

The studies reviewed in this chapter indicate that one must be careful to observe
the temperature and the eroding water chemistry in carrying out experiments in
the erosion of cohesive soils (if they are not strictly controlled). The studies also
show that the density, gradation, clay mineralogy, and structure of cohesive soil
influence the erosion characteristics and these properties of the soil should be -

determined.

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2-1: Typical values for critical shear stress.

Type of P
Author Description of Soil Erosion Given |p, (kg/m’)| (kg/m’) | T (Pa)
Jakobsen and
Deigaard -mud - flume test £g= 300 kg/m? 300 0.75
(1996) -25 % clay Pg= 200 kg/m? 200 0.41
- seif-weight consolidation for 0.86 days. Pg= 100 kg/m® 100 0.07
- rotating annular
Kusuda et al - 30 % clay cylinder w=325% 275 1170 0.18
{1985) - p=2610 kg/m* w=1000 % 96 1060 003 |
- 80il: 2% sand and gravel, 33 % silt,
Skafel and Bishop |46% clay - surface erosion 7
(1994) - LL=27%, PL=17% - flume test
- S,=86 kPa
- consolidated clay
Huang (1993) - natural mud - flume test Py= 200 kg/m? 200 0.18
pg= 600 kg/m? 60C 1.8
Otsubo and Muraoka | - mud - flume test w =450 % 200 1120 04
(1988) - p=2510 kg/m* (lots of scatter)
-arosion by
detachment of clay
fragments of
Terwindt et al - Sv=15 kPa (consolidated clay) pebbles 1.1
(1988) - Pl=40
-22% clay, 45 % silt
- pore and eroding
water at same
Thom and Parsons |Soil 1: CEC=20 meq/100q salanity Pe= 200 kg/m? 200 0.48
-51 % clay: 17 % kaolin; 17 % lliite, 17 %
chlorite; 39 % non-clay minerals; 10 %
(1988) organics - flume test
salanity: 26 g/l
Soil 2: CEC=35 meq/100q Pg= 100 kg/m* 100 0.12
- 50 % clay: 30 % montmorrilonite, 15 %
kaolin; 50 % non-clay minerals | Pg= 38 kg/m* 38 0.055
salanity: 26 g/l Pa= 200 kg/m? 200 0.8
Soit 3: CEC=25 meq/100g Pe= 65 kg/m? 65 0.14
- 75 to 80 % clay: 1510 20 %
montmorrilonite, 30 % kaolin; 30 % lilite;
20 % non-clay minerais Pe= 180 kg/m? 180 1.0
salanity: 33 gt
Kamphuis and Hall {Soit A: 60 % clay; 35 % silt; 5 % sand - flume test w=345% 1380 1860 105
(1983) - PI=23.5 % w=34.5 % Sv=9.6 kPa
Soil B: 60 % clay; 38 % silt; 2 % sand w=35.6 % 1360 1850 12.8
- PI=35.6 % w=35.6 % Sv=17.1 kPa
Soail 1: 36.7 % clay; 48.7 % silt; 12.0 %
Chapius (1986) {sand; 2.6 % qravel - rotating cylinder wz25.4 % 1584 1990 4.2
-PL=15.4 L1.=26.6 % w=254 %
- CEC=10.9 meq/100g
Soil 1: 65.6 % clay; 27.6 % silt; 6.8 %
sand w=53.0 % 1100 1690 8.7
~PL=22.2 % LL=44.4% w=53.0 %
- CEC=15.3 meg/100g
Masch et al (1963) | - 100 % Taylor Mari - rotating cylinder w=28 % 1520 1950 83.3
(for mass erosion) w=31% 1454 1805 93.8
w=31% 1454 1905 69.9
w=31% 1454 1905 83.3
w=28% 1520 1850 87.1
w=30% 1476 1920 83.3
Epsey (1963) - 30 % clay, LL=47 %, PL=21 % w=46 % | - rotating cylinder w=46 % 1214 1773 852
- p,=2751 kg/m?* for mass erosion)
Chow (1959) - reports on data collected in U.S.S.R e=12 1350 1750 3.8
- for a *heavy clay soil® e=0.7 1160 1970 9.1
e=0.3 1330 2270 22
Zeman (1982) -w=143% - rotatin: inder 8=0.45 1265 2150 20
Partheniades - 60 % clay, 40 % silt, smail amount of - flume test w=110% 584 1226 0.48
(1983) fine sand LL=99% PL=44% (surface erosion)
- p=584 kg/m®
Salinity: 33 grams/L
Einsele et al - kaolinite - mass ercsion w=350 % 260 1160 0.98 |
(1984) w=70 % 930 1580 1.28
Rohan et al - 63 % clay; 32 % silt; S % sand - drifl hole test w=36 % 1356 1844 170
{1986) - LL=36 %, PL=23 % w=36 % - mass erosion

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



— — \\
(a) Dispersed (b) Aggregated but (c) Flocculated (edge
deflocculated to face) but dispersed

| 3

=

(d) Flocculated (edge to  (e) Flocculated (edge to (f) Flocculated (edge to
edge) but dispersed face) and aggregated edge and edge to face)
and aggregated

Fig. 2-1: Examples of different types of clay fabrics
(adapted from Van Olphen (1977) and Mitchell (1993)).
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CHAPTER 3: JETS AND EROSION BY JETS

3.1 Introduction

In this chapter, the mechanics of the two different types of jets used in the present
experiments are discussed. These are the submerged circular turbulent impinging jet and
the submerged plane turbulent wall jet. As well, as much work has been done on the scour
of cohesionless materials such as sand by these jets, the main characteristics of scour found
in these studies are presented. Finally, a review and discussion of the literature on the

scour of clay or cohesive soils by jets is given.

3.2 Jet Characteristics
3.2.1 Submerged Circular Turbulent Impinging Jet

A circular impinging jet is a jet produced from a circular nozzle that is issuing into a
stationary fluid and is directed to impinge against a boundary or wall. Only the case of the
submerged jet is considered here. The jet of diameter d and velocity U, at the nozzle is set
at a height H above the surface on which it impinges. A sketch is given in Figure 3-1. It is
generally accepted that the flow of this type of jet can be divided into three regions: (1) the
“free jet region”, where the jet essentially behaves as is there were no boundary (such as
described in Albertson et al, 1950) (2) the “impingement region”, where the flow begins to
stagnate and is redirected to flow along the wall and (3) the “wall jet region”, where the
flow behaves as a radial wall jet. The behavior of the jet strongly depends on the relative
impingement height H/d.

When the jet is at a “large” impingement height, defined by Beltaos and Rajaratnam
(1977) as H>8.3d, the jet is fully developed before it impinges on the wall. As a result, the

jet properties can be combined into the momentum flux M, =§pU§d2 so that the

characteristics of the flow at the boundary are a function of M, p, u, and H. Here p and u

are the density and dynamic viscosity of the fluid. The free region has been found to
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extend to about x=0.86H from the nozzle, where x is the distance from the nozzle
measured along the jet centreline, based on a comparison of the velocity of the jet to that of
a free jet. Based on considerations of the pressure at the wall, the impinging region
extends to about r=0.22H, where r is the radial distance from the jet centreline (Beltaos and
Rajaratnam, 1977).

The impingement region is where there is the most severe hydrodynamic action on
the bed. The shear stress and pressure distribution in this region for typical experimental
conditions for the present study are shown in Figure 3-1. The maximum shear stress on
the bed created by a jet at a large impingement height for the case of impingement on a

smooth wall can be estimated from (Beltaos and Rajaratnam, 1974):

d 2
t =0.16 Uz(—) 3.1
om p [+] H ( )

The wall shear stresses in the impingement region showed no dependence on the Reynolds

U.d

number at the nozzle (R = ). For the wall jet region, for a range of Reynolds numbers

from 64000 to 288000, Poreh et al (1967) found that the wall shear stresses showed only a
mild dependence on the Reynolds number, varying with R

When the jet is at a “small” impingement height, defined as H<5.5d (Beltaos and
Rajaratnam, 1977), the jet does not fully develop and the potential core of the jet impinges
on the boundary (Beltaos and Rajaratnam, 1977; Pamadi and Belov, 1980) This

significantly changes the flow as compared to the large impingement height case. The flow

characteristics at the wall have been shown to be a function of U, d, p, and u. The shear

stress distribution will show “two peaks” as compared to the wall shear stress for the large
impingement height case, due to a transition from a laminar to turbulent boundary layer on

the wall (Pamadi and Belov, 1980). For the transition between the small and large

impingement heights, the flow in the impingement region will be a functionof U, p, u, d,

and H (Beltaos and Rajaratnam, 1977).
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Only jets at large impingement heights were used for the present study. At present

there is little information on the behavior of an impinging jet on a scoured bed.

3.2.2 Submerged Plane Turbulent Wall Jets

The plane turbulent wall jet is a two dimensional flow that flows tangentially along
a boundary. Only the case of the submerged jet that is issuing into a stationary fluid, at no
offset distance (the distance between the wall and the jet), and with no pressure gradient is
considered here. Some of the many studies of this type of jet include Glauert (1956),
Myers et al (1961, 1963), Schwarz and Cosart (1961), Rajaratnam (1967), Launder and
Rodi (1981, 1983), and Gerodimos and So (1997). Once fully developed, the wall jet
flow is considered to consist of two regions: an inner layer near the wall that extends up to
the location of the maximum velocity in the velocity profile and an outer layer that extends
from the location of the maximum velocity to the edge of the jet (sketched in Figure 3-2).
The inner layer is treated as a boundary layer while the outer layer is treated as a plane free
jet. As with a free jet, there exists a region that extends from the nozzle called the potential
core where the velocity is equal to the velocity at the nozzle U,. The boundary layer and
free jet shear layer grow to extend through the entire wall jet flow after a distance of about
6a (Rajaratnam, 1976), where “a” is the thickness of the jet at the nozzle. This distance is
the length of the potential core.

The boundary layer is thin near the nozzle and grows with distance from the nozzie.
As such, the wall jet flow can be hydraulically rough near the nozzle and hydraulically
smooth at distances far from the nozzle (Rajaratnam, 1967). The shear stresses created by
the jet on the wall for the hydraulically rough flow do not depend on the Reynolds number

U,
\Y

at the nozzle (R = ). The wall shear stresses for the hydraulically smooth flow have

been found to depend only weakly on the Reynolds number at the nozzle, with T varying
with R'2 (Myers et al, 1963; Hogg et al, 1997). Others have suggested that T varies with

R (Schwarz and Cosart, 1961). The wall shear stresses can be expressed as a function
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of the flow properties at the nozzle T =c, pg° (Myers et al, 1963), where c; is the skin

friction coefficient. The shear stresses on the wall decrease with distance from the nozzle
so that the maximum shear stress will occur very near the nozzle. The wall shear stresses
increase and the velocity of the jet decays more quickly with increasing wall roughness
(Rajaratnam, 1967). Both the decay of the velocity of the jet and the growth of the jet with
distance from the nozzle have been found not to depend on Reynolds number (Schwarz and
Cosart, 1961).

Little is known about the properties of a wall jet flow once a scour hole created by it
has formed. Chatterjee and Ghosh (1980) found a steep drop in bed shear stress just after
scouring starts for beds of sand and gravel. The velocity distribution of the flow was also
found to substantially change from that of a wall jet once the bed was scoured. It should

also be noted the jet flow may be substantially changed by changing tailwater conditions.

3.3 Jet Scour in Cohesionless Soils
3.3.1 Scour in Cohesionless Soils by Submerged Circular Turbulent Impinging Jets

As cohesionless particles such as sand behave as individual particles, the erosion of
sand will be different from that of a clay. The resistance to erosion of sand results from its
buoyant weight so that the size and density of the particle and gravity must be considered in
determining this resistance. In a clay, the electrochemical forces that bind the particles
together control the clay resistance to erosion. Nevertheless, studies of the scour by jets in
sand give an indication of what may be expected in the scouring by jets in clays.

There have been many studies of the scour of cohesionless soils by submerged
circular impinging jets including Doddiah et al (1953), Johnson (1967), Westrich and
Kobus (1973), Rajaratnam and Beltaos (1977), Kobus et al (1979), Rajaratnam (1982),
Mih and Kabir (1983), and Aderibigbe and Rajaratham (1996). One of the important
observations was that there are two main forms of scour hole: one that is wide and shallow

or “weakly deflected” and the other that is narrow and deep where the jet is almost
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completely turned back on itself or “strongly deflected” (Rouse, 1939; Westrich and
Kobus, 1973; Kobus et al, 1979; Aderibigbe and Rajaratnam, 1996). In general, the
shallow scour holes form at lower flows and/or large impingement heights and the deep
scour holes forms at higher flows and/or small impingement heights. The typical shapes of
scour holes are shown in Figure 3-3. The scour hole has a ridge built up around its outer
edges made up of the particles removed from the scour hole.

Growth of the scour hole has been found to be linearly related to the logarithm of
time (Doddiah et al, 1953; Rajaratnam and Beltaos, 1977). Scouring continues with a
decreasing scour rate ﬁntﬂ the scour hole reaches an “asymptotic”, “equilibrium”, or
‘“ultimate state”, when there is no noticeable change in the scour hole dimensions (Westrich
and Kobus, 1973). There is a difference between the static scour found where the jet flow
is stopped and the dynamic scour created by the flowing jet (Doddiah et al, 1953;
Rajaratnam and Beltaos, 1977; Aderibigbe and Rajaratnam, 1996). The dynamic scour is
generally greater (particularly for the narrow deep) scour holes with any sand settling back
into the scour hole upon cessation of flow (creating the static scour depth).

Jets at small and large impingement heights show different behavior (Mih and
Kabir, 1983). The scour hole dimensions for jets at small impingement heights have been
found to scale with the diameter of the jet at the nozzle, d, while scour holes formed by jets
at large impingement heights scale with the impingement height H (Westrich and Kobus,
1973; Rajaratnam and Beltaos, 1977; Mih and Kabir, 1983). The scour hole profiles at
equilibrium were made dimensionless using the maximum depth of scour as the scale for
the scour depths and the radius of the scour hole for the radial distance from the jet
centreline (Aderibigbe and Rajaratnam, 1996). The half-width of scour, b, of the distance
from the jet centreline where the depth of scour is half the maximum depth, also worked
well as a scale for the distance from the jet centreline (Rajaratham and Beltaos, 1977;

Rajaratnam, 1982; Aderibigbe and Rajaratnam, 1996). The scour hole profiles have also
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been found to be similar through the scouring process, using the scales described above

(Rajaratnam and Beltaos, 1977).

3.3.2 Scour in Cohesionless Soils by Submerged Plane Turbulent Wall Jets

There have also been many studies of the erosion or scour of cohesionless soils by
submerged plane turbulent wall jets including Laursen (1952), Tarapore (1956), Chatterjee
and Ghosh (1980), Rajaratnam (1981), Ali and Lim (1986), Ali and Salehi Neyshaboury
(1991), and Chatterjee et al (1994), and Aderibigbe and Rajaratham (1998). The typical
scour hole profile for scour in sand is sketched in Figure 3-4. At the end of the scour hole
a mound forms made up of the particles from the scour hole. In addition, as for the scour
by impinging jets there is the dynamic scour as the jet flow continues and a shallower static
scour hole that forms when the jet flow is stopped (Aderibigbe and Rajaratnam, 1998).

The growth of the scour hole dimensions have been observed to follow a linear
relation with the logarithm of time (Laursen, 1952; Tarapore, 1956). Again at long times,
the scour rate becomes very small and the scour hole profile reaches an “asymptotic”,
“equilibrium”, or “ultimate” state (Laursen, 1952; Rajaratnam, 1981; Chatterjee et al,
1994). As the scour hole dimensions near asymptotic state, the linear relation between the
scour depth and the logarithm of time is no longer applicable.

The scour hole profiles have been found to be similar through the scouring process
(Laursen, 1952; Tarapore, 1956; Ali and Salehi Neyshaboury, 1991). Some of the scales
that have been used to nondimensionalize the scour hole profiles include the maximum
scour depth €_ and the distance to the top of the mound x’ for the scour depths and the
length of the scour hole, x,, x’, and the distance to the maximum scour depth x , for the
distance from the origin of the jet (the nozzle).

As for the impinging jets, the resistance to scour for cohesionless matex:ials is
typically defined by the size and density of the particles that make up the soil bed. For

example, Rajaratnam (1981) suggested that for the scour of cohesionless materials by a
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plane turbulent wall jet flowing tangentially to the bed, the maximum scour depth at

equilibrium was a function of:
Eme = F{U,.a,p,8(p, —p),v,D} (3.2)

where: g= gravitational acceleration
p,=  density of the sand particles

D= the sand grain size (the size for 50 % passing for a uniform sand
gradation)

Using dimensional analysis he found:

8_mm=f Fo= Uo ,an’%
a \[g(psp DI

@3.3)

Experiments showed that the scour hole dimensions were strongly related to F, where F,
can be considered as a ratio of the shear forces acting on a particles to the resistance to
erosion (the buoyant weight of the particle) and that the Reynolds number could be

neglected from the analysis.

3.4 Previous works in Erosion of Cohesive Soils by Jets
3.4.1 Introduction

Only a few researchers have performed experiments in the erosion of cohesive soils
using turbulent jets. In most studies, a jet was used to create erosion as a means to evaluate
the erosivity of different soils in terms of the soil properties (Dunn, 1959; Dash, 1968;
Bhasin, Lovell, and Toebes, 1969; Hollick, 1976; Kuti and Yen, 1976; Krishnamurthy,
1983). In these tests, the flow was typically constant and the soil properties were varied.
Fewer works have focused on the effect of the flow properties on the scour by jets (Moore
and Masch, 1962; Mirtskhulava et al, 1967; Abt, 1980; Hedges, 1990; Hanson, i990a,

1991; Stein, 1990), with these studies being of much more concern to the present work.
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3.4.2 Jets Used in the Evaluation of Soil Resistance to Scour
3.4.2.1 Dunn (1959)

Dunn (1959) was one of the first to test the erosiveness of cohesive soils using
turbulent jets. The objectives of his study were to determine the influence of soil properties
on the erosiveness of a variety of soils in terms of the critical shear stress and to develop a
method of estimating this critical shear stress from the vane shear strength of the soil. He
first collected soil samples from several locations. Jet testing of the soils used a submerged
vertical circular impinging jet to create erosion. For each test, the jet velocity was slowly
increased until the water in the jet tank became and stayed cloudy. The associated shear
stress was deemed the critical shear stress. This was determined by measuring the shear
stress on the bed at the location where erosion first occurred by placing a shear plate on the
bottom of the tank. This was a small distance away from the centreline of the jet, although
Dunn does not specify this location. He also found that this distance did not depend on the
impingement height. The independence of the location of the maximum shear stress from
the impingement height indicates that the jet was likely at a “small” impingement height
(H<5.5d) (Beltaos and Rajaratnam, 1977). It was found that the critical shear stresses
were about 1/2000 of the vane shear strength values, with the shear strengths in a range of
2.4 t0 23.9 kPa.

Dunn goes on to develop a relation for the critical shear stress and the properties of
the soil using his experimental data:

S, tan®

7. =0.02+ +0.18tan 6 (3.4
1000

The constant 0.02 is a factor he attributed to the normal pressure on the soil created by the
impinging jet. He then correlated the angle 0 from his critical shear stress equaﬁon to

different soil properties. For the plasticity index, PI (%), he found:

0° =30 +1.73(PI) @3.5)
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for a range of plasticity index of S to 16. He also correlated @ with the amount of fines in

the soil, y, defined as the percentage by weight of soil particles less than 60 um. This

gave:
6’ =0.6y 3.6)
The formula using the plasticity index gave a better fit to the data.

Dunn likely was testing for surface erosion, as he noted a general cloudiness in the
jet tank and did not report any removal of the soil in chunks. The general conclusions from
this work include that the critical shear stress increases with increasing vane shear strength,
increasing fines content (clay content), and plasticity. The most important observation in
regards to scour is that the erosion first occurred at a location away from the centreline of

the jet.

3.4.2.2 Dash (1968
Dash (1968) performed experiments with a circular submerged impinging jet to

examine the effect on erosion rates of several soil parametefs such as the clay and water
content. In this work, he developed a jet erosion index based on dimensional analysis and
an evaluation of an energy balance between the energy flux from the jet and the work done

by the fluid on the soil. For erosion by an impinging circular submerged turbulent jet,

Dash (1968) assumed :
&S, =f{U,.p,d,u,0,.t} (3.7
where: & =  the volume of scour
S, = specific gravity of the soil

P density of eroding fluid

u=  dynamic viscosity of the eroding fluid
o, = tensile strength of the soil

t= time
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Dimensional analysis gave that:

S
§ e U, Ugdp 8 3.8)
d d pU>

The jet used had a diameter at the nozzle of 3.2 mm and was set at 25.4 mm above the
sample. This gives an H/d=7.9, which is close to what would be considered a large
impingement height. The given dimensional analysis appears to be more appropriate for a
jet at a small impingement height. The jet used for testing the samples was confined to a
76.2 mm diameter, 305 mm tube. The samples were held at the bottom of the tube. Only
the weight loss of the sample with time was reported. There is no discussion of the
characteristics of the scour holes created by the jet or the characteristics of erosion of the

material.

3.4.2.3 Bhasin, Lovell, and Toebes (1969)
The work of Bhasin, Lovell, and Toebes (1969) follows that of Dash (1968).

Bhasin et al used a submerged, vertical, circular jet (Dash’s apparatus) to test the influence
of sand/clay ratio, water content, and mixing and curing times of the soil, as well as the
sand content in the flow on erosion. They also investigated the effect on erosion rates of
the jet velocities, nozzle diameter, and impingement height. The jet was confined to a 76.2
mm diameter erosion tube as in Dash (1968), with a 50.8 mm deep sample at the end of the
tube. The nozzle sizes used were either 4.7 or 9.5 mm, with the jet velocity as high as
15.5 m/s. Erosion was determined by stopping the tests and weighing the sample at 2.5 or
5 min intervals. The tests were run for 20 min.

The erosion rate was found to increase with increasing jet velocity, decreasing jet
height above the sample surface (as might be expected for a jet at a large impingement
height), and increasing diameter of the jet. Erosion rate was also found to increase with an
increasing soil water content, increasing sand/clay ratio, and decreasing time of curing of

the soil. Sand in the jet flow increased the erosion rates of the samples.
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3.4.2.4 Hollick (1976)
Hollick (1976) used a vertical, submerged circular jet in trying to develop charts

that could be used for predicting the critical shear stress of a soil based on the amount of
scour seen during jet testing. He tested a number of soil samples using the same nozzle

diameter, impingement height, and test temperature and duration for all tests. He then

3

plotted a dimensionless average scour depth, %- i where & is the volume of scour,

. i . . . t.d?
against a dimensionless soil resistance parameter, —-, for a number of Reynolds
pv

numbers to develop his design curves. These parameters were based on the dimensional
analysis of Moore and Masch (1962) (discussed in section 3.4.3.1). However, Hollick
(1976) used the nozzle diameter, d, to nondimensionalize the scour depth instead of the
impingement height used by Moore and Masch (1962). He also used the critical shear
stress as the soil resistance parameter. The critical shear stress for each soil was
determined in flume tests, with a visual criterion for the beginning of erosion that was not

specified.

For the jet testing, the nozzle diameter used was 4 mm and the impingement height
was set at 80 mm. Based on the ratio H/d=20, the jet was at a large impingement height.
For the given test temperature of 20°C and a range of Reynolds numbers of 6000 to 18000,
the range of jet velocities at the nozzle can be calculated as 1.5 to 4.5 m/s with the
maximum bed shear stress ranging from 0.9 to 8.2 Pa. However, these velocities are
somewhat lower than would be predicted by the given range of head of the gravity driven
flow of 330 to 1250 mm (2.5 to 5.0 m/s). The durations of the tests were either 100 min
or 10 min (for the weaker soils).

After developing his curves using kaolinite /sand mixtures, Hollick jet .tested
compacted natural clays to try and predict the critical shear stress of these soils. He
compared the predicted critical shear stress from the jet tests to that determined from flume

tests and did not get a good correlation. This may be because he did not test until the scour
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holes reached equilibrium and thus was actually testing erosion rates of the soil which do
not necessarily depend on the critical shear stress (a soil can have a high erosion rate even
though it has a high critical shear stress (Moore and Masch, 1962)).

Important observations included that there were two main scour hole types: (1) a
narrow, deep scour hole and (2) a wider, more shallow bowl shaped scour hole. There
were also intermediates scour hole shapes between these two types. Moore and Masch
(1962) saw a similar phenomenon and attributed the different scour hole shapes to the
relative impingement height H/d. Moore and Masch (1962) suggested that at the lower
values of H/d, the narrow, deep scour holes formed, and at the high values of H/d, the
wide and shallow scour hole formed. However, since Hollick did not change the
impingement height or nozzle diameter for any of his tests, the scour hole shape cannot
strictly be a function of H/d. Mirtskhoulava (1989) reports similar work to Hollick (1976)

was done in Russia, although no details are given.

3.4.2.5 Kuti and Yen (1976)

Kuti and Yen (1976) experimentally studied the scour of a cohesive material by a
hydraulic jump created at the end of an apron at the bottom of a model spillway, which can
be considered a case of scour by a plane wall jet (Rajaratnam, 1965). They examined the
effect of varying the void ratio and clay content of the soil on the volume of scour with
time. For this work, they suggest a relation between the volume of scour and the soil and

flow properties as:

IZ—%=f{yl,v,p,p,,Ul,s,D,B,t,c} 3.9)
where: =  volume of scour .
U, = average velocity of approach flow (supercritical velocity for jump)

y, = depth of approach flow at the apron (supercritical depth for jump)
=  width of channel
v = kinematic viscosity of the eroding fluid
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p, = bulk density of the soil

s = terminal velocity of soil particles

D= mean grain size of soil particles

c=  parameter describing the physiochemical forces of the soil

With dimensional analysis, they found:

AE =f{h,9.llx_,91_‘,_‘£. P E,c} (3.10)
UlYlBAt D \Y% y[ S p YI

Since the ratio % depends on the void ratio, e, and the settling velocity of the soil particles

and cohesion depend the clay content (but was really the fines content, ), the void ratio
and fines content were used to replace these parameters in the analysis. With the flow
depth and velocity held constant and for a particular type of clay mineral, they reduce eqn.

3.10 to:

ac _ f{U't,e,\y} @.11)
U,y,BAt Y,

Observations included that there was a rapid erosion rate initially that gradually
tapered off, with an asymptotic approach to the final volume of scour. They concluded that
the volume of scour was reduced with increasing clay content. However, they included
soil particles of up to 0.060 mm in their clay content and their reported clay contents of 20
to 80 % are actually in the range of about 3 to 12.5% from the given grain size distribution

curves. The lower clay content materials had no plasticity and thus cannot be considered

cohesive soils.

3.4.2.6 Krishnamurthy (1983)

Krishnamurthy (1983) used both a vertical circular jet and flume testing to examine
the variation of the critical shear stress with the soil strength found by both the direct shear
and unconfined compressive strength tests for two clays. However, he does not report the

criteria used for determining the critical shear stress or the erosion characteristics of the
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materials. There is also scant reporting of the test procedures. The critical shear stresses
for the jet tests ranged from about 1.5 to 25 Pa, whereas for the flume tests these range
from 0.2 to 1.1 Pa. Details of how the shear stress on the bed was calculated for the jet

tests are not presented.

3.4.3 Scour by Jets in Cohesive Soils
3.4.3.1 Moore and Masch (1962)

The work of Moore and Masch (1962) is closest in scope to the present study.
They used a submerged vertical circular impinging jet to examine the evolution of scour in
three clays. These were a natural stratified sediment (with a bulk density of 2490 kg/m?®), a
natural jointed sediment, and a laboratory remolded sediment (bulk density of 2484 kg/m’).
Unfortunately, no other soil properties are given. For each test, clay samples were inserted
into a 127 mm diameter, 102 mm deep cylinder. The cylinder was then placed in a recess
in the floor of a 0.91 by 0.91 by 0.46 m tank and submerged for testing. A circular
turbulent jet that impinged at 90° to the samples was produced by flow through nozzles of
either 15.9, 9.5, or 4.8 mm diameter. With the jet Reynolds numbers reported to be in the
range of about 10000 to 40000, this gives velocities of the jet at the nozzle in a range of
0.63 to 8.4 m/s for a test temperature of 20°C. The impingement heights ranged from H/d
of 6 to 10 (corresponding to impingement heights of 57 to 95 mm). From this data, the
maximum shear stress on the bed can be calculated as ranging from about 0.6 to 310 Pa.

The duration of the tests at a given velocity were 60 minutes. At ten minute
intervals, the test was stopped and the sample weighed to determine the weight of the soil
scoured. Using this weight, the volume of scour was calculated. The average depth of
scour was determined by taking the cube root of this scour volume. After each test the jet
velocity was then increased and the same procedure was repeated. However, it is uncertain
whether the aﬁthors used the same scoured out sample for all testing and just increased the

velocity after 60 min or used a new sample of the material.
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The data collected was evaluated through the use of dimensional analysis. They
suggested the average depth of scour, € =3/&, was a function of:
e=f{U,.d,Hp,u,0,t} (3.12)

where O; is a scour resistance property of the sediment (with dimensions of a stress) that

was not defined. Using dimensional analysis, they found:

= 2
E_ f{pt:z ,‘"i’d,%-,"ff } (3.13)

H

Results showed that the average scour hole depth grew in a linear relation with the
logarithm of time. Large discontinuities in these curves were observed to correspond to
episodes of “large pieces breaking out of the sample and being carried away by the jet”.
As well, average scour depths were observed to be in a range of about 5 to 60 mm. It thus

can be concluded that Moore and Masch (1962) observed mass erosion. On plots that

relate scour depth and time, the dimensionless time ;:2 is shown to range from 0.03 to

0.4. However, this corresponds to times of about 3 to 36 s (a 36 s long test). Since this
contradicts their reported test times of 60 min, it appears there is an error in the reporting of
this data.

Observations include that the clay did not scour in symmetrical patterns which they
attributed to the nonuniformity of the samples. However, this may be partly due to the
scour hole not reaching equilibrium state. They also found that each sample required a
given jet velocity before scour began. Unfortunately, they do not report the impingement
height used for the test so that the critical shear stress cannot be calculated. As well, for the
range of 6< H/d <10 and for a constant jet Reynolds number the maximum amount of
scour occurred at an H/d of around 8.0. This is interesting as an H/d of 8 is in the range of
H/d where there is a transition between the small and large impingement height behavior of
the jet (Beltaos and Rajaratnam, 1974). Significant scatter in the data seen at an H/d of 7.0

was thought to be due to a change in the type of scour hole that “may be associated with the
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geometry of the jet.” They recognized that for the lower impingement heights, the potential
core of the jet may reach the bed, and that this was different than the jet behavior at larger
impingement heights. They also found:

“For values of H/d less than 7.0, the scour hole was deep and localized. At

the higher H/d values the scour hole was wider and shallower covering a

larger portion of the sediment sample. At the lower H/d values the jet was

almost completely reversed, and very little scour took place once the scour

hole developed. In the latter case the scour rate was lower, as the energy of

the jet was dissipated in a relatively deep narrow hole. For the high H/d

values, the potential core of the jet did not strike the sample and the jet was

of broader extent, causing a relatively shallow scour hole.”
The two regimes of scour are similar to the weakly-deflected and strongly-deflected jet
regimes found by Aderibigbe and Rajaratnam (1996), in their work with impinging vertical
circular turbulent jets on cohesionless soils. It is thought that for the deep, narrow scour
hole the observed decrease in scour is due to a decrease in the momentum of the jet caused
by the entrainment of the fluid that is turned in the direction opposite to the jet in the deep
scour hole (i.e. the momentum of the jet is diminished by the entrainment of its own return

flow).

3.4.3.2 Mintskhulava et al (1967)
Mirtskhulava et al (1967) appear to have developed a method to quantify the local

scour due to jets in cohesive soils. It is not explicitly stated in this work that the authors are
considering scour by two dimensional plane impinging jets. However, descriptions of the
flow and scour holes suggest that this is the case. This work is similar in concept to that of
Stein et al (1993). Mirtskhulava et al proposed that the condition of equilibrium scour is
reached when “the maximum average velocity on the bottom is equal or less than the
bottom non-eroding velocity” (the permissible velocity). The change of “axial velocity of
the falling stream” with distance along the jet axis was given by: .

U

U, = s (3.14)
0.9+0.09(x, /B,) +0.12(x, / B,)

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where: U.s = velocity at the “entrance section” (this is can be interpreted as the
velocity of the jet at the water surface)

U, = maximum velocity of the jet at a distance x from the entrance section

B.” = width of the “stream” ( the thickness of the jet) at the entrance
section

B, = “the stream width” at the distance X from the entrance section
(thickness of the jet at a distance X from the water surface), where

B, =B, +0.43% ,
x; = distance “along the stream’ (along the jet axis) from the stream

entrance to the “downstream base” (the original bed level)
X, = distance along the axis from the “base’ to the scour hole bottom (the
scour hole depth)

Equilibrium occurs when U, is equal to the non-eroding velocity, U, given as:

U, =125 |22 15 5 1D +1.25[C’k + P, +P,} (3.15)
0.3p,n
where: g=  acceleration due to gravity (assumed by the writer)
n=  coefficient that takes into the pulsating nature of the velocities in the
jet (given as n=4.0 for natural conditions and n=2.25 for laboratory
testing)

m’ = a factor adjusting the eroding capacity for the flow for added
sediment (given as m=1.0 for clear water scour and m=1.6 with

sediment)

p,=  density of water taking into account aeration
p,= density of the particles

D= diameter/size of the aggregates (the eroded particles)

C'=  “fatigue strength to rupture depending on the cohesion in the state of
saturation”

Kk = homogeneity coefficient for the soil (k=0.5)

P, = pressure exerted by the jet on the aggregates washed away,
depending on the stream velocity at the bottom of the hole

P, = “a ‘hydrostatic pressure’ effect on the contact between the

aggregates” (P, = ap g, where 0=0.010)

An equation for the maximum depth of scour and the time necessary to reach specified

scour depths is also given.

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Other comments of interest include that there is an asymptotic approach to the state
of equilibrium scour:

“when actual velocities of flow exceed the permissible value for the given

soil sufficiently the detachment of aggregates takes places comparatively in a

short period of time and vice-versa - at the end of erosion process the
necessary number of loading cycles approximates infinity.”

They also note that, in general, larger aggregates were removed at the beginning of scour.
The size of the aggregates were reported to be ‘“conditioned by the soil’s texture and
structure indices and also by the degree of “active” forces exceeding the passive ones,

which determine the soil resistance to erosion.”

3.4.3.3 Abt (1980)
Abt (1980) studied the erosion at a culvert outlet of a cohesive soil at prototype

scale. This is a case of scour by a circular horizontal wall jet. His objectives were to
determine the form and dimensions of the scour hole created by the culvert flow and to
predict this scour hole geometry based on parameters developed through the use of
dimensional analysis. Testing was conducted in an outdoor flume that was 30.5 m long,
6.1 m wide, and 2.4 m deep, with the culvert invert at the same level as the soil bed. Three
culverts of 273, 356, and 457 mm diameters were used with flow rates ranging from 0.05
to 0.824 m’/s. The test duration was 1000 min. The scour hole profile was measured
using a point gauge after 31.6, 100, 316, and 1000 minutes of testing. The tailwater was
maintained at 0.45 +0.05 times the diameter of the culvert.

Only one type of soil was tested and the same bed was used for all tests. The scour
hole was dewatered and refilled after each test. The soil was a sandy clay made up of 58 %
sand, 28 % clay, 14 % silt, and 1 % organic material. It had a liquid limit of 34 %, a
plastic limit of 19 %, and a plasticity index of 15. The soil was placed in the flume ﬁsing a
loader and was compacted in lifts to 90 + 2 % of optimum density.

Using dimensional analysis, Abt suggested that the parameters significant to the

scour at the outlet of the culvert are:
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where: d.= culvert diameter
R, = hydraulic radius (of the culvert flow)
B, = maximum width of the scour hole
X,= maximum length of scour hole (distance from nozzle where e—0)
V= average velocity of culvert flow at the outlet
di= tailwater depth
t= time of measurement from start of test
ty=  duration of test

Q

The main parameters used in his analysis were the “discharge intensity” o
g d.
and the “modified shear number” p‘i;

5. The discharge intensity varied from about 0.35 to

3.5. For the second parameter, the modified shear number, the critical shear stress was not
measured, but calculated based on an equation modified from Dunn (1959).

General observations of cavity growth and formation showed that the cavities were

i : Q Q ’
circular in shape when g'Td?’T <1 and elongated to an oval shape for W >1. The

maximum scour depth consistently occurred at about 0.35x,. Sand and clods deposited at
the downstream end of the scour hole in a mound. This mound was never larger than
0.25d_ in height. The small silt and clay sized material in the soil was either carried away
by the flow or could be found in the void space of the mound. It should be noted that the
final dimensions of the scour hole likely do not correspond to an equilibrium state of scour,
as the tests were stopped after 1000 minutes.

Abt related the maximum scour hole length, width, and volume of sceur to
maximum scour hole depth (the geometry after 1000 minutes) in a series of plots. All
scour hole dimensions were nondimensionalized using the culvert diameter. He also

related scour hole dimensions to the discharge intensity and the modified shear number.
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For the scour hole profiles, Abt nondimensionalized the scour hole depth with the
maximum scour hole depth and the distance from the end of the culvert with the length of
the scour hole and found that there was significant scatter. The scatter may have been
reduced if the tests had been run to equilibrium state and if the half-width (the location past
the maximum depth of scour where the scour is half the maximum depth) was used to
nondimensionalize the distance from the culvert outlet, as suggested by Aderibigbe (1996)
in his work with scour in sand.

This works suggests that dimensional analysis is suitable to determine the scour
hole geometry in a cohesive soil eroded by jets. Abt also provides the data from his
experiments, so that it may be used in future analyses of the scour of cohesive soils by

circular horizontal wall jets. Abt (1980) is summarized in Abt and Ruff (1982).

3.4.3.4 Hedges (1990)

Hedges (1990) studied scour in clays with an inclined submerged turbulent circular
impinging jet. He compared jet scour to the problem of scour produced on the banks of
narrow channels due to ship thruster usage. The concern was the potential effect of this
localized scour on bank stability. The objective of the study was to determine the
relationship between scour and the time of impingement, the clay shear strength, the height
of the jet above the sample, and the impingement angle. He also examined the velocity and
pressure d_istribution of the jet acting on a smooth, flat surface.

Dimensional analysis was used to evaluate the data. The dimensionless parameters

thought to control scour of clays were:

% _ E td , t,d , pU.d B.PL U, t 3.17)
d d Up Up p d
where: H’ = distance from the nozzle to the clay surface along the jet centreline
Ts = shear strength of the soil

T, = tractive shear force on the soil caused by the jet

PI = plasticity index of the soil
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B = angle of inclination of the jet

Since Hedges believed the tractive shear stress, T,., acting on the soil is difficult to define,

the maximum pressure force created by a jet acting on the clay surface was substituted in
that parameter. This stress was measured in alternate experiments using pressure

transducers embedded into a plexiglass box and placed under the jet. The water content,
w, of the soil was added to the scour volume parameter, —%, in hopes of reducing
w

variability in the scour data. A parameter for scour rate, Q., was also developed and given

Q.
d’u,

A soil test sample consisted of one large block of clay, 267 mm wide by 406 mm
long by 102 mm deep, made up of four smaller blocks that had been pressed together.
Only one type of clay was tested. Tests were conducted in a 457 mm wide by 889 mm
long by 533 mm deep jet tank. Variables included the angle of inclination of the jet, which
was alternately set at 90° (vertical), 75°, 60°, or 45°. The jet height above the sample
varied from 63.5 to 101.6 mm, while the jet velocity at the nozzle was held constant at 11.4
m/s. Total test duration was 15 min. Scour volume was measured at 5 min intervals by
draining the tank and measuring the volume of water left in the scoured out areas on the
surface of the soil.

Results showed that there were two mechanisms of scour. At higher stresses on
the sample (smaller jet height and/or larger angles of inclination), clay was removed as flat
pieces with a maximum 6.4 mm thickness. At the lower stresses, the clay eroded particle
by particle, as evidenced by a cloudiness in the jet tank. Scour volume was found to be
linearly related to time. However, this included only three data points and the tests were
conducted for only 15 min. He also found that scour decreases with increasing jet height
from the sample and with a decreasing angle of inclination. Scour rate also decreased with

increasing shear strength of the clay, although there was a large amount of scatter. All four
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angles of inclination showed approximately the same scour rate for a given tractive pressure
on the clay surface. He concluded that this indicates that the tractive shear force is the
controlling factor for erosion rather than the angle of inclination of the jet.

Problems encountered during testing included that the scour was confined to the
centre block of clay, as erosion did not continue across the interface of two combined
blocks. This indicates that one large, continuous clay sample must be used. For the

dimensional analysis, many variables seem redundant, as both the tractive shear stress on

the soil and the jet characteristics p, U,, d, H’, and B are included. Use of the plasticity

index may also not be useful as it has been concluded by many (Paaswell, 1973) that
plasticity index in not an adequate parameter to use to describe soil erosion resistance.

Hedges (1990) does not report dimensions of the scour holes for his tests.

3.4.3.5 Hanson (1990a)

Hanson (1990a) developed an in-situ jet testing device to evaluate the erodibility of
cohesive soils that uses a submerged circular turbulent impinging jet to create erosion. He
based his analysis on the work of Moore and Masch (1962), but used the coefficient of
erodibility, K, for the soil resistance parameter o,. This coefficient is from the equation
described by Foster et al (1977) E = K(t—t,)™ that relates the erosion rate E to the excess
shear stress applied to the soil. In previous testing of soils in an open channel, Hanson
(1990b) found that for cohesive soils m=1. The units used for K were cm/h/Pa. The
dimensionless parameters that describe scour were thus:

3
V& _, w pUd H K (3.18)
H |pd® p 'd d

Jet tests were performed on four soils that had been previously tested for erosion
rates in an open channel (Hanson, 1989, 1990b). The jet tests were carried out using a
portable device that was set on top of the soil to be tested. The jet diameter and

impingement height were held constant for all tests at 13 and 220 mm respectively
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(H/d=16.9). The scour hole profile was measured at 10, 30, 60, and 100 min intervals for
a total test time of 200 min. For more resistant soils, a 1000 min interval was added.

Hanson then compared the effect of the different dimensionless parameters on the
dimensionless scour hole volume using the data from three of the four soils tested. On
performing a statistical analysis of the data, he determined (for a constant impingement
height and nozzle diameter):

0.67 0.065 0.138
% =o.o436[ pU°d] ( W ) (”K) (3.19)

" pd? d

The equation for scour volume was then rearranged to yield K and used to predict the
erodibility factor for the fourth soil.

Hanson’s method shows interesting results. However, more tests on other
cohesive soils must be performed for verification of his analysis. Of interest is the use of
the erodibility coefficient K in the analysis. This seems to be a much better parameter for
estimating scour dimensions that are dependent on the scour rates than the critical shear
stress. However, Hanson’s method is based on a linear relation between erosion rate and
excess shear stress which has not been found by all researchers (Foster et al, 1977,

Owoputi and Stolte, 1995).

3.4.3.6 Hanson (1991)

Using the results found in the in-situ jet testing present in Hanson (1990a), Hanson
developed a dimensionless jet index used to describe the erodibility of a soil. He assumed:

. & -
E=-0 =t

t
where @ and 3 are constants. From a regression with the data from jet testing from one

(3.20)

soil he found §=0.931. He then suggested that for a given soil in a given coridition
o =Zf(U,), where Z is a soil factor and f(U,) is a function that characterizes the

properties of the jet flow. He assumed that the function f(U ) is dependent only on the
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velocity of the jet at the nozzle, U, as, for his jet tests, the nozzle diameter, impingement
height, and fluid density and viscosity were held constant. This gives:

_et_m = ZU%t09%! (3.21)

Using data from the jet tests on another soil, he then found that oo =1. To avoid the soil

factor Z having dimensions of time, Hanson suggested the use of the “Jet Index”, J,,

1
where Z = J.t', where t, is “1 s or the time unit of 1 s if Z is in the units of 1 s (i.e. if Z is
in minutes then t,=1/60 min)”. He thus wrote an equation for the erosion of a soil caused

by a circular impinging jet:
t -0931
ST"' = J.Uo(—J (3.22)

Hanson found fairly good fit to his data from Hanson (1990a) for this erosion rate equation
on a log-log scale. It should be noted it is likely that scour did not reach equilibrium for

that data for which he is developing his equations.

3.4.3.7 Stein (1990
Stein (1990) studied the erosion created by an inclined plane impinging jet. The

focus of the work was to develop an understanding of the mechanics of headcut migration.
The work of Beltaos (1974) in the characterization of impinging jets is used in combination
with the sediment detachment equation E =K(t—1.)™ to predict both the equilibrium
scour depth and the rate of scour hole development. Stein (1990) is also described in Stein
and Julien (1991), Stein et al (1993), and Stein and Julien (1994).

For the decay of maximum velocity along the centreline of a plane turbulent jet, an

equation from Rajaratnam (1976) is used:

U, B, -
U. =C, 2 for X>x, (3.23)
where: U,_, = jet centreline velocity.
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U, = jet entrance velocity (velocity at the jet origin).

X, = length of the jet potential core.

X =distance along the jet centreline from the jet origin.
C,4 = diffusion coefficient of the jet.

B, = jet thickness at entrance to the tailwater surface.

with a value for C;=2.6. The origin of the jet is the location where it first enters the
tailwater surface. He then related the shear stresses created by the jet, T, to the maximum
velocity using T = c,pU?2 , where c; is the coefficient of friction. Next, an expression was
used to relate the depth of scour in terms of the distance along the jet centreline and the

impingement angle. The equilibrium scour depth, €__, measured from the original bed
level is:
Eme =X, SinP—d, (3.24)

where: X, = the distance along the jet centreline from tailwater entry to the bed
impingement at equilibrium

d, = the tailwater depth above the original bed

B = jet impingement angle (measured from the horizontal)

Then, assuming that equilibrium is reached (i.e. there is no more significant erosion) when

the shear stress decreases to the critical shear stress T, the equation for shear stress and

depth of scour was combined to give an expression for the equilibrium scour depth:

sinf (3.25)

meo

. CdchonzBo,
Tc

It was assumed here that the tailwater depth is insignificant compared to the depth of scour.
This equation is independent of the type of soil although it may not be applicable to
dispersive clays where t_ =0.

Stein (1990) went on to develop an equation for the rate of scour hole development
using the equation E = K(t—.)™ and the above ideas. His analysis showed that there are

three main stages to the evolution of scour for a jet flow with a negligible tailwater: an
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initial period when the soil is within the jet potential core and the relation between scour
depth and time is linear; a second stage, where the relation of the scour hole depth grows in
a linear relation with the logarithm of time; and a final period where the scour is
approaching equilibrium depth.

To test his theory, experiments were performed using an plane impinging jet created
by an overall fixed within a 10.4 cm wide, 200 cm long, 33 wide flume. Three soils were
tested: a cohesive agricultural soil with a dsp of 0.045 mm; a fine sand with a dsg of 0.15
mm; and'a coarse sand with a dsg of 1.5 mm. Observations showed that the scour hole
profile was fairly symmetrical about the maximum depth of scour, but was slightly
lengthened in the direction of flow. The maximum depth was shifted slightly upstream of
the centreline of the jet.

This work is interesting in the attempt to predict theoretically the equilibrium scour
depths and erosion rates of both sand and clays created by impinging jets. The method of
estimating the shear stress that is causing erosion is a weakness, however, as it is known
that the boundary strongly affects the behavior of the jet. This is a result of the lack of

study of the shear stress produced on the boundaries formed by impinging jets.

3.5 Discussion

From the above described studies, there are several characteristics of scour by
circular impinging jets in clays that suggest what will be observed in the present
experiments. First, from the observations of Dunn (1959), erosion should first occur at a
location away from the centreline of the jet. This can also be expected based on the shear
stress distribution created by an impinging jet on the clay surface, as the maximum shear
stress on the bed occurs not at the jet centreline, but a distance of about r=0.14H from the
centreline (Beltaos and Rajaratnam, 1974). Second, the erosion of more consolidated. clays
most often occurs as the intermittent removal of chunks of varying size or “mass” erosion

(Moore and Masch, 1962; Mirstkhulava et al., 1967; Hanson, 1990). Third, Moore and
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Masch (1962) showed that the average scour depth (the cube root of the scour hole volume)
grows approximately in a linear relation with the logarithm of time, and it may be expected
that the other dimensions of the scour hole may grow in this type of relation as well
(although this must be confirmed). These growth of the scour hole would then be
consistent with what has been observed for jet erosion in cohesionless soils. Moore and
Masch (1962) also observed be two forms of scour hole: one that is narrow and deep and
one that is wide and shallow. The shape of the scour hole appears to depend on the relative
impingement height H/d, but not solely on that parameter as Hollick (1976) also found two
forms of scour hole but did not change either the diameter of the jet or the impingement
height (and therefore H/d) in his experiments. These two different regimes of scour must
be further investigated. Unfortunately, the data from the experiments that used circular
impinging jets described in this chapter are not useful for the present work as either the soil
properties were not defined (for Moore and Masch, 1962), and tests variables are not
described in detail (for Moore and Masch, 1962; and Hollick, 1976), or the experiments
were run in such a way as to alter the jet flow (for Dash, 1968; Bhasin et al, 1969).

For the scour in cohesive soils for a plane wall jet, the only previous study to use of
flow similar to this type of jet was Kuti and Yen (1976). Observations of Kuti and Yen
included that there was a rapid erosion rate initially that gradually tapered off, with an
asymptotic approach to the final volume of scour. However, they were studying the
erosion by a hydraulic jump downstream of a model dam and did not locate the jump on the
apron of the model so that the shear stresses acting on their test samples cannot be
estimated. Thus, there are no previous data on cohesive soil erosion by plane turbulent

wall jets that will be useful to the present study.
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Figure 3-1: The submerged circular turbulent impinging jet (a) definition sketch
(b) pressure distrubtion on boundary for typical test conditions (c) shear stress
distribution on boundary (adapted from Beltaos and Rajaratnam, 1974).
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Fig. 3-3: Typical scour holes (a) a weakly deflected jet type scour hole (b) a strongly
deflected jet scour hole (adapted from Aderibigbe and Rajaratnam (1996)).
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Fig. 3-4: Scour by a plane wall jet in sand.
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CHAPTER 4: EXPERIMENTAL SETUPS & EXPERIMENTS

4.1 Introduction

Two experimental setups were employed in carrying out the present study of the
scour of clay by jets. The first set of experiments used a submerged circular turbulent
impinging jet to create scour. The second set of experiments used a submerged turbulent
plane wall jet. Only one type of clay was tested. The experimental setups, testing

program, and the properties of the tested clay are described in this chapter.

4.2 Experimental Setup I - Impinging Jet Tests
4.2.1 Experimental Setup and Experiments

The first experimental setup employed a submerged vertical circular turbulent
impinging jet to scour several samples of clay or similar properties (Figure 4-1 and Plate 4-
1). The jet was created by pumping tap water from a large 880 L fiberglass tank through
an 830 mm long, 120 mm diameter cylindrical plenum and then a well designed nozzle to
impinge at 90° to the clay surface. The nozzle diameter used was either 4 or 8 mm and
velocities at the nozzle ranged from 4.97 to 25.9 m/s for the scour tests. This gave jet
Reynolds numbers in the range of 26000 to 98500. Flow rates ranging from 0.1 to 0.71
L/s could be produced in the apparatus for the 8 mm nozzle, with a maximum of 0.35 L/s
for the 4 mm diameter nozzle. These flow rates were measured through the use of a
magnetic flow meter, however periodic checks of the flow meter readings were carried out
by taking volumetric flow measurements in the jet tank. Water was not recirculated in the
apparatus to avoid a buildup of ions in the water and a steadily increasing water temperature
during each test. The test temperatures varied from 3.5 to 23.6 °C and depended on the
temperature of the tap water fed to the laboratory. During each test, at least one reading of
the eroding water conductivity, pH, and temperature was taken.

The 244 mm long, 175 mm wide, 85 mm high clay samples were set on a platform

inside an octagonal tank of 572 mm width and 610 mm height that was filled with tap water

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



before the start of testing so that both the sample and the jet were submerged. The jet
nozzle was submerged by at least 100 mm and the jet impingement height ranged from 40
to 116 mm, with a range for H/d of 8.1 to 29.0 (large impingement heights only). Details

of the experiments are given in Table 4-1.

4.2.2 Measurements

For impinging jet tests, the maximum scour depth, centreline scour depth, and
scour hole volume were measured from the start of each test at times of approximately 2
min, 5 min, 15 min,' 30 min, 1 h,2h,4h,8h,24 h, 48 h, 72 h, and 96 h, depending on
the change in scour in the sample, and then at 24 h intervals until equilibrium conditions
were reached. The test was shut down and the jet tank drained for each measurement. As
the scour hole remained full of water, the maximum and centreline scour hole depths were
determined by using a thin wooden rod to lightly touch the clay surface in the appropriate
location. The length of the water mark on the rod then gave the scour depth. Care was
taken not to disturb the sample, as this could cause erosion to occur in the disturbed area.
The scour hole volume was measured by first using a vacuum pump to remove the water
from the scour hole, then refilling the cavity with water measured in a small graduated
cylinder (0.2 mL graduations) until the water just overflowed from the scour hole onto the
undisturbed sample surface. The dimensions of the scour hole across the width and along
the length of the block were also noted to aid in determining whether the scour had reached
equilibrium state. A photographic record of the scour hole was also kept, with a picture
taken of the scour hole at the time of each measurement. After the measurements were
taken, the tank was again filled with water by using the jet which was directed to impinge
against the wall of the jet tank and away from the sample. To centre the jet again above the
scour hole, the flow rate was reduced to a very low, noneroding velocity so that the jet
could be brought across the sample surface. The jet plenum was then centred within

wooden guides and tied down. The flow was then increased to the desired rate.
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Once equilibrium had been reached, the jet tank was drained and the jet centreline
marked on the clay surface. The sample was then brought out of the jet tank and was set in
an apparatus designed for convenient measurement of the scour hole. Two perpendicular
cross-sections of the scour hole were taken, one across the width of the sample and the
other along the length of the sample. The equilibrium dimensions of the scour hole were
measured using a point gauge that could be read to 0.1 mm. After measuring the scour
hole profiles, two measurements were made of the vane shear strength of the sample.
Samples were then removed from the area around where the vane shear strength
measurements were taken for soil water content determination.

Equilibrium state was assumed to have been reached when the scour hole volume
and depths did not change over 24 h. The scour hole volume was used as the primary
means of determining when equilibrium state was reached, however, as the measurements
were considered to be more reliable. Not all samples reached equilibrium. Sometimes the
clay block would split in half, a very large chunk would be removed by slaking (a chunk
considered much too large to be eroded hydraulically), or the edges of the block would
spall so that the scour hole would be affected. At the larger impingement heights tested, the

latter occurred frequently.

4.3 Experimental Setup II - Wall Jet Tests
4.3.1 Experimental Setup and Experiments

The second experimental setup used a submerged turbulent plane wall jet to create
scour in the clay samples. This apparatus is shown in Figure 4-2 and Plate 4-2. Tap water
was pumped through a 670 mm long, 144 mm wide, 100 mm high rectangular plenum
through a 144 mm wide nozzle to create a jet that issued into a 4.1 m long, 150 mm wide
flume with a depth of submergence of 350 mm. Two nozzles were used with heights of
2.33 or 5.10 mm. The clay was carefully set in the flume so that the clay surface was the

same height of the bottom of the nozzle. In these tests, a 150 mm wide, 90 mm high, and
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242 mm long clay sample was used. These samples were contained within a 2 mm thick
metal band used to ensure that all samples were of the same dimensions. A false flume bed
was constructed which was placed downstream of the clay block to try to ensure an even
surface for the flow and so that the sample would not be moved out of place by the flow.
This false bed could be removed as needed when placing or removing the clay sample from
the flume.

Flow rates through the nozzle varied from 1.63 to 5.40 L/s and had a range for the

velocity at the nozzle of 4.86 to 13.56 m/s. For most of the tests, the velocity was

- measured through the use of a pressure tap on surface of the plenum, placed a few

centimetres before the flow began to constrict within the nozzle along with a mercury
manometer. For the first few tests, a very small 1.59 mm outside diameter Prandtl tube
(United Sensor Corporation No. PAA-12-KL) was used to measure the jet velocity at the
nozzle. Table 4-2 gives tﬁe details of the experiments for the wall jet tests.

Due to the large flow rates as compared to the impinging jet tests, in the wall jet
tests some of the water was recirculated through the apparatus. The flow was redirected at
the end of the flume through a return line to the large storage tank from which the tap water
was pumped. However, a constant inflow of water from the city supply line was also
required due to leakage in the flume. The recirculating flow system was not used whenever
there was a large suspended sediment concentration in the flow such as at the start of each
test. These tests ran continuously until the end of a test and were not stopped for scour

hole measurements.

4.3.2 Measurements

Visual estimates of the length of scour, the maximum depth of scour, the distance
of the maximum scour depth from the nozzle, and the uniformity of the scour hole were
taken at various intervals during the tests until equilibrium was considered to be reached.

The condition of the sample was also monitored through a photographic record of the tests.

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The scour hole was assumed to be at equilibrium when the length of scour did not change
for a period of at least 24 h, with a typical time to reach equilibrium of 100 h. The length
of the scour hole was used as the scour hole was too variable to get a good estimate of the
maximum scour depth. It was less obvious than for the impinging jet tests that a scour hole
had reached equilibrium as the effects of the side walls of the flume became increasingly
predominant at longer test times. There tended to be increased scour on the sides of the
block which progressively moved inward with time. After about 140 h, side wall effects
on the scour hole were very strong.

Once equilibrium had been reached, the sample was removed from the flume and
three longitudinal scour hole profiles (profiles parallel to the direction of flow) were
measured using a point gauge of a 0.1 mm resolution. These sections were at about 50, 75
(centreline), and 100 mm across the width of the block measured from the side of the
sample nearest the front plexiglass of the flume. The exact location of the sections were
varied so that the measurements would give the most representative profiles for a test.
After the scour hole profile measurements were complete, vane shear strength tests were
carried out on the sample. Samples were then taken from the sample from the area around
where the vane shear tests were carried out for water content determination.

Two tests were also undertaken to examine the growth of the scour hole with time.
For the selected time intervals of 30 min, 1 h, 2 h, 4 h, 24 h, and at each 24 h interval
thereafter, the test was shut down and the sample removed from the flume so that profile
measurements along the jet centreline could be taken. After each set of measurements, the
sample was replaced in the flume. The flume was then filled with water using a hose and
then jet flow was slowly reinitiated. Unfortunately, in both tests the samples did not reach
equilibrium because of a sudden, unexplained increase in velocity during the first test and

the due to very large eroded pieces that completely eroded the sample in the second.
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4.4 Clay Samples
4.4.1 Description of Samples

Only one type of clay was used for testing. This clay was a manufactured clay
obtained from Plainsman Clays Ltd. of Medicine Hat, Alberta, Canada (M390 is the
company designation of the clay used). The clay blocks were periodically tested for
homogeneity and generally had uniform vane shear strength, water content, grain size
distribution, Atterberg Limits, and activity. The samples contained about 40 % clay, 53 %
silt, and 7 % fine sand, and consistently had a vane shear strength of 20 kPa, a liquid limit
of 36 %, a plastic limit of 18 %, a dry density of about 1540 kg/m?, and an activity of 0.4.
Details of this testing are included with the data given in Appendix A. The water content of
the blocks prior to testing averaged 26.0 % with a 97 % saturation. After testing the water
content increases to a depth averaged value over the top 30 mm of the sample of about 27.7
%. No fissuring was visually evident in these blocks prior to, or after submergence, or
after drying. Electron micrographs produced by a scanning electron microscope of the
structure of the clay, given in Plate 4-3, showed that the clay had an aggregated structure
with random particle orientations. An X-Ray diffraction test of the soil showed that the

clay component of the soil consisted of kaolinite and illite.

4.4.2 Manufacture of the Clay

A tour of Plainsman Clays Ltd. provided an opportunity to observe how the clay
blocks were made. The Plainsman clay material comes from a mine in Saskatchewan. The
clay occurs in layers in their pit. They have divided this mine into different clay types
according to how similar a particular seam is in its properties in comparison to other seams
and sort the material into different piles as they mine it. Then enough material from each
pile is transported to Medicine Hat and left at the Plainsman site in the same piles as. at the
mine to supply the plant for up to five years.

The different Plainsman pbttery clay types are made up of the clays in the different

piles at the mine. The pottery clays are mixed up using the Plainsman “recipes” that have
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been determined mostly by experience. These recipes are based on so many loader buckets
of one clay pile and so many of another. To mix up the clays, the loader brings the
materials from the piles to a *“corral” where the different recipes are mixed up using the
loader. After the clay is mixed in this method, the material for the desired clay type is dried
in an oven to remove any excess moisture, although the clay mix is not completely dry.
The dried mixture is brought into the plant and loaded onto a conveyance system.

Within the plant, the material passes along the conveyance system through a series
of three hoppers where the materials are better mixed. From the final hopper the material
moves into a mixing sectidn which is a long cylindrical tube with a rod in the middle. The
mixing section looks very much like an auger. It is here that technicians add water
(Medicine Hat tap water) to the dry soil mixture (Plate 6-4). The addition of water is based
only on the visual assessment and experience of the technicians. The wetted clay was then
moved into a rectangular vacuum chamber by a continuous feed to be consolidated into a
long rectangular block (Plate 6-5). The vacuum chamber was effective in removing any air
voids in the sample, as noted from experience in testing the clay blocks. The block is
automatically cut with a wire to a preset size as it was extruded from the vacuum chamber.
The dimensions of the block are thus fixed by the dimensions of the extruder. The blocks
are then sealed in plastic bags.

For the particular batch used for testing, 1392 boxes of clay were produced. Of
these, 60 boxes of this batch was used for the testing described herein. Almost 90 % of
testing was performed with clay from this particular batch for the impinging jet tests and all

of the tests for the wall jet test used clay from this batch.

4.4.3 Preparation of the Samples for Testing
4.4.3.1 Impinging Jet Tests

The samples were prepared for the impinging jet tests by first pushing a 0.5 mm

thin rectangular metal band with the same dimensions of the test block into the sample. The
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confining band were used to help prevent the block from splitting apart during testing by
providing a slight confining pressure on the sides of the sample. The surface of the clay
was then cut with a very thin metal wire using a guide to ensure all the samples were the
same height. The water content of the sample was taken using the material trimmed off the
original clay block. The block was then placed in the jet tank and the tank was then filled
with water. In most cases, the test was started immediately after the block was cut. For a
few tests, the sample was left submerged for some time before testing (this information is
included with the data in Appendix A). In these cases, a water content sample of material

from the sides of the sample was taken just prior to starting the test.

4.4.3.2 Wall Jet Tests

The clay block was prepared in much the same way for the plane wall jet tests as for
the vertical jet tests. A 2 mm thick rectangular confining band was pushed into the sample
using a press for even pressure around the edges of the sample. The clay was then cut
using a thin metal wire to the dimensions of the band using the top of the band as a guide.
The block was always tested immediately after preparing the sample for testing. Water

content samples of the material trimmed from the original sample were taken for every test.

4.5 Water Chemistry of the Eroding Fluid

The water temperature, pH, and conductivity were recorded for each test. A water
sample was taken from the large storage tank and tested using a Fisher 101 pH/conductivity
meter. Conductivity and pH values were consistent with water chemistry data given by
Epcor, the company that supplies water for the City of Edmonton. A summary of the water
chemistry data provided by Epcor through the duration of testing is given in Tables 4-3 and
4-4. This table also includes the water pH, conductivity, and temperature measurements.
The water chemistry of the eroding fluid appears to have been fairly consistent through the

course of testing.
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Table 4-1: Details of experiments for the impinging jet tests.

Test No. Q H d U, R pUA(dH)Y| ¢, W, w, W, S, | Notes
(Ls) {{mm)| (mm)| H/ | (m/s) (Pa) (h) | (%) | (%) | (%) | (kPa)
8/8.1/5.0/1 0.250 65 8 8.1 4.97 31715 374.7 69.8 | 25.38 | 25.38 ¢
8/8.1/6.1/1 0.310 65 8 8.1 6.17 43241 576.2 76.3 | 2650 | 26.50 | 28.09] 20.5 bl
8/8.1/6.1/2 0.310 65 8 8.1 6.17 43343 576.2
8/8.1/7.0/1 0.350 65 8 8.1 6.96 53605 7344 98.7 | 26.18 | 29.99 | 27.41 | 20.8 b
8/8.1/7.4/1 0.374 65 8 8.1 7.44 56123 838.6 1174 | 2620 | 2823 | 27.55| 18.9 il
8/8.1/8.1/1 0.405 65 8 8.1 8.06 43647 983.4 68.5 29.20| 17.7 *
8/8.1/8.4/1 0.420 65 8 8.1 8.36 58585 1057.6 725 | 26.43 | 30.43 19.6 e
8/8.1/9.0/1 0.450 65 8 8.1 8.95 64279 1214.1 124.3 28.04 | 204 .
8/8.1/9.0/2 0.450 65 8 8.1 8.95 76829 1214.1 44.7 | 26.21 27.90| 20.5 M
8/8.1/9.0/3 0.450 €5 8 8.1 8.95 69458 1214.1 92.0 | 25.52 | 29.63 | 27.41 20.2 M
8/8.1/9.0/4 0.450 85 8 8.1 8.95 62769 1214.1 93.0 | 26.50 27.26 | 16.1 .
8/8.1/9.0/5 0.450 65 8 8.1 8.95 46813 1214.1 954 | 2550 | 30.14 | 27.54 | 21.7 M
8/8.1/9.0/6 0.450 65 8 8.1 8.95 46813 1214.1 166.0| 25.81 | 25.81 | 27.56 | 22.6 M
8/8.1/9.0/7 0.450 65 8 8.1 8.95 62769 1214.1 28.53
8/8.1/9.0/8 0.450 65 8 8.1 8.95 69278 1214.1 28.04
8/8.1/9.9/1 0.499 65 8 8.1 9.93 73035 1492.8 944 | 26.85 | 29.15 | 28.59 | 18.4 M
8/8.1/9.9/2 0.499 65 8 8.1 9.93 71278 1492.8 26.95 ' 29.19 | 28.07 | 20.5
8/8.1/3.9/3 0.500 65 8 8.1 9.95 62433 1498.8 25.19 | 29.63
8/8.1/9.9/4 0.500 65 8 8.1 9.95 62433 1498.8 26.15 | 29.50
8/8.1/9.9/5 0.500 65 8 8.1 9.95 50839 1498.8 919 | 27.12 | 29.73 | 27.60] 19.9 b
8/8/1/9.9/6 0.500 65 8 8.1 9.95 56979 1498.8 26.24 | 26.24
8/8/1/9.9/7 0.500 65 8 8.1 9.95 56979 1498.8 30.08
8/14.5/8.0/1 0.400 116 8 145 | 7.96 41463 301.2 45.6 | 26.72 | 30.49 *
8/14.5/9.0/1 0.450 116 8 14.5 | 8.95 70188 381.2 974 | 26.06 | 30.05 | 27.831 17.5 M
8/14.5/9.0/2 | 0.450 116 8 145 | 8.95 70188 381.2 70.7 | 26.51 | 29.01 | 27.80] 14.8 i
8/14.5/9.0/3 | 0.450 116 8 145 | 8.95 74371 381.2 105.5| 26.16 | 29.42 | 27.36 ( 18.1 *
8/14.5/9.0/4 | 0.450 116 8 14.5 | 895 74713 38t1.2 67.6 29.52 | 27.17 ] 19.6 *
8/14.5/9.0/5 0.450 116 8 14.5 | 8.95 46154 381.2 96.2 | 26.72 27.95| 209 *
8/14.5/9.0/6 | 0.450 116 8 14.5 | 8.95 71907 381.2 26.04 | 30.22
8/14.5/9.0/7 | 0.450 116 8 14.5 | 8.95 76829 381.2 26.69 | 29.53
8/14.5/9.9/1 0.500 116 8 14.5 ) 9.95 49708 470.6 70.9 29.93 | 27.27 | 23.2 *
8/14.5/9.9/2 | 0.500 116 8 145 | 9.95 50049 470.6 25.87
8/14.5/10.9/1 | 0.550 116 8 14.5 | 10.94 | 59105 569.4 713 | 2643 | 2859 | 27.56 | 21.7 *
8/14.5/11.9/1 | 0.600 116 8 145 | 11.94| 60666 677.7 26.39 | 29.95
4/10.0/9.9/1 0.125 40 4 10.0 | 9.95 26007 989.5 1418 25.51 | 25.51 .
4/10.0/11.9/1 | 0.150 40 4 10.0 | 11.94| 30661 1424.8 1450 25.52 | 25.52 | 27.28 | 23.3 .
4/10.0/11.9/2 | 0.150 40 4 10.0 | 11.94 | 31098 1424.8 1441 ] 25.47 | 25.47 -
4/10.0/13.9/1 | 0.175 40 4 10.0 | 13.93| 48678 1939.4 90.9 | 2549 | 2549 | 26.94 | 28.4 h
4/10.0/15.9/1 | 0.200 40 4 10.0 | 15.92| 42381 2533.0 93.1 25.05 ]| 25.05 | 27.35] 25.6 M
4/10.0/15.9/2 | 0.200 40 4 10.0 | 15.92| 58258 2533.0 166.1 | 25.46 | 25.46 { 27.54 | 24.7 b
4/10.0/17.9/1 | 0.225 40 4 10.0 | 17.90| 63819 3205.9 1239 2593 | 25.93 | 27.53} 23.3 **
4/10.0/19.9/1 | 0.250 40 4 10.0 | 19.89 | 52200 3957.9 96.3 | 25.26 | 25.26 v
4/16.3/15.9/1 | 0.200 65 4 16.3 | 15.92 | 49947 959.3 188.7 | 25.79 | 25.79 | 28.08 | 24.1 ¢
4/16.3/19.9/1 | 0.250 65 4 16.3 | 19.89| 71250 1498.8 103.9; 25.57 | 2557 | 27.53| 22.9 M
4/29.0/19.9/1 | 0.250 116 4 29.0 | 19.89 | 71250 470.6 25.56 | 25.56
4/29.0/21.9/1 | 0.275 116 4 29.0 | 21.88| 76494 569.4 80.7 | 26.01 | 26.01 | 27.39} 25.2 b
4/29.0/25.9/1 | 0.325 116 4 29.0 | 25.86 ] 98536 795.3 1414 25.39 | 25.39 | 27.29 | 229 *
4/29.0/25.9/2 | 0.325 116 4 29.0 | 25.86 | 91527 795.3 1144 | 25.37 | 25.37 *

* signfies completed runs with equilibrium depth and volume measurements only
** signifies completed runs with scour hole profile measurements
Code for Test No.: diameter (mm)/(H/d)/U,(m/s)/No. of test for given conditions
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Table 4-2: Details of experiments for wall jet tests.

Experiment| a U, Q |R(in10%| pUS2 ts |Temp| w, W, S, | Notes
(mm) | (m/s) | (Us) Pa) | (h) | (°C) | (%) [ (%) | (kPa)
2.33/5.21 233 | 516 | 173 9.97 26566 | 96.88 | 13.1 [ 2543 | 27.15| 253 .
2.33/6.21 233 | 616 | 207 12.84 | 37866 | 128.95| 159 | 26.19 | 26.94 | 26.8 .
2.33/7.0/1 233 | 698 | 234 10.59 | 48736 | 101.23| 4.7 | 26.28 22.9 .
2.33/7.21 233 | 717 | 241 10.73 | 51444 | 9623 | 4.3 | 2573 | 2667 | 285 .
233722 | 233 | 716 | 240 1448 | 51154 | 121.98| 14.7 | 25.63 | 27.32 | 229 .
2.33/7.41 233 | 736 | 247 11.36 | 54214 | 94.38 | 52 | 26.04 t
2.33/8.0/1 233 | 797 | 267 12.22 | 63506 | 163.53| 5.0 | 2585 ] 27.81} 21.1 .
2.33/8.0/2 | 233 | 800 | 269 17.89 | 63898 | 101.00| 18.7 | 26.19 | 27.48 | 19.6 .
2.33/8.1/1 233 | 813 | 273 12.51 66173 | 167.57| 5.1 | 2590 | 27.71 | 229 t
2.33/8.1/2 | 233 | 805 | 270 12.26 | 64845 | 122.05| 4.8 | 24.72 1
2.33/8.2/1 233 | 818 | 275 12.91 66948 | 117.33| 6.0 | 25.99 | 27.17 | 223 .
2.33/8.5/1 233 | 852 | 286 1279 | 72551 | 169.78| 4.4 | 2597 | 27.12 | 22.9 t
2.33/85/2 | 233 | 846 | 284 1294 | 71629 | 12067 | 4.9 | 26.21 | 27.87 | 18.7 -
2.33/8.7/1 233 | 867 | 291 13.02 | 75208 | 141.42| 44 | 2572 t
2.33/8.8/1 233 | 884 | 297 13.32 | 78132 | 96.63 | 4.5 | 26.51 | 28.01 | 23.1 t
2.33/9.01 2.33 | 9.03 | 3.03 16.37 | 81443 | 96.25 | 10.7 | 25.93 | 27.23 | 21.7 .
2.33/9.3/1 233 | 931 | 312 14.08 | 86636 | 120.10| 4.6 | 25.90 | 26.83 | 26.7 1
2.33/9.7/1 233 | 9.74 | 327 14.13 | 94872 | 14285| 34 | 2588 | 27.76 | 24.7 t
2.33/9.5/1 2.33 | 950 | 3.19 15.00 | 90330 | 140.58| 6.0 27.53| 19.9 .
2.33/9.8/1 233 | 985 | 331 18.64 | 96926 | 146.08| 12.3 | 26.02 | 27.38 | 21.1 .
2.33/10.2/1 | 2.33 | 10.23 | 3.43 21.29 [104503]| 126.00| 158 | 25.81 | 27.99 | 229 .
2.33/11.3/1 | 233 | 11.31 | 3.80 20.79 | 127940| 93.00 | 11.2 [ 26.12 | 27.20 | 22.9 .
2.33/11.71 | 233 | 11.66 | 3.91 21.03 | 135824| 97.00 | 10.5 | 26.35 | 27.58 .
2.33/12.0/1 | 233 | 12.03 | 4.04 2492 |144588| 93.15 | 156 | 25.88 | 27.05 | 238 .
2.33112.31 | 233 | 12.25 | 4.11 2550 | 149993 100.60| 15.8 | 26.15 .
2331271 | 233 | 12.72 | 427 27.18 | 161518] 118.18| 16.9 | 25.96 .
2.33/89/1/E | 233 | 889 | 298 13.98 | 79009 | 72.00 | 5.9 | 2554 .
2.33/105/1/E| 2.33 | 10.54 | 3.54 1588 |[111011] 400 | 45 |26.10| 28.06| 19.6 .
5.10/4.9/1 510 | 486 | 3.73 17.28 | 23628 { 12042 7.0 | 25.35 | 2724 | 21.7 .
5.10/6.0/1 510 | 6.04 | 463 20.38 | 36430 | 148.95| 52 | 2528 | 27.63| 208 .
5.10/6.5/1 510 | 654 | 5.02 2210 | 42830 | 149.23| 5.2 | 2597 | 27.32 | 226 .
5.10/7.0/3 | 510 | 7.03 | 540 2395 | 49475 | 120.00] 55 |2530)26.95] 22.3 .

Code for Test No.: a (mm)/ U, (mv/s) /No. of tests for given conditions E=evolution test
1 velocity measured using Prandt! Tube

* velocity measured using nozzle pressure
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Table 4-3: Eroding water chemistry data for impinging jet tests.

Eroding Water Chemisty Data (City of Edmonton Tap Water) Measurements
Major ions - average concentration {(mg/L) Impinging Jet Tests
Total
Ca*as | Hardness HCO;as Conductivity| Temp
Month CaCO, | as CaCO, { Na- K- CaCO, | Cr | SO. | TestDate Test No. pH (us/cm) ("C
Apr 1998 86 133 4.7 1.5 72 2.74 | 59.8 | 12-Apr-98 | 8/8.1/8.1/1 6.0
May 1998 84 128 5 1.0 67 228 | 61.3 | 1-May-98 | 8/8.1/9.0/7 15.0
5-May-98 | 8/8.1/9.0/1 16.0
28-May-98 | 8/8.1/9.0/8 19.0
Jun 1998 87 133 4.0 0.8 76 208 | 61.3 | 3-Jun-98 | 8/8.1/9.9/2 | 7.81 273 15.8
7-Jun-98 | 8/8.1/9.9/1 | 7.87 283 16.9
Jut 1998 91 133 9.5 14 50 229 | 69.2 | 8-Jul-98 | 8/14.5/9.0/6 20.5
10-Jul-98 | 8/14.5/9.0/1 | 7.87 299 20.1
17-Jul-98 | 8/14.5/9.0/2 | 7.95 288 20.1
25-Jul-98 | 8/14.5/3.0/3 | 7.88 286 222
Aug 1998 88 131 38 0.8 66 2.04 | 48.9 | 3-Aug-98 | 8/14.5/9.0/4 | 7.86 279 222
7-Aug-98 | 8/14.5/9.0/7 | 7.88 273 236
16-Aug-98 | 8/8.1/9.0/2 | 7.87 274 223
25-Aug-98 | 8/8.1/9.0/3 | 7.97 274 19.9
Sep 1998 88 133 28 0.6 82 201 | 51.4 | 4-Sep-98 | 8&8.1/7.0/1 | 8.09 240 18.9
11-Sep-98 | 8/8.1/7.4/1 | 7.92 277 18.3
20-Sep-98 | 8/8.1/8.4/1 | 8.05 260 15.6
29-Sep-98 | 8/8.1/6.1/2 | 7.97 286 15.1
Oct 1998 88 135 3.9 0.6 70 239 | 545 | 1-Oct-98 | 8/8.1/6.1/1 | 8.09 278 14.9
13-Oct-98 | 8/8.1/5.0/1 | 8.28 253 11.8
22-Oct-98 | 8/8.1/9.0/3 | 8.36 248 10.7
28-Oct-98 | 8/8.1/9.9/4 | 8.34 276 11.8
31-Oct-98 | 8/8.1/9.9/5 | 8.22 285 9.7
Nov 1998 79 127 4.2 0.7 72 277 | 53.5 | 4-Nov-98 | 8/8.1/9.9/6 | 7.67 282 7.9
7-Nov-98 | 8/8.1/9.9/7 | 7.67 282 7.9
11-Nov-98 | 8/14.5/8.0/1 | 8.29 292 47
13-Nov-98 | 8/14.5/9.0/5 | 8.24 278 4.4
18-Nov-98 | 8/14.5/9.9/2 | 8.27 274 3.7
21-Nov-98 | 8/14.5/9.9/1 | 8.33 277 3.5
Dec 1998 75 125 3.8 0.7 73.0 2.42 | 55.7 | 3-Dec-98 |8/14.5/10.9/1| 8.29 270 6.4
8-Dec-98 | 8/14.5/11.9/1| 8.24 270 4.1
Jan 1999 73 125 44 0.8 71.0 252 | 59.0 | 15-Jan-99 | 4/10.0/11.9/1| 8.45 206 4.3
22-Jan-99 | 4/10.0/15.9/1| 8.31 268 5.4
28-Jan-99 | 4/10.0/19.9/1| 8.32 252 4.9
Feb 1999 76 126 4.0 0.7 74.0 2.83 | 59.6 | 8-Feb-99 | 4/10.0/9.9/1 | 8.41 270 4.8
19-Feb-99 | 4/10.0/11.9/2| 8.45 274 4.7
Mar 1999 70 117 43 0.6 58.0 456 | 59.5 | 9-Mar-99 | 8/8.1/9.0/5 4.8
16-Mar-99 | 8/8.1/9.0/6 | 8.26 285 4.8
May 1999 72 114 7 1.8 45.0 3.38 | 81.1 | 12-May-99 | 4/16.3/15.9/1| 8.16 260 11.0
25-May-99 | 4/16.3/19.9/1 8.25 274 15.9
Jun 1999 65 115 6 1 85.0 252 | 66.3 | 8-Jun-99 |4/29.0/19.9/1| 8.37 272 15.9
14-Jun-99 | 4/29.0/25.9/1| 8.22 261 18.4
25-Jun-99 | 4/29.0/25.9/2| 8.35 265 15.4
30-Jun-99 | 4/29.0/21.9/1 14.9
Jul 1999 85 126 4.9 14 23.0 268 | 84.7 | 5-Jul-99 | 4/10.0/13.9/1( 8.08 299 14.9
9-Jul-99 | 4/10.0/15.9/2| 8.05 297 16.8
14-Jul-99 |4/10.0/17.9/1] 8.04 280 15.7
*Taken from: Agquaita (1998a-i), Aqualta (1999a-f)
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Table 4-4: Eroding water chemistry data for wall jet tests.

Eroding Water Chemisty Data (City of Edmonton Tap Water) Measurements
Major ions - average concentration (mg/tL) Wall Jet Tests
Total

Ca* as | Hardness HCOyas Conductivity | Temp

Month CaCO, | as CaCO,; | Na* K* CaCoO, Crk | SO, | TestDate | Test No. pH (us/cm) (‘'C)
Nov 1998 79 127 42 | 0.7 72 2.77 | 53.5 | 12-Nov-98| 2.33/9.3/1 | 8.24 276 46
18-Nov-98 | 2.33/9.7/1 | 8.27 270 3.4

Dec 1998 75 125 38| 07 73.0 242 | 55.7 | 7-Dec-98 | 2.33/8.8/1 | 8.14 275 45
14-Dec-98 | 2.33/8.1/1 | 8.16 268 51

Jan 1999 73 125 44 | 08 71.0 252 | 59.0 | 4-Jan-99 | 2.33/8.5/1 44
12-Jan-99 | 2.33/8.7/1 | 8.41 220 4.4

22-Jan-99 | 2.33/7.4/1 | 8.30 271 5.2

28-Jan-99 | 2.33/8.1/2 | 8.34 260 4.8

Feb 1999 76 126 40 | 0.7 74.0 2.83 | 59.6 | 11-Feb-99| 2.33/7.0/1 | 8.38 267 47
17-Feb-99| 2.33/7.2/1 | 8.46 273 4.3

Mar 1999 70 117 43 | 06 58.0 4.56 | 59.5 | 15-Mar-99| 2.33/8.0/1 | 8.23 280 5.0
30-Mar-99 | 2.33/8.5/2 | 8.19 278 4.9

Apr 1999 76 116 80 | 29 47.0 5.42 | 97.0 | 6-Apr-39 | 2.33/8.2/1 | 7.93 311 6.0
13-Apr-99 { 2.33/9.5/1 | 7.83 265 6.0

May 1999 72 114 7 1.9 45.0 3.38 | 81.1 | 3-May-99 | 2.33/9.8/1 8 289 123
13-May-99| 2.33/11.3/1 8 260 112

19-May-99| 2.33/9.0/1 | 8.44 272 10.7

25-May-99| 2.33/10.2/1 | 8.25 277 158

Jun 1999 65 115 6 1 65.0 252 | 66.3 | 8-Jun-99 | 2.33/6.2/1 | 8.36 273 159
15-Jun-99 | 2.33/8.0/2 | 8.21 258 18.7

25~Jun-99 | 2.33/12.0/1 | 8.34 264 15.6

30-Jun-99 | 2.33/13.6/1 15.6

Jul 1999 85 126 49 | 1.4 23.0 268 | 84.7 | 5-Jul-99 | 2.33/13.5/1 | 8.18 300 15.1
9-Jul-99 | 2.33/12.7/1 | 8.04 298 169

15-Jul-99 | 2.33/12.3/1 | 8.03 278 15.8

Sep 1999 81 128 37| 08 80.0 2.36 | 554 | 9-Sep-99 | 2.33/7.2/2 | 8.06 268 147
20-Sep-99| 2.33/4.9/1 164

24-Sep-99| 2.33/5.2/1 | 8.12 282 13.1

30-Sep-99| 2.33/11.7/1 | 8.11 282 10.5

Nov 1999 82 133 37 | 06 76.0 2.61 | 56.3 | 2-Nov-99 |2.33/10.5/1/E| 8.05 276 45
22-Nov-99 | 2.33/8.9/1/E | 8.25 259 5.9

Jan 2000 89 145 42 | 0.7 76.0 241 | 58.2 | 10-Jan-00 | 5.10/6.5/1 |8.33 275 5.2
20-Jan-00 | 5.10/7.0/3 | 8.09 305 5.5

26-Jan-00 | 5.10/6.0/1 | 8.11 331 5.2

Feb 2000 113 170 5.1 0.8 108.0 | 3.22 | 60.0 | 8-Feb-00 | 5.10/4.91 | 7.97 332 7.0

“Taken from: Aqualta (1998h-i), Aqualta (1999a-h), Epcor (1999), Epcor (2000a-b)
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Fig. 4-1: Experimental setup I - impinging jet apparatus.
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Fig. 4-1: Experimental setup I — impinging jet.
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Plate 4-2: Experimental setup II — plane wall jet (a) flume, storage tank, and pump (b)
front view of nozzle and sample.
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Plate 4-3: Electron micrograph of the soil (a) at 1500X magnification (b) at 7500X
magnification.
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Plate 4-5: Section of clay manufacturing equipment from which the clay is extruded.

R0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5: EROSION CHARACTERISTICS

5.1 Introduction
During both the impinging and wall jet scour experiments, three types of erosion

were observed: flake erosion; mass erosion; and rapid surface erosion. In this chapter,
the characteristics of these types of erosion and under what conditions they occurred are

discussed.

5.2 Flake Erosion
5.2.1 Impinging Jet Tests

For the impinging jet tests, the only type of erosion that occurred at the lower shear
stresses was flake erosion. In flake erosion, only thin flakes are removed from the clay
surface. The flake sizes were typically 1 to 3 mm in diameter (the shape is somewhat
circular) and were much less than a millimetre thick. The erosion was confined only to a
very thin layer and the erosion rate was very small compared to the other types of erosion.
Flake erosion first is seen as a few small pits on the clay surface (shown in Plate 5-1). The
scour hole grows when a flake flips out of the edge of one of the pits and is carried away.
The edge of the flake closest to the jet is bent and lifted up and the particle is rotated about
the edge of the flake that is furthest from the jet before being lifted away (Figure 5-1 (a)).
Often another flake just behind the first eroded flake becomes the new eroded particle, so
that there is a line scoured out that radiates from the jet centreline due to the continuously
eroding flakes (Figure 5-1(b)).

The result of flake erosion was a pattern on the clay surface that was circular or
elliptical in shape on the clay surface with a depth of at most a millimetre. Outside this
eroded area the clay surface was not affected by the flow. The scour pattern grew in
diameter for about 9 h after which it did not change. The typical pattern of scour in its

equilibrium state is shown in Plate 5-2. The edge of the scour pattern is jagged
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corresponding to the size of the flakes. The size of the scour hole is dependent on the bed
shear stress, but was typically 60 to 80 mm in diameter.

There appears to be a critical shear stresses below which this type of erosion does
not occur for the tested clay. This was about 15 Pa. At shear stresses just above critical,
often a small uneroded patch was left in the centre of the scour hole (like that shown in
Plate 5-2(a)). This might be explained by the distribution of shear stress on the clay
surface as the shear stress is small near the jet centreline and increases to maximum at
distance from the nozzle of about r=0.14H (Beltaos and Rajaratnam, 1974). The size of
the flakes did not appear to change with increasing shear stress. This type of erosion likely
can be attributed in part to the alignment of the particles during cutting of the surface of the
sample (Mitchell, 1993). Flake erosion occurs in combination with mass erosion once the

critical shear stress for mass erosion is reached.

5.2.2 Wall Jet Tests

The wall jet tests were never run at a velocity low enough to have only flake erosion
occur. Flake erosion was observed on the surface of the mass eroded scour holes past the
end of the scour holes as marks on the surfaces of the sample. No significant erosion of
the samples occurred due to flake erosion as again the depth of scour due to flake erosion
was less than a millimetre. The scour pattern looked like a jagged line between the eroded

and uneroded clay surface as shown in Plate 5-3.

5.3 Mass erosion

5.3.1 Impinging Jet Tests

As discussed in Chapter 2, mass erosion is the erosion of small to large chunks of
clay from the clay body. A small chunk was about 3 mm long, 2 mm thick, and.a few
millimetres wide. A large chunk was about 100 mm long, 40 mm thick, and about 30 mm
wide and was angular in shape. A mass eroded scour hole with several moderately sized

chunks are shown in Plate 5-4. In mass erosion, the chunks of clay appear to be ripped or
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torn from the clay surface intermittenly. The chunks were removed in much the same way
as in flake erosion. First, part of the clay surface was seen to be lifted up from the rest of
the surface. As the flow gets underneath this small piece of clay and begins to move it
away, the part of the surface still connected to the initially eroded piece is torn off with it to
form a larger, angular chunk. The initial part of the chunk lifted up by the flow is always
closest to the jet centreline. The part of the chunk that was furthest from the jet is usually
the thickest. Often when chunks are removed, there will be a cloud of individual particles
that appear almost as a burst during the mass erosion event.

There is a definite critical shear stress below which no mass erosion occurs.
Smaller chunks tended to be eroded for lower shear stresses or at longer times. As well,
the mass erosion process was intermittent with the frequency of a mass erosion event
observed to be lowest at longer times (>24 h). Most mass erosion occurred during the first
few hours of a test. Mass erosion was the predominant type of erosion for the impinging

jet tests.

5.3.2 Wall Jet Tests

Mass erosion occurred in the wall jet tests in much the same manner as the
impinging jet tests. Plate 5-5 shows some eroded chunks from one of the wall jet tests.
The chunk size tended to be smaller for the wall jet tests than the impinging jet tests, likely
because the tests could not be run at as high of stresses (the clay sample could be
completely destroyed by mass erosion within a few minutes at the high stresses). The
chunks also tended to be more flat than angular. As in the impinging jet tests, mass erosion

was the predominant form of erosion for the wall jet tests.

5.4 Rapid Surface Erosion
5.4.1 Impinging Jet Tests
A form of erosion named “rapid surface erosion” sometimes occurred at very high

shear stresses in the impinging jet tests. When this type of erosion occurred, at the start of
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the test the jet tank suddenly became very cloudy. After only a short time (about 20
minutes), an obvious symmetrical depression formed in the clay. The surface of the clay
was very smooth. It was a particle by particle erosion, as noted by the cloudiness in the jet
tank and the lack of any clay chunks in the jet tank. This scour hole was never observed in
its equilibrium state as mass erosion always occurred to disturb the scour hole. The
maximum time a test was run with only rapid surface erosion occurring was 4 hours. Plate
5-6 shows some typical scour holes eroded by rapid surface erosion.

Two tests in which this type of erosion occurred for the 8 mm nozzle had a
maximum shear stress on the bed of about 260 and 400 Pa. During testing for erosion at
these higher stresses, the volume of scour was much less than that would be created by
mass erosion. When mass erosion does occur at these high stresses, it is thought that it is
in conjunction with rapid surface erosion as the scour hole tended to be very smooth, while
it appeared to be more rough at the lower shear stresses.

Mass erosion appears to occur in a lower stress range (bed shear stresses) than
rapid surface erosion. The lower critical shear stress for mass erosion may be an indicate
of strength of groups of aggregates or the chunks of soils. The higher critical shear stress
for rapid surface erosion, may indicate that the stresses require to break up the aggregates
into particles or remove the aggregates for the larger chunks are higher than those required

to break up groups of aggregates or chunks of clay.

5.4.2 Wall Jet Tests

At the beginning of the wall jet tests, the scour holes were always very smooth and
there was no noticeable removal of soil chunks. As such, it is thought rapid surface
erosion was the mechanisms of erosion for the first few hours of the wall jet tests. Typical

scour hole profiles for early in two tests are shown in Plate 5-7.
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Fig. 5-1: Flake Erosion (a) erosion of a particle (b) in plan.
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(b)

Plate 5-1: Beginning of flake erosion for an impinging jet test (a) early on in the test (b)
later in the test.
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Plate 5-2: Pattern of scour on the surface of the clay for flake erosion for two tests.

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Plate 5-3: Flake erosion pattern in a wall jet test.
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Plate 5-4: Mass eroded hole in impinging jet tests with eroded clay chunks.
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Plate 5-5: (a) Some eroded chunks from scour hole shown in (b) for wall jet tests.

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(b)

Plate 5-6: Rapid surface erosion in an impinging jet test (a) after 2 h (b) after 4 h.
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Plate 5-7: Rapid surface erosion in two wall jet tests (a) after 1 h (b) after 1 h 20 min.
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CHAPTER 6: RESULTS AND ANALYSIS OF IMPINGING JETS TESTS'

6.1 Introduction

As found in the review of the literature on jet erosion of clays, vertical circular
turbulent impinging jets are often used as a means to create erosion in erodibility testing of
soils. In many of the studies, the hydraulic properties of the jet were held constant while
soils with varying properties were tested. The amount of scour for a given soil was then
compared to that found for other soils to give an indication of its erodibility and the soil
properties that affect erosion rates. Others have begun to develop methods of evaluating
erodibility based on the amount of scour created in a soil using varying properties of the jet
such as the velocity, nozzle diameter, and impingement height. However, there has been

limited success in developing equations to predict the scour created by these jets.

An attempt is made herein to use dimensional analysis to aid in developing
parameters and empirical equations that are appropriate to predict the scour in clay due to a
submerged circular turbulent impinging jet. Only the case where the jet is impinging at 90°
to the clay surface is considered. Results found in the impinging jet tests of a clay,
described in Chapter 4, are presented and analyzed using these parameters. The
dimensions of the scour hole considered to be of most concern were the maximum scour
depth, the scour depth along the jet centreline, the scour hole radius, and the volume of
scour. The centreline scour depth was measured in addition to the maximum scour depth
as it was thought that in field erodibility testing of soils with impinging jet devices, it may
be easier to measure the scour along the jet centreline rather then trying to find the
maximum scour depth (this is not necessarily along the jet centreline) and may give more
consistent results. In addition to the above scour hole dimensions, the scour hole profiles

are also analyzed.

! The main content of this chapter has been accepted for publication in the ASCE Journal of Hydraulic
Engineering.
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The study focuses on scour holes that have reached an equilibrium state, where the
dimensions of the scour hole do not change over significant periods of time (the scour has
become asymptotic to an ultimate state of scour). This was done because it is intuitive that
critical shear stress is the appropriate soil “property” to describe the soil erosion resistance
for scour at equilibrium state as it is by definition the critical shear stress that controls when
scour can no longer occur, whereas a review of the literature showed that there has been
some difficulty in finding an appropriate soil property to describe soil erodibility in terms of
erosion rates. Allowing the scour holes to reach equilibrium was thought also to better
serve the elucidation of this problem, as scour holes in the same state are being compared.
Finally, the equilibrium state gives the largest scour that can be expected for given
hydraulic conditions giving an appreciation for the maximum possible size of the scour
hole. Also presented are observations made of the growth of the scour holes with time.

Since mass erosion was the type of erosion that contributed most to the scour of the
clay, the impinging jet tests were run for a range of velocities where mass erosion of the
samples occurred. Rapid surface erosion was also observed in the formation of the scour
holes, although it did not appear to be the dominant erosion mechanism. Thus the
dimensions given in the following are for those scour holes formed primarily by mass
erosion. Little concern was placed on the scour created by flake erosion due to the minute

amounts of scour it caused.

6.2 Results

Typical scour hole profiles found in the impinging jet tests are shown in Figure 6-1
with a definition sketch given in Figure 6-2. Typical profiles are also shown in Plate 6-1.
It is seen that the radius of the scour hole is quite distinct. It was also often found .that the
maximum depth of scour did not occur at the jet centreline.

Erosion first occurred at a small distance away from the jet centreline as shown in
Plate 6-2(a) and as might be expected from the observations of Dunn (1959). Whenever

conditions permitted, the distance of the nearest edge of the first eroded particle from the jet
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centreline, r,, was measured. This distance varied from 5 to 13 mm, with an r/H of 0.8 to
0.2 and an average r/H=0.15 (Table 6-1). This data is limited because erosion of several
clay chunks usually occurred very quickly so that the location of the first eroded particle
could not be determined. Some of the variability in this data may be partly attributed to the
difficulty in determining the location of the jet centreline on the clay surfac;e during a test.
The average value of r/H=0.15 compares well with the location of the maximum bed shear
stress, which occurs at a distance of about r/H=0.14 for a smooth bed (Beltaos and
Rajaratnam, 1974). This indicates that initiation of erosion occurs in the location of
maximurh bed sheaf stress.

Measurements of the evolution of the scour hole showed that the scour hole
typically reached an equilibrium state within 80 to 100 h of testing. The typical growth of
the scour hole volume, &_, in given is Figure 6-3, with the corresponding growth of the
maximum and centreline depths given in Figures 6-4 and 6-5. Photographs of the growth
of the scour hole for one of these tests are shown in Plate 6-2. The growth of the scour
hole volume, maximum depth, and centreline depth appear to follow a linear relation with
the logarithm of time except at times very near the beginning of scour and as the scour hole
nears equilibrium. The tests shown in these figures are all at the same hydraulic
conditions, but do not fall on the same curve. This may be due to the different sized
chunks of clay removed by mass erosion very near the start of each test that may have
significantly changed the behavior of flow over each sample. It also may be due to
variations in the sample such as the water content and saturation that affected erosion rates
of the clay. The scour hole growth data is given in Appendix A, with plots of the growth
of the scour hole given in Appendix B. Typically there was more scatter in the relation
between maximum depth and time than for either the scour hole volume or centreline scour.
This was due to the removal of large chunks of clay that would cause the maximum scour
depth to remain constant for long periods during a test. The maximum scour depth was

also often not in a consistent location in the scour hole through a test due to this erosion of
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chunks. As well, in the earlier times of a test the scour hole profiles tended to be much

more irregular in shape than at later times.

6.3 Developing Dimensionless Parameters for Impinging Jet Scour of Clay
6.3.1 Dimensional Analysis for Scour Hole Dimensions at Equilibrium

Results from earlier studies on the scour of clays by submerged vertical circular
impinging jets, for example, Moore and Masch (1962) and Hanson (1990), suggest that
dimensional analysis can be used to develop parameters to describe the scour hole. As
well, in studies of the mechanics of this type of turbulent jet for the case of the jet
impinging at 90° to a smooth wall, it has been found that the jet characteristics in the
impingement region for large impingement heights (H>8.3d) depend on the momentum
flux from the nozzle, the density of the fluid, the height of the jet above the surface, and the
viscosity of the fluid (Beltaos and Rajaratnam, 1974). Extending these ideas from jet
mechanics to the scour created by these jets and using the critical shear stress to describe
the soil erosion resistance, the maximum depth of scour at equilibrium state, €__, can be

considered to be a function of:

€ = [{M,,p, H, 1, 7.} (6.1)

2

where: = momentum flux from the nozzle (M, = %pUidz)

= nozzle diameter

= impingement height of the jet
= velocity of the jet at the nozzle

= density of the eroding fluid

T © I~

= dynamic viscosity of the eroding fluid

a

. = critical shear stress for mass erosion of the clay

These properties have the dimensions of length (L), mass (M), and time (T) of:
€.—L

M, —> (M/L*)@W/T)’L? — ML/T?
p— M/L3?
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H-L
T. > M/LTYH
u— M/(LT)

Then using the Buckingham 7t-theorem with the repeating variables M, p, and H:
n,=Mp°He__

= (ML/T?*(M/L*)’LL
-2a=0 a=0

a+b=0 b=0
a-3b+c+1=0 c=-1

€
o =
H
n,=M,/p"H T,
t,= (ML/T 2 (M/L3)°Ls M/(LT?)
-2a-2=0 a=-1

a+b+1=0 b=0
a-3b+c-1=0 c=2

o M= T, H/M,
or m,=M/(t_H?

2 2
This reduces to: = ﬂ‘-’-( :I)

T, T
n3=Moaprc“'

= ML/T?)*M/L3)°Ls M/(LT)

T: -2a-1=0 a=-1/2

M a+b+1=0 b=-1/2
L: a-3b+c-1=0 c=0

o Ty = W(pM,) =p/(pU,d)

pUd U.d
or ;= m = T
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Therefore:
2 2
€, =ﬂ{pU°(d) ’Uod} ©2)

2 2
The parameter onid/H can be considered as the ratio of the maximum shear

[

2
stress on the bed to the critical shear stress of the soil. Letting X =pU§(%) , it is

assumed that there is a value of X, X_, below which there is no mass erosion of the soil

which can be related to the critical shear stress of the soil, T.. To develop a dimensionless

2 2
M:ﬂ can be rewritten as an excess

c

parameter that is of more general applicability,

shear stress term X;(X° . Use of this parameter as X < assumes that the soil has a

c c

critical shear stress which is not true of dispersive soils. Then to relate T, and X, T, is

related to the maximum bed shear stress created by the jet, T, which can be estimated

~ from (Beltaos and Rajaratnam, 1974):

2
Tom = 0.16pU§(%) =0.16X (6.3)

This assumes that the jet is impinging on a smooth, flat bed (which may be a reasonable
assumption for the initial surface of the soil) and that the jet is at a large impingement

height. This gives that T, =0.16X_.

The parameter p(:':d can be recognized as the jet Reynolds number at the nozzle.

As discussed in Chapter 3, the bed shear stresses created by a circular impinging jet do not

depend strongly on Reynolds number. Thus the Reynolds number can be neglected in the

analysis so that:
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X-X

[+

Following similar dimensional reasoning, expressions can be written for the scour hole

volume, &_, centreline scour depth, €., and scour hole radius, r_, at equilibrium:

8clm —_ X-Xc
= —fz{ X } (6.5)
Ve, . [X-X,
., | X=X,
= K 67

6.3.2 Development of a Dimensionless Time Scale

To nondimensionalize the data of the growth of the scour hole dimensions, a time
scale is needed. Previous work by Rajaratnam and Beltaos (1977) showed that the time to
reach a scour depth that is some percentage of the equilibrium scour depth can be used to
nondimensionlize the test duration for scour of sand by submerged circular impinging jets.
Assuming that the time to 80 % of the equilibrium state of a given dimension of the scour
hole, t;,, can be used to properly nondimensionlize the data of the growth of the scour
holes, this time scale must then be predicted based on the hydraulic properties of the jet and
the parameters describing the soil erosion resistance. Following the previous analysis it is

assumed:
tyo = fs{M,.p,H, 1, 7.} (6.8)
This analysis would also apply to time scales that use some other percentage of the

equilibrium scour depth.

Again using the Buckingham n-theorem with the repeating variables M p, and H:

nl=Moap bHc t80
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= ML/T?*M/L3PLT
T: -2a+1=0 a=1/2

M a+b=0 =-1/2
L: a-3b+c=0 c=-2

o omtn My _tU, [d
B © Gl H |H

2 2
with 7, =pri(%) and ;= pti°d as before.  Thus, from these dimensional

<

considerations it can be concluded:

t, U (d) pU2/d)* Ud
t =-% o(_sz o(_) ,—2 6.9
* H \H ‘{ t. \H v ©.9)

c

Rewriting the relation and assuming that the effect of the Reynolds number can be

neglected as before:

(, = 6{X“Xc} (6.10)

6.4 Analysis of Equilibrium State Results
6.4.1 Scour Hole Dimensions at Equilibrium

To test the dimensionless relationships developed above, the scour hole volume at
equilibrium was plotted against the parameter X (Figure 6-6(a)). From this the critical
value of X below which there is no scour can be estimated as X =300 Pa. This
corresponds to a maximum shear stress on the bed and thus a critical shear stress of the
clay about 48 Pa. Figure 6-6(b-g) show the different shapes of scour holes corresponding
to the points indicated in Figure 6-6(a). The low values of scour hole volume for points 7,
8, and 9 are due to the different scour hole shapes for these tests, which were narrow and
deep. In this type of scour hole, the jet was almost completely reversed or “strongly
deflected” (SD) (Figure 6-7(a)). The other scour holes were wide and shallow with a
“weakly deflected” jet (WD) (Figure 6-7(b5). The reduction in scour hole volume for the
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strongly deflected scour holes is likely due to a decrease in the momentum of the jet caused
by the entrainment of the fluid that is tumed in the direction opposite the jet in the deep
scour hole (i.e. the momentum of the jet is reduced by the entrainment of its own return
flow). For one test (data point number 6 in Fig 6-6(a)), the strongly deflected jet regime
occurred initially (Figure 6-6(f)) but, with time, the edges of the scour hole were eroded

away to form a wider scour hole (Figure 6-6(g)).

Using the value for X =300 Pa found from Figure 6-6, the equilibrium scour data

were replotted as functions of the excess stress % <. This was done for the scour hole

[

volume and maximum and centreline scour depth data (Figures 6-8 to 6-10) given in Table

6-2. The results show the scour hole dimensions are well correlated with X;X° and can

be given by the equations:
3 _ 0.51
A8 _g37] X=X 6.11)
H X_
X X 0.74
Eoe _0.19 c (6.12)
H X,
X X 0.79
fae — .17 c (6.13)
H X

with respective correlation coefficients R of 0.87, 0.87, and 0.86. The data for the
strongly deflected regime scour holes were not included in the curve fits for the scour hole
volume as this introduced significant scatter, but were included with the data for the
maximum and centreline scour depths. There was not enough data to develop a predictive
equation for the scour hole volume for the strongly deflected jet regime.

The different relations given for the maximum and centreline scour depths reflect
the observation that the maximum depth of scour did not always occur at the jet centreline.

The ratio of €. /€. varied from 1.0 to 1.75, with the extreme value 1.75 occurring for a
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very shallow scour hole. The percent difference between the maximum and centreline

depths ranged 0 to 42.9 %. The ratio of the maximum depth to the centreline depth at

equilibrium state did not depend on X)—(Xc , as shown in Figure 6-11. At the higher

values of XX s €pe/€qe =1 which indicates that the maximum depth occurs at the jet

c

centreline for the strongly deflected jet regime. For the weakly deflected jet regime, the
location of the maximum depth was much more variable.
Four measurements of the radius was taken for each test as two cross-sections were

taken for each scour hole in the scour hole profile measurements. The scour hole radius

can be estimated from (Figure 6-12):

= X —X 0.37
Lo _ 0.44{ c } (6.14)

H X

c

with an R?=0.81. The strongly deflected jet regime data were not included for this
correlation. The data on the scour hole used in this relationship are the average of the four
radius measurements taken for each test. The radius measurements for a cross-section
differed by O to 77.3%, while the average radius measurements between the two cross-

sections taken for each tests differed by 0 to 29.2%.

3
The ratio —él shows a change in the geometry of the scour hole with increasing

Ecl«m

X-X,

X (Figure 6-13). The ratio of the cube root of the scour hole can be taken as the

c

average scour depth. At low values of X;(X° , the average scour depth is about 2 to 3.5

c

times the centreline scour depth indicating that the scour hole is relatively wide and

shallow. At values of X;(X° =5, this ratio appears to become constant and equal to

c
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about —“é‘“= 1, indicating that the scour hole is more narrow and deep. The change is

ecl«o

geometry is also suggested by the change in the ratio o (Figure 6-14), which also

cloo

decreases to a value of "o =1 for X;(X° 25. Thus, the transition from a wide and
Cleo c
X-X
shallow scour hole to a more narrow and deep scour hole occurs at about X £ =S5.

From the earlier discussion of the factors affecting the erosion of cohesive soils in
Chapter 2, it was found that the temperature was one of these variables. To examine
whether the temperature had a significant effect on the equilibrium dimensions of the scour
hole, the scour hole volume data were divided into groups based on the test temperature
(Figure 6-15). As there are no obvious trends in the data, the equilibrium dimensions of

the scour hole do not appear to depend on temperature for this clay.

6.4.2 Scour Hole Profiles at Equilibrium State

As discussed above, two profile measurements were taken for each scour hole once
equilibrium had been reached. One was taken along the length of the block (“lengthwise
section”) and the other was taken along the width of the block (“widthwise section™)
perpendicular to the first section. Appendix C gives the complete data for the scour hole
profile measurements with the scour hole profiles given in Appendix D.

The scour hole profiles nondimensionalized well with both the maximum and
centreline scour depth as the scale for the scour measurements and the radius of the scour
hole as the scale for the radial distance from the jet centreline (Figures 6-16 and 6-17). No
scour data were excluded from the profile data, as the strongly deflected jet regime profiles
fell on the same dimensionless scour hole profile as the weakly deflected jet profiles. The
dimensionless scour hole profiles fit well with both quadratic and sine functions (Figures

6-18 and 6-19) given by:
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fe-: 1.08(r/r,.)* +0.03(x/r,.)—1.00 (6.15)
€e _ o [27(/r,.) _ }
_5.,.-. sm{-——_3.90 1.60 (6.16)
e =1.07(t/r,.)* +0.03(/r,_) —1.00 (6.17)
cloo
€s _ 2n(r/r,.) }
= sm{ o~ 1.54 (6.18)

with respective correlation coefficients of R>=0.93, 0.94, 0.93, and 0.94. These
equations were developed using the program Kaleidograph which uses an iterative least
squares procedure.

Alternatively, the half-width of scour also worked well to nondimensionalize the
radial distance from the jet centreline for the scour hole profiles. The half-width, b__ is the
radial distance from the jet centreline where the scour depth is half the maximum scour
depth (i.e. where €. =€,./2). Similarly, b__ is the distance from the centreline where
the scour depth is half the centreline depth. The dimensionless profiles using the half-

widths are given in Figures 6-20 and 6-21. These profiles were found to be best

approximated by a sine function of the form (Figures 6-22 and 6-23):

€x _ . [27(r/by.) }
—em sm{__6-30 1.54 (6.19)
_§L= i M_ }
- sm{ 626 1.54 (6.20)

both with R?=0.92. A Gaussian equation given by (Figure 6-22):

2
€ r
— = Q. —_ 16.21
.. exp{ 693(bm]} (6.21)

also fit the data well for — < 1.0 but departed strongly from the data at large values of r.

e

This is because the equation indicates infinite values for the scour hole radius. The data for
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the radius of the scour hole and the maximum and centreline half-widths are given in Tables

6-3 and 6-4. The ratio of the radius of the scour hole to the half-width was found to be
i./b. =155and £_/b,. =1.54 (Figures 6-24 and 6-25).

To predict the half-widths, it was assumed that the half-width followed the same
functional relation as the other dimensions of the scour hole:

b [RX] 2

As for the prediction of the scour hole radius, the average of the data for each scour hole

was used for correlation. The maximum and centreline depth half-widths were found to be

given by (Figures 6-26 and 6-27):

b x-x 17*

e 0.270{ c } (6.23)
b x-x 1"

clo =0.274{ } (6.24)
H X,

with R? of 0.82 and 0.79 respectively. These data did not include the half-widths for the
strongly deflected jet regime. The half-widths for each cross-section differed in a range
from 0 to 122.6 % for the half-widths based on the maximum scour depth and 2.0to 111.8
% for the half-widths based on the centreline scour depth. The variation was reduced for
the difference between the section-averaged half-widths for each scour hole, varying from
0.7 to 31.4 % for the maximum depth half-width and 0.7 to 32.4 % for the centreline half-
width. The centreline half-width was at most 13.0 % larger than the half-width based on
the maximum depth for each section, 7.5 % larger for the averaged values for a section,
and 4.1 % larger for the average values for each scour hole.

An often used scale for nondimensionalizing the scour hole dimensions in previous
analyses of impinging jet scour by other researchers has been the diameter of the jet d (see

X-X,

Chapter 3). The variation of ﬁm /d with (Figure 6-28) indicates that d is a poor

c
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scale to nondimensionlize the length scale for these data. It also confirms that the
impingement height is a much better scale for impinging jet tests with large impingement

heights as in the present experiments.

6.5 Growth of the Scour Hole

The data on the growth of the scour hole volume can be nondimensionalized using
the time to 80 % of the scour hole volume, t;,, for the time scale (Figure 6-29). For the
growth of the cube root of the scour hole volume, the maximum scour depth, and the
centreline scour depth, the time to 90 % of the respective dimension worked well as the
time scale to collapse the data onto one dimensionless curve. These time scales, given in
Table 6-5, were estimated from the scour hole data by three methods. If the curve fit for
the data for a particular test was good and provided reasonable estimates for the time scale,
this time scale was used. If the estimate from the curve fit to the data was not reasonable, a
linear interpolation between the data points for the appropriate time interval was used. If
the depth corresponding to the required percentage of the given dimension was actually
measured, the time of the measurement was used as the time scale.

From dimensional analysis it was found that:

t, =—= —=f 6.25
= g \H) ST (6.25)

c

. . . . X~-X
However, a very poor correlation of this dimensionless time scale to X £ was found

(Figure 6-30). This weak correlation may result from the same factors that do not allow the
growth of the scour hole under the same hydraulic conditions to fall on one curve (shown
in Figure 6-3). These include that different sized chunks were removed very near the start
of each test and that the initial water contents of the blocks were slightly different reéulting
in different erosion rates. The time to ultimate scour may also be partly controlled by the

time of the submergence of the clay (i.e. the time it takes for the clay to absorb water into
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its structure and come to an equilibrium water content is a separate time scale operating for
this system).

It is also likely that the critical shear stress is not the only soil parameter needed to
describe erosion rates. Studies have shown that a soil with a low critical shear stress may
not givev high erosion rates and vice versa (Moore and Masch, 1962). This indicates that

the erodibility of a soil in terms of its erosion rates may be decoupled from the critical shear

stress. Often the erosion rate model E = K(t - T.)™ is used to predict the erosion rates of a

soil (Stein et al. 1993; Hanson 1990), where E is the erosion rate, K is the coefficient of
erodibility, T is the shear stress on the surface of the soil, and m is a empirical constant
with m =1 for clays (Hanson, 1990; Stein et al., 1993). It is likely that a parameter such
as K should be included in an analysis in erosion rate problems such as the growth of the

scour hole with time.

6.6 Analysis of Errors

The following provides estimates of the errors in the different measured and derived
quantities in the impinging jet tests. The errors given are the maximum errors and therefore
are the worst case. The calculations used in estimating these errors are based on Topping
(1957).

The flow was méasured using a Foxboro 2802 Magnetic Flow Meter, with a
manufacturer specified accuracy of 1.0 % of the flow rate. The nozzle diameter had an
estimated error in measurement of 0.1 mm, which was the precision of the calipers used for
the nozzle measurements. This gives an error of 2.5 % for the 4 mm nozzle and 1.25 %
for the 8 mm nozzle. The maximum error in the velocity of the jet at the nozzle is thus
about 6.0 % for the 4 mm nozzle and 3.5 % for the 8 mm nozzle. The error in

measurement in the impingement height was estimated at 1 mm, with a largest percent error

2
then of 2.5 %. Using these errors, the error in the derived parameter X = pr,(—gf) can
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thus be estimated as 11.0 % for the 4 mm nozzle and 6.3 % for the 8 mm nozzle.

Assuming the percent error in X_ is the same as the error in X, the error in the parameter

X-X,

can be estimated as 22 % and 12.58 % for 4 and 8 mm nozzles respectively.

For the measurements of the scour hole taken with time, the error in measurement
of the maximum and centreline depths is about 0.5 mm. For the scour hole volume, the
graduated cylinder could be read to 0.1 mL, but the error in measurement in the volume is
likely a little larger at 0.2 mL. The smallest non-zero volume measurement (for scour holes
at equilibrium) was 0.3 mL. However, since a measurement for this small of a volume
was repeated several times the error in measurement could be taken as 0.1 mL giving a 33
% error in the measurement. For the next smallest volume at equilibrium, the 0.2 mL error

estimate in the measurement gives a 4.0 % error in the volume. The error in the

3’
dimensionless ratio —f{—" is then 3.8 %.

For the scour hole profile measurements taken after the tests (equilibrium state
measurements), the point gauge used to measure the maximum and centreline scour depths
could be read to 0.1 mm. However, an error in measurement of 0.2 mm will be used.
This gives a maximum percent error in the maximum scour depth at ultimate state of 3.0 %

and a 3.2 % error in the centreline scour depth at ultimate state. For the dimensionless

ratios §H& and Se= the errors are then 5.5 % and 5.7 % respectively. For the scour hole

radius at ultimate state, an 1 mm error in measurement is estimated. This gives an error for
the smallest radius of 5.3 %. For the ratio r/H, the maximum error would then be 7.76 %.
For the half-width, b, the half-width is about 0.67r so that the error in b should be
proportional to r and equal to about 0.7 mm. This gives a maximum error in the half-
widths of about 5.4 %. For the dimensionless ratio b/H, the error can then be estimated at

about 7.9 %. The errors are summarized in Table 6-6.
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6.7 Discussion
These experiments confirm that dimensional analysis is a useful tool in describing

the scour of clay by a vertical circular turbulent submerged impinging jet. The scour hole

2
dimensions at equilibrium appear to be a function of X = pUﬁ(%) , which can be written

in the form X; X, . For the clay tested in this study, X. was found to be approximately

(4

300 Pa, which corresponds to a critical shear stress of the clay tested in this study of about
48 Pa. The scale of the scour hole dimensions for these tests at a large impingement height
(H/d>8.3d) was the impingement height H. The nozzle diameter d was a poor scale for the
data. Equations were developed to predict the scour hole dimensions at equilibrium.
However these equations are for scour holes predominately formed by mass erosion, and
are unlikely to apply to mass erosion in a clay sample that is fissured, disturbed by
sampling, slaking, layered, or inhomogeneous. They would also apply only to jets with
Reynolds numbers greater than about 10000, when the growth of the jet becomes
independent of the Reynolds number (Rajaratnam and Flint-Peterson, 1989).

Two types of scour holes were found, similar to that seen by Moore and Masch
(1962) and Hollick (1976), one that is wide and shallow, named the weakly deflected jet
regime, and one that is narrow and deep, named the strongly deflected jet regime. Herein,
it is suggested that the transition from the weakly to strongly deflected jet regime occurs at

X-X,

about =5. The scour hole profiles at equilibrium for both weakly and strongly

c

deflected jet scour hole types are fall on the same dimensionless profile if

nondimensionalized by using either €__ or €, as a scale for the scour depths and either

I, or b_ as a scale for the radial distance from the jet centreline.
The scour hole dimensions, the cube root of the scour hole volume, the maximum

scour depth, and the centreline scour depth, appear to grow in a linear relation with the
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logarithm of time except for near the start of a test and as the scour hole dimensions
approach equilibrium. These observations are similar to that found in jet scour in
cohesionless soils. Tests at the same hydraulic conditions did not fall on the same curve
for the growth of the scour hole dimensions. This is thought to be due to different sized
chunks of clay being removed near the start of each test that significantly changed the flow
characteristics and an influence of slightly different water contents and saturations at the

start of the tests on erosion rates.
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Table 6-1: Location of first eroded particle.

r./H

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Test No. | TestDate | U, (ms) | d(mm) | H(mm) [ poxyx [ o(mm)

8/8.1/5.0/1 | 13-Oct98 | 4.97 8 65 0.25 12 | 018
8/8.1/6.1/2 | 20-Sep-98 | 617 8 65 0.92 0.12
§/8.1/7.01 | 4-Sep-98 | 6.96 8 65 145 0.077
8/8.1/9.0/3 | 25-Aug-98 | 8.95 8 65 3.05 0.14
8/8.1/0.9/4 | 28-0ct-98 | 9.95 8 65 | 400 13 | 020

L 481996 | anovas | 995 8 65 4.00 1| 017 |
110
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Table 6-2: Scour hole volumes, maximum depths, and centreline depths at equilibrium state.
Q| H|[d|Uy T | X Temp| ta | X=X | & [JE |t | €

Test No. | Test Date | (s) | mm){(mm)| (i) | A | Pa) | (Pa) [rid] ()} ) | % | emy) | (em) | (em) | (cm) [Em/H]Een/H]8-/H | YEC M| Type
8/8.1/5.0/1 | 13-0ct-98 [0250| 65 | 8 | 497 [ 31715 60.0 | 3747 81| 118 | 69.78 | 0.25 03 | 067 | 035 [ 0.20 | 0.054]|0031|{0.001] 0.103| WO
8/8.1/6.111 | 1-Oct98 | 0310| 65 | 8 | 617 | 43241 | 922 | &762| 81| 149 | 7628 o092 165 | 255 | 130 | 1.26 | 0.200/0.194)| 0.060| 0.392 | WD
8/8.1/7.0/1 | 4-Sep98 [0.350] 65 | 8 | 696 | 53605 [ 117.5 | 7344| 8.1| 189 | 9873 | 145 145 | 244 | 127 | 127 |0.195|0.195|0.053] 0375 [ WD
8/8.1/7.411 | 11-Sep-98 [ 0.374| 65 | 8 | 744 | 56123 | 1342 | 838.6| B8.1| 183 |117.43] 180 | 300 | 3141 | 208 | 208 |0320|0.320/0.109] 0478 | WD
8/8.4/8.1/1 | 12-Apr-98 [0.405| 65 | 8 | 806 | 43647 | 157.3 | 9834 8.1) 60 | 6850 228 | 515 | 372 | 210 | - |0323]| - |o.1e8| 0572 wD
8/8.1/8.4/t | 20-Sep-98 [0.420] 65 | 8 | 8.36 | 58585 | 169.2 | 1057.6| 8.1| 156 | 7245| 253 | 1040 | 470 | 422 | 422 | 0649[0649|0.379| 0723 | WD
8/8.1/9.0/1 | 5-May-98 |0450| 65 | 8 | 895 | 64279 | 1942 | 1214.1| 81| 160 [12425)| 305 | 780 | 427 | 280 { - 0431 - |o0.284| 0657 | wD
8/8.1/9.0/2 | 16-Aug-98 | 0450| 65 | 8 | 895 | 76829 | 194.2 | 1214.1] 81) 223 | 4467 | 305 | 850 | 440 | 370 | 350 | 0.569)0.538]|0310| 0678 | WD
8/8.1/9.0/3 | 25-Aug-98 [0.450| 65 | 8 | 895 | 69458 | 194.2 | 1214.4) 81| 199 [ 9200| 305 | 900 | 448 | 325 | 325 | 0500(05000.328| 0.689 | WD
8/8.119.0/4 | 16-Oct-98 [0450| 65 | 8 | 895 | 62769 | 1942 | 1214.0| 81| 118 [ 9295| 305 | 1080 | 476 | 435 | 435 | 0669(0669/0.393} 0.733 | WD
8/8.1/9.0/5 | 9-Mar-99 0450| 65 | 8 | 895 | 46813 | 194.2 | 12141| 81| 48 | 9535 305 | 1320 | 509 | 401 | 400 {0617{0615/0481{ 0.783 [ WD
8/8.1/9.0/6 | 16-Mar-99 [ 0.450| 65 | 8 | 8.95 | 46813 | 194.2 | 1214.1) 81| 48 |16602] 305 | 700 | 412 | 351 | 345 |0540]0531]|0.255] 0634 [ WD
8/8.1/9.9/1 | 7-Jun-98 [0499| 65 | 8 | 993 | 73035 | 238.9 | 14928| 8.1) 169 | 9442 | 398 | 1490 | 530 | 370 | 370 |0569]0.569]0.543| 0.816 | WD
88.19.9/5 | 31-Oct-98 [0.500| 65 | 8 | 9.95 | 60839 | 2308 | 14988] 81| 97 | 9188] 4.00 . - | 395 | 393 [0608[0605| - - | wp
8/14.5/8.0/1| 11-Nov-98 | 0400 116 | 8 | 796 | 41463 ] 482 | 3012 145| 47 | 4563 ( 000 00 | 000 | 000 | 000 |0.000|0000{0000| 0000 | WD
814.5/8.0/1| 10Jul-98 | 0450 116 | 8 | 895 | 70188 | 61.0 | 381.2| 145| 20.1 | 9742 027 | 245 | 290 | 090 | 080 |0.078)|0069]0016] 0.250 | WD
8/14.5/9.0/2| 17-Jul-98 | 0450 116 | 8 | 895 [ 70188 | 610 | 381.2| 145| 201 [ 7065 027 | 430 | 350 | 140 | 1.20 | 0.121|0.103| 0.028) 0.302 | WD
8/14519.0/4| 3-Aug98 |0450| 116 | 8 | 895 | 74713 | 610 | 381.2| 145| 222 | 6757 o027 180 | 262 | 080 | 075 | 0.069]|0065[0012] 0226 | WD
8/14.5/8.0/5| 13-Nov-98 | 0450 116 | 8 | 895 | 46154 | 610 | 381.2| 145| 44 | 9615| 0.27 135 | 238 | 066 | 062 | 0.057|0053|0009] 0.205 | WD
8/14.59.9/1| 21-Nov-98 | 0500) 116 | 8 | 9.95 | 49708 | 753 | 4706) 145] 35 | 7092| 057 | 330 | 321 | 156 | 1.54 |0.134]0.133] 0.021) 0277 | wD
8/14.510.9/1| 3-Dec98 |0550| 116 | 8 | 1094 | 59105 | 91.4 | 569.4] 145| 64 | 71.28| 090 | 990 | 463 | 247 | 224 |0.213]0.193]/0063) 0399 | WD
4/10.09.9/1| B-Feb-99 |0.125| 40 | 4 | 9.95 | 26007 | 1583 | 989.5| 100 48 | 14183 230 80 | 200 | 109 [ 1.04 |0.273|0.260]0.125{ 0.500 | WO
4/10.0/11.9/4| 15-Jan-99 | 0.150| 40 | 4 | 11.94) 30661 | 228.0 | 14248 10.0] 43 |14495| 375 | 225 | 282 | 1.45 | 1.30 |0.363]0325|0352| 0706 | WD
4/10.01391] 5Jul-99 | 0.175| 40 | 4 | 13.93| 31099 | 3103 | 1939.4] 10.0| 149 | 9092 | 546 | €50 | 4.02 | 378 | 3.36 |0.945)0840/1.016] 1,005 | WD
4/10.0115.9/2] 9-Jul-99 | 0.200] 40 | 4 | 1592 | 42382 | 405.3 | 2533.0/ 10.0| 166 |166.07| 744 | 850 | 440 | 314 | 295 |0.785]0.7381.328| 1098 | WD
4/16.315.9/1) 12-May-99 | 0.200| 65 | 4 | 1592 | 49947 | 1535 | 9503 16.3| 11.0 {18872 220 | 340 | 324 | 159 | 155 |0.245(/0.238/0.124]| 0498 | WD
4/16.3/19.9/1] 25-May-99 | 0.250| 65 | 4 | 19.89| 71250 | 239.8 | 1498.8| 16.3] 159 | 10388) 400 | 900 | 448 | 359 | 352 | 0552|0542 0.328| 0.689 | WD
4/29.0/21.9/1| 30-Jun-99 | 0.275| 116 | 4 [ 218876494 | 914 | 569.4| 200/ 149 | 9065| 080 | 200 | 271 | 087 | 082 |0.075]/0071/0.013| 0234 | WD
4/29.0/25.9/1 14-Jun-99 | 0.325| 116 | 4 | 2586 | 98538 | 127.3 | 7953| 29.0| 184 [141.37| 165 | 1120 | 482 | 288 | 268 |0248(0231/0072| 0416 | WD
4/29.0/25.9/2| 25-Jun-99 | 0.325| 116 | 4 | 2586 | 91527 | 127.3 | 7953} 28.0] 154 [11438| 165 | 880 | 445 | 234 | 234 | 0202(0202|0.056] 0383 | WD
4/10.0/11.9/2| 19-Feb-99 | 0.150| 40 | 4 | 11.94 | 31098 | 228.0 | 1424.8] 100| 4.7 |144.08| 375 50 | 171 | 095 | 090 |0.238]|0225|0078) 0427 | SD
4/10.015.91] 22-Jan-99 [0.200| 40 | 4 | 1592 | 42381 | 4053 | 25330| 100 54 [ 9312 744 195 | 269 | 268 | 268 | 0670/0670/0.305| 0673 | SD
4/10.0/17.9/1] 14-Jul99 0.225| 40 | 4 | 17.90| 63819 | 5129 | 32059 100 157 [12388] 969 | 200 | 271 | 344 | 344 | 0860/0860/0313| 0679 | SO
4/10.0/19.9/1| 28-Jan-99 [ 0.250{ 40 | 4 [ 19.89 | 52200 | 633.3 | 3957.9 10.0] 49 | 9630 1219 [ 570 | 385 [ 435 | 435 | 1.088]1.088/0.891| 0962 | SD
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Table 6-3: Scour hole radius data and half-widths based on maximum depth of scour at equilibrium state,
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Lengthwise section (all in cm) Widthwise section (all in cm) For Test (cm)

TestNo. |Test Date] Q (Lis)|H (cm)|d (mm)|z... (Pa)| X (Pa)| (X-XI/X.J| Pems | P | B | Tomt | fom- | Fom [ €| € [ Dy | B | B | Fom [ Fome | T | B | Eanf b | B | €o | €

8/8.1/7.0/1 | 4-Sep-98 | 0.350 6.5 8 117.5] 7344 1.45 1625 2,036 | 1.831 | 3.00 | 3.50]3.25] 1.27] 1.13}( 2,020 | 2.430 | 2,075 | 4.00 | 3.00 | 3.50]| 1.27} 1274 1.953] 338 | 1.27| 1.27
8/8.1/7.1/1 | 11-Sep-98| 0.374 8.5 8 134.2| 8386 1.80 2011]2138]| 2075 3.50 | 400] 3.75| 2.08]| 208 1.740 | 2.180 | 1.960 | 3.50 | 4.00 | 3.75| 2.02] 2.02]1 2.017 ] 3.75| 2.08]| 2.08
8/8.1/8.1/1 ] 20-Sep-98| 0.420 6.3_8 169.2) 1057.6] 253 [l2766]22305]| 2536 | 4.60 | 3.30] 3.95) 4.22 4% 136291 2.186 | 2.608 | 6.10  3.00 | 455 4.22{ 4.22(12.722) 425 | 422 | 4.22 |
8/8.1/6.1/1 1-Oct-98 | 0.310 8.5 8 92.2] 576.2| 092 1.875)] 1.875]| 1.875] 3.10 | 3.00) 3.05}{ 1.30] 1.26 2753 ] 2.759 4.00 1400 ] 1.36]| 1.25/12.1701 337 | 138 1.28
8/8.1/9.0/4 | 18-Oct-98 | 0.450 6.5 8 194.2] 12141 3.05 2463 | 2669 2566 | 3.50 1 440]1395| 4.35] 4.35(/2.616| 2482} 2549 | 470 | 365 ) 4.18] 4.26 | 4.26 | 2.558 | 4.08 | | 4.35 | _4_&_
8/8.19.6/5 | 31-Oct-98 | 0.500 8.5 8 239# 1496.8] 4.00 239912797 | 2598 | 4.20 | 4.00| 4.10] 3.93] 3.91 || 2.257 2257 | 3.90 3.90]395|393[1248¢ | 403 | 395 3.93_1
68/14.5/9.9/5 | 13-Nov-98{ 0.450 11.6) 8 61.0{ 381.2 0.27 21291 1.671] 1900{ 3.25 [ 270| 298| 0.57| 0.57 | 1.688 1.688 | 2.75 2751 066) 0.62]1.829 | 290 | 0.68 0.&
8/14.5/9.9/1_| 21-Nov-98] 0.500 11.6l 8 75.3] 4706| 057 1.820 1.820 | 3.50 350 1.51] 1.5 3.305 | 3.905 4%&& 15412563 ]| 4.15 | 1.56| 1.54
8/14.5/10.9/1] 3-Dac-68 | 0.550 11.68 8 91.1] 569.4| 080 27351 3673]| 3204 | 5.00 | 540) 520] 2.28] 2.2311 3.549 ] 4.130 | 3.840 | 540 ! 580 | 560 247 | 2243522 ] 540 | 247 ] 2.24
410.0/11.9/1 | 15-Jan-99 | 0.150 4.0 4 228.01 142481 375 1.232 1232 | 2.10 2101 145] 1451 1.248 1.246 | 200 2001 154) 154112391205 154] 154
4/10.0/13.9/1] 22-Jan-93 | 0.200 4.0 4 4053] 2533.0] 7.44 1553 1.650] 1602 | 2.10 | 190|200/ 263} 2631 1.565 | 1.232| 1399 2.10 | 1.70 | 1.90]| 268 2681 1.500| 1.95) 268 | 2.68
4/10.0/09.9/1 | 8-Feb-99 [ 0.125 4.0 4 158.3] 989.5 230 1.337 1 1.405] 1371 | 220 | 230 2.25| 1,04} 1.03| 1663 | 1.428| 1546 ] 2.75 ] 2.30 | 2.53 LWM* | 1.458) 2391 109 ] 103
8/8.19.0/5 | 9-Mar-99 | 0.450 65| 8 1942] 1214.1( 305 3080|3438 3250 520 | 5301525(4.01] 400/ 3019 | 3442 | 3291 | 480 | 530 | 5.05| 398/ 3.08}3.245) 5.15 | 4.01 | 4.00
8/8.1/9.06 | 16-Mar-99| 0.450 6.5 8 194.2] 1214.1 305 {11.695]|25696] 2.146| 3.20 | 3.60] 3.40| 3.49 ﬁgw_ug 2257 2508 | 4.20 | 380 | 400} 3.51| 345[1 2327 3.70 | 3.51 3.‘5_‘
ANBANSO1 | 12:May-99] 0.200 85| 4 15350 9593) 220 [12.240]|2491) 2366 | 460 | 380) 4.20] 1.59| 1.55]| 1.918 | 2398 | 2.158 | 3.70 | 3.75] 3.73) 1.59| 1.52)2.262| 396 | 169 1.55 |
4/16.3/19.9/1| 25-May-99| 0.250 6.5 4 239.8] 14988| 4.00 3210|2577 2894 | 440 | 380) 4.10) 3.59] 3.52(1 2,765 | 2.868 | 2817 | 480 | 3.75 | 4.28) 3.49} 3.48112855] 4.19| 3.59 | 3.52 |
4/29.0/25.9/1] 14-Jun-99 | 0.325 11.§‘>4 127.3] _795.3 1.65 4289 ]3623] 3956 | 590 | 620} 6.05| 2.79] 2.68| 2848 29411 2895 570 510 540! 268 | 264 3.425] 573 | 2688 | 2.68 |
4/29.0/25.9/2] 25Jun-99 | 0.325 116 4 127.3] 795.3 1.65 3.077 | 3.480 | 3.279 5,56 | 5.50| 5.50| 234 2.34 )| 3.525 | 4.022 | 3.774 { 510 | 590 | 5.50 | _gg{g@ 3526 | 650 | 24| 2.34
4/29.0/21.9/1| 30-Jun-98{ 0.275 11.6 4 91.1] 569.4 0.90 2.395{2762] 2579 | 3.00 | 440 4.10{ 0.82) 0821 2.813 | 3.157 | 2.985 | 5.10 | 5.90 | 6.50 | 0.87 | 0.804 2.782 | 480 | 087 | 0.82
4/10.0/13.9/1] 5-Jul-99 | 0.175 4.0 4 310.31 1939.4 546 1413 3.112]| 2263 | 260 | 460} 3.70]| 3.78] 3.34| 2.205{ 1.281 ] 1.743 | 3.60 | 2.80 _:m_g_g_s 3.36)12.003] 3.50 | 3.78| 3.36
4/10.0/15.9/2| 9-Jui-99 | 0.200 40, 4 405.3] 2533.0] 7.44 2.247 | 1970 2.109| 6.30 | 4.70]| 5.50| 3.00| 2.95( 1.265 | 4.523 | 2.894 | 2.70 | 6.10 | 440} 3.14] 2912501} 4.95| 314 ] 295 |
A10.017.91] 14~ 3099 | 0225 4.0 4 512.9] 3205.9 9.69 &&%&g%é 3.44) 1.197 | 1.291 ] 1.244 %%_L;&j___; 1.433 __LLLA&‘
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Table 6-4: Half-widths based on the centreline depth of scour at equilibrium state,

Lengthwise section (cm) Widthwise section (all in cm) For Test (cm

TestNo. |Test Date| Q (Us)| H cm)| d (mm)] .. (Pa)] X (Payl (XX Bes | B | B | ot ] Tome | T | Bm [€n [l B | b | B | e | Tome | T | B | B By | B | B | B

8/8.1/7.0/1 | 4-Sep-98 | 0.350 85 117.5] 734.4] 145 17281 2.136] 1932} 3.00]| 3.50¢ 3.25] 1.27] 1.13 112.020]| 2.130 | 2.075| 4.00 | 3.00| 3.50]| 1.27{ 1.27 [ 2004 | 3.38 | 1.27 | 1.27

8817791 | 11-Sep-98| 0374 65|
&8.1/8.1/1_| 20-Sep-98| 0420 65
&8.1/6.1/1 | 1-Oct-98 | 0.310 65

1342| 8386 1.80 2.011|2.138) 2075] 3.501 4001 3.75) 2.08| 2.08 || 1.740| 2.180 | 1.960 | 3.50 | 4.00]| 3.75 2.@ 202 112017 ]| 3.75| 2.08 | 2.08

169.2| 1057.6] 253 2766 | 2.305] 2.536 | 460 3.30| 3.95] 4.22]| 4.22 [13.629]| 2.186 | 2.908 | 6.10 | 3.00| 455 | 4.22| 4.22 || 2.722 | 4.25 | 4.22 | 4.22
N0 Po) Jec] See |90 WO TN ol oae | vec flefce ) B9 ] Dee | Sec

922| 5782| 092 19111 2.145] 2028 | 3.10| 3.00) 3.05] 1.30| 1.26 2.850 | 2.850 4.00| 4.00] 1.36] 1.2

o

2302 1337 | 136 | 1.26

2558 ] 408 | 4.35 | 4.35

8/8.1/8.0/4 | 16-Oct-98 | 0.450 6.5 194.2] 1214.1] 305 112463 | 2.669] 2.568 | 3.50 | 440] 3.95| 4.35] 4.35 ]| 2616 2.482 | 2549 | 4.70 ) 3.65) 4.18 | 4.28| 4

2

|

8/8.19.6/5 | 31-Oct-98 | 0.500 6.5 239.8] 14988] 4.00 2407 )2600| 2604 | 4.20]| 400] 4.10] 3.93] 23.91 [| 2262 2262 ) 3.90 3.90 | 3985]| 3.93 12490 | 403 | 395 | 3.83
8/14.5/9.9/5 | 13-Nov-88| 0.450 116 810] 381.2] 027 2.141) 1684] 1913 3.25] 2.70] 298] 057} 057 ) 1.750 1.750 } 2.75 275)066] 062 ) 1.858 | 290 | 066 ) 0.62
8/14.5/9.9/1 | 21-Nov-98 | 0.500 116 __753| 4706] 0.57 1.820 1.820 | 3.50 350 1.5 1.51 3.317 | 3.317 4.80] }&,_1_.‘;‘; 1.54 || 2569 | 4.15 | 1.56 | 1.54

8/14.5/10.9/1| 3-Dec-98 | 0.550 11.6 91.1] 5694] 0.90 2.809 ]| 3.699] 3.254 | 5.00| 540] 5.20) 228 | 2.23 [i 3.708 | 4.360 } 4.034| 540 | 580} 560|247 | 224 || 3644 | 540 | 247 | 2,24
4/10.0/11.9/1{ 15~Jan-99 | 0.150 4.0 220.0] 14248] 375 1.232 1.232]1 210 210] 145] 1.45 | 1.248 1.246 | 200 200 ) 1.54] 1.54 ) 1.239| 205| 154 | 1.54
4/10.0/13.9/1{ 22-Jan-99 | 0.200 4.0 405.3] 26330] 7.44 1.55311.650] 1602} 210 1.90} 2.00] 263} 263 11565} 1.232 | 1.399] 2.10 | 1.70| 190} 268] 268 )1 1.500 ] 1.95) 2.68 | 2.68 |
4/10.0/9.9/1 | B-Feb-99 | 0.125 40 158.3) 9895 2.30 1.343 | 1.412) 13781 220} 230} 225) 1.04| 1.03 || 1.761 | 1.487 | 1.624 ) 2.75 ] 2.30] 2.53]| 1.09] 1.00 || 1.601 | 2.39 | 1.09 | 1.03

8/8.1/9.0/5 | 9-Mar-99 | 0.450 6.5 194.2] 1214.1] 23.05 3,083 ] 3442 3.263 ) 620} 530} 525] 4.01| 4.00 || 3.019] 3.442 | 3.231 | 480 | 5.30] 5.05]| 396} 3.96 || 3.247 | 5.15| 4.01 | 4.00 |

194.2| 12144] 3.05 1703 2.622]| 2163 | 3.20| 3.60]| 3.40| 349 345 || 2.782| 2271 | 2.527 | 420 [ 360 400| 3.51] 345 [| 2.345( 3.70 | 3.51 | 345
153.6] 9593| 220 ||2.277]|2522]| 2400|4.60)|3.80] 420} 1.59| 1.55 || 1.971! 2436 | 2204 | 3.70 | 3.75| 3.73| 1.69) 1.52 [[ 2302 | 3.96 | 1.59 | 1.65

—

8/8.1/9.0/8 | 16-Mar-99| 0.450 6.5
4/16.3/15.9/1| 12-May-89] 0.200 6.5

4/16.3/19.9/1 | 25-May-98| 0.250 85 2338| 14988) 400 3.229]12600]) 2915 440 3.80) 4.10) 359 3.52 i 2.775| 2871 ) 2823} 4.80 1 3.75) 4.28) 349 | 348 || 2869} 4.19 | 3.69 | 3.52

‘uoissiwiad noypm panqiyosd uononpoidal Jayung “Joumo ybuAdos ayi o uoissiwiad yum peonpoiday

4/29.0/25.9/1] 14-Jun-99 | 0.326 11.6) 127.3] 7953] 165 | 4.352| 3.750) 4.051! 590 6.20] 6.05] 2.79| 268 || 26878 | 2.968 | 2.923| 5.70 | 5.10] 540 | 2.68| 2.64 || 3.487 | 573 | 2.88 | 2.68

4/29.0/25.9/2] 25~Jun-99 | 0.326 11.6)
A4/29.0/21.9/1] 30-Jun-89 | 0.275 116
4/10.0/13.9/1| 5-Jul-99 | 0.175 40
4/10.0/15.9/2| 8-Jul-98 | 0.200 40
4/10.0/17.9/1] 14-Ju4-99 | 0.225 4.0

1273 7953 165 | 3077]| 3480/ 3279550 550|550| 2.34| 234 |1 3.533| 4.032 | 3783 | 5.10 | 5.90| 650 226 | 225 || 3531 550 | 234 | 234
91.1] 5694 0.90 2.395] 2.762| 2579 | 3.80| 4.40] 4.10{ 082 | 0.82 |( 2875} 3.222 | 3.049] 5.10 | 590| 550 0.87 | 0.80 {| 2814 | 480 | 0687 | O
3103| 19394) 546 | 1.499|3248] 2373 ] 280| 4.60 378} 334 || 2.083( 1,307 | 1.805) 380 | 2.80) 330|369} 3.3 | 2089 350} 378 | 3
4053 25330] 744 12283 1.989)2.138) 3] 470 900 295 [ 1.207] 4585 [ 2.041] 270 |8.10] 4.40] 3,14/ 201 {12539 | 405] 344 | 2
5129 32059] 969 | 1606 1.638] 1622 220]1.00| 2.05| 344 344 [ 1.197] 1291 | 1.244| 1.90(1.90] 1.00| 344 344 }{ 1423 [ 198 344 | 3
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Table 6-5: Time scales for impinging jet scour tests.

| e | ew | e & |

| Test No. Test Date | Q (L/s) l H (cm) Id (mm)| Uy (m/s) | Tom (Pa)| X (Pa) | (X-X WXl tao(h) | too(h) | teo(h) | tao(h) |
8/8.1/6.1/1 1-Oct-98 | 0.310 6.5 8 6.17 92.2 576.2 0.92 51.99] 66.03] 81.57] 52.43
8/8.1/7.011 4-Sep-98 | 0.350 6.5 8 6.96 1175 | 7344 1.45 30.02] 36.78] 84.10] 43.54
8/8.1/7.4/1 | 11-Sep-98| 0.374 6.5 8 7.44 1342 | 838.6 1.80 24811 60.09] 82.42| 37.87
8/8.1/8.1/1 12-Apr-98 | 0.405 6.5 8 8.06 1673 | 9834 2.28 12.19 | 51.86 18.51
8/8.1/8.4/1 | 20-Sep-98 | 0.420 6.5 8 8.36 169.2 | 1057.6 2.53 2.69 25.6] 28.46] 7.80
8/8.1/9.0/1 5-May-98 | 0.450 6.5 8 8.95 194.2 | 1214.1 3.05 44 1 49.10
8/8.1/9.0/3 | 25-Aug-98 | 0.450 6.5 8 8.95 1942 | 12141 3.05 25.0 67.7] 72.2| 48.00
8/8.1/9.0/4 | 16-Oct-98 | 0.450 6.5 8 8.95 194.2 | 12141 3.05 170l 464 | 554 | 3397

8/8.1/9.0/5 9-Mar-99 { 0.450 6.5 8 8.95 194.2 | 1214.1 3.05 3161 6045) 59.9| 42.26 J
8/8.1/9.0/6 | 16-Mar-99 | 0.450 6.5 8 8.95 194.2 | 12141 3.06 48.7 85.0] 1323 74.90
8/8.1/9.9/1 7-Jun-98 { 0.499 6.5 8 9.93 2389 | 1492.8 3.98 1.239 33.1] 0.99
8/14.5/9.01 | 10-Jul-98 | 0.450 11.6 8 8.95 61.0 381.2 0.27 30.8 134 | 278 28.43
8/14.5/9.0/4 | 3-Aug-98 | 0.450 11.6 8 8.95 61.0 381.2 0.27 17.3 6.27] 194} 20.89
8/14.5/10.9/1 | 3-Dec-98 | 0.550 11.6 8 10.94 91.1 569.4 0.90 745]| 6352]| 638 58.21
4/10.0/9.9/1 | 8-Feb-99 | 0.125 4.0 4 9.95 158.3 | 989.5 2.30 9291 119.05] 122.9] 105.90
4/10.0/15.9/1 | 22-Jan-99 | 0.200 4.0 4 15.92 405.3 | 2533.0 7.44 2491 4325 433 3443
4/29.0/25.9/1 | 14-Jun-99 | 0.325 11.6 4 25.86 127.3 | 795.3 1.65 83.9] 83.38 89.99
4/29.0/25.9/2 | 25-Jun-99 | 0.3256 11.6 4 25.86 127.3 | 795.3 1.65 59.1] 88.83| 100.9] 65.79

* italics indicate that the time scale was estimated through linear interpolation.



Table 6-6: Maximum errors in measured and derived quantities.

Quantity Maximum Error Notes
from performance specifications of
Q up to 1 % of flow rate Foxboro 2802 Magnetic Flow Meter
d 2.5 % for the 4 mm nozzle
1.25 % for the 8 mm nozzle
H 2.5% i
U, 6.0 % for the 4 mm nozzle
3.5 % for the 8 mm nozzle
X 11.0 % for the 4 mm nozzle
6.3 % for the 8 mm nozzle
X-X 22.0 % for the 4 mm nozzle
X° 12.6 % for the 8 mm nozzle
E_, very smallest volume measurement
- 4.0% had an error of about 33 %
€ e 3.0%
Eete 3.2%
L. error in the smallest measured value
5.3% (unaveraged)
b, error in the smallest measured value
5.4% (unaveraged)
€ e
H 5.5%
8cl°°
H 5.7%
i
H 3.8%
)y
== error in the smallest measured value i
H 7.8% (unaveraged)
b
o error in the smallest measured value "
H 3.2% (unaveraged)
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r(cm)

Fig. 6-1: Typical scour hole profiles for the impinging jet tests.



original
r< b clay surface
S

Fig. 6-2: Definition sketch for impinging jet tests.
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Fig. 6-3: Growth of the scour hole volume (a) arithmetic scale (b) semi-log
plot (all tests at X=1214 Pa)
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Fig. 6-4: Growth of the maximum scour depth (a) arithmetic scale
(b) semi-log plot (all tests at X=1214 Pa)
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Fig. 6-5: Growth of the centreline scour depth (a) arithmetic scale
(b) semi-log plot (all tests at X=1214 Pa)
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+=8.95 m/s d=8 mm H=116 mm
XX )/ X=0.27t=67.6 h
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9664 't} 10quMdDS NO 1531

T
A

(d) Data Point No. 3 (8/8.1/7.4/1)
Uy,=7.44 m/s d=8 mm H=65 mm
X-X)/X=1.80t~117.4h

o - f : ;
(f) Data Point No. 5 (4/10.0/13.9/1)
Uy,=13.93 m/s d=4 mm H=40 mm
X-X)X~=5.46 17909 h

Fig. 6-6(b) Data Point No. 1 (8/14.5/9.0/4)
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(c) Data Point No. 2 (4/29.0/25.9/2)
—25.86 m/s d=4 mm H=116 mm

(X-X)/X=1.65t;~114.4 h

(e) Data Point No. 4 (4/16.3/19.9/1)
=13.93m/s d=4 mm H=65 mm
(X-X)/X~4.00 t;=103.9 h

(g) Data Point No. 6 (4/10.0/15.9/2)
X-X )/ X=7.44 (after 49h S4min)
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(i) Data Point No. 7 (4/10.0/15.9/1)

U,=15.92 m/s d=4 mm H=40 mm U,=15.92 m/s d=4 mm H=40 mm
(X-X)/X~744 t=116.1 h (X-Xo)/X=7.44 t93.12 h
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(i) Data Point No. 8 (4/10.0/17.9/1) (k) Data Point No. 9 (4/10.0/19.9/1)
~17.90 m/s d=4 mm H=40 mm Us=19.89 m/s d=4 mm H=40 mm
(X-Xo)/X=9.69 t:=123.9 h (X-Xo)/X=12.19 t=96.3 h
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Fig. 6-7: Scour hole profile (a) for a strongly deflected jet and (b) for
a weakly deflected jet.
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Fig. 6-12: Dimensionless scour hole radius at equilibrium state.
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Fig. 6-16: Dimensionless scour hole profile at equilibrium nondimensionalized with the maximum scour

depth and scour hole radius.
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Fig. 6-17: Dimensionless scour hole profile at equilibrium nondimensionalized with the centreline scour

depth and scour hole radius.
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scour hole radius as scales.
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Fig. 6-20: Dimensionless scour hole profile at equilibrium nondimensionalized with the maximum depth

of scour and half-widths.
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Fig. 6-21: Dimensionless scour hole profile at equilibrium nondimensionalized with the centreline depth

of scour and half-widths.
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Fig. 6-30: Dimensionless time scale for scour hole volume with dimensionless excess stress.



Plate 6-1: Typical scour holes (the point gauge marks the jet centerline) (a) Test no.
8/14.5/10.9/1 Us=10.94 m/s d=8 mm H=65 mm (X-X)/X~0.90 (after 71h 17min) (b)
Test no. 8/8.1/9.0/4 U,=8.95 m/s d=8 mm H=65 mm (X-X.)/X=3.05 (after 116h 49min).
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CHAPTER 7: RESULTS AND ANALYSIS OF WALL JETS TESTS

7.1 Introduction

Erosion by plane turbulent wall jets occurs in a number of practical situations.
Examples are the scour created downstream of gates and in hydraulic jump type stilling
basins. For each case, the potential amount of erosion created by the flow must be
assessed, as excessive scour can cause these hydraulic structures to become unstable.
There have been very few investigations that have studied the erosion of clays by wall jets.
Abt (1980) studied the scour created by a horizontal circular wall jet in his study of the
scour created at a culvert outlet. He measured the scour created in one cohesive soil for
different flows and culvert diameters. The growth of the scour hole was observed up to a
maximum test duration of 1000 min. Kuti and Yen (1976) studied the scour created by a
hydraulic jump at the end of an apron at the base of a model dam. They reported the
volume of scour for varying clay contents and void ratio of the soil. They did not vary the
flow in these tests.

For the exploratory study described herein, a submerged plane turbulent wall jet
was used to create scour in a clay. The maximum scour depth, distance to the maximum
depth from the nozzle, the length of the scour hole, and scour hole profile, at equilibrium or
ultimate state are related to the characteristics of the jet through the use of dimensional
analysis. Equilibrium or ultimate state is defined as the asymptotic state of scour reached
after a significantly long time as found by Laursen (1952), Rajaramam (1981), and
Chatterjee et al (1994), among others, in studies of the erosion by plane wall jets in
cohesionless materials and Kuti and Yen (1976) for cohesive soils. Observations on the
growth of the scour hole are also presented.

The study focuses on scour holes at equilibrium state because, from prelﬁninary
tests, it was found that disturbances on the clay surface, such as could occur when taking
scour depth measurements, could cause erosion to occur when it would not otherwise.

Secondly, the equilibrium state gives the largest scour that can be expected for given
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hydraulic conditions, giving the maximum possible size of the scour hole. Finally,
allowing the scour holes to reach equilibrium was thought to better serve the elucidation of

this problem, as scour holes in the same state of scour are compared.

7.2 Results

As discussed in Chapter 4, measurements of the scour hole were taken along three
longitudinal sections. Typically these sections were taken at about 50 mm, 75 mm, and
100 mm across the width of the sample measured from its edge, with 7S mm falling along
the jet centreline. The locations of the sections were varied somewhat for each test so that
the data reflected the most representative profiles for that particular test. This was done
because of the sometimes great variability in the condition of the samples across the sample
width. As discussed in Chapter 5, the scour holes were formed primarily by mass erosion
by the removal of inostly small sized chunks (a few millimetres for the dimensions of the
chunks). Rapid surface erosion was also observed during these tests, particularly for the
very early times. Thus the parameters and predictive equations developed below are for
those scour holes primarily formed by mass erosion.

Typical equilibrium scour profiles are shown in Figure 7-1, where €_ is the depth
of erosion at any location in the equilibrium state with a sketch of the scour profiles shown
in Figure 7-2. These typical profiles were measured along the centreline of the block.
Although the flow is, at least initially, two dimensional, the scour across the width of the
block was quite variable. Most often, both the scour hole dimensions and the profile shape
varied across the sample. It was the unusual case where the scour hole at equilibrium
remained uniform. It is seen that there is no deposition of material at the end of the scour
hole for this clay (Figure 7-1), as observed for the scour of sand by wall jets (Laursen,
1952, Rajaratnam, 1981) and by Abt (1980) in his tests with a cohesive soil (a mixture of

58% sand, 14% silt, and 28% clay, and 1 % organic material).
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Two iests were undertaken to examine the growth of the scour holes with time. For
these tests, the samples were taken out of the experimental setup at selected times and the
scour hole profile along the jet centreline were measured. The growth of the scour holes in
the two evolution tests are shown in Figure 7-3, with photographic observations of the
growth of one of the scour holes shown in Plate 7-1. The scour hole dimensions €, X,
and x_, appear to grow in a linear relation with the logarithm of time (Figure 7-4 to 7-6).
These observations are similar to that seen for the scour of cohesionless materials (Laursen,
1952). Unfortunately, in neither test did the scour hole reach an equilibrium state before the

test ended.

7.3 Dimensional Analysis for Plane Wall Jet Scour of Clays
7.3.1 Dimensional Analysis for Scour Hole Dimensions at Equilibrium State

Dimensionai analysis is used to develop parameters appropriate to describe the
scour of clay by a plane turbulent wall jet. It is considered that the maximum depth of

scour at equilibrium state, €_._, by a submerged plane turbulent wall jet in a clay is a

function of:
€me =H{U,,a,p,4,T.} 7.1

where: €,. = maximum depth of scour at ultimate state

U, = velocity of the jet at the nozzle

a = jet thickness at the nozzle (nozzle height)

P = density of the eroding fluid

p = dynamic viscosity of the eroding fluid

T, = critical shear stress for mass erosion of the clay

Using the Buckingham 7t-theorem with the repeating variables U,, a, and p it is found:

2
Eme f{__on ,ﬂ‘_‘.} (7.2)
a T. V
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2

As the shear stress on the bed (or clay surface) can be written as 1, =c; p(21° (Myers et al,

2

pU?

c

1963), the parameter can be interpreted as the relation of the shear stress on the bed'to

the critical shear stress of the soil. To simplify the relation, the parameter A is defined as

A =pUZ. Then assuming that there is a critical value of A, A_, below which no significant
2

pU,

c

erosion occurs, can be written as an excess stress term:

€ _¢ JA—A. Ua
_-f'{—k v, } (7.3)

[+

The parameter U\:a can be recognized as the jet Reynolds number R. Since the

shear stress on the bed has been found to have only a weak dependence on R (Myers et al,
1963; Schwarz and Cosart, 1961; Hogg et al, 1997), for R in the range of at least 7100 to

56500, it is assumed that the effect of the Reynolds number is small so that:

€ A=A
moo =f C .
a 2{ A, } 7.4

Expressions for the location of the maximum depth of scour, x__, the length of the scour

hole, x_., and the distance from the nozzle to where the scour is half the maximum scour

depth, b,__, can then be similarly written for equilibrium state:
X A-A
—o==f < 7.5
i as)
X A=A
= =f < 7.6
a 4{ A,c } ( )
b A=A
¥= =, < 7.7
a 5{ A, } a7
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It should be noted that for the purposes herein, the distances from the nozzle x,, , x,, and
b,, are more precisely defined as the distance from the start of the sample. This was 2 mm
away from the nozzle which was the thickness of the metal band that contained the

samples.

7.3.2 Dimensionless Parameters for the Growth of the Scour Hole
To allow for analysis of the growth of the scour holes, an additional dimensionless
parameter must be developed. Assuming that the maximum depth of the scour hole at any

time, t, depends on time and the same parameters as the maximum scour depth at

equilibrium state:
€n = (U, 2,017, t) (1.8)
Dimensional analysis then gives:
2
S_m = fG{on , an , Uot} (7.9)
a T. VvV a

Rewriting this equation and assuming the effect of the jet Reynolds number is small, as

above, suggests:

B ¢ {_____7» —A H_t} (7.10)

a A, a

7.4 Analysis of Equilibrium State Results
7.4.1 Dimensions of the Scour Hole at Equilibrium State

As discussed above, it is expected that the dimensions of the scour hole at

equilibrium are related to the parameter A =pUZ. To find such relations, the average
dimensions of the scour hole were used. These averages are for the dimensions found
from the three scour hole profiles taken for each tests. Figure 7-7(a) shows the relation

with average maximum scour depth, €__ (the average of the maximum scour depths found

for each longitudinal section taken for each test), with A. Given in Figure 7-7(b-n) is a

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



series of photographs showing several scour holes at equilibrium state which correspond to

the data in Figure 7-7 (a). Table 7-1 gives the scour hole dimension data.

From Figure 7-7(a), and from the relations between the x, and x_ with A, the value

of A where no (significant) erosion occurs, A, is about 20000 Pa. With an estimate for

¢~=0.005 (Rajaratnam, 1965; Myers et al, 1963) for the shear stress on the bed in a location
very near the nozzle for the range of Reynolds numbers used for the present experiments,
this is equal to a maximum bed shear stress and thus a critical shear stress of about 50 Pa.
This is very close to the critical shear stress value of 48 Pa found from the impinging jet

tests.

Using the critical value of A =20000 Pa, the scour hole dimensions were plotted

with 0‘;—»—‘) (Figures 7-8 to 7-10). The results show that the scour hole dimensions at

[+

equilibrium correlate well with (A';A'c), with the data being best described by the

c

equations:
%:3.780‘—;}23 (7.11)
E:z =384 %A = Ao) (1.12)
_ 0.8
%:27.0(";’%) (7.13)

These equations have respective correlation coefficients R? of 0.78, 0.64, and 0.82. The
data for tests 2.33/8.0/1 and 2.33/8.5/1 (point 6 in Figure 7-7(a) and the point nearest to it)
were not included for correlation for €, and X__, as the large values for €, and X,
were the result of a strongly V-shaped scour hole as compared to the other tests. It should

also be noted that the two highest values of x, in Figure 7-10 were estimated from the scour
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hole profiles for these tests, as the length of the scour hole reached just beyond the end of

the sample.

7.4.2 Scour Hole Profiles at Equilibrium State

There appeared to be several different shapes for the scour hole profiles that for the
purposes herein have been classified into four types. For one test, a different profile may
occur for each longitudinal section taken across the block as the scour holes were most
often not two dimensional and had a shape that varied across the block width. Typical
profiles are given in Figure 7-11 for each scour hole type. Figure 7-11 (a) shows the
smooth and rounded Type 1 profile. Figure 7-11 (b) shows both the shallow and long
Type 2 profile and the Type 3 profile that similar to the Type 1 profile but has a “kink” in
the latter half of the profile. The Type 4 profile (Figure 7(c)) is V-shaped. It is similar to
the Type 1 profile, but x_ is shifted away from the nozzle. Table 7-1 includes the
classification of the profiles for each test. Some of the profiles could not be classified into
one of the four scour hole types and was labeled “unknown”. Appendix E gives the data
for the scour hole profiles at equilibrium with the scour hole profiles given in Appendix F.

Several different scales were tried to nondimensionalize the scour hole profile data.
To ncndimensionalize the distance from the nozzle, x, and x, (as used by Abt (1980) in his
circular horizontal wall jet tests) were tried as the scales but did not work well to collapse
the data. However, the distance from the nozzle, b,_, where €_=¢__ /2 on the part of
the profile where x>x_, was found to be a suitable scale. The maximum scour depth was
used as the scale for the scour depths. The dimensionless profiles for the four different
scour hole types are given in Figures 7-12 to 7-15. A fifth power polynomial was used to
fit to the Type 1 scour profile (Figure 7-12):

5 4 3 2
Le 162l X | —745 2| +1108 2| —492 X | 0219 2 |-0.630
€ b,.. b,. b,.. b,.. b

(7.14)
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with an R?=0.91. This equation significantly departs from the data at about x/b,_>1.4.
The Type 1 profile was included with the other profile types to allow for a comparison of
the profile shapes. Figure 7-14 shows that the Type 3 profile is very similar to the Type 1
profile, but appears to depart form the Type 1 profile for x/b,_ 21. The Type 4 profile
aiso closely resembles the Type 1 profile (Figure 7-15).

To be able to use the above developed scour hole profiles, the length scale b,

A

c

must be determined. Figure 7-16 shows the relation between b,_ and [l_)“). The

length scale can then be found using the equation:

_— 0.56
bue _ 15.14(""‘°) (7.15)
a A

c

This equation fit the data with an R?=0.78. Although the length scale can be predicted, the
scour hole shape that will occur for a given set of conditions as yet cannot be determined.
The variability of scour across the width of the sample possibly can be attributed to both the
effects of the removal of clay chunks by mass erosion on the overall erosion process and
the hydraulics of this type of flow. Near the beginning of a test, there was often one or
two mid-sized chunks (10 mm dimensions) removed by mass erosion from the clay. It is
thought that these perturbations in the sample surface changes the original two-dimensional
flow over the sample into a more three-dimensional flow, thus creating the three-
dimensional scour pattern. It has also been observed (Rajaratnam, 1968) that at a section
near the channel wall, the average velocity in a plane turbulent jet increases over that at the
jet centreline (and comes to zero at the wall). This may partly explain why there was often
deeper scour near the walls of the flume when intuitively one would expect less scour n
this region. However, this latter observation might also be explained by weaknesses
created in the sample by inserting the metal band that contains the sample for the tests into

the clay.

158

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



As the scour hole profiles showed that there were different shapes of scour holes,
an analysis was carried out as to whether there was an obvious difference in the scour hole

dimensions between the scour hole types. Figures 7-17 to 7-20 shows €., X.., X..,

b,.. as a function of A and scour hole type. The Type 2 profiles tend to be shallower than

the other scour hole types, although they are not significantly different in depth. The Type
2 profiles also tend to have a smaller x , (Figure 7-18). No conclusions can be drawn about
the length of the scour hole (Figure 7-19) or the length scale (Figure 7-20). Since there
were no strong tendencies for the scour hole dimensions to depend on the scour hole

profile type, it was concluded that using average values for each test was acceptable.

7.4.3 Geometry of the Scour Holes

To elucidate the differences in the scour hole profile types, the parameters ﬁ‘i,
2—, P—"’—“’-, and 2= were plotted as functions of l;}“ (Figures 7-21 to 7-24). The
emw meeo [~

ratio 2m= appears to be independent of A2 (Figure 7-21) with Xme ~]. There is no
€

Mea [ Mmoo

" indication the different scour hole types show significant differences in this parameter. For

the ratio of the length of the scour hole to its maximum depth (Figure 7-22), the Type 2

scour holes have an average Xe= ~6 which confirms these scour holes are long and

meo

shallow. This value is compared to Xo= -3 for the Type 4 profiles and Xo» ~ 4 for the

meo Meo

Type 1 profiles. The Type 3 profiles have large variability in -)-(ﬁ, as shown in the scatter

meo

in the latter half of the Type 3 scour hole profile (Figure 7-14). As may then be expected,

the ratio of the length scale of scour to the maximum depth, indicates the Type 2 scour hole
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profiles have a larger L at about :—“’” =3.5, while the Type 4 profiles have a smaller

mee meo

ratio at b—‘""1=1.75 . All ratios indicate less scatter at high values of A;A

neo [

£, If the

differences in the scour hole profiles types are ignored and although there is a large amount

of variability in the data at low values of A X £, for the average scour hole fﬂ =1,

< 8l!)ﬂl!

7.4.4 Variability in the Scour Holes

The scour produced in the samples was most often quite variable across the sample.
Table 7-2 gives a range for the difference of the maximum sectional measurement of the
scour hole (one of the longitudinal sections measured for each tests) and the  average of the
measurements for the scour hole. It also gives a range for difference between the
maximum and minimum sectional measurements for the scour holes. The values in Table

7-2 do not include the extreme values produced from Test No. 2.33/5.2/1, where the value

of A was close to A_ and the amount of scour was small.

7.5 Growth of the Scour Holes

The scour hole profiles measured at each time interval for each test were made
dimensionless using €, and b, as scales. It was found that the scour hole profiles are
similar through the duration of a test (Figures 7-29 and 7-30). As well, the dimensionless
profiles from the two tests fit well with one another and also are very close to the Type 4
profile developed from the scour hole profiles at equilibrium. As shown in Figures 7-4 to
7-6, the dimensions of the scour hole grow in a linear relation with the logarithm of time.
The parameters developed in section 7.3 were used to nondimensionalize this data (Figure

7-31). However, there was not enough data to determine whether these dimensionless
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parameters are adequate to describe this problem. The data from the evolution tests are

given in Appendix G.

7.6 Analysis of Errors

The error analysis for the wall jet tests was carried out based on the work of
Topping (1957). The velocity of the jet at the nozzle was measured through the use of a
pressure tap on the nozzle and mercury manometers that could be read to 1 mm, however

due to the variability in the readings the error is estimated as about 4 mm. This gives an

maximum error in U, of 2.1 %. The error in velocity thus results in an error in A of 4.2%

and in Ao of 8.3 %. Errors in the other measured quantities include a 2.0% error in

c

the maximum scour depth at equilibrium, based on a 0.2 mm error in the point gauge
measurements, and 14.2, 3.5, and 4.9 % errors in X, ., X,., and b, respectively,
resulting from a 1 mm error in the measurement of these quantities. A summary of errors

is given in Table 7-3.

7.7 Discussion and Conclusions

The scour of clay created by a plane turbulent wall jet was not two-dimensional for
these tests, but varied across the width of the sample. This irregularity in the scour hole
may be due to the walls of the flume and disturbances at the edges of the sample, but may
also be due to the process of scour. For a clay eroded by mass erosion, a large eroded
chunk of clay may significantly change the dynamics of the approximately two-dimensional
jet flow over the sample into a much more three-dimensional flow, thus creating the uneven
scour. Nevertheless, the longitudinal scour hole profiles at equilibrium were successfully
made dimensionless using the maximum scour depth for the scour depths and the distance
to half the maximum depth as the scale for the distance from the nozzle. These profiles did

not fall on one curve, but could be divided into four types based on the shape of the

161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dimensionless profile. However, the type of scour hole profile that will form under given
flow conditions cannot as yet be predicted.

The dimensions of the scour hole at equilibrium can successfully be cormrelated with

the parameter A=pU_2. There appears to be a critical value of A below which significant

erosion (i.e. more than flake erosion) does not occur and this was estimated at about
20000Pa. This gives a critical shear stress for the clay of T. =50 Pa which compares well
to the value for the critical shear stress found in the impinging jet tests of 48 Pa. As for the
impinging jet tests, the equations developed herein to predict the scour hole dimensions are
for scour holes predominately formed by mass erosion. It is unlikely these equations
would work well to predict scour in clays that are fissured, highly disturbed by sampling,
slaking, layered, or otherwise inhomogeneous.

Observations of the evolution of two scour holes showed that the longitudinal
profiles for each time through a test, made dimensionless using the maximum depth of
scour and the distance to half the maximum depth of scour (for x>x,) as scales, were
similar. The growth of the scour hole dimensions showed a linear relation with the

logarithm of time up to near the equilibrium state.
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Table 7-1: Maximum scour depth, location of the maximum scour depth, and length of the scour holes, at equilibrium state for the wall jet tests,

€91

‘uoissiwiad noypm pauqiyosd uononpoidal Jayund “Jaumo WBLuAdod ay Jo uolissiwiad yum pasonpoiday

Details of Tests Soction 1 Section 2 Section 3 Average for Scour Hole
Test | Test | a | U | R | pu2 | - | Typeot | y ! € [ X[ % | O | y [ € | X | % | be | y | Eme| X [ Xn| bu fl B [ %o | % [ B
No. Date | (mm)| (mvs) (Pa) Scour Hole || (mm)} (mm) | (mm)] (mm)| (mm)f|(mm)] (mm) | (mm){ (mm)] (mm)||(mm}} (mm)] (mm)|(mm) (mm)|| (mm})| (mm)] (mm) | (mm)
233031 | 12-Nov-98] 233 | 9.1 | 14075 | 86638 3.3 2 385 | 206 | 200 [ 1400] #03 | 785] 162 | 270 | 1300] 775 184 | 235 | 1350 789
2.339.7/1 | 16-Nov-98| 233 | 9.74 | 14128 | se872 3.74 S1-1/52-3 || 385 | 31.3 | 38.0 | 1900 1120}/ 765] 368 | 430 | 193.0| 883 341 | 405 | 191.5 | 100.1
233868/ | 7-Dec:98 | 233 | 8.84 | 13319 | 78132 291 S1-/s22 || 385] 160 | %00 976 | 611 [l 765 187 | 300 { 1040] 592 17.4 | 300 | 1008 | €01
2.33/8.1/1_| 14-Dec-98]| 233 | 8.13 | 12513 | 66173 2.31 S22 765 | 141 | 75 | 1080] 565 141 | 75 | 1080 se5
233851 | 4Jen-99 | 233 | 852 | 12790 | 72551 263 $1:%/82-2 || 385 154 [ 2001220 9.7 [ 765 | 229 | 225 | 1220{ 708 192 | 258 | 1220 | 80.1
2338.7/1 | 12Jan-99 | 233 | 867 | 13022 | 75208 278 $2.2 765 220 | 230 | 1200 592 220} 230} 1200] 50.2
23374/ | 220an99| 233 | 7.8 | 11357 | 54214 1.7 S1-2/52-3 [1385]| 125 | 100| 880 | 558 || 765 162 | 150 | 84.0 | 309 144 | 125 | 850 | 43
23¥8.9/2 | 28Jan99| 233 | 805 | 12264 | 64845 224 |s1s2%832)i 385 | 211 | 250 | 1060/ 523 | 765 | 186 | 230 | 100.0] 525 ]| 115.0) [ 55| 40 | 80| 249 1 199 | 240 ( 101.3 | 524
23%7.01 | 11-Feb-99| 233 | 696 [ 10584 | 48736 144 17 450 | 144 | 325 68.0 | 4774 720 | 180 | 360 | 700 | 494 152 | 343 | 690 | 488
2337211 | 17-Feb-99] 233 | 7.17 | 10732 | 51444 1.57 1 590 | 123 | 260 | 700 | 39.7 il 830§ 127 | 250 | 720 | 448 125 ] 258 | 710 4&
23¥8.0/1_| 15Mar-99) 233 | 7.97 | 12224 | 63506 | 2.18 4 61.0 | 554 | 450} 116.0| 7344 765 | 57.0 | 48.0 | 1325| 74.7 562 | 485 | 1243 | 741
238.5/2 | 3oMar-99] 233 | 846 | 12936 | 71620 | 258 st4s21 [ 685 615 | 550 | 141.0] 77.08 850 | 619 | 550 | 138.0! 746 61.7 | 550 1385 | 758
233821 | 6-Apr99 | 233 | B.18 | 12910 | 68948 2.35 $1-4/52-3 590 1 233 | 320 | 890 ; 5148 81.0| 26.7 | 250 | 880 | 493 250 ) 285 | 885 | S04
233851 | 13-Apr-99]| 233 | 9.50 | 14996 | 90330 352 1 620 | 480 | 250 | 147.0 | 67.351 830 | 522 | 300 | 1200 685 509 | 275 | 1200 | 679
23308/ | 3May99 | 233 | 9.85 | 18637 | 96926 3.85 s1is24 11815 313 | 400 1070 6296l 107.0] 354 | 420 | 1160 64.1 304 | 1.0 15| 63§
23311.31 | 13-May-99| 233 | 11.31 | 20790 | 127840| 540 4 565 | 594 | 600 | 1550] 928 || 780 | @04 | 60.0 | 1800] 949 599 | 600 1675 | 938 |
2.339.01 | 19-May-99] 233 | 9.03 | 16372 | 81443 3.07 2 500 | 19.7 | 320 ] 1225} 795 f| 850 | 237 | 320 | 1320 €82 217 ] 320 1273 ] 738
2.33/10.2/1 | 25-May-99] 233 | 10.23 | 21286 | 104503| 423 S1-¥521 [ 53.0 | 405 | 41.0 | 1750 672 || 945 | 407 | 375 | 152.0] 893 406 | 393 | 1635 | 883
2336211 | 8Jun-99 | 233 | 6.16 | 12844 | 37866 0.89 S1-3 15| 148 | 70 | 670 | 219 148! 70 | 670 | 219
233802 | 15Jun-99| 233 | 8.00 | 17891 | 63898 219 $1-4/523 || 595 | 174 | 240 | 67.0 | 387 || 700} 171 | 21.0 | 700 ] 381 173 | 225 | 685 | 384
23312001 | 25Jun-99 | 233 | 12,03 | 24918 | 144588 | 6.23 1 520 ] 40.7 | 425 )| 138.0| 805 [ 765 | 429 | 320 | 144.0| 6.7 418 | 425 1410 | 838
233127/ | 9Ju99 | 233 | 1272 | 27182 | 161900  7.10 ) 510 | 808 | 81.0 | 258 | 1666 96.0| 68.7 | 63.0 | 269 | 1474 748 | 720 | 2635 | 1570
2331231 | 15Juk99 | 239 | 12.25 | 25502 | 149993! 650 81-9/82-2 || 540 | 600 | 450 234 | e1.78)( 960 | 443 | 350 | 250 [ 1294 822 | 400 | 2420 | 1056
2397272 { 9Sep99 | 233 | 7.16 | 14484 | 51154 156 [S1ws2as34f 500 | 98 | 1401 600 | 249 [ 755) 122 | 145 | 630 | 239 11100] 179 ] 21.0 | 61.0]| 325] 133 | 165 | 613 | 268 |
233/52/1 | 24-Sep-99| 233 | 5.16 | 9974 | 26568 0.33 S2.7534 ls00]| 00 | 00| 00 | o [7s5] 18 | 126] 200 203 (1 990] 21 [ 125|330] 233} 13 | 83 | 207 | 145
2.33/11.7/1 | 30-Sep-99| 233 | 11.66 | 21033 | 135824| 5.79 4 500 | 388 | 440 [ 141.0] 756 [| 755 | 43.7 | 425 | 1200! 72.1 || 100.0{ 45.1 | 39.0 [143.0] 724 || 425 | 418 | 1347 | 734
5.108.5/1 | 10-Jan-00| 5.10 | 6.54 | 22096 | 42830 1.14 S1.¥82-3/83-7]| 60.0 | 20.7 | 425 | 153.0) 8604 755 | 16.1 | 300 [ 1490] 746 { 100 | 102 35 | 130 | 95481 15.7 | 358 | 1440 | 854
5.10/7.0/3 | 20Jan-00 | 5.10 | 7.03 | 23949 | 49475 1.47 3 350 | 668 | 450 | 1820] 821 [1 760 | 542 | 550 (2200 954 || 100 | 516 | 50 | 216 | o4.71| 516 | 500 | 1870 | 947
510/6.0/4 | 26-Jan-00| 510 | 6.04 | 20378 | 36430 | 082 ? 520 | 459 | 325 11975 | 1450 || 755 44.23] 36.0 1200.0 | 14368 || 107 | 44.3] 39 | 199 | 138 || 448 | 358
5.10/4.9/1 | 8-Feb-00 | 510 | 4.86 | 17281 | 23628 018 | 51-¥52.4/53-1)| 850 | 31.3 | 250 | 96.0 | 53.08)( 755 | 2083] 320 | 920 | 540 105 [ 214] 30 | 83 |50.21] 278 | 200 | 830 | 524

* For the 9 Jul 89 and 15 Jul 99, X, was estimated from the scour hole profile data by extending the profile 10 zero scour as scour went past the end of the clay sample,
* {talics denote that the scour hole was likely affected by siaking and this data was not included in the analysis,



Table 7-2: Variability in the dimensions of a scour hole.

Difference between section value and average value (%)

min max min max min max min max
0.3 34.7 0 20 0 22.5 0.2 28.6
Difference between maximum and minimum section values (%)
min max min max min max min max
0.5 66.9 0 42.4 0 22.5 0.5 57.3
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Table 7-3: Maximum errors in measured and derived quantities for wall jet tests.

|I Quantity Maximum Error

Notes

U, 2.1%
a 4.7% for the 2.33 nozzle
3.1% for the 5.10 mm nozzle

*have an extreme value of 11.1% for a

8!!)“
2.0% very shallow scour hole
Xme 14.2%
X oo 3.5%
bw°° 4.9%
A 4.2%
A=A, 8.3%
A
I Eoe 6.8% for the 2.33 nozzle |*have an extreme value of 15.8 %
a 5.2% for the 5.10 mm nozzle |*have an extreme value of 14.2 %
KXo 19.0% for the 2.33 nozzle
a 17.3% for the 5.10 mm nozzle
Xow 8.2% for the 2.33 nozzle
a 6.6% for the 5.10 mm nozzle
bue 9.7% for the 2.33 nozzle
L a 8.1% for the 5.10 mm nozzle
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Fig. 7-2: Definition sketch of scour for wall jet tests.
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Fig. 7-3: Growth of the scour holes (a) Test No. 2.33/10.5/1/E

(b) Test No. 2.33/8.9/1/E
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Fig. 7-4: Growth of the maximum scour depth with time
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(a) arithmetic scale (b) semi-log plot.
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Fig. 7-5: The location of the maximum scour depth with time
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(a) arithmetic scale (b) semi-log plot.
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Fig. 7-7: (b) Point No.1 (5.10/6.5/1) U,=6.54 m/s a=5.10 mm (A-Ac)/A.=1.14 t;=149.2 h
(c) Point 2 (2.33/8.0/2) U;=8.00 m/s a=2.33 mm (A-Ac)/Ac=2.20 t;=101.0 h (side view) (d)
Point 2 plan view (e) Point 3 (5.10/7.0/3) Uy=7.03 m/s a=5.10 mm (A-Ac)/A=1.47
te=120.0 h (f) Point 4 (2.33/10.2/1) Us=10.23 m/s a=2.33 mm (A-Ac)/A-~4.23 t=126.0 h
(g) Point 4 plan view (h) Point 5 (2.33/9.5/1) U;=9.50 m/s a=2.33 mm (A-Ac)/A=3.52
ts=140.6 h (i) Point 6 (2.33/8.5/2) U,=8.46 m/s a=2.33 mm (A-A.)/A=2.58 t~120.7 h
(side view) (j) Point 6 plan view (k) Point 7 (2.33/12.0/1) U,=12.03 m/s a=2.33 mm
(A-Ac)A=6.23 t;=93.2 h (side view) (1) Point 7 plan view (m) Point 8 (2.33/12.7/1)
Uo=12.72 m/s a=2.33 mm (A-A;)/A:=7.08 t=118.2 h (side view) (n) Point 8 plan view
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Fig. 7-10: Average length of the scour hole at equilibrium state with the dimensionless parameter A.
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Fig. 7-26: Variation of the ratio of the average scour hole length to the average maximum depth at

equilibrium.
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Fig. 7-31: Growth of the dimensionless scour hole length with time.
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Plate 7-1: Scour hole growth for Test no. 2.33/8.9/1/E U,=8.89 m/s a=2.33
(A-A)/A=3.05 after (a) 30 min (b) 2h (c) 4.5 h (d) 25 h (e) 25 h (in plan) (f) S0 h (g) S0 h
(in plan) (h) 72 h (i) 72 h (in plan)
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CHAPTER 8: CONCLUSION

8.1 Summary of Observations

In the preceding chapters, the scour of clay by two different types of submerged
water jets was studied. In this last chapter, a brief discussion on the main observations
from this work is presented. The first study contribution was an investigation of the scour
created in a clay by a submerged circular turbulent jet impinging at 90° to the sample. This
type of jet is in frequently used for determining the erodibility of soils and in general

studies of the characteristics of scour in soils. Some of the important observations include:

1. There appears to be a linear relation between the growth of the scour hole dimensions
(the maximum scour depth, centreline scour depth, and the cube root of the scour hole
volume) with time for the majority of the growth of the scour hole. At longer times, the
scour hole dimensions did not appear to change (over a 24 h period) and were
determined to be at an asymptotic or equilibrium state of scour. This was after about 80
to 100 hours. At times very near the beginning of scour and as the scour approached
the equilibrium scour depth the growth of scour hole did not follow the linear relation
with the logarithm of time. This is similar to that observed for sand erosion.

2. Tests at the same hydraulic conditions did not fall on the same curve (they did not have
the same growth rate) although the scour hole at equilibrium may be of the same size.
It is thought that this was due to the different sized chunks of clay being removed near
the start of each test that significantly changed the flow characteristics. The influence of
slightly different water content and saturation of the samples may have also affected
erosion rates.

3. The scour hole radius is distinct for scour by jets in clays as compared to that in-sand.
There was no “ridge” that formed outside the scour hole built of material from the scour
hole for the tested soil (which had a very fine gradation). As well, the maximum scour

depth typically did not fall along the jet centreline.
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4. The most dominant form of erosion for the impinging jet, and what should be for most
consolidated clays, was mass erosion. This is the removal of the soil in the form of
chunks that varied in size from a few millimetres in to hundreds of millimetres.
Although the chunks of clay appear to be removed randomly from the clay, especially at
very early times for the tests, the scour hole eventually does come to what appears to be
an asymptotic state of scour. The dimensions of the scour hole at equilibrium then can

be predicted based on the properties of the jet. These jet properties can be combined in
d 2
the parameter X =pU§(ﬁ) for jets at large impingement heights (H>8.3d). The

equations to predict the scour hole dimensions apply only to jets with Reynolds
numbers greater than about 10000.

5. There is a critical value of X, X, below which no mass erosion occurs. For the clay
used in the experiments described herein, this was about X_=300 Pa which is
equivalenttoa maxknum shear stress on the clay surface of 48 Pa. The critical shear
stress of the clay can then be assumed to be 48 Pa.

6. For the current study, which used only jets at large impingement heights, it was found
that the impingement height a better scale to make the maximum scour depth, the
centreline scour depth, and cube root of scour hole dimensionless rather than the
diameter of the jet as used in some previous studies in scour of clay by jets.

7. The scour hole profiles can successfully be made dimensionless using the maximum
scour depth as scale for the scour depths and either the radius of the scour hole or the
half-width of scour, which is the radial distance from the jet centreline where the scour
depth is half the maximum scour depth, for the distance from the jet centreline. The
centreline scour depth also worked well as the scale instead of the maximum-scour
depth.

8. There were two forms of scour hole that formed: (1) a wide and shallow scour hole

with a “weakly deflected” jet and (2) a narrow and deep scour hole with a “strongly
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deflected” jet. The wide and shallow scour hole occurs for X;X° <35 and the narrow

[+

and deep scour hole tends to form when X £ 25. The scour hole volume is

[

smaller for the strongly deflected jet scour holes than the weakly deflected jet scour
holes. It is thought this is due to the reduction in momentum of the jet due to the

entrainment of its own return flow.

The wall jets experiments are one of the first investigations of the scour of clay by

a submerged plane turbulent wall jet. There were several important observations:

1. The scour hole created by the two dimensional plane wall jet flow was not two
dimensional but varied across the width of the sample. This irregularity in the scour
hole was often pronounced at longer times whereas the scour holes were usually fairly
uniform during the first few hours during the tests. The variable scour hole shape may
have been due to the wall effects of the flume and disturbances at the edge of the
sample, but may also have been due to mass erosion of the samples. When a chunk of
soil is eroded in one location of the clay surface, the approximately two-dimensional jet
flow over the sample becomes much more three-dimensional, potentially creating the
uneven ScCour.

2. The scour was created for the wall jet tests by rapid surface erosion during the early
times of the tests, and after a few hours, erosion of small to large soil chunks by mass
erosion.

3. The scour hole profiles, although the scour hole was not uniform across the sample,
could be successfully made dimensionless using the nozzle thickness as the scale for
the scour depths and the distance from the nozzle where the scour depth was h;;.lf the
maximum depth for the distance from the nozzle. These profiles did not fall on one

curve, but could be divided into four types based on the shape of the dimensionless
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profile. More than one of the different types of scour hole profile could occur across
the sample for a test. Under what conditions these profiles form is as yet
undetermined.

4. The dimensions of the scour hole that were thought to be of most concern were the

maximum depth of scour, the location of maximum scour, and the length of the scour
hole. These scour hole relations at equilibrium can be related to the parameter A =pU?

and equations were developed to predict the scour hole dimensions.

5. There were a critical value of A below which no significant erosion occurred. This
was A = 20000 Pa for this clay. This is equivalent to a critical shear stress of about 50
Pa, a value that is very close to that found from the impinging jet tests of 48 Pa.

6. The scour hole dimensions were found to grow in a linear relation with the logarithm of
time (although in each of the tests, the scour holes failed to reach equilibrium).

7. In two tests examining the evolution of the scour holes, the scour hole profiles through
the scouring process were found to be similar. The scour holes profiles were made

dimensionless in the same manner as the scour hole profiles at equilibrium.

Other significant observations are the three types of erosion observed through two
set of experiments and that the characteristics of erosion were similar in the two types of
tests. Flake erosion is the erosion of thin, flat flakes from the clay surface. This produced
minimal scour and its occurrence is thought to be related to the preparation of the sample.
Mass erosion is the erosion of small to large chunks of clay from the sample. Mass erosion
produced significant amounts of erosion in very short times and was the predominant type
of erosion in these tests. Finally, rapid surface erosion is a particle by particle erosion that

occurred at high bed stresses.

8.2 Conclusions

The main contributions of this work are as follows:
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1. This wofk shows that repeatable experiments in the scour by jets of clay can be
performed.

2. It provides several important observations of the characteristics of scour by jets of
clays.

3. It includes the first study of the scour by submerged plane turbulent wall jet scour in
cohesive material.

4. It introduces a method to predict the scour hole dimensions at equilibrium produced by
both submerged circular turbulent impinging jets and submerged plane turbulent wall

jet.

8.3 Recommendations for Future Research

As only one clay was tested for this study, there is a need to examine whether the
equations for predicting scour developed herein are applicable to the scour by jets of other
soils. It should also be remembered that these equations likely do not apply to soils that are
fissured, disturbed by sampling, layered, or otherwise inhomogenous and, as such,
research should be carried out on the erosion behavior in these types of soils as well.
These equations also may not apply to unsaturated soils that can slake.

The current tests with the impinging jet examine only the scour produced by jets at
large impingement heights. Study of the scour of clays by developing jets (small
impingement heights) should also be undertaken. As well, there is a need to examine more
closely the development of the scour holes with time so that the scour hole dimensions at
any time during the scouring process can be predicted. This work also can easily be
extended to the scour in cohesive material by jets of different geometries.

There is also a need to define the limits of cohesive soil behavior in regards to soil
erodibility and the characteristics of soil erosion. The erosion of sand and cohesive s;)ils is
different and it is necessary to know how a soil will erode for different clay contents and
clay minerals. There as yet has only been a small amount of work done on this subject.

This might be done with testing using an impinging jet apparatus.
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The impinging jet could easily be developed further as an erodibility device.
However, there must be a comparison between the erosion created by the jet and that in an
open channel flow for it to be used for determining erosion in open channel flows. The
wall jet testing however is quite finicky to the placement of the block with respect to the jet

flow and should not be considered as a robust test for this type of testing.
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Appendix A: Data for the growth of the scour holes for the impinging jet tests.

Test No. 8/8.1/5.0/1 (kPa) w, (%) 25.38 |Temp ('C) 11.8]
Clay M390 New block W, (%) 25.38 |Ultimate state
Clay Lot No. 34281348 |Metal confining band #2 | w; (%)
Test Date: 13-Oct-98
Q (Ls) 0.25
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) Time (h) Width Length g (cm®) %/E (cm)| Em (cm) €a  (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
4187 69.78 2.8 1.8 0.3 0.67 0.35 0.20
Test No. 8/8.1/6.1/1 |S, (kPa) 20.5| w. (%) 26.5 |Temp ("C) 14.9]
Clay M390 New block w, (%) 26.5 |Taken as ultimate state
Clay Lot No. 34281348 |Metal confining band #2 | w,; (%) 28.09
Test Date: 1-Oct-98
Q (Us) 0.3t
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | Time (h) width Length g (my) | VB (em)|Enem) | €4 (em)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
415 6.92 3.3 3.4 1.5 1.14 0.55 0.45
600 10.00 4.2 3.5 2.5 1.36 0.65 0.60
1496 24.93 5.2 4.6 6.5 1.87 0.85 0.80
1828 30.47 5.4 4.9 8.0 2.00 0.95 0.85
3070 51.17 6.1 5.6 12.0 2.29 1.00 0.95
4577 76.28 6.4 6.0 16.0 2.52 1.25 1.05
5066 84.43 6.4 6.3 16.5 2.55 1.30 1.20
TestNo. - 8/8.1/6.1/2 |S, (kPa) w; (%) Temp (‘C) 15.1]
Clay M390 1 day wet w, (%) Large chunk removal
Clay Lot No. 34281348 |Metal confining band #2 w; (%)
Test Date: 29-Sep-98
Q (L/s) 0.31
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) Time (h) Width Length g (cmd) 3‘/E (cm)| Em (cm) €4 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
15 0.25 6.4 5.3 8.0 2.00 0.85 0.45
60 1.00 6.4 5.4 13.5 2.38 1.45 0.95
141 2.35 6.4 5.4 16.0 2.52 1.45 1.05
237 3.95 0.4 5.9 18.5 2.64 1.60 1.25
456 7.60 6.4 6.2 19.5 2.69 1.65 1.40
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Test No. 8/8.1/7.0/1 |S, (kPa) 20.8] w. (%) 26.18 |Temp ("C) 18.9]
Clay M390 2 days wet w, (%) 29.99
Clay Lot No. 34281348 |Metal confiningband#2 | w (%) 27.41
Test Date: " 4-Sep-98
Q (L/s) 0.35
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | _Time (h) Width Length & (emy) | V& (cm)| Em (cm) | Ea (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
15 0.25 4.3 4.7 2.5 1.36 0.65 0.20
30 0.50 4.3 4.7 3.5 1.52 0.75 0.35
60 1.00 4.7 4.7 5.5 1.77 0.90 0.50
150 2.50 5.1 4.7 6.0 1.82 0.95 0.65
440 7.33 5.3 5.0 7.0 1.91 0.95 0.75
1350 22.50 5.5 5.5 9.0 2.08 0.95 0.80
1845 30.75 5.5 5.5 10.0 2.15 1.10 1.00
3044 50.73 6.0 5.7 12.5 2.32 1.20 1.05
4660 77.67 6.3 5.7 13.0 2.35 1.25 1.10
5924 98.73 6.3 5.7 14.0 2.41 1.30 1.20
7077 117.95 6.3 5.7 14.5 2.44 1.30 1.20
Test No. 8/8.1/7.4/1 |S, (kPa) 18.9] w_ (%) 26.20 |{Temp (‘C) 18.3]
Clay M390 2 days wet w, (%) 28.23 |Ultimate state
Clay Lot No. 34281348 [Metal confining band #2 w, (%) 27.55
Test Date: 11-Sep-98
Q (L/s) 0.374
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | Time (h) Width Length g (cm?) Y (cm)| Em cm) | Ea  (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
10 0.17 4.8 4.1 3.0 1.44 0.55 0.45
30 0.50 5.3 4.8 7.5 1.96 0.95 0.85
60 1.00 6.3 5.3 10.0 2.15 1.10 1.00
120 2.00 6.6 5.8 13.5 2.38 1.20 1.15
265 4.42 6.7 6.3 15.5 2.49 1.30 1.25
615 10.25 6.8 6.5 18.0 2.62 1.45 1.35
1557 25.95 7.3 6.5 21.5 2.78 1.65 1.50
3131 52.18 7.7 7.4 27.0 3.00 1.75 1.70
4208 70.13 7.8 7.5 28.0 3.04 1.95 1.85
5759 95.98 7.8 7.6 29.0 3.07 1.95 1.90
7046 117.43 7.8 7.6 30.0 3.11 2.10 2.00
8800 146.67 7.8 7.6 30.0 3.1 2.10 2.00
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Test No. 8/8.1/8.1/1 (kPa) 18.9] w. (%) 2620 [Temp ('C) 18.3]
Clay M390 2 days wet W, (%) 28.23 |Uitimate state

Clay Lot No. 334027107 {Metal confining band #2 | w;(%) 27.55 |(block split apart)

Test Date: 12-Apr-98

Q (Us) 0.405
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min)| Time(w) | Width | tength | & (em) | Y& (em)| Em (cm
0 0.00 0.0 0.0 0.0 0.00 0.0
5 0.08 7.3 5.7 11.0 2.22 1.0
15 0.25 8.1 6.0 20.0 2.71 1.3
30 0.50 7.4 7.0 26.0 2.96 1.3
60 1.00 8.3 8.0 28.2 3.04 14
120 2.00 8.3 8.0 30.0 3.11 1.4
240 4.00 8.5 8.0 34.0 3.24 14
480 8.00 8.5 8.0 35.2 3.28 1.5
1405 23.42 9.2 8.0 44.0 3.53 1.7
1875 31.25 9.5 8.5 44.0 3.53 1.7
2570 42.83 9.5 8.5 47.0 3.61 1.7
3140 52.33 9.5 8.5 50.0 3.68 1.9
4110 68.50 9.5 8.5 51.5 3.72 2.1
Test No. 8/8.1/8.4/1 |S, (kPa) 19.6] w. (%) 26.43 |Temp (°C) 15.6]
Clay M390 2 days wet w, (%) 30.43 |Uitimate state
Clay Lot No. 34281348 |Metal confining band #2 w; (%)

Test Date: 20-Sep-98

Q (L/s) 0.42
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) Time (h) Width Length 3 {cmd) %/E (cm)| &m (cm) €a_ (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
2 0.03 7.8 5.3 9.5 2.12 0.95 0.75
5 0.08 8.6 7.1 40.0 3.42 2.50 1.45
15 0.25 9.6 7.4 55.0 3.80 2.75 2.25
30 0.50 9.7 7.4 60.0 3.91 2.80 2.35
€0 1.00 9.7 7.4 67.0 4.06 2.80 2.65
120 2.00 9.9 7.8 73.0 4.18 3.15 3.00
240 4.00 9.9 7.9 81.0 4.33 3.35 3.25
360 6.00 9.9 7.9 82.0 4.34 3.35 3.30
1440 24.00 9.9 7.9 94.0 4.55 3.65 3.60
2797 46.62 9.9 8.0 94.5 4.55 3.85 - 3.85
4347 72.45 9.9 8.1 102.0 4.67 4.05 4.05
5625 93.75 9.9 8.1 104.0 4.70 4.05 4.05
6946 115.77 9.9 8.1 104.0 4.70 4.05 4.05
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Test No. 8/8.1/9.0/1 |S, (kPa) 20.4] w. (%) Temp (°C) 16|
Clay M3380 New Clay Block w, (%) Uitimate state
Clay Lot No. 334027107 |Metal confining band #1 w; (%) 28.0425
Test Date: 5-May-98
Q (Us) 0.45
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | _ Time (h) Width Length & (em) | V& (cm)| €= (cm)
0 0.00 0.0 0.0 0.0 0.00 0.0
5 0.08 0.1 0.1 0.5 0.79 0.1
15 0.25 4.5 4.7 4.0 1.59 1.0
30 0.50 6.2 4.7 6.0 1.82 1.0
68 1.13 6.7 4.7 8.0 2.00 1.0
150 2.50 7.3 6.5 16.0 2.52 1.6
300 5.00 8.5 6.7 20.0 2.71 1.6
428 7.13 8.7 7.0 24.0 2.88 1.6
584 9.73 8.7 7.0 27.5 3.02 1.6
1401 23.35 8.7 8.3 41.0 3.45 2.1
1821 30.35 9.2 8.3 46.5 3.60 2.3
2766 46.10 10.4 8.3 58.5 3.88 2.7
3342 . §5.70 10.4 9.1 71.0 4.14 2.7
4173 69.55 10.4 9.1 75.0 4.22 —2.8]
4575 76.25 10.4 9.3 76.0 4.24 2.8
5796 96.60 10.4 9.5 76.5 4.25 2.8
7455 124.25 10.4 9.5 78.0 4.27 2.8
8591 143.18 10.4 9.5 78.0 4.27 2.8
Test No. 8/8.1/9.0/2 |S, (kPa) 20.5] w. (%) 26.21 |Temp ('C) 22.3|
Clay M390 2 days wet w, (%) Taken as ultimate state
Clay Lot No. 34281348 |[Metal confining band #2 | w,(%) 27.9
Test Date: 16-Aug-98
Q (UYs) 0.45
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | Time (h) Width Length 3 (cm?) %/E (cm)] &= (cm) €4 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
2 0.03 6.5 7.6 29.0 3.07 2.30 0.70
5 0.08 6.5 7.6 315 3.16 2.40 0.90
15 0.25 7.5 8.1 41.0 3.45 2.50 1.15
30 0.50 7.8 8.3 43.0 3.50 2.50 1.55
60 1.00 8.0 8.3 51.0 3.71 2.50 1.85
120 2.00 8.2 8.7 54.0 3.78 2.50 - 2.30
240 4.00 8.2 9.4 63.0 3.98 2.90 2.80
480 8.00 8.2 10.0 70.0 4.12 3.00 2.90
1345 22.42 8.2 10.0 80.0 4.31 3.30 3.20
1852 30.87 8.2 10.0 81.0 4.33 3.70 3.50
2680 44.67 8.2 10.0 85.0 4.40 3.70 3.50
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Test No. 8/8.1/9.0/3 |S, (kPa) 20.2] w. (%) 25.52 |Temp (‘C) 19.9]
Clay M390 1 day wet W, (%) _ 29.625 |Uitimate state
Clay Lot No. 34281348 |[Metal confiningband #2 | w;(%) 27.41
Test Date: 25-Aug-98
Q (U/s) 0.45
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) Time (h) Width Length 3 {cm®) %/E (cm)| Em (cm) €4 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
2 0.03 5.5 6.0 5.5 1.77 0.75 0.20
5 0.08 7.5 7.0 16.0 2.52 1.10 0.65
15 0.25 9.0 7.2 26.0 2.96 1.40 0.90
30 0.50 9.2 7.5 28.5 3.05 1.50 1.40
60 1.00 9.2 7.5 32.5 3.19 1.70 1.45
120 2.00 9.2 7.5 38.0 3.36 1.85 1.65
275 4.58 9.2 8.0 42.0 3.48 1.90 1.85
529 8.82 9.3 8.5 46.0 3.58 2.35 2.05
1326 22.10 9.3 8.5 55.0 3.80 2.45 2.35
1793 29.88 9.3 9.2 58.0 3.87 2.55 2.55
2756 - 45.93 9.5 9.5 64.0 4.00 2.80 2.70]
3019 50.32 9.5 12.0 81.0 4.33 2.85 2.80
4394 73.23 9.5 12.0 87.0 4.43 3.05 3.00
5520 92.00 9.5 12.0 89.0 4.46 3.15 3.15
7325 122.08 9.5 12.0 90.0 4.48 3.25 3.25
Test No. 8/8.1/9.0/4 |S, (kPa) 16.1]  w. (%) 26.50 [Temp ("C) 11.8]
Clay M330 4 days wet w, (%) 26.5 [Taken as ultimate state
Clay Lot No. 34281348 |Metal confining band #2 w; (%) 27.26
Test Date: 16-Oct-98 *From Oct 13th test.
Q (Us) 0.45
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | Time (h) Width Length & (om) | V& (om)| B (em) | €1 (em)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
2 0.03 6.7 5.1 18.0 2.62 1.60 0.45
5 0.08 7.4 7.5 32.0 3.17 2.55 1.45
15 0.25 7.3 7.7 36.0 3.30 2.65 1.45
30 0.50 7.5 7.7 44.0 3.53 2.85 2.25
60 1.00 7.8 7.7 49.0 3.66 2.85 2.65
120 2.00 7.8 7.9 54.0 3.78 2.85 2.65
222 3.70 7.8 7.9 56.0 3.83 2.85 2.75
480 8.00 8.5 8.2 60.0 3.91 3.00 2.95
1297 21.62 8.7 8.2 78.0 4.27 3.35 3.35
1728 28.80 8.3 8.4 82.0 4.34 3.65 3.50
2927 48.78 8.9 10.2 99.0 4.63 3.95 3.85
4151 69.18 9.3 10.2 104.0 4.70 4.15 4.05
5577 92.95 9.3 10.2 107.0 4.75 4.15 4.15
7009 116.82 9.3 10.2 108.0 4.76 4.40 4.20
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Test No. 8/8.1/9.0/5 [S, (kPa) 21.7] w_ (%) 25.50 |Temp ("C) 4.8]
Clay M330 1 Day Wet wp (%) 30.14_ [Uitimate state
Clay Lot No. 34281348 [Metal confining band #2 w; (%) 27.54
Test Date: 9-Mar-99
Q(Lss) 0.45
H(cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | Time (h) Width Length & (em?) | V& (cm)] Em (cm) | Ea (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
294 4.90 8.8 6.8 44.0 3.53 2.10 2.05
1417 23.62 10.4 10.0 90.0 4.48 3.15 3.05
3066 51.10 10.4 10.8 113.0 4.83 3.45 3.35
4301 71.68 10.8 11.2 127.0 5.03 3.80 3.60
5721 95.35 10.8 11.2 132.0 5.09 3.75 3.70
7514 125.23 10.8 11.2 132.0 5.09 3.80 3.80
Test No. 8/8.1/9.0/6 (kPa) 22.6] w_(%) 25.81 |Temp (‘C) 4.8}
Clay M390 New Block W, (%) 25.81 |Ultimate state
Clay Lot No. 34281348 ([Metal confiningband #2 | w,; (%) 27.56
Test Date: 16-Mar-99
Q(Us) 0.45
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) Time (h) Width Length g (cm?) 3\/2 (cm)| €= (cm) €4 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
1679 27.98 6.7 6.8 27.0 3.00 2.05 2.05
3084 51.40 7.7 8.2 55.0 3.80 3.10 2.60
4494 74.90 7.8 8.6 56.0 3.83 3.10 2.75
6041 100.68 7.8 8.6 58.0 3.87 3.256 3.05
7573 126.22 7.8 8.6 64.0 4.00 3.25 3.05
8570 142.83 7.8 8.8 68.0 4.08 3.40 3.20
9961 166.02 7.9 8.9 70.0 4.12 3.80 3.70
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Test No. 8/8.1/9.0/7 |S, (kPa) 18.3] w_(%) Temp (*C) 15|
Clay M390 1 day wet w, (%) Large chunk removal
Clay Lot No. 334027107 |Metal confining band #1 w (%) 28.5267
Test Date: 1-May-98
Q (Us) 0.45
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min Time (h) Width Length _ 3 (cm?) %/E (cm)| Em (cm
0 0.00 0.0 0.0 0.0 0.00 0.0
5 0.08 6.0 5.3 5.0 1.71 0.6
15 0.25 8.5 5.3 16.5 2.55 1.0
30 0.50 9.2 55 225 2.82 1.6
60 1.00 9.4 7.2 41.0 3.45 2.0
120 2.00 9.4 7.5 45.5 3.57 2.5
240 4.00 9.4 7.8 54.0 3.78 2.5
390 6.50 9.4 7.5 57.5 3.86 2.7
570 9.50 11.2 8.7 65.0 4.02 2.8
1220 20.33 11.5 8.7 76.0 4.24 2.8
1710 28.50 11.5 8.7 77.5 4.26 2.8
Test No. 8/8.1/9.0/8 IS, (kPa) 19.3] w. (%) 26.01 |[Temp (*C) 19|
Clay M390 1 day wet w, (%) 29.1 |Block destroyed
Clay Lot No. 334027107 [Metal confining band #1 | w, (%)
. Test Date: 28-May-98 |LL (%) 39.7 % clay 43
Q (Us) 0.45 PL (%) 18.0 Activity 0.5
H (cm) 6.5 Pl (%) 21.7
d (mm) 8
Max. Disturbance (cm
Time (min) Time (h) Width Length 3 {cm?) VE (cm)| Em (cm) €4 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.0
5 0.08 4.5 5.0 6.0 1.82 0.9
15 0.25 6.5 6.7 11.0 2.22 0.9
30 0.50 7.1 6.7 16.0 2.52 1.2 0.70
60 1.00 7.1 7.0 18.5 2.64 1.2 0.80
127 2.12 7.1 7.1 19.0 2.67 1.3 1.00
240 4.00 7.1 7.1 20.0 2.71 1.3 1.00
360 6.00 7.1 7.2 20.5 2.74 1.3 1.30
588 9.80 7.1 7.2 25.5 2.94 1.4 1.40
1344 22.40 7.2 7.3 28.5 3.05 1.6 1.50
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Test No. 8/8.1/9.91 |S, (kPa) 18.4] w.(%) 26.85 [Temp (‘C) 16.9)
Clay M330 2 days wet w, {%) 29.15 |Ultimate state
Clay Lot No. 334027107 |Metal confining band #1 | w; (%) 28.59
Test Date: 7-Jun-98 |LL (%) 38.5 % clay 43
Q (Lss) 0.499 PL (%) 18.0 Activity 0.48
H (cm) 6.5 Pl (%) 20.5
d (mm) 8
Max. Disturbance (cm)
Time (min) Time (h) Width Length g (cm?) %/E (cm)| Em (cm) €a  (cm)
0 0.00 3.2 3.8 3.5 0.00 1.0 0.0
2 0.03 9.6 8.2 82.0 4.34 3.3 1.9
5 0.08 9.8 8.9 85.0 4.40 3.3 2.2
15 0.25 9.9 8.9 89.0 4.46 3.3 2.4
30 0.50 9.9 8.9 90.0 4.48 3.3 2.4
60 1.00 11.1 9.1 120.0 4.93 3.3 2.4
120 2.00 11.1 9.3 122.0 4.96 3.3 2.6
240 4.00 11.2 9.3 125.0 5.00 3.3 2.7
459 7.65 11.2 9.3 126.0 5.01 3.3 2.8
1296 21.60 11.2 9.3 133.0 5.10 3.3 3.1
1641 27.35 11.2 9.3 134.0 5.12 3.3 3.3
_ 2726 45.43 11.2 9.3 145.0 5.25 37 3.5
4139 68.98 11.2 9.3 145.0 5.25 3.8 3.6
5605 93.42 11.2 9.3 149.0 5.30 3.8 3.7
7046 117.43 11.2 9.8 149.0 5.30 3.8 3.7
Test No. 8/8.1/9.92 |S, (kPa) 20.5] w. (%) 26.95 |[Temp (‘C) 15.8|
Clay M390 2 days wet W, (%) 29.185 |Large chunk removal
Clay Lot No. 334027107 |[Metal confining band #1 | w,(%) 28.07
Test Date: 3-Jun-98 |LL (%) 37.6 % clay 40
Q (LYs) 0.499 PL (%) 18.3 Activity 0.48
H (cm) 6.5 Pl (%) 19.3
d (mm) 8
Max. Disturbance (cm)
Time (min) | Time (h) Width Lengh | & (cm?) VE (cm)| Em em) | &1 (em)
0 0.00 0.0 0.0 0.0 0.00 0.0 0.0
5 0.08 9.4 8.7 26.0 2.96 1.4 0.7
15 0.25 10.1 9.1 43.0 3.50 2.0 1.2
30 0.50 10.8 9.1 498.5 3.67 2.3 1.4
60 1.00 10.8 9.1 54.0 3.78 25 1.7
120 2.00 10.8 9.1 58.0 3.87 2.7 1.9
240 4.00 10.8 9.1 63.0 3.98 2.7 2.2
367 6.12 10.8 9.1 66.0 4.04 2.7 2.3
1384 23.07 10.8 9.9 90.0 4.48 2.7 2.4
Notes: * From 5 to 15 min - too high of flow rate for 2 min Q=0.49 L/s (actually about 0.543 L/s))
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Test No. 8/8.1/9.9/3 |S, (kPa) wo(%)  25.19 [Temp ('C) 10.7]
Clay M390 1 day wet w, (%) 29.63 |Block destroyed

Clay Lot No. 34281348 |Metal confiningband #2 | w,(%)
Test Date: 22-Oct-98 * May have been bubbies in clay.

Q (Lss) 0.5
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | Time (h) Width Length & (om) | V& (em)| &= (em €4 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
2 0.03 5.2 4.8 6.5 1.87 1.75 0.30
5 0.08 6.7 5.3 13.0 2.35 1.10 0.95
15 0.25 6.9 6.0 18.5 2.64 1.65 1.08
30 0.50 71 6.3 25.0 2.92 2.00 1.85
60 _1.00 75 7.7 34.0 3.24 2.95 1.95
163 2.72 7.4 10.0 65.0 4.02 3.95 3.15
307 5.12 8.3 10.2 81.0 4.33 4.65 4.55
552 9.20 9.5 10.4 100.0 4.64 5.00 4.95
1404 23.40 9.6 10.2 124.0 4.99 6.00 5.95
Test No. 8/8.1/9.9/4 |S, (kPa) w (%) 26.15 |Temp (‘C) 11.8]
Clay M390 1 day wet w, (%) 29.5 |Block Destroyed
Clay Lot No. 34281348 |[Metal confiningband #2 | w;(%)

Test Date: 28-Oct-98 * May have been bubbles in clay.

Q (Ls) 0.5
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) Time (h) Width Length & (cm?) %/E (cm)| Em (cm) €a  (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
2 0.03 6.8 8.1 13.0 2.35 0.80 0.60
5 0.08 6.8 8.1 35.0 3.27 2.20 1.40
15 0.25 7.1 8.2 43.0 3.50 2.25 2.25
30 0.50 7.1 8.3 45.0 3.56 2.40 2.40
60 1.00 7.2 8.3 48.0 3.63 2.45 2.45
150 2.50 74 8.4 55.0 3.80 2.50 2.50
372 6.20 7.6 9.1 67.0 4.06 2.75 2.75
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Test No. 8/8.1/9.9/5 |S, (kPa) 19.9] w. (%) 27.12 |Temp (°C) 9.7
Clay M390 1 day wet W, (%) 29.73 |Slaking affected hole
Clay Lot No. 34281348 [Metal confining band #2 |  w; (%) 27.6 |dimensions
Test Date: 31-Oct-98 * Rapid surface erosion near beginning of test.
Q (L/s) 0.5
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | __ Time (h) Width Length € (cm) VE (em)| Em (cm) | Ea (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
2 0.03 3.1 3.1 2.0 1.26 0.50 0.45
5 0.08 7.3 6.7 26.0 2.96 1.65 0.85
15 0.25 8.1 6.3 33.0 3.21 1.75 1.25
30 0.50 8.4 6.7 35.0 3.27 1.80 1.55
60 1.00 9.1 7.1 40.0 3.42 1.85 1.65
134 2.23 9.2 7.1 45.0 3.56 1.95 1.80
393 6.55 8.8 8.7 60.0 3.91 2.35 2.35
1350 22.50 9.5 9.4 79.0 4.29 2.95 2.95
2920 48.67 9.5 9.9 n/a n/a 3.40 3.40
4378 7297 n/a n/a n/a n/a 3.15 3.15
Test No. 8/8.1/9.9/6 |S, (kPa) w_ (%) 26.24 [Temp (‘C) 7.9|
Clay M390 New block w, (%) 26.24 |Block destroyed
Clay Lot No. 34281348 |Metal confining band #2 w; (%)
Test Date: 4-Nov-98  * Rapid surface erosion near beginning of test.
Q (U/s) 0.5
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | Time (h) Width Length E (cm? YE (cm)| &= em) | & (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
2 0.03 0.9 0.5 0.5 0.79 0.45 0.25
5 0.08 2.6 3.6 1.2 1.06 0.60 0.55
15 0.25 3.6 4.6 5.5 1.77 0.85 0.80
30 0.50 4.2 52 7.0 1.91 1.00 0.95
60 1.00 4.4 5.2 10.0 2.15 1.25 1.25
120 2.00 5.2 5.4 16.0 2.52 1.55 1.55
252 4.20 5.2 6.0 20.0 2.71 1.80 1.80
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Test No. 8/8.1/9.9/7 S, (kPa) w; (%) Temp ('C) 7.9]
Clay M390 1 day wet w, (%) 30.08 !Block destroyed
Clay Lot No. 34281348 |Metal confining band #2 w, (%)
Test Date: 7-Nov-98  * Rapid surface erosion near beginning of test.
Q (L/s) 0.5
H (cm) 6.5
d (mm) 8
Max. Disturbance (cm)
Time (min) | Time (h) Width Length & (om) [ E (em)| Em om) | &1 (em)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
5 0.08 8.9 11.4 63.0 3.98 1.75 1.25
Test No. 8/14.5/9.0/1 |S, (kPa) 17.5] w. (%) 26.06 [Temp (‘C) 20.1J
Ciay M390 2 days wet w, (%) 30.05 [Uitimate state
Clay Lot No. 34281348 |Metal confining band #1 w; (%) 27.8325
Test Date: 10-Jul-98 |LL (%) 33.7 % clay 40
Q(Us) 0.45 PL (%) 18.1 Activity 0.39
H (cm) 11.6 Pl (%) 15.6
d (mm) 8
Max. Disturbance (cm)
Time (min) | _ Time (h) Width Length & (om?) | Y& (cm)| Em (cm) | €4 (em)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
5 0.08 0.0 0.0 0.0 0.00 0.00 0.00
15 0.25 0.0 0.0 0.0 0.00 0.00 0.00
60 1.00 4.3 4.5 1.5 1.14 0.40 0.30
120 2.00 6.1 5.2 4.5 1.65 0.60 0.30
333 5.55 7.2 5.6 8.5 2.04 0.70 0.45
803 13.38 7.2 6.5 15.0 2.47 0.80 0.60
1883 31.38 8.1 7.3 20.5 2.74 0.80 0.75
3031 50.52 8.3 7.4 21.0 2.76 0.80 0.75
4288 71.47 8.4 7.6 24.0 2.88 0.80 0.75
5848 97.47 8.7 7.6 24.5 2.90 0.90 0.80
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Test No. 8/14.5/9.0/2 |S, (kPa) 14.8] w. (%) 26.51 |Temp (‘C) 20.1)
Clay M390 3 days wet w, (%) 29.005 |Uitimate state
Clay Lot No. 34281348 |Metal confining band #1 w; (%) 27.8
Test Date: 17-Jul-98 {LL (%) 35.9 % clay 40
Q (Us) 0.45 PL (%) 18.1 Activity 0.45
H (cm) 11.6 Pl (%) 17.8
d (mm) 8
Max. Disturbance (cm)
Time (min) Time (h) Width Length 3 (cm3) %/E (cm)| &m (cm) €y (cm)
0 0.00 4.4 5.5 9.0 2.08 1.1 0.0
15 0.25 4.8 5.7 11.0 2.22 1.1 0.3
45 0.75 7.4 58 16.0 2.52 1.2 0.4
187 3.12 8.7 6.2 18.0 2.67 1.2 0.6
1257 20.95 9.7 7.8 26.0 2.96 1.3 0.9
1838 30.63 9.7 8.5 35.0 3.27 1.3 1.0
3069 51.15 10.2 8.7 42.0 3.48 1.3 1.2
4239 70.65 10.2 8.7 43.0 3.50 1.4 1.2
Test No. 8/14.5/9.0/3 |S, (kPa) 18.1] w_(%) 26.16 [Temp('C) 22.2|
Clay M390 1 day wet w (%) 29.42 |Ultimate state
Clay Lot No. 34281348 |Metal confiningband #2 | w,;(%)_ 27.36
Test Date: 25-Jul-98
Q (Ls) 0.45
H (cm) 11.6
d (mm) 8
Max. Disturbance (cm) |
Time (min)| _ Time (h) Width tength | 5 (em) VE (cm)| Em (cm) | &4 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
15 0.25 6.2 4.4 55 1.77 0.50 0.35
25 0.42 8.6 7.3 20.5 2.74 1.30 0.60
66 1.10 10.5 7.3 24.5 2.90 1.30 0.75
120 2.00 10.5 7.3 31.0 3.14 1.40 0.90
317 5.28 10.5 7.3 35.0/ 3.27 1.70 1.00
1333 22.22 10.5 8.0 44.0 3.53 1.70 1.30
2721 45.35 11.0 1.5 123.0 4.97 3.30 1.30
4037 67.28 11.5 11.5 127.0 5.03 3.30 1.30
4743 79.05 11.5 11.5 127.0 5.03 3.30 1.40
6329 105.48 13.1 11.5 128.0 5.04 3.30 1.40
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Test No. 8/14.5/9.0/4 |S, (kPa) 19.6] w, (%) Temp (‘C) 22.2|
Clay M390 3 days wet w, (%) 29.52 |Ultimate state
Clay Lot No. 34281348 |Metalconfiningband #2 | w;(%) 27.17
Test Date: 3-Aug-98
Q (L/s) 0.45
H (cm) 11.6
d (mm) 8
Max. Disturbance (cm)
Time (min) | Time (h) Width Length & (om?) [ VE (cm)| Em cm) | &2 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
20 0.33 6.1 5.5 2.0 1.26 0.50 0.25
40 0.67 6.7 5.6 3.5 1.52 0.60 0.45
60 1.00 7.0 57 6.5 1.87 0.70 0.50
120 2.00 7.5 6.2 7.0 1.91 0.70 0.50
240 4.00 7.7 6.4 8.5 2.04 0.70 0.50
520 8.67 7.7 6.4 10.0 2.15 0.75 0.65
1270 21.17 9.4 7.5 145 2.44 0.80 0.70
1867 31.12 9.4 7.5 17.0 2.57 0.80 0.70
2917 48.62 9.7 8.2 17.5 2.60 0.80 0.75
4114 £68.57 9.7 8.2 18.0 2.62 0.80 0.75
Test No. 8/14.5/9.0/5 |S, (kPa) w, (%) 26.72 |Temp (*C) 4.4
Clay M390 3 days wet w, (%) Ultimate state
Clay Lot No. 34281348 |Metal confining band #2 w; (%) 27.95
Test Date: 13-Nov-98 * Flake erosion at beginning of test
Q(L/s) 0.45 “There was slaking off of a piece of clay resuiting in a sudden increase in volume.
H (cm) 11.6
d (mm) 8
Max. Disturbance (cm)
Time (min)| _ Time (h) Width Lengh | & (em?) VE (om)| Em (cm) | B (em)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
1410 23.50 5.1 4.3 3.0 1.44 0.50 0.35
2970 49.50 5.8 5.2 5.0 1.71 0.50 0.40
4208 70.13 6.1 5.2 7.0 1.91 0.55 0.50
5769 96.15 7.8 5.9 13.5 2.38 0.70 0.60
Test No. 8/14.5/9.0/6 |S, (kPa) W, (%) 26.04 |Temp ('C) 20.5)
Clay M390 2 days wet w, (%) 30.215 |Block cracked
Clay Lot No. 34281348 |Metal confining band #1 | w;(%)
Test Date: 8-Jul-98
Q (Us) 0.45
H (cm) 116
d (mm) 8
Max. Disturbance (cm
Time (min) Time (h) Width Length 3 (cm?) %/E {cm)| Em (cm) € (cm)
0 0.00 0.0 0.0 0.0 0.00 0.0 0.0
5 0.00 0.0 0.0 0.0 0.00 0.0 0.0
15 0.2% 6.5 4.9 24.0 2.88 2.1 0.3
30 0.50 7.3 5.1 27.0 3.00 2.1 1.1
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Test No. 8/14.5/9.0/7 |8, (kPa) w, (%) 26.69 [Temp (‘C) 23.6}
Clay M390 1 day wet w, (%) 29.53 |Sample cracked
Clay Lot No. 34281348 [Metal confiningband #2 | w; (%)
Test Date: 7-Aug-98
Q (Ls) 0.45
H (cm) 11.6
d (mm) 8
Max. Disturbance (cm)
Time (min)| Time (h) | Width tengh | & (cm?) V& cm)| Ea em) | €4 (em)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
2 0.03 9.2 7.2 25.0 2.92 1.70 0.50
5 0.08 9.2 7.7 28.0 3.04 2.25 0.80
15 0.25 9.3 7.8 33.0 3.21 2.30 1.25
30 0.50 9.3 7.8 35.0 3.27 2.30 1.50
60 1.00 9.3 7.8 37.5 3.35 2.30 1.85
120 2.00 9.3 8.5 42.0 3.48 2.30 2.30
302 5.03 9.3 8.5 50.0 3.68 2.70 2.45
487 8.12 9.5 8.5 53.0 3.76 2.80 2.80
Test No. 8/14.5/9.9/1 |S, (kPa) 23.2] w. (%) Temp ("C) 3.5]
Clay M330 1 day wet w, (%) 29.93 |Ultimate state at 70 h
Clay Lot No. 34281348 [Metal confiningband #2 | w;(%) 27.27
Test Date: 21-Nov-98 ‘*Last time interval - had large chunk removed which was likely due to siaking
Q (Us) 0.5
H (cm) 11.6
d (mm) 8
Max. Disturbance (cm)
Time (min) | __ Time (h) Width Length § om) [V cm)| Em (em) | €4 (em)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
290 4.83 5.6 5.2 6.0 1.82 0.50 0.40
521 8.68 6.3 5.7 8.5 2.04 0.65 0.60
1528 25.47 7.6 6.2 18.0 2.62 1.05 0.95
3047 50.78 8.1 8.2 25.5 2.94 1.25 1.15
4255 70.92 8.1 8.2 33.0 3.21 1.50 1.35
4557 75.95 9.7 10.2 92.0 4.51 3.10 1.65
Test No. 8/14.5/9.9/2 |S, (kPa) w, (%) 25.87 |Temp ('C) 3.7}
Clay M390 New block w, (%) Block destroyed
Clay Lot No. 34281348 [Metal confiningband #2 | w;(%)
Test Date: 18-Nov-98 * Flake erosion at beginning of test.
Q (Us) 0.5
H (cm) 11.6
d (mm) 8
Max. Disturbance (cm)
Time (min) Time (h) Width Length g (cm®) %/E (cm)| Em (cm) €4 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
355 5.92 49 3.6 1.5 1.14 0.35 0.30
1444 24.07 8.1 7.1 26.0 2.96 1.30 1.00
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Test No. 8/14.5/10.9/1 |S, (kPa) 21.7) w. (%) 26.43 |Temp ('C) 6.4)
Clay M390 1 day wet w, (%) 28.59 |Uitimate state
Clay Lot No. 34281348 |Metal confiningband #2 | w;(%) 27.56
Test Date: 3-Dec-98
Q (Us) 0.55
H (cm) 11.6
d (mm) 8
Max. Disturbance (cm)
Time (min)| Time () | widh | tength | & (em?)|VE (cm)| Em emy | Ea (em)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
27 0.45 6.4 8.0 19.0 2.67 1.40 0.40
95 1.58 7.5 8.1 25.0 2.92 1.50 0.75
138 2.30 7.8 9.0 30.0 3.11 1.50 1.00
515 8.58 8.5 9.7 43.0 3.50 1.60 1.30
1353 _22.55 8.7 9.7 55.0 3.80 1.75 1.55
3108 51.80 10.2 10.1 70.0 4.12 1.85 1.80
4277 71.28 11.2 10.7 98.0 4.61 2.55 2.15
5572 92.87 11.7 109 99.0 4.63 2.55 2.25
TestNo.  8/14.5/11.9/1 |S, (kPa) [ w. (%)  26.39 |Temp ('C) 4.1
Clay M390 1 day wet w, (%) 29.95 |Block destroyed
Clay Lot No. 34281348 |Metal confining band #2 | _w,(%)
Test Date: 8-Dec-98
Q (Us) 0.55
H (cm) 11.6
d (mm) 8
Max. Disturbance (cm)
Time (min) | _ Time (h) Width Length & (cm) [VE (cm)|Em em) | a4 (em)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
15 0.25 7.2 4.6 3.5 1.52 0.50 0.40
99 1.65 8.2 6.6 17.5 2.60 1.00 0.95
230 3.83 8.2 7.8 29.0 3.07 1.35 1.20
422 7.03 8.6 8.2 43.0 3.50 1.55 1.50
1420 23.67 8.8 9.4 64.0 4.00 2.05 2.00
3213 53.55 10.8 119 110.0 4.79 2.95 2.65
4453 74.22 11.1 13.7 136.0 5.14 3.50 3.10
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Test No. 4/10.0/9.9/1 (S, (kPa) w, (%) 2551 [Temp (‘C) 4.8
Clay M390 New Block w, (%) 25.51 {Ultimate state
Clay Lot No. 34281348 (Metal confiningband #2 | w;(%)
Test Date: 8-Feb-99
Q (L/s) 0.125
H (cm) 4.0
d (mm) 4
Max. Disturbance (cm)
Time (min) | Time (h) Width Length & em?) [VE (cm)| Em em) | Ea (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
1362 22.70 2.6 2.9 1.5 1.14 0.40 0.30
3005 50.08 3.4 3.6 2.5 1.36 0.55 0.45
4305 71.75 3.9 4.0 4.0 1.59 0.75 0.65
5693 94.88 4.2 4.4 6.0 1.82 0.90 0.80
7353 122.55 4.4 4.5 7.0 1.91 0.90 0.80
8510 141.83 4.8 4.5 8.0 2.00 0.95 0.85
10265 171.08 4.8 4.5 8.0 2.00 1.00 0.90
Test No. 4/10.0/11.9/1 S, (kPa) 23.31 w. (%) 25.52 |Temp (‘C) 4.§|
Clay M390 New Block w (%) 25.52 |Uitimate state
Clay Lot No. 34281348 |Metal confining band #2 | w;(%) 27.28
Test Date: 15-Jan-99 * Flake erosion at beginning of test
Q (L/s) 0.15
H (cm) 4.0
d (mm) 4
Max. Disturbance (cm)
Time (min) | Time (h) Width Length & (om) | V& (cm)| Em (cm) | Ea {cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
1642 27.37 3.9 2.9 2.5 1.36 0.55 0.45
2953 49.22 4.2 4.2 4.0 1.59 0.95 0.80
4290 71.50 4.6 4.2 8.0 2.00 1.10 1.00
7083 118.05 4.6 4.3 12.0 2.29 1.35 1.15
8697 144.95 5.6 6.8 22.5 2.82 1.45 1.30
TestNo.  4/10.0/11.9/2 |S, (kPa) n/a W, (%) 25.47 | Temp ('C) 4.7}
Clay M390 New Block w, (%) 25.47 |Taken as ultimate state
Clay Lot No. 34281348 [Metal confining band #2 w; (%) n/a
Test Date: 19-Feb-99
Q (L/s) 0.15
H (cm) 4.0
d (mm) 4
Max. Disturbance (cm)
Time (min) Time (h) Width Length g {cm®) VE (cm)| Em (cm) €4 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 - 0.00
1668 27.80 2.1 2.3 1.0 1.00 0.30 0.25
3081 51.35 2.7 2.9 1.5 1.14 0.55 0.45
4224 70.40 34 3.1 2.0 1.26 0.65 0.60
5659 94.32 3.5 3.1 2.5 1.36 0.70 0.65
7361 122.68 3.7 3.2 4.0 1.59 0.90 0.70
8645 144.08 3.7 3.5 5.0 1.71 0.95 0.90
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Test No. 4/10.0/13.9/1 |S, (kPa) 284 w. (%) 25.49 |Temp ('C) 14.91
Clay M380 New Block w, (%) 25.49 |URtimate state
Clay Lot No. 34281348 |[Metal confining band #2 | w,(%) 26.94
Test Date: 5-Jul-99 * volume may have been influenced by slaking
Q (Us) 0.175
H (cm) 4.0
d (mm) 4
Max. Disturbance (cm)
Time (min) | Time (h) Width Length | & (cm) V& (em)| Em em) | Ea (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
1320 22.00 8.2 6.7 21.5 2.78 2.30 2.10
2542 42.37 9.6 6.9 54.0 3.78 2.90 2.75
4169 69.48 10.7 7.1 61.0 3.94 3.55 3.40
5455 90.92 114 7.6 69.0 4.10 3.85 3.40
Test No. 4/10.0/15.9/1 (kPa) 25.6] w. (%) 25.05 |Temp ("C) 5.4
Clay M390 New Block w, (%) 25.05 |Ultimate state
Clay Lot No. 34281348 |Metal confining band #2 w, (%) 27.35
Test Date: 22-Jan-99
Q (Us) 0.2
H (cm) 4.0
d (mm) 4
Max. Disturbance (cm
Time (min) | _Time (h) Width Length & cm?) | V& (cm)| Em cm | & (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
30 0.50 2.6 2.7 3.5 1.52 1.05 1.05
118 1.97 3.2 3.7 6.5 1.87 1.45 1.45
251 4.18 3.6 4.0 8.0 2.00 1.70 1.70
1562 26.03 3.6 4.0 14.5 2.44 2.10 2.10
2936 48.93 3.6 4.0 17.5 2.60 2.45 2.45
4225 70.42 3.6 4.1 19.0 2.67 2.65 2.65
5587 983.12 3.7 4.1 19.5 2.69 2.65 2.65
Test No. 4/10.0/15.9/2 |S, (kPaj w, (%) 25.46 (Temp (‘C) 16.8]
Clay M380 New Block W, (%) 25.46 |Ultimate state
Clay Lot No. 34281348 |Metal confiningband #2 | w, (%)
Test Date: 9-Jul-99
Q (Us) 0.2
H(cm) 4.0
d (mm) 4
Max. Disturbance (cm)
Time (min) | Time (h) Width Length g cm) | V& cm)| En em | &1 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
1632 27.20 4.0 4.3 18.0 2.62 2.20 2.20
2994 49.90 4.1 4.6 19.5 2.69 2.55 2.75
4223 70.38 8.8 11.1 81.0 4.33 2.75 2.45
5759 95.98 8.9 11.3 84.0 4.38 3.00 _2.80]
6964 116.07 9.2 11.4 85.0 4.40 3.05 2.90
235

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Test No. 4/10.0/17.9/1 |S, (kPa) w, (%) Temp ("C) 15.7]
Clay M3S80 New Block w, (%) Ultimate state
Clay Lot No. 34281348 |Metal confiningband #2 | w;(%)
Test Date: 14-Jul-99
Q (Us) 0.225
H (cm) 4.0
d (mm) 4
Max. Disturbance (cm
Time (min) |  Time (h) Width Length 3 (cm®) %/E (cm)| Em (cm) €4 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
1507 25.12 3.1 4.0 18.0 2.62 3.00 3.00
3000 50.00 3.4 3.9 19.0 2.67 3.20 3.20
4438 73.97 3.4 3.9 19.5 2.69 3.35 3.35
5933 98.88 34 4.1 19.5 2.69 3.35 3.35
7433 123.88 3.4 4.1 20.0 2.71 3.50 3.50
Test No. 4/10.0/19.9/1 |S, (kPa) w, (%) 25.26 |Temp ('C)_ 4.9]
Clay M390 New Block w, (%) 25.26 |Assumed end state -
Clay Lot No. 34281348 |Metal confining band #2 | w;(%) block destroyed
Test Date: 28-Jan-99
Q (s) 0.25
H (cm) 4.0
d (mm) 4
Max. Disturbance (cm
Time (min) [ Time (h) Width Length | & (em) & (cm)| Em (cm) | € (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
44 0.73 3.4 3.6 5.5 1.77 1.30 1.30
149 2.48 3.7 3.8 8.0 2.00 1.65 1.65
1393 23.22 4.4 4.8 27.0 3.00 2.95 2.95
2852 47.53 5.8 6.0 44.0 3.53 3.70 3.70
4576 76.27 7.4 6.2 55.0 3.80 4.15 4.15
5778 96.30 7.5 6.1 57.0 3.85 4.35 4.35
Test No. 4/16.3/15.9/1 |S, (kPa) 241 w_ (%) 25.79 (Temp (°C) 1 ﬂ
Clay M390 New Block w, (%) 25.79 |Ultimate state
Clay Lot No. 34281348 |[Metal confiningband #2 | w;(%) 28.08
Test Date: 12-May-99
Q (Us) 0.2
H (cm) 6.5
d (mm) 4
Max. Disturbance (cm)
Time (min) | _ Time (h) Width _Length 3 (cm?) %/E (cm)| Em (cm) €1 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
1618 26.97 5.5 6.0 115 2.26 1.05 1.05
2861 47.68 6.4 7.0 20.0 2.71 1.35 1.35
4477 74.62 75 8.3 245 2.90 1.45 1.45
6079 101.32 7.5 8.5 30.0 3.11 1.45 1.45
7123 118.72 7.5 8.7 34.0 3.24 1.50 1.45
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Test No. 4/16.3/19.9/1 |S, (kPa) 229 w. (%) 25.57 |Temp (°C) 15.9]
Clay M390 New Block w; (%) 25.57 |Ultimate state
Clay Lot No. 34281348 [Metal confining band #2 |  w; (%) 27.53
Test Date: 25-May-99
Q (Us) 0.25
H (cm) 6.5
d (mm) 4
Max. Disturbance (cm)
Time (min) | Time (h) Width Length € cmy|VE (cm)| Ew (em) | Ea  (cm)
(¢] 0.00 0.0 0.0 0.0 0.00 0.00 0.00
345 5.75 5.7 5.5 15.5 2.49 1.55 1.55
1480 24.67 7.6 7.8 43.0 3.50 2.80 2.80
3070 51.17 8.3 7.6 €8.0 4.08 3.25 3.25
4435 73.92 9.3 7.7 84.0 4.38 3.50 3.50
6233 103.88 9.3 8.2 90.0 4.48 3.60 3.60
TestNo.  4/29.0/19.9/1 |S, (kPa) W. (%) _ 25.56 |Temqp ('C) 15.9)
Clay M390 New Block w, (%) 25.56 |Large chunk removal
Clay Lot No. 34281348 |Metal confiningband #2 | w;(%) due to slaking
Test Date: 8-Jun-99  * Flake erosion at beginning of test.
Q (Lss) 0.25
H (cm) 11.6
d (mm) 4
Max. Disturbance (cm)
Time (min) Time (h) Width Length é (cm®) %/E (cm) En (cm) €y (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
2630 43.83 4.9 8.4 34.0 3.24 2.15 0.05
5476 91.27 5.7 8.4 34.0 3.24 2.15 0.20
7347 122.45 8.5 8.0 35.0 3.27 2.15 0.25
Test No. 4/29.0/21.9/1 |S, (kPa) 25.2| w. (%) _ 26.01 |Temp ('C) 14.9|
Clay M390 New Block wo (%)  26.01 |Ultimate state
Clay Lot No. 34281348 |Metalconfiningband#2 [ w,(%)  27.39
Test Date: 30-Jun-99
Q (Us) 0.275
H (cm) 11.6
d (mm) 4
Max. Disturbance (cm)
Time (min) | Time (h) Width Length & (em) [ V& (em)| Em em) | Ea (em)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
1440 _24.00 5.8 5.9 5.0 1.71 0.45 - 035
2638 43.97 6.8 7.4 10.5 2.19 0.65 0.55
4457 74.28 7.7 8.4 17.0 2.57 0.80 0.75
5439 90.65 7.6 8.4 20.0 2.71 0.80 0.75
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Test No. 4/29.0/25.9/1 |S, (kPa) 22.9] w_ (%) 25.39 |[Temp ("C) 18.4|

Clay M390 New Block w; (%) 25.39 |Ultimate state

Clay Lot No. 34281348 |Metal confining band #2 | w;(%) 27.29

Test Date: 14-Jun-99

Q (L/s) 0.325

H (cm) 11.6

d (mm) 4

Max. Disturbance (cm)
Time (min) Time (h) Width Length 3 (cm®) 3\/-5 (cm)| Em (cm) €a  (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00

1445 24.08 7.4 9.0 29.0 3.07 1.45 0.85
2875 47.92 10.4 9.8 50.0 3.68 2.25 1.85
4195 69.92 11.9 9.9 69.0 4.10 2.50 1.85
5540 92.33 12.9 10.1 92.0 4.51 2.80 2.45
7327 122.12 12.9 111 110.0 4.79 2.95 2.45
8482 141.37 13.4 10.9 112.0 4.82 2.95 2.40

Test No. 4/29.0/25.9/2 |S, (kPa) w. (%) 25.37 |Temp ("C) 15.4|

Clay M390 New Biock w, (%) 25.37 |Ultimate state

Clay Lot No. 34281348 |Metal confining band #2 | w,(%)

Test Date: 25-Jun-99

Q (Us) 0.325

H (cm) 116

d (mm) 4

Max. Disturbance (cm)
Time (min) Time (h) Width Length 3 (cm?3) %/E (cm)| Em (cm) €1 (cm)
0 0.00 0.0 0.0 0.0 0.00 0.00 0.00
1420 23.67 8.5 8.7 34.0 3.24 1.35 1.25
3199 53.32 10.2 10.1 64.0 4.00 1.70 1.65
4251 70.85 10.6 11.1 73.0 4.18 1.95 1.75
5923 98.72 10.6 11.1 86.0 4.41 2.15 2.05
6863 114.38 10.6 10.9 88.0 4.45 2.25 2.05
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A8/8.1/7.111 X=839 Pa
X 8/8.1/8.1/1 X=983 Pa
X% 8/8.1/8.4/1 X=1058 Pa

-Fig. B-1: Growth of the Scour Hole Volume for tests 8/8.1/6.1/1, 8/8.1/7.0/1, 8/8.1/8.1/1, and
8/8.1/8.4/1.
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Fig. B-2: Growth of the scour hole volume for tests 8/8.1/9.0/1-6 and 8/8.1/9.9/1.

#8/8.1/9.0/1 X=1214 Pa
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A 8/8.1/9.0/3 X=1214 Pa
X 8/8.1/9.0/4 X=1214 Pa
©8/8.1/9.0/5 X=1214 Pa
X 8/8.1/9.0/6 X=1214 Pa
A 8/8.1/9.9/1 X=1493 Pa
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Fig. B-3: Growth of the scour hole volume for Test No. 8/ 14.5/9.01, 8.0/14.5/9.0/4, 8.0/14.5/10.9/1,
‘ 4/10.0/9.9/1, 4/10.0/11.9/1-2, and 4/10.0/13.9/1.
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4/10.0/15,9/1 X=2533 Pa (SD)
m4/10.0/15.9/2 X=2533 Pa
A4/10.0/17.9/1 X=3206 Pa (SD)
X 4/16.3/15.9/1 X=959 Pa

% 4/16.3/19.9/1 X=1499 Pa
©4/29.0/21.9/1 X=569 Pa
04/29.0/25.9/1 X=795 Pa
[04/29.0/25.9/2 X=795 Pa

Fig. B-4: Growth of the scour hole volume for Test No. 4/10.0/15.9/1-2, 4/10.0/17.9/1, 4/16.3/15.9/1,

4/16.3/19.9/1, 4/29.0/21.9/1, 4/29.0/25.9/1, and 4/29.0/25.9/2.
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Fig. B-5: Growth of the maximum scour de

pth for tests 8/8.1/6.1/1, 8/8.1/7.0/1, 8/8.1/7.1/1, 8/8.1/8.1/1,

and 8/8.1/8.4/1.
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Fig. B-6: Growth of the maximum scour depth for tests 8/8.1/9.0/1-6 and 8/8.1/9.9/1.
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Fig. B-7:- Growth of the maximum scour depth for Test No. 8/14.5/9.0/1, 8.0/14.5/9.0/4, 8.0/14.5/10.9/1,
4/10.019.9/1, 4/10.0/11.9/1-2, and 4/10.0/13.9/1.
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Fig. B-8: Growth of the maximum scour depth for Test No. 4/10.0/15.9/1-2, 4/10.0/17.9/1,
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Fig. B-9: Growth of the centreline scour depth for tests 8/8.1/6.1/1, 8/8.1/7.0/1, 8/8.1/7.1/1, and
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Fig. B-10: Growth of the centreline scour depth for tests 8/8.1/9.0/1-6 and 8/8.1/9.9/1.
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Fig. B-11: Growth of the centreline scour depth for Test No. 8/14.5/9.0/1, 8.0/14.5/9.0/4,
8.0/14.5/10.9/1, 4/10.0/9.9/1, 4/10.0/11.9/1-2, and 4/10.0/13.9/1.
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Fig. B-12: Growth of the centreline scour depth for Test No. 4/10.0/15.9/1-2, 4/10.0/17.9/1,
" 4/16.3/15.9/1, 4/16.3/19.9/1, 4/29.0/21.9/1, 4/29.0/25.9/1, and 4/29.0/25.9/2.



Appendix C: Scour Hole Profile Data for Impinging Jet Tests

Test No. &/8.1/7.0/1 Test Variables
Clay M390 Q (Us) H (cm) d (mm)
Clay Lot No. 34281348 0.35 6.5 8
Test Date: 4-Sep-98
Lengthwise: centreline maximum  Widthwise: € =€
Tomse  (cm)_ 3.0 3 Toms  (em) 4.0
fom-  (cm) 35 35 T (cm) 3.0
ome {cm) 3.25 3.25 om {cm) 3.5
€~ (cm) 1.13 1.27 . (em) 1.27
€./2  (cm) 0.565 0635 €-/2 (em) 0635
ba.  (cm) 1.728 1625 bo.  (©m) 2020
b (em) 2.136 2036 P~ (em) 2130
b.  (cm) 1.932 1831 O  em 2075
Lin_g%hwlu section (4 Sep 98 Widthwise section (4 Sep 98)
Depth
r {cm) Depth Reading (cm)] €= (cm) r (cm) Reading (cm) €. (cm)
35 79.48 -0.02 4.0 79.52 0.00
3.0 79.45. -0.02 35 79.43 -0.09
25 79.45 -0.05 3.0 79.31 -0.21
2.0 79.12 -0.38 25 79.18 -0.34
1.5 76.78 -0.72 2.0 78.87 -0.65
1.0 78.46 -1.04 1.5 78.60 -0.92|
0.5 78.32 -1.18 1.0 78.36 -1.16
0.0 78.37 -1.13 0.5 78.25 -1.27
0.5 78.23 -1.27 0.0 78.25 -1.27
-1.0 78.34 -1.16 0.5 78.37 -1.15
-1.5 78.53 -0.97 -1.0 78.47 -1.05
2.0 78.84 -0.66 -1.5 78.65 -0.87
25 75.19 -0.31 2.0 78.74 -0.78
3.0 79.42 -0.08 25 79.31 -0.21
3.5 79.49 -0.01 3.0 79.49 -0.03
-4.0 79.50 0.00 35 79.52 0.00
Test No. 8/8.1/7.1/1 Test Variables
Ciay M390 Q(l/s) H (cm) d (mm)
Clay Lot No. 34281348 0.374 6.5 8
Test Date: 11-Sep-98
Lenghwise:  Em- = Ca- Widthwige:  Emm = o
Toms  (cm) 3.5 fme  (cm) 35
Tom-  (cm) 4.0 Tm-  (cm) 4.0
Toe  (cm) 3.75 Te  (em) 3.75
€. (cm) -2.08 . (cm) 2.02
€./2  (cm) -1.04 €/2 (cm) 1.01
bo. (cm) 2.011 ) 1.740
be  (em) 2.138 bo. (em 2180
b.  (em) 2.075 b cm) 1960
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Len se section (11 98 Widthwise section (11 Sep 98)
Int.
r(cm) _|Depth Reading (cm)| Surface(cm)} €~ (cm) £ (cm) th Reading {cm)| Int. Surface(cm)} &~ (cm)
45 85.80 85.83 -0.03 45 85.79 85.79 0.00
4.0 85.83 85.83 0.00 4.0 85.79 85.79 0.00
35 85.80| 85.83 -0.03 35 85.78 85.79 -0.01
30 8573] 8ss4 -0.11 3.0 85.65 85.80 -0.15
2.5 85.46 _85.84 038 25 85.41 85.80 -0.39
20 84.80 85.85 -1.05 20 85.05 85.80 0.75
1.5 84.36 85.85 -1.49 1.5 84.56 85.81 -1.25
1.0 84.06 85.85 -1.79 1.0 84.05 85.81 -1.76
0.5 83.81 85.86 -2.05 0.5 83.85 85.81 -1.96
0.0 83.78 85.86 -2.08 0.0 83.79 85.82 -2.02|
05 83.89 85.87 -1.98 -0.5 83.93 85.82 -1.89
-1.0 84.09 85.87 -1.78 -1.0 84.03 85.82 -1.79
-1.5 84.33 85.88 -1.55 -1.5 84.30 85.82 -1.52
20 84.73 85.88 -1.15 20 84.64 85.83 -1.19
25 85.05 85.88 -0.83 25 85.14 85.83 -0.69
3.0 85.31 85.89 -0.58 -3.0 85.44 85.83 -0.39
35 85.60 85.89 -0.29 3.5 85.63 85.84 -0.21
-4.0 85.87 85.90 -0.03 4.0 85.84 85.84 0.00
4.5 85.90 85.90 0.00 4.5 85.87 85.84 0.03
5.0 85.90 85.90 0.00
Test No. 8/8.1/8.11 Test Variables
Clay M390 Q({LUs) H (cm) d (mm)
Ciay Lot No. 34281348 0.42 6.5 8
Test Date: 20-Sep-98
Lengthwise: e = € Wwidthwise:  Emm = o
fomv  (cm) 4.6 foms  (cm) 6.1
fom-  {cm) 3.3 T (cm) 3.0
‘= (cm) 3.95 T  (cm) 46
. (cm) -4.22 E. (cm) 422
€./2  (cm) -2.11 €/2  (cm) -2.11
b, (cm) 2.766 b, (ecm)  3.629
bo.  (em) 2.305 b (em) 2186
b (em) 2.536 b,  (cm) 2908
Lengthwise section (20 98 Widthwise section (20 Sep 98)
int.
r(cm) _|Depth Reading (cm)| Surface(cm)| €- (cm) r(cm) _|Depth Reading (cm)| Int. Surface(cm)] = (em)
4.6 85.84 85.84 0.00 8.1 85.78 85.78 0.00
4.5 85.75 85.84 -0.09 6.0 85.77 85.78 -0.01
4.0 85.43 85.85 -0.42 5.5 85.45 85.79 0.34
as 85.18 85.85 -0.67 5.0 85.13 85.79 -0.66
3.0 84.47 85.85 -1.38 4.5 84.64 85.80 -1.16
2.5 82.92 85.86 294 4.0 84.12 85.80 -1.68
2.0 82.39 85.86 -3.47 3.5 83.55 85.81 -2.26
1.5 82.03 85.87 -3.84 3.0 83.08 85.81 2.73
1.0 81.82 85.87 -4.05 25 8273 85.82 -3.09
0.5 81.66 85.88 422 2.0 82.35 85.83 -3.48
0.0 81.66 8s.88 -4.22 1.5 82.01 85.83 -3.82]
0.5 81.68 85.89 -4.21 1.0 81.76 85.84 4.08
-1.0 81.93 85.89 -3.96 0.5 81.64 85.84 -4.20
-1.5 82.25 85.89 -3.64 0.0 81.63 85.85 -4.22
2.0 83.04 85.90 -2.86 0.5 81.67 85.85 “4.18
2.5 84.2 85.90 -1.63 -1.0 81.87 85.86 -3.99
-3.0 85.27 85.91 -0.64 -1.5 82.18 85.86 -3.68
-3.3 85.91 85.91 0.00 2.0 82.88 85.87 -2.99
25 85.24 85.87 0.63
3.0 85.88 85.88 0.00
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Teet No. &/8.1/6.1/1 Test Variables
Ciay M390 Q(Us) H (em) d (mm)
Clay Lot No. 34281348 0.31 6.5 8
Test Date: 1-Oct-98
Langthwise:; centreline maximum Widthwise- centreline maximum
fome  (cm) 3.1 3.1 fomvr  (cm)
fm- _ (cm) 30 _30 fm- (cm) 4.0 4.0
T (em) 3.05 3.05 Tm  (cm) 40 4.0
. (cm) -1.26 -1.30 €. (m  -12s -1.36
€./2 (em) -0.630 0650  €-/2 (cm) 0625 -0.680
b, (em) 1.911 1875  b.. (em)
bo  (em) 2.145 1875 b (cm) 285 2.759
b.  (em) 2028 1875 bo  em) 285 2.759
| Lengthwise section (1 Oct 98 Widthwise section (1 Oct 98)
Depth
r(cm)  |Depth Reading (cm)l &~ (cm) r(cm) | Reading (cm €~ (em)
3.1 46.19 0.00 0.0 44.95 -1.25]
3.0 46.15 004] 05 44.84 -1.36
25 45.98 0.21 -1.0 44.85 -1.35
20 45.61 058 -15 44.95 -1.25
1.5 45.33 08| 20 45.15 -1.05
1.0 45.18 -1.01 -2.5 45.37 -0.83
0.5 44.96 123 30 45.66 -0.54
0.0 44.93 -1.26] 35 46.00 -0.20]
0.5 44.89 -1.30] 4.0 46.20 0.00
-1.0 45.00 -1.19
1.5 45.24 -0.95
2.0 45.64 -0.55
-2.5 4595 -0.24]
-3.0 46.19 0.00
Test No. 8/8.1/9.0/4 Test Variables
Clay M390 Q (Us) H (cm) d (mm)
Clay Lot No. 34281348 0.45 6.5 8
Test Date: 16-Oct-98
Lengthwise;  Em- =Eu- Widthwise:  Smm = Eam
e (cm) 35 Tme  {cm) 4.7
fom: _ (cm) 44 - _(cm) 365
T (cm) 3.95 R ) 42
€. (em) -4.35 €. (m a2
€./2  (em) -2.175 €/2 (m 213
b,  (cm) 2.463 b, (em) 2616
bo  (cm) 2,669 beo  (em) 2482
b. _ (em) 2566 b (em) 2549
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Lengthwise section (16 Oct 98) Widthwise section (18 Oct 98
Depth
r(cm) _|Depth Reading (cm) €~ (cm) r(cm) _|Reading(cm)| Int. Surface(cm) | €. (cm)
45 44.13 -0.03 5.0 44.16 44.14 0.02
4.0 44.13 -0.03 47 44.14 44.14 0.00
as 44.07 -0.09 45 43.99 44.14 0.15
3.0 43.19 0.97 4.0 43.73 44.13 0.40
25 _42.06 2.10 35 43.62 44.12 -0.50
20 41.05 3.11 3.0 42.55 44.12 -1.57
1.5 40.56 -3.60 25 41.81 44.11 -2.30
1.0 40.20 -3.96 2.0 41.14 44.10 -2.96
0.5 39.99 417 15 40.57 44.09 -3.52
0.0 39.81] 4.35 1.0 40.21 44.09 -3.88
-0.5 39.93 -4.23 0.5 39.94 44.08 4.14
-1.0 40.04 4.12 0.0 39.81 44.07 4.26
-1.5 40.32 -3.84 05 39.81 44.07 4.26
2.0 40.76 -3.40 1.0 39.89 44.06 -4.17
25 41.63 253 15 40.14 44.05 -3.91
-3.0 42.68 -1.48 2.0 40.60 44.04 -3.44
-3.5 43.02 -1.14 25 41.96 44.04 -2.08
4.0 43.60 -0.56 -3.0 43.29 44.03 -0.74
4.4 44.15 -0.01 -3.5 43.85 44.02 -0.17
4.5 44.16 0.00] -3.65 44.02 44.02 0.00
4.0 44.04 44.01 0.03
Test No. 8/8.1/9.9/5 Test Variables
Clay M3%0 Q (L/s) H (cm) d (mm)
Clay Lot No. 34281348 0.5 6.5 8
Test Date: 31-Oct-98
Langthwise; centreline maximum Widthwise:  centreline maximum
Tome  (cm) 42 4.2 Tomr  (em) 3.9 3.9
T fem)* 4.0 40 Tow _(cm) na na
T _(cm) 4.10 4.10 foe.  (cm) 3.90 3.90
€~ (em) -3.91 393 & (em -393 -3.95
€./2  (cm) -1.955 1965 €/2 (em)  -1.965 -1.975
b,  (em) 2.407 2399 bo. (cm) 2262 2.257
be  (em) 2.800 2797 b (em) wa n/a
b, (em) 2.604 2598  b. (cm) 2262 2.257
Long;hwiu section (31 Oct 98) Widthwise section (31 Oct 98)
th
r(cm) __|Depth Reading (cm)l €~ (cm) r {cm) neaDaﬁfg (cm) E. (cm)
45 4543 0.74 4.0 46.19 0.00
40 45.20 0.97 3.9 46.18 -0.01
35 44.96 -1.21 35 45.96 -0.23
3.0 44.65 -1.52 3.0 45.41 -0.78
2.5 44.34 -1.83 2.5 44.73 -1.46
2.0 43.67 -2.50 2.0 43.67 -2.52]
1.5 42.97 3.20 15 42.84 -3.35
1.0 42.53 -3.64 1.0 42.50 -3.69
0.5 42.32 -3.85 0.5 4233 3.86
0.0 42.26 -3.91 0.0 42.26 -3.93
0.5 42.24 -3.93 0.5 42.24 -3.95
-1.0 42.28 -3.89 -1.0 42.31 -3.88
-1.5 42.40 3.7 -1.5 4242 3.77
-2.0 42.75 342] -20 42.68 -3.51
2.5 43.41 276 25 43.09 -3.10]
3.0 44.75 -142] 30 _ 4341 -2.78]
35 45.38 019 .35 43.78 -2.41
4.0 46.11 -0.06
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Test No. &/14.50.05 Test Variables
Clay M390 Q (Us) H (cm) d (mm)
Clay Lot No. 34281348 045 11.6 8
Test Date: 13-Nov-98
Lengthwise: cantreline maximum Widthwise: centreline maximum
foms __(cm) 3.25 fos _ (cm) 275 275
| (cm) 27 Do {cm) n/a na
T  (cm) 2.98 T (cm) n/a n/a
Ee  (cm) -0.566 0574  Ea  (em) 0.62 -0.66
E./2  (cm) 0.283 0287 €/2 (em) 0310 -0.330
b,  (cm) 2.141 2120 b.. (em) 1750 1.688
b__  (cm) 1.684 1671 b.  (cm) na n/a
b, em) 1.913 1900 bo  (em) 1750 1.688
Lengthwise section (13 Nov 98) Widthwise section (13 Nov 98}
int.
r (cm) Depth Reading (cm)| Surface(cm)] &= (cm) r (cm) Depth Reading (cm) €. (cm)
35 45.94 4592 0.02 3.0 45.96 0.02}
3.25 45.92 45.92 0.00 2.75 45.94 0.00
3.0 45.86 45.92 -0.06 2.5 45.89 -0.05
25 45.75 45.92 0.17 2.0 45.71 -0.23
2.0 45.60 4593 -0.33 1.5 45.55 -0.39
1.5 45.48 45.93 -0.45 1.0 45.36 -0.58
1.0 45.39 45.93 -0.54 0.5 45.28 -0.66
0.5 45.36 45.93 -0.57 0.0 45.32 -0.62]
0.0 45.37 45.94 -0.57 -0.5 45.28 -0.66
0.5 45.46 4594 048] -1.0 45.22 0.72
-1.0 45.52 45.94 -0.42 -1.5 45.19 -0.7S
-1.5 45.61 45.94 -0.33 -2.0 45.21 -0.73
-2.0 45.75 45.95 -0.20 -2.5 45.27 -0.67
-2.5 45.91 45.95 -0.04 :
-2.7 45.95 45.95 0.00
-3.0 45.98 45.95 0.03
Test No. 8/14.5/9.9/1 Test Variables
Clay M380 | Q (Us) H (cm) d (mm)
Clay Lot No. 34281348 0.5 11.6 8
Test Date: 21-Nov-98
Lengthwise: Em =Eum Widthwise:  centreline maximum
Tme  (cm) 35 Toer  (cm) n/a n/a
T {em) n/a Toma— {cm) 4.8 4.8
E.  (cm) -1.51 E.  (cm) -1.54 -1.56
€./2  (em) -0.755 €./2 (em) 0770 -0.780
b,  (cm) 1.820 bo.  (cm) n/a na
bo_  (em) n/a b (em)  -3.317 -3.305
Lengthwise saction (21 Nov 98) Widthwise section (21 Nov 98)
¢ Depth
r (cm) Depth Reading (cm - (em) r{cm) Reading (cm) €. (cm)
epth Readir Heac
4.0 46.04 0.04 0.0 44 .44 -1.54
35 46.00 000 -05 44.44 -1.54
3.0 45.74 -0.26 -1.0 4442 -1.56
2.5 45.66 0.34 -1.5 44.45 -1.53
2.0 45.36 -0.64 -2.0 44.54 -1.44
1.5 45.04 -0.86 -25 44.69 -1 2—91
1.0 44.82 -1.18 -3.0 44.95 -1.03
0.5 44.66 -1.34 3.5 45.36 -0.62;
0.0 44 .49 -1.51 -4.0 45.72 -0.26
-4.5 45.85 -0.13
438 45.96 -0.02|
-5.0 45.98 0.00
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Test No. 8/14.5/10.9 Test Variables
Clay M320 L Q(s) H (cm) d (mm)
Ciay Lot No. 34281348 0.55 11.6 8
Test Date: 3-Dec-98
Lengthwise: centreline maximum Widthwise: centreline maximum
Toms  (cm) 50 5.0 fme  {cm) 54 54
fom- (cm) 54 5.4 T (cm) 5.8 58
T (cm) 5.20 5.20 T (cm) 5.60 5.60
€.  (cm) 223 228 E. (em) 224 247
€./2  (em) 1.115 1140 €./2 (em) 1120 -1.235
bo.,  (em) 2.809 2735  bo.  (em) 3708 3.549
b._  (cm) 3.699 3673 b (em) 436 4.13
Len se section (3 Dec 98 _Widthwise section (3 Dec 98)
Int.
r (em) Depth Reading {cm)| Surface(cm)| €~ (cm) r(cm) Depth Reading (cm)| int. Surface(cm) {cm)
5.0 45.86 45.86 0.00 5.5 45.97 45.96 0.01
4.5 45.66 45.86 -0.20 5.4 45.96 45.96 0.00
4.0 45.27 45.87 -0.60 50 45.78 45.96 -0.18
35 45.06 45.87 -0.81 45 45.44 45.96 -0.52
30 44.83 45.88 -1.05 4.0 45.04 45.95 -0.91
25 44.66 45.88 -1.22 35 44.68 45.95 -1.27
20 44.29 45.88 -1.59 3.0 44.04 45.95 -1.91
1.5 44.05 45.89 -1.84 28 43.72 45.94 2.22
1.0 43.82 45.89 -2.07 20 43.61 45.94 -2.33
0.5 43.75 45.89 -2.14 1.5 43.47 45.94 -2.47
0.0 43.67 45.90 -2.23 1.0 43.50 45.94 -2.44
-0.5 43.62 45.90 -2.28 0.5 43.54 45.93 -2.39
-1.0 43.67 45.91 -2.24 0.0 43.69 45.93 -2.24
-1.5 43.69 45.91 -222 0.5 43.77 45.93 -2.16
2.0 43.78 45.91 -2.13 -1.0 43.79 45.93 2.14
25 44.00 45.92 -1.92 -1.5 43.83 45.92 -2.09
-3.0 44.29 45.92 -1.63 2.0 43.92 4592 -2.00
3.5 44.62 45.93 -1.31 2.5 44.03 45.92 -1.89
-4.0 45.11 45.93 -0.82 -3.0 44.20 45.92 -1.72
45 45.44 45.93 -0.49 35 44.44 45.91 -1.47
-5.0 45.81 45.94 -0.13 -4.0 44.61 45.91 -1.30
5.4 45.94 45.94 0.00 4.5 44.86 45.91 -1.05
-5.0 45.15 45.90 -0.75
5.5 45.72 45.90 -0.18
5.8 45.86 45.90 -0.04
-6.0 45.90 45.90 0.00
Test No. 4/10.0/11.9/1 Test Variabies
Clay M390 Q (L/s) H (cm) d (mm)
Clay Lot No. 34281348 0.15 4 4
Test Date: 15-Jan-99
Lengthwise: B = Ea- Widthwise:  Em- = Eem
Toms  (cm) 2.1 Tome  (cm) 2.0
fome _(cm) wa fom  (cm) na
T (cm) na . (cm) na
€. (cm) -1.45 €. (cm) -1.45
€-/2  (em) 0.725 €./2 (cm) 0725
b, (cm) 1.277 b,  (cm) 1232
b__ (cm) na b__ {cm) na
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Widthwise section (15 Jan 99)
Depth
r(cm) | Reading (cm) €. (em)
2.5 46.22 0.00 2.0 46.21 -0.01
2.1 46.22 0.00 1.5 45.74 -0.48
2.0 46.16 -0.06 1.0 45.17 -1.05
1.5 45.78 0.44 0.5 44.86 -1.36
1.0 45.14 -1.08 0.0 44.77 -1.45
0.5 44.82 -1.40
0.0 44.77 -1.45
0.5 44.79 -1.43
-1.0 44.92 -1.30]
-1.5 45.23 -0.99
-2.0 45.64 -0.58
2.5 45.69 -0.53
Test No. 4/10.0/15.9/1 Test Variables
Clay M390 Q (Us) H (cm) d (mm)
Clay Lot No. 34281348 0.2 4 4
Test Date: 22-Jan-99 * observed jet turned aimost 90° in hole (came aimost straight up out of hole).
Lengthwise:  Eem T Eam Widthwise: & = Eom
T=tr  (cm) 2.1 k. (cm) 2.1
Tm- _ (cm) 1.9 Tmo  (cm) 17
T (cm) 2.00 = (cm) 180
€~ (cm) 2.63 €.  (em) 268
€/2 (cm) -1.315 €/2 (em)  -1340
bo,  (em) 1,553 b.. (cm) 1565
b (em) 1.650 b.  (em) 1232
b, (cm) 1.602 b.  (em) 1399
Lengthwise section (22 Jan 98) Widthwise section (22 Jan 99)
int.
r{cm) Depth Reading (cm)| Surface{cm) & (cm) r (cm) Depth Reading (cm)| int. Surface(cm) (cm)
2.1 46.12 46.12 0.00 2.5 46.12 46.08 0.04
2.0 46.03 46.12 -0.09 2.1 46.09 46.09 0.00
1.8 45.91 46.12 -0.21 2.0 46.05 46.09 -0.04
1.5 44.56 46.11 -1.55 1.9 46.03 46.09 -0.06
1.0 43.98 46.11 -2.13 1.5 44.51 46.10 -1.59
0.5 43.59 46.10 -2.51 1.0 43.74 46.10 -2.36
0.0 43.47 46.10 -2.63 0.5 43.51 46.11 -2.60
0.5 43.46 46.09 -2.63 0.0 43.44 46.12 -2.68
-1.0 43.57 46.09 -2.52 -0.5 43.49 46.12 -2.63
-1.5 43.98 46.08 _-2.10 -1.0 43.77 46.13 -2.36
-1.9 46.07 46.08 -0.01 -1.5 45.98 46.14 -0.16
-2.0 46.08 46.08 0.00 -1.7 46.14 46.14 0.00
-2.0 46.15 46.14 0.1
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Test No. 4/10.0/9.9/1 Test Variables

Clay M390 Q (Us) H (cm) d (mm)
Ciay Lot No. 34281348 0.125 4 4
Test Date: 8-Feb-99 ‘ :
Lengthwise: centreline maximum  Widthwise: centrefine maximum
foes  (em) 22 22 fome  (em) 275 275
T (cm) 23 2.3 fr  (em) 23 23
f=  (cm) 225 225 Toe (cm) 253 253
€.  (cm) -1.03 -1.04 €~ (em) _ -1.00 -1.09
€./2_ (cm) -0.515 0520 /2 (m) 0500 0.545
b.. (em) 1.343 1337 bo.  (em) 1761 1.663
b (em) 1.412 1405 b (cm) 1487 1.428
b (em) 1.378 1371 bo (em) 1624 1.546
Lengthwise section (8 Feb 99) Widthwise section (8 Feb 99
_—.‘f (8 Dep;__r_ (8 Feb 99)
r{cm) __|Depth Reading (cm)i &= (cm) r(cm) | Reading (cm)| Int. Surface(cm) €. (em)
2.5 46.28 0.01 3.0 46.27 46.27 0.00
22 46.26 001 275 46.27 46.27 0.00
2.0 46.22 -0.05 25 46.11 46.27 -0.16
15 45.89 0.38] 20 45.88 46.27 -0.39
1.0 45.46 -0.81 1.5 45.64 46.26 -0.62
0.5 45.29 0.98 1.0 45.36 46.26 -0.90
0.0 45.24 -1.03 05 45.17 46.26 -1.09
0.5 45.23 -1.04 0.0 45.26 46.26 -1.00
1.0 45.45 082 05 4528 46.26 -0.98
1.5 45.82 045] 1.0 45.39 46.26 -0.87]
2.0 46.14 0.13] 15 45.76 46.25 -0.49
23 46.27 0.00] 20 46.12 46.25 -0.13
2.5 46.28 001] -23 46.24 46.25 -0.01
25 46.25 46.25 0.00
Test No. 8/8.1/9.0/5 Test Variables
Clay M390 Q(Lss) H {cm) d (mm)
Clay Lot No. 34281348 0.45 6.5 8
Test Date: 9-Mar-99
Lengthwise: centreline maximum  Widthwige;  Eew = Ecm
Ter _(cm) 5.2 5.2 Twso  (em) _ 480
Tm-  (cm) 5.3 5.3 o (=1.)} 5.3
' (cm) 5.25 525 T= (em) _s05
. (em) -4.00 4.01 €«  (cm)  -398
€./2 (om) -2.000 2005 &/2 (em) -19%
b.. (cm) 3.083 3080 b, (m 3019
b _(em) 3.442 3438 b (em) 3442
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Lengthwise section (9 Mar 99) Widthwise section (9 Mar 99
Depth
r{cm) _ |Depth Reading (cm)] €= (cm) r(cm) [Reading (cm)| int. Surface(cm) €a (cm)
5.2 46.14 0.00 5.0 46.06 46.04 0.02
5.0 46.08 -0.06 4.8 46.04 46.04 0.00
4.5 45.73 -0.41 45 45.34 46.05 -0.71
4.0 45.42 0.72 4.0 44.95 46.05 -1.10
3.5 44.84 -1.30 35 44.81 46.06 -1.25
3.0 44.00 2.14 3.0 44.05 46.07 2,02
25 43.26 -2.88 25 43.30 46.08 -2.78
2.0 42.72 -3.42 2.0 42.79 46.09 -3.30
1.5 42.38 378 1.5 2.4 46.10 -3.69|
1.0 42.22 -3.92 1.0 42.21 46.10 -3.89
0.5 42.16 -3.98 0.5 42.14 46.11 -3.97|
0.0 42.14 -4.00 0.0 42.14 46.12 -3.98
0.5 42.13 -4.01 0.5 42.19 46.13 -3.94]
-1.0 42.20 -3.94 -1.0 42.24 46.14 -3.90
-1.5 42.32 -3.82 -1.5 42.36 46.15 -3.79
20 42.60 -3.54 2.0 42.63 46.15 -3.52
2.5 43.01 -3.13 2.5 42.93 46.16 -3.23|
-3.0 43.46 _-2.68 -3.0 43.50 46.17 -2.67
-3.5 4423 -1.91 -3.5 44.28 46.18 -1.90
4.0 45.28 -0.86 4.0 44.98 46.19 -1.21
4.5 45.51 -0.63 45 45.58 46.20 -0.62]
5.0 45.99 0.15 5.0 46.12 46.20 -0.08
5.3 46.14 0.00 5.3 46.21 46.21 0.00
-5.5 46.22 46.21 0.01
Test No. 8/8.1/9.0/6 Test Variables
Clay M3g0 Q (Us) H (cm) d (mm)
Clay Lot No. 34281348 045 6.5 8
Test Date: 16-Mar-99
Lengthwise: centreline maximum Widthwise: centreline maximum
[ (~1) 3.2 3.2 Tome  (cm) 4.2 42
fm-  (em) 36 36 Toe  (cm) 3.75 38
- (cm) 3.40 3.40 fm (cm) 398 3.98
€. (cm) -3.45 -3.49 E.  (cm) 345 -3.51
€&/2  (cm) -1.725 1745 €~/2 (cm)  -1.725 -1.755
bo,  (cm) 1.703 1695 b.. (em) 2782 2.758
bo.  (cm) 2622 2596 be-  (em) 2271 2257
b.  (cm) 2.162 2146 b.  (em) 2527 2.508
Lengthwise section (16 Mar 99! Widthwise section (18 Mar 99)
Int.
r(cm)  |Depth Reading (cm)| Surface(cm)| &~ (cm) r(cm) [Depth Reading (cm)| int. Surface(cm)} &~ (cm)
35 45.96 45.94 0.02 4.5 46.00 45.98 0.02
3.2 45.94 45.94 0.00 42 45.98 45.98 0.00
3.0 45.86 45.94 -0.08 4.0 45.91 45.98 -0.07
2.5 45.60 45.95 -0.35 3.5 45.05 45.99 -0.94
2.0 45.01 45.95 0.94 3.0 44.54 45.99 -1.45
1.5 43.70 45.96 -2.26 25 43.92 46.00 2.08
1.0 42.96 45.96 -3.00 2.0 43.19 46.00 -2.81
0.5 42.68 45.97 -3.29 1.5 42.78 46.01 -3.23]
0.0 42.52 45.97 -3.45 1.0 42.61 46.02 -3.41
-0.5 42.49 45.98 -3.49 0.5 42.55 46.02 -3.47
-1.0 42.57 45.98 -3.41 0.0 42.58 46.03 "-3.45
-1.5 42.72 45.99 327 0.5 42.52 46.03 -3.51]
2.0 43.39 45.99 -2.60 -1.0 42.71 46.04 -3.33
2.5 44.18 46.00 -1.82 -1.5 43.16 46.04 -2.88
-3.0 44.57 46.00 -1.43 2.0 43.74 46.05 -2.31
3.5 45.98 46.01 -0.03 2.5 44.83 46.06 -1.23
3.6 46.01 46.01 0.00 -3.0 45.57 46.06 -0.49
-4.0 46.05 46.01 0.04 3.5 45.96 46.07 -0.11
-3.75 46.07 46.07 0.00
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Test No. 4/16.3/15.9/1 Test Variables

Clay M3s0 Q (Us) H (cm) d (mm})

Clay Lot No. 34281348 0.2 6.5 4

Test Date: 12-May-99

Lengthwise: centreline maximum  Widthwise: centreline maximum

Tows  (cm) 46 46 o (=)} 37 37

e (cm) 3.8 3.8 T (cm) 3.75 3.75

T (cm) 4.20 4.20 e (cm) 3.73 3.73

25 (cm) -1.55 -1.59 €.  (em) -1.52 -1.59

E./2  (cm) 0777 0795  €./2 (em 0760 -0.796

b_. (cm) 2277 2.240 b..,  (cm) 1.971 1.918

be. (cm) 2.522 2401 bee em) 2438 2.398

b (em) 2.400 2366 P-  (em 2204 2.158

Lengthwise section (12 May 99) Widthwise-section (12 May 98)
Int.

r (cm) Depth Reading (cm)| Surface(cm) € (cm) r (cm) Depth Reading (cm)| Int._Surface({cm) €. (cm)
5.0 46.11 46.09 0.02 4.0 46.21 46.19 0.02
4.8 46.09 46.09 0.00 3.7 46.19 46.19 0.00
45 45.08 46.09 0.01 3.5 46.10 46.19 -0.09
4.0 45.93 46.10 -0.17 3.0 45.98 46.18 -0.20
35 45.73 46.10 -0.37 2.5 45.73 46.17 -0.44
3.0 45.62 46.11 -0.49 2.0 45.42 46.16 -0.74
25 45.44 46.11 -0.67 1.5 45.07 46.15 -1.08
20 45.20 46.11 -0.91 1.0 44.83 46.15 -1.32
1.5 44.91 46.12 -1.21 0.5 44.69 46.14 -1.45
1.0 44.66 46.12 -1.46 0.0 44.61 46.13 -1.52|
0.5 44.54 46.13 -1.59 0.5 44.53 46.12 -1.59
0.0 44.58 46.13 -1.55 -1.0 44.55 46.11 -1.56
0.5 44.56 46.14 -1.58 -1.5 44.69 46.11 -1.42
-1.0 44.62 46.14 -1.52 -2.0 44.93 46.10 -1.17
-1.5 44.76 46.15 -1.39 25 45.39 46.09 -0.70
2.0 45.09 46.15 -1.06 -3.0 45.75 46.08 -0.33
25 45.37 46.16 0.79 3.5 46.08 46.07 0.01
-3.0 45.67 46.16 049] -3.75 46.08 46.07 0.01
3.5 46.03 46.17 -0.14 4.0 46.10 46.07 0.03
3.8 46.17 46.17 0.00

Test No. 4/16.3/19.9/1 Test Variables

Clay M3g0 Q(L/s) H (em) d (mm)

Clay Lot No. 34281348 0.25 6.5 4

Test Date: 25-May-99

Lengthwise: centreline maximum  Widthwise:  centreline maximum

fomr  (cm) 44 a4 fome  (cm) 48 4.8

T (cm) 38 3.8 T (cm) 3.75 3.75

T (cm) 4.10 4.10 T (cm) 4.28 4.28

€. (cm) -3.52 -3.59 €. (cm) -3.48 -2.49

€./2 (cm) -1.760 1795 Euf2 (em)  -1.739 -1.747

b, (em) 3.229 3.210 b.. (cm) 2.775 2.765

bo  _(em) 2.600 2577 b (em) 28m 25868

b, (cm) 2915 2894 b (cm 2823 2817
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‘ Lengthwise section (25 May 99) Widthwise-saction (25 May 99) ‘
Depth
r (cm) Depth Reading (cm)] = (em) r (cm) Reading (cm)| Int. Surface(cm) €. (cm)
45 46.16 0.02 5.0 46.01 46.01 0.00
44 46.14 0.00 48 46.00 46.01 -0.01
4.0 45.59 -0.55 4.5 45.56 46.01 -0.45
3.5 44.89 -1.25 4.0 45.34 46.02 -0.68|
3.0 4395 219 35 44.94 46.02 -1.08
25 43.35 279 3.0 44.47 46.02 -1.55
20 4291 -323 25 44.05 46.02 -1.97
1.5 42.66 -3.48 20 43.46 46.03 -2.57
1.0 42.56 -3.58 1.5 42.98 46.03 -3.05
0.5 42.55 -3.59 1.0 42.70 46.03 -3.33
0.0 42.62 -3.52 0.5 42.62 46.04 -3.42|
0.5 42.70 -3.44 0.0 42.56 46.04 -3.48
-1.0 4284 -3.30 0.5_ 42.55 46.04 -3.49
-15 43.10 -3.04 -1.0 42.55 46.04 -3.49
-20 4362 -2.52 -1.5 42.59 46.05 -3.46
2.5 44.23 -1.91 -20 42.84 46.05 -3.21
-3.0 44.98 -1.16 25 43.28 46.05 -2.77
35 45.55 -0.59 3.0 44.68 46.06 -1.38|
3.8 46.12 0.02 -35 45.97 46.06 -0.09
-4.0 46.14 0.00 -3.75 46.06 46.06 0.00
-4.0 46.08 46.06 0.02]
Test No. 4/29.0/25.9/1 Test Variables
Clay M390 Q(Lss) H (cm) d (mm)
Clay Lot No. 34281348 0.325 11.6 4
Test Date: 14-Jun-98
Lengthwise: centrefine maximum Widthwise: centreline maximum
Tomr  (cm) 5.9 5.9 Tome  (cm) 5.7 57
fm-  (cm) 62 6.2 Tm- _ (cm) 5.10 5.10
fow _ (cm) 6.05 6.05 fm  (cm) 5.40 5.40 Abs. Min at 43.18
€u  (cm) -2.68 -2.79 €. (em) -2.64 -2.68 Absolute Minimum = 2.88 cm
€./2  (cm) -1.340 1396 E-/2 (cm)  -1318 -1.342
b,  (em) 4.352 4289 b_, (cm) 2878 2.848
b (em) 3.750 3623 b (ecm) 2968 2.941
Lengthwise section (14 Jun 99) Widthwise-section (14 Jun 89)
Int.
r{cm) th Reading (cm)| Surface(cm)| €= (em) r(cm) Depth Reading (cm){ Int. Surface(cm) e (cm)
5.9 46.07 46.07 0.00 6.0 46.10 46.08 0.02]
5.5 45.66 46.07 -0.41 5.7 46.08 46.08 0.00
5.0 45.17 46.07 -0.90 5.5 46.05 46.08 -0.03
45 44.86 46.07 -1.21 5.0 45.89 46.08 -0.19
4.0 44.42 46.07 -1.65 4.5 45.67 46.09 -0.42
3.5 44.19 46.07 -1.88 4.0 45.44 46.09 0.65
3.0 43.78 46.07 -2.29 35 45.18 46.09 0.91
2.5 43.50 46.06 -2.56 3.0 44.88 46.10 -1.22
2.0 43.35 46.06 -2.71 25 44.48 46.10 -1.62]
1.5 4327 46.06 -2.79 20 44.04 46.10 -2.06
1.0 4328 46.06 -2.78 1.5 43.84 46.11 2.27
0.5 43.30 46.06 -2.76 1.0 43.60 46.11 -2.51
0.0 4338 46.06 -2.68 0.5 43.43 46.11 -2.68
-0.5 4338 46.06 -2.68 0.0 43.48 46.12 -2.64
-1.0 43.39 46.06 -2.67 0.5 43.49 46.12 -2.63
-1.5 43.46 46.06 -2.60 -1.0 43.65 46.12 -2.47
-2.0 43.76 46.06 _-2.30 -1.5 43.81 46.13 --2.32)]
-25 43.96 46.06 -2.10 -2.0 44.06 46.13 -2.07]
-30 4422 46.06 -1.84 -2.5 44.40 46.13 -1.73
-35 44.60 46.05 -1.45 -3.0 44.85 46.14 -1.29
4.0 44.82 46.05 -1.23 -35 45.30 46.14 -0.84
4.5 4514 46.05 -0.91 -4.0 4565 46.14 -0.49
-5.0 45.36 46.05 -0.69 4.5 45.89 46.15 0.26
-5.5 45.71 46.05 -0.34 -5.0 46.09 46.15 -0.06
-6.0 46.02 46.05 -0.03 -5.1 46.15 46.15 0.00
6.2 46.05 46.05 0.00 -5.5 46.16 46.15 0.01
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Test No. 4/29.0/25.9/2 Test Variables
Clay M390 Q(L/s) H (cm) d {mm)
Clay Lot No. 34281348 0.325 11.8 4
Test Date: 25-Jun-99
Lengthwise: Epn =€y Widthwise:  centreline maximum
fm=e  (cm) 5.5 fms _ {cm) 5.1 5.1
fm- __(cm) 5.5 T (cm) 5.90 5.90
fm  (cm) 5.50 T (em) 5.50 5.50
€. (cm} -2.34 €. (cm) -2.25 2.26
€./2 (cm) 1171 €./2 (em)  -1.124 -1.132
bo,  (cm) 3077 b.. (cm) 3533 3.525
b (m) 3.480 b_  (cm) 4032 4.022
Lengthwise section (25 Jun 99) Widthwise section (25 Jun 99)
Int.
r (cm} Depth Reading (cm})| Surface(cm) E. {cm) r (cm) Depth Reading (cm)] Int. Surface(cm) €. (cm)
5.5 46.07 46.07 0.00 5.1 46.16 46.16 0.00
5.0 45.90 46.07 0.17 5.0 46.15 46.16 -0.01
4.5 45.72 46.08 -0.36 4.5 45.91 46.16 -0.25
4.0 45.49 46.08 -0.59 4.0 45.53 46.15 -0.62
35 45.23 46.08 --0.85 3.5 44.99 46.15 -1.16
3.0 44.85 46.08 -1.23 3.0 44.65 46.14 -1.49
25 44.65 46.08 -1.43 2.5 44.46 46.14 -1.68
2.0 44.16 46.08 -1.92 2.0 44.32 46.13 -1.81
1.5 43.86 46.09 -2.23 1.5 44.17 46.13 -1.96
1.0 43.85 46.09 -2.24 1.0 44.10 46.13 -2.03
0.5 43.78 46.09 -2.31 0.5 43.98 46.12 2.14
0.0 43.75 46.09 2.34 0.0 43.87 46.12 225
-0.5 43.83 46.09 -2.26 -0.5 43.85 46.11 2.26
-1.0 44.06 46.10 -2.04 1.0 43.85 46.11 2.26
-1.5 44.15 46.10 -1.95 1.5 43.96 46.11 2,15
2.0 44.24 46.10 -1.86 -2.0 44.13 46.10 -1.97
2.5 44.43 46.10 -1.67 -25 44.33 46.10 -1.77
-3.0 44.66 46.10 -1.44 3.0 44.52 46.09 -1.57
-3.5 44.94 46.10 -1.16 3.5 44.77 46.09 -1.32
4.0 45.35 46.11 -0.76 4.0 44.94 46.09 -1.15
4.5 45.71 46.11 -0.40 -4.5 45.34 46.08 0.74
-5.0 45.96 46.11 -0.15 -5.0 45.64 46.08 -0.44
5.5 46.11 46.11 0.00 -5.5 45.90 46.07 -0.17
-5.9 46.07 46.07 0.00
Test No. 4/29.0/21.9/1 Test Variables
Clay M390 |___Q(L/s) H {cm) d (mm)
Clay Lot No. 34281348 0.275 11.6 4
Test Date: 30-Jun-99
Lengthwise: € =€ Widthwise:  centreline maximum
foes __(cm) 38 Tmyr __(cm) 5.1 5.1
fom-  (cm) 44 Tm- _ (em) 5.90 5.90
T _(cm) 4.10 = (cm 550 5.50
€. (cm) -0.82 €. {cm) -0.80 -0.87
€./2  (cm) 0412 €./2 (cm)  0.400 -0.435
b,  (cm) 2.395 b,  (em) 2.875 2.813
b (cm) 2.762 b.  (em) 3222 3.157 -
b, (em) 2.579 b.  (em)  3.049 2.985
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wise sacticn (30 Jun 99 Widthwise section (30 Jun 99 ]
¢ (cm) ;th Raadi; ;cm)Et SUﬂace;g €a (cm) r (cm) ;th Remﬁn; ;cmll €. ;cm)
3.8 45.97 45.97 0.00 38 45.96 0.00
35 45.92 45.97 -0.05 35 45.89 -0.07
30 45.79 45.97 -0.18 30 45.63 -0.33
2.5 45.61 45.98 0.37 2.5 45.35 -0.61
2.0 45.41 45.98 -0.57 2.0 45.20 -0.76
1.5 45.34 45.98 -0.64 1.5 45.15 -0.81
1.0 45.22 45.99 0.77 1.0 45.09 -0.87
0.5 45.2% 45.99 -0.78 0.5 45.14 -0.82
0.0 45.17 45.99 -0.82 0.0 45.16 -0.80
0.5 45.18 46.00 -0.82 -0.5 45.18 -0.78
-1.0 45.19 46.00 -0.81 -1.0 45.16 -0.80
-1.5 45.31 46.00 -0.69 -1.5 45.13 -0.83]
-2.0 45.38 46.01 -0.63 -2.0 4523 0.73
25 45.53 46.01 -0.48 2.5 45.31 -0.65
-3.0 45.66 46.01 -0.35 -3.0 45.44 -0.52]
-3.5 45.83 46.01 -0.18 -3.5 45.71 -0.25
4.0 - 45.98 46.02 -0.04 -4.0 45.90 -0.06
4.4 46.02 46.02 0.00 -4.25 45.94 -0.02
-4.5 45.96 0.00

Test No. 4/10.0/13.9/1 Test Variables

Clay M390 L_Q(Us) H (cm) d (mm)

Clay Lot No. 34281348 0.175 4 4

Test Date: 5-Jul-99 * slaking may have influenced scour hole radii and profile.

Lengthwise: centreline maximum Widthwise: centreline maximum

To=e _ (cm) 28 28 o (~1)) 2.80 2.8

Tom-  (cm) 4.60 4.60 Tom  (cm) 3.75 3.75

T~  (cm) 3.70 370 I (cm) 3.28 3.28

€. (cm) -3.34 -3.78 €. {cm) -3.36 -3.71

€./2  (cm) -1.672 1888  €-/2 (cm)  -1.679 -1.853

b.,  (cm) 1.499 1413 bo, (em) 2283 2205

bo.  (cm) 3.246 a2 b em 1327 1.281

b, (cm) 2.373 2263 b.  (em) 1805 1.743

Lengthwise section (5 Jul 99 Widthwise section (5 Jul 99)
Int.
r(cm) Depth Reading (cm)l Surface(cm)| &~ (cm) r (cm) Depth Reading (cm)| Int. Surface(cm) Eo (em)
28 46.06 46.08 -0.02 -3.75 45.99 46.05 -0.06
25 46.00 46.07 -0.07 -3.5 45.87 46.05 -0.18
2.0 45.34 46.07 -0.73 -3.0 45.29 46.04 -0.75
1.5 44.39 46.06 -1.67 2.5 44.78 46.04 -1.26]
1.0 43.13 46.06 -2.93 2.0 43.72 46.03 -2.31
0.5 42.77 46.05 -3.28 -1.5 42.79 46.03 -3.24
0.0 42.70 46.04 -3.34 -1.0 42.32 46.03 -3.71
0.5 _42.50 46.04 -3.54 0.5 42.38 46.02 -3.64
-1.0 42.32 46.03 -3.71 0.0 42.66 46.02 -3.36
-1.5 42.25 46.03 -3.78 0.5 42.96 46.01 -3.05]
2.0 42.44 46.02 -3.58 1.0 43.18 46.01 -2.83|
2.5 42.64 46.01 3.37 1.5 44.97 46.01 -1.04
-3.0 43.94 46.01 -2.07 2.0 45.48 46.00 -0.52]
35 44.74 46.00 -1.26 2.5 45.71 46.00 -0.29
-4.0 45.29 46.00 -0.71 28 46.04 46.00 0.04
4.5 45.90 45.99 -0.09
4.6 45.99 45.99 0.00 ’
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Test No. 4/10.0/15.92 Test Variablas
Clay M390 Q (Us) H (cm) d (mm)
Clay Lot No. 34281348 0.2 4 4
Test Date: 9-Jul-99 “staking fikety
Lengthwise: centrefine maximum Widthwise: centreline maximum
Tmr  (em) 6.3 6.3 Toms  (cm) 27 2.7
fm-  (cm) 4.70 4.70 fom- _ (cm) 8.10 6.10
T~ (cm) 5.50 5.50 T~ (cm) 440 4.40
€. (cm) -2.95 -3.00 €e (em) -2.91 -3.14
€./2  (cm) -1.475 1502 €=/2 (em)  -1.4s3 -1.568
b,  (em) 2283 2247  b.. (em) 1297 1.265
b (cm) 1.969 1970  bo  (cm) 4585 4.523
wise section (9 Jul 99! Widthwise section (9 Jui 99)
Int.
r{em) Depth Reading (cm)| Surface(cm) €~ (em) r {cm) Depth Reading (cm)| int. Surface(cm) €~ (em)
6.3 46.01 46.01 0.00 2.7 46.08 46.08 0.00
6.0 45.68 46.01 -0.33 25 45.94 46.08 0.14
5.5 45.50 46.02 -0.52 2.0 45.71 46.07 -0.36
5.0 45.24 46.03 .79 1.5 45.33 46.07 -0.74
4.5 45.14 46.03 -0.89 1.0 43.56 46.06 -2.50
4.0 45.05 46.04 0.99 0.5 43.13 46.06 -2.93
35 44.96 46.05 -1.09 0.0 43.15 46.06 -2.91
3.0 44.89 46.05 -1.16 0.5 43.04 46.05 -3.01
2.5 44.75 46.06 -1.31 -1.0 42.91 46.05 -3.14
2.0 44.37 46.06 -1.69 -1.5 43.03 46.04 -3.01
1.5 43.79 46.07 -2.28 -2.0 43.09 46.04 -2.95
1.0 43.31 46.08 277 25 43.31 46.03 272
0.5 43.08 46.08 -3.00 -3.0 43.62 46.03 -2.41
0.0 43.14 46.09 -2.95 -35 43.90 46.02 212
-0.5 43.18 46.10 2.92 4.0 44.24 46.02 -1.78
-1.0 4322 46.10 -2.88 4.5 44.40 46.01 -1.61
1.5 43.94 46.11 2.17 -5.0 45.32 46.01 -0.69
-2.0 44.66 46.12 -1.46 5.5 45.71 46.01 -0.30
25 44.91 46.12 -1.21 -6.0 45.99 46.00 -0.01
-3.0 45.19 46.13 -0.94 8.1 46.00 46.00 0.00
-3.5 45.50 46.13 -0.63
4.0 45.76 46.14 -0.38
4.5 46.05 46.15 -0.10
4.7 46.15 46.15 0.00
Test No. 4/10.0/17.9/1 Test Variables
Clay M380 Q (U/s) H (cm) d (mm)
Clay Lot No. 34281348 0.225 4 4
Test Date: 14-Jui-99
Lengthwise:  Se- = Eom Widthwise:  Eem = Eum
S (~10)) 2.20 Toms _ (cm) 1.90
- (cm) 1.90 T (em)  1.90
Tm  (cm) 2.05 Te  (em) 1.90
. (cm) 344 E. (em) 344
€./2  (em) -1.719 €./2 (em) 1719
b.. (cm) 1.606 bo.  (©m) 1197
b (em) 1.638 bee (em) 1201 .
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Lengthwise section (14 Jui 99) Widthwise section (14 Jul 99)
Int.

r(cm) Depth Reading (cm)| Surface(cm €a (em) r (cm) Depth Reading (em)l Int. Surface(cm)| ©- {cm)
2.5 46.07 46.07 0.00 2.0 46.07 46.07 0.00
2.2 46.06 46.07 -0.01 1.9 46.04 46.07 -0.03
2.0 45.92 _46.07 -0.15 1.5 45.63 46.06 -0.43
1.5 43.92 46.06 -2.14 1.0 43.49 46.05 -2.56
1.0 43.16 46.06 -2.90 0.5 42.90 46.04 -3.14
0.5 42.73 46.05 -3.32 0.0 42.59 46.03 344
0.0 _4261 46.05 -3.44 .5 42.70 46.02 3.32
-0.5 42.69 46.04 -3.35 -1.0 43.01 46.01 -3.00
-1.0 42.99 46.04 -3.05 -1.5 45.20 46.00 -0.80
-1.5 43.41 46.03 -2.62 -1.9 45.99 45.99 0.00
-1.9 46.03 46.03 0.00
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-8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0

g -2.0 +
L
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-3.0 +
40T —— Lengthwise
—&— Widthwise
r(cm)
Fig. D-1: Impinging Jet Test (8/8.1/7.0/1): September 4,
1998 Q=0.35 L/s H=6.5 cm d=8 mm X=734 Pa
8.0 6.0 4.0 2.0 0.0 2.0 -4.0 -6.0 -8.0
3
e
8
w
T+ -3.0
+ -4.0 —il— Lengthwise
—&— Widthwise
5-0-
r (cm)

Fig. D-2: Impinging Jet Test (8/8.1/7.4/1): September 11,
1998 Q=0.374 L/s H=6.5 cm d=8 mm X=839 Pa
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(43)
—— Lengthwise
—&— Widthwise
r (cm)
Fig. D-3: Impinging Jet Test (8/8.1/8.4/1): September 20,
1998 Q=0.40 L/s H=6.5 cm d=8 mm X=1058 Pa
-8.0 -6.0 6.0 8.0
’é 2.0 +
L
8
[25)
-3.0 1+
40T —&— Lengthwise
—&— Widthwise
5-6
r (cm)

Fig. D-4: Impinging Jet Test (8/8.1/6.1/1): October 1,
1998 Q=0.31 L/s H=6.5 cm d=8 mm X=576 Pa
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Fig. D-5: Impinging Jet Test (8/8.1/9.0/4): October 16,
1998 Q=0.45 L/s H=6.5 cm d=8 mm X=1214 Pa
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Fig. D-6: Impinging Jet Test (8/8.1/9.9/5): October 31,
1998 Q=0.50 L/s H=6.5 cm d=8 mm X=1499 Pa
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Fig. D-7: Impinging Jet Test (8/14.5/9.0/5): November
13, 1998 Q=0.45 L/s H=11.6 cm d=8 mm X=381 Pa
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Fig. D-8: Impinging Jet Test (8/14.5/9.9/1): November
21,1998 Q=0.5L/s H=11.6 cm d=8 mm X=471 Pa
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Fig. D-9: Impinging Jet Test (8/14.5/10.9/1): December
3, 1998 Q=0.55 L/s H=11.6 cm d=8 mm X=569 Pa
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Fig. D-10: Impinging Jet Test (4/10.0/11.9/1): January 15,
1999 Q=0.15 L/s H=4.0 cm d=4 mm X=1424 Pa
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Fig. D-11: Impinging Jet Test (4/10.0/15.9/1): January
22,1999 Q=0.20 L/s H=4.0 cm d=4 mm X=2533 Pa
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Fig. D-12: Impinging Jet Test (4/10.0/9.9/1): February 8,
1999 Q=0.125 L/s H=4.0 cm d=4 mm X=989 Pa
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Fig. D-13: Impinging Jet Test (8/8.1/9.0/5): March 9,
1999 Q=0.45L/s H=6.5 cm d=8 mm X=1214 Pa
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Fig. D-14: Impinging Jet Test (8/8.1/9.0/6): March 16,
1999 Q=0.45 L/s H=6.6 cm d=8 mm X=1214 Pa
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Fig. D-15: Impinging Jet Test (4/16.3/15.9/1): May 12,
1999 Q=0.2 L/s H=6.5 cm d=4 mm X=959 Pa
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Fig. D-16: Impinging Jet Test (4/16.3/19.9/1): May 25,
1999 Q=0.25 L/s H=6.5 cm d=4 mm X=1499 Pa
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Fig. D-17: Impinging Jet Test (4/29.0/25.9/1): June 14,
1999 Q=0.325 L/s H=11.6 cm d=4 mm X=795 Pa
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Fig. D-18: Impinging Jet Test (4/29.0/25.9/2): June 25,
1999 Q=0.325 L/s H=11.6 cm d=4 mm X=795 Pa
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Fig. D-19: Impinging Jet Test (4/29.0/21.9/1): June 30,
1999 Q=0.275 L/s H=11.6 cm d=4 mm X=569 Pa
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Fig. D-20: Impinging Jet Test (4/10.0/13.9/1): July 5,
1999 Q=0.175 L/s H=4.0 cm d=4 mm X=1939 Pa
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Fig. D-21: Impinging Jet Test (4/10.0/15.9/2): July 9,
1999 Q=0.20 L/s H=4.0 cm d=4 mm X=2533 Pa
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Fig. D-22: Impinging Jet Test (4/10.0/17.9/1): July 14,
1999 Q=0.225 L/s H=4.0 cm d=4 mm X=3206 Pa
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Appendix E: Equilibrium dimensions of the scour holes for the wall jet tests.

Test No. 2.33/9.3/1 Test Variables Test No. 2.339.711 Test Variables
Clay M390 Q(Us) | U, (m/s)] a(mm) Clay M390 Q (Us) U, (m/s)l  a(mm)
Clay Lot No. 34281348 | 3.12 | 9.1 2.33 Ctay Lot No, 34281348 | 327 | 9.74 2,33
Test Date: 12-Nov-98 Test Date: 18-Nov-98
Ah, (mm) 326 Ah,(mm}) 357
Section 1 2 Section 1 2
Located at y (mm) 38.5 76.5 Located at y (mm) 38.5 76.5
€ (mm) -20.6 -16.2 Emm  (mm) -31.3 -36.8
Xme  (mm) 20 27 Xowe  (mm) 38 43
X (mm) 140 130 X (mm) 190 193
b {(mm) 80.3 775 b {(mm) 112.0 88.3
Section 1 (12 Nov 98) Section 2 (12 Nov 98) Section 1 (18 Nov 98 Section 2 (18 Nov 98)
X (mm) Reading (cm)] E.. (mm)] x (mm) | Reading (cm)] E.. (mmlI x (mm) Reading (cm)| €~ (mm) x (mm) | Reading (cm){ €~ {mm)}
0 44,66 -143] o 4513 9.8 0 44.15 2011 0 43.23 -29.5
10 44.17 -192] 10 44.98 -11.3] 13 43.63 253] 13 43.06 -31.2
15 44.04 205] 20 44.66 -14.5 23 43.19 29.7] 23 42.72 -34.6
20 44.03 206] 27 44.49 -16.2 33 43.09 -30.7] 33 42.60 -35.8}
30 44.21 -188] 30 44.67 -14.4 38 43.03 -31.3] 43 42,50 -36.8]
40 44.52 -157] 40 44.86 -12.5 43 43.07 -30.9] 53 42.61 -35.7
50 44.55 -154] 50 44.93 -11.8] 53 43.28 -28.8] 63 43.27 -29.1
60 44,69 -140] 60 45.05 -10.6] 63 43.66 250] 73 44.07 -21.1
70 44.79 -130] 70 45.18 -9.3 73 43.89 2271 83 44.25 -19.3
80 45,05 -104] 80 45.34 7.7 83 44.03 213] 93 44.42 -17.6}
90 45.35 74| 90 45.72 -39 93 44.19 -197] 103 44.59 -15.9]
100 45.53 -5.6] 100 45.82 -2.9 103 44.38 -17.8] 113 4.1 -14.7
110 45.71 38| 110 45.97 1.4 13 44.62 -15.4] 123 44.84 -13.4
120 45.74 -35] 120 46.03 -0.8] 123 44.74 -14.2] 133 44.93 -12.5
130 45.94 -1.5] 124 46.07 -0.4} 133 44.79 -137] 143 45.07 -11.1
137 46.05 0.4] 130 46.11 0.0 143 45.06 -11.0] 153 45.31 -8.7
140 46,09 0.0 153 45.21 95 163 45.48 -7.0
163 45.42 74| 173 45.69 -49
173 45.73 -4.3] 183 45.93 2.5
' 183 45.96 20] 193 46.18 0.0}
190 46.16 0.0
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Test No. 2.33/8.211 Test Variables Test No, 2,33/9.5/1 Test Variables
Clay M390 Q(Us) | U, (m/s)] a(mm) Clay M390 Q (Us) [V, (vs)|  a(mm)
Clay Lot No. 34281348 | 275 | 8.8 2.33 Clay Lot No. 34281348 | 319 | 950 233
Test Date; 6-Apr-99 Test Date: 13-Apr-99
Ah, (mm) 272 Ah, (mm) 367
Section 1 2 Section 1 2
Located aty (mm“b 59 81 Located aty (mm 62 83
Coe  (mm) -31.3 0.0 Emm  (mm) -31.3 0.0
Xoe  (mm) 32 25 Xpw  (mm) 25
Xoe  (mm) 89 88 Xew  (mm) 147 120
b (mm) 51.5 49.3 b (mm) 67.4 68.5
Section 1 (6 Apr 99) Section 2 (6 Apr 99) Section 1 (13 Apr 99) Section 2 (13 Apr 99)
X (mm) Reading (cm)| &~ (mm)] x (mm) | Reading (cm)] €- (mm)] x(mm) | Reading (cm) €= (mm)} x (mm) | Reading (cm)| &= (mm
0 44.67 150] 0 43.56 -26.2) 0 41.69 4314 o0 41,38 -46.4|
10 44.72 -14.‘.i 10 43.57 -26.1 10 41,60 -44.1 10 41.21 -48.0
20 44.31 -18.6 20 43.58 -26.0} 15 41.60 4421 15 4117 -48.5
30 43.85 232] 25 4351 -26.7 20 41.32 470] 20 41.01 -50.2
32 43.84 233 30 43.68 -25.0] 25 41.23 480| 25 40.86 517
35 43.91 226] 35 4394 -224] 30 41.35 469 30 4082 522
40 44.06 -211] 40 44.29 -18.9} 35 41.27 -47.7] 35 40.87 -51.8
50 44.91 -126] 50 44.89 -12.9) 40 41.27 -47.8] 40 40.85 -52.0
55 4523 -9.4] 60 45.32 -8.6 45 41.51 45.5] 45 41.15 -49.1
60 4526 91} 70 45.59 -5.9, 50 41.73 433] 50 4148 -45.9]
70 45.74 -43] 80 45.96 22 60 42.67 340 60 4238 -37.0}
80 46.02 15| 88 46.18 0.0 70 44.05 -204] 70 4367 24,2
85 46.11 0.6 80 44.73 1371 80 44,51 -16.0
89 46.17 0.0] 90 45,32 79] 90 45.16 96
110 45.73 40} 110 45.90 -2.5
120 45.78 37] 120 46.16 0.0
130 45.89 2.7
140 46.06 1.4
147 46.18 0.0
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Test No, 2.33/9.8/1 Test Variables Test No, 2.33/11.91 Test Variables
Clay M390 Q(Us) {U,(m/s)] a(mm) Clay M390 Q(Us) |YU, (nv/s)] a(mm)
Clay Lot No. 34281348 | 331 | 9585 2.33 Clay Lot No. 34281348 | 380 | 11.31 2.33
Test Date: 3-May-99 Test Date: 13-May-99
Ah,(mm) 394 Ah, (mm) 520
Section 1 2 Section 1 2
Located at y (mm) 82 107 Located at y (mm) 56.5 78
Eoe  (mm) -31.3 0.0 €m  (mm) -59.4 -60.4
Xme  (mm) 40 42 Xow  (mm) 60 60
X (mm) 107 116 [ Xom____(mm) 155 180
b (mm) 63.0 64.1 b (mm) 92.8 94.9
Sectlon 1 (3 May 99) Section 2 (3 May 99) Section 1 (13 May 99 Section 2 (13 May 99)
x (mm) Reading (cm) E. (mm)] x (mm) | Reading (cm) €. (mm x (mm) Reading (cm) €. (mm)} x (mm) Reading (cm) €. (mm)l
0 4481 1371 o 44.36 -18"21| 0 42.58 3551 0 42.44 -37.4
5 44.74 -144] 5 4429 -18.9 10 42.19 -394] 10 42,02 -41.6]
10 44.63 155 10 44.16 -20.2 20 41.81 -432] 20 41.74 -44.4)
15 44,53 -165] 15 43.96 222 30 41.31 -482] 30 41.30 -48.8]
20 43.80 -238] 20 43.54 -26.4] 40 40.76 -53.7] 40 40.87 -53.1]
25 43.35 -283] 25 43.22 -29.6] 50 40.46 -56.71 50 40.49 -56.9]
30 43,19 299 30 42.95 -32.3] 60 40.19 -59.4] 60 40.14 -60.4]
35 43.09 -309] 35 42.81 -33.7] 65 40.22 -59.1] 61 40.15 -60.3]
40 43.05 -31.3] 40 42.65 -35.3] 70 40.53 -58.0] 65 40.25 -59.3)
45 43.29 -289] 42 42.64 -35.4 75 40.91 522] 70 40.45 -57.3|
50 43.67 251] 45 42.74 -34.4 80 41.51 62| 75 40.91 -52.7
60 44.47 -174] 50 43.06 -31.2 90 42.85 -328] 80 41.23 -49.5
70 44.96 -122] 60 43.99 -21.9 100 43,96 2171 85 41.81 -43.7
80 45.33 -85 65 44.50 -16.8] 105 44.29 -184] 90 42.49 -36.9
90 45.76 42] 70 4475 -14.3] 110 44.56 -15.7] 100 43.87 -23.
100 46.05 13| 80 45,09 -109] 15 44,85 -12.8] 105 44.51 -18.7
107 46.18 00] 90 45.30 -8.8] 120 45,08 -105] 110 44.77 -14.1
100 45.82 -3.6| 130 45.48 85| 120 45.19 -9.9
110 46.15 -0.3] 140 4571 42| 130 4537 8.1
116 46.18 0.0} 150 45.96 171 140 45,41 7.7
155 46,13 0.0] 150 45,59 -5.9
160 45.72 -4.6]
170 46.09 -0.9]
180 46.18 0.0}




‘uoissiwiad noypm paugiyosd uononpoidas Jaypung “1sumo JybuAdos ayj jo uoissiuad yum psonpoldey

S8C

Test No. 2.33/8.911 Test Variables Test No. 2.33/10.2/1 Test Variables
Clay M390 Q(ls) {U,(m/s)] a(mm) Clay M390 Q(Us) U, (mvs)) a(mm)
Clay Lot No. 34281348 | 3.03 | 9.03 2.33 Clay Lot No. 34281348 | 343 | 1023 233
Test Date: 19-May-99 Test Date; 25-May-99
Ah,(mm) 331 Ah..(mm) 425
Saction 1 2 Section 1 2
Located at y (mm 50 85 Located at y (mm) 53 945
€om  (mm) 197 237 Eom  (mm) -40.5 -40.7
X (mm) 32 32 Xoe  (mm) 41 38
Xoe  (mm) 1225 132 Xom  (mm) 175 152
b {mm) 795 68.2 b (mm) 87.2 89.3
Section 1 (19 May 99) Section 2 (19 May 99) Section 1 (25 May 99) Section 2 (25 May 99)
x(mm) Reading (cm)| €= (mm) x (mm) |Reading (cm)| .. (mm x (mm) Reading (cm)| E.. (mm}| x (mm) | Reading (cm)| €~ (mm)]
0 44.98 119 o 44,44 -17.5 0 42,97 a28] o 4291 -33.7
10 45.11 -106] 10 44.32 18.7) 10 42.87 335 10 4293 .33 5
15 4495 -122] 15 413 -20.6 20 42.78 -344] 15 42.82 -34.6
20 4459 -158] 20 43.95 224] 25 42,63 -359] 20 42,61 -36.7
25 44.30 4871 25 4385 .23.4] 30 4248 -374] 25 4247 -38.1
30 “22 -195] 30 43.83 .23.6] 35 42.25 .39.7] 30 42,31 -39,7
2 44.20 1971 32 43.82 237 40 42,20 402} 35 4222 ~40.6,
35 44.25 192] 40 43.90 2.9 M 4217 -40.5] 315 4221 -40.71
40 44.56 161 45 “.77 -14.2] 45 42.25 .39.7] 40 42.23 -40.5}
45 44.91 126] 50 44.85 13,4} 50 4232 -39.0) 45 4230 -39.9]
50 45.08 111 60 44.85 -13.4] 60 4246 -376} S0 4244 -38.4]
60 45.10 -107] 70 45.04 1.5 65 42,69 -353] 55 42.70 -35.8
70 45.08 109 80 45.12 -10.7 70 43.00 322 60 4296 -332|
80 45.19 98] 90 4521 -9.8 75 4349 273] 70 4342 -28.6|
90 45.39 -7.8] 100 45.38 -8.1 80 43.87 -23.5] 80 43.92 -23.6]
100 45.56 611 110 45.69 -5.0 980 4432 19.0] 90 4427 .20.1]
110 45.83 -34] 120 45.99 -2,0 100 44.46 176 100 4474 -15.4]
120 46.15 02] 1320 4617 -0.2 110 44.64 -158] 110 45.20 -10.8]
1225 46.17 00 122 46.19 0.0 120 4493 429] 120 4552 7.8
130 45.12 -11.0{ 130 4593 .35
140 4556 68| 140 46,08 20
150 45.61 84] 150 4827 -0.1
, 160 45.85 37| 152 46.28 0.0
170 46.17 0.5
175 46.22 0.0
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Test No. 2,33/6.21 Test Variables
Clay M390 Q(lU/s) | U, (m/s)| a(mm)
Clay Lot No. 34281348 2.07 6.16 2.33
Test Date: 8-Jun-99
ah,,(mm) 154
Section 1
Located aty (mm 71.5
€ (mm) -14.6
Xme _ (mm) 7
Xos  (mm) 67
b (mm) 218
Section 1 (8 Jun 99)
x (mm) Reading (cm)} €. (mm)

0 44.67 -15.0]

5 44.68 -14.9]

7 4.7 -14.6

10 44.74 -14.3}

15 44.86 -131

20 45.28 -8.9)

23 45.54 6.3

25 45.60 -5.7

30 45.64 -5.3

35 45.70 4.7

45 45.90 2.7

55 46.02 -1.5

85 46.15 0.2

67 46.17 0.0}

Test No. 2.33/8.0/2 Test Variables
Clay M390 | Q(s) [U,(ms)| a(mm)
Clay Lot No. 34281348 | 2.69 | 8.00 2.33
Test Date: 15-Jun-99
Ah,.(mm) 260
Section 1 2
Located at y (mm 59.5 96.5
Ere  (mm) -17.4 -17.1
Xeow  (mm) 24 21
Xow  (mm) 67.0 70
b (mm) 38.7 38.1
Section 1 (15 Jun 99 Section 2 (15 Jun 99)
x (mm) Reading (cm)| €. (mm) x (mm) | Reading (cm)| €. (mm
0 4585 26] 0 45.68 -4;'
5 4561 50| 5 4562 -5.2
10 4526 -85 10 44.94 120
15 44.85 1268] 15 44,59 -155
20 4446 -185] 20 44.45 -16.9
24 44.37 174] 21 44.43 174
25 44.41 4170] 25 44,56 -15.8]
30 44,64 147] 30 44.99 1.5
35 44.96 -11.5] 35 45.23 9.1
40 4534 27| 40 45.32 -8.2
45 45.60 5.1] 45 45.46 6.8
50 45.76 35] 50 4557 5.7
55 4591 20| 55 45.75 -3.9|
60 46.00 14| 60 45.95 19|
65 46.09 02| es 46,05 09|
67 46.11 00| 70 46.11 03]
| 7s 46.14 0.0]
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Test No. 2.33/12.01 Test Variables Test No. 2331271 Test Variables
Clay M390 Q(Us) [U, (nvs)] a(mm) Clay M390 Q (Us) JU, (n#s)l a (mm)
Clay Lot No. 34281348 | 4.04 | 1203 2.33 Clay Lot No. 34281248 | 4.27 | 12.72 233
Test Date: 25-Jun-99 Test Date: 9-Jul-99
Ah,.(mm) 588 Ah,(mm) 657
Section 1 2 Section 1 2
Located at y (mm 52 76.5 Located aty (mm 51 96.0
Ere  (mm) -40.7 -42.9 Eme  (mm) -80.8 -68.7
Xm=  (mm) 425 32 X (mm) 81 63
X (mm) 138.0 144 X {(mm) pastend | pastend
b (mm) 80.5 86.7 b (mm) 166.6 147.4
* section 1 is most representative section (42,5 mm as minimum)
Section 1 (25 Jun 99 Section 2 (25 Jun 99) Section 1 (9 Jul 99) Section 2 (9 Jul 99)
x (mm) Reading (cm)| €. (mm) x (mm) |Reading (cm)] € (mm) x (mm) Reading (cm)] €= (mm)Y x (mm) | Reading (cm)| €~ (mm)I
0 43.91 27 o 44.81 -16.1 0 41.30 4151 0 4127 475
5 43.76 2428 5 44,46 -17.6] 10 41.17 -48.8] 10 41.10 -49.3
10 4353 2651 10 @7 -24.5 20 40.82 -524] 15 41,05 -49.8]
15 43.19 209 15 4302 -32.0 25 40.57 -54.9] 25 40.50 -55.9)
20 42.84 -334] 20 42,65 -35.7 30 40.16 5900 35 40.10 -59.4]
25 42.51 367 25 4222 -40.0) 35 39.49 65.8] 45 30.59 -64.6
30 42.38 -38.00 30 4195 -42.7 45 38.76 -731] 55 39.31 674
35 42.17 4049 32 41.93 -42.9] 55 38.56 -75.2] 63 39.19 -68.7
40 42.12 -408] 35 41.95 -42.7] 65 38.28 7800 65 39.24 -68.2)
425 4211 4071 40 41.96 -42.6] 75 38,02 -80.7] 75 39.28 -87.
45 42,20 -39.8] 45 42,09 -41.3} 81 38.01 -80.8] 85 39.51 85.6}
50 42.25 -39.3] 50 4220 -40.2} 85 38.03 -80.6] 95 4017 59,
55 42.50 -36.8] 55 42.36 -38.6 95 38.04 -80.6] 105 41.10 49,
60 42.69 -349] 60 42.58 -36.41 105 38.11 7991 115 4157 -45.2)
70 43.26 22 70 43.08 -31.4] 115 38.22 7898 125 4191 -41.8)
80 44.12 206 80 43.72 -25.0 125 38.47 -764] 135 42.19 -39.1]
20 44,65 153 %0 44.25 -19.7] 135 39.49 66.3] 145 42,54 -35.6]
100 45,05 -11,3] 100 44.93 -12.9] 145 40.06 -60.6] 155 43.09 -30.2
110 45.40 78] 110 45.24 -9.8} 155 4113 -50.00 165 43,62 2500
120 45.70 48] 120 45.66 -5.6] 165 41.97 -41.6] 175 44.31 -18.1
130 45.97 21 130 45,76 -4.6) 175 42,72 .342] 185 44.87 126
138 46.18 0.0] 140 46.12 1.0 185 43.42 27.2f 195 4523 9.0
144 46.22 0.0 195 4395 2200 205 4547 6.7
205 44.31 -184] 215 45.63 -5.1
215 44,65 -15.1] 225 45.71 4.4
' 225 45.02 11.4] 234 45.77 .39}
235 45.34 -8.3] 240 45,82 .3.4)
240 45.42 -7.5]
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Test No., 2.33/12.3/1 Test Variables Test No. 2.33/7.212 Test Variables
Clay M390 Q(Ls) U, (m/s)| a(mm) Clay M390 Q(Us) {U, (mlsl* a (mm)
Clay Lot No, 34281348 411 12.25 233 Clay Lot No. 34281348 | 240 7.16 233
Test Date: 15-Jul-99 Test Date: 9-Sep-99
Ah,.(mm) 610 Ah, (mm) 208
Section 1 2 Section 1 2 3
Located aty (mm 54 96 Located at y (mm 50 75.5 110
Eme  (mm) £0.0 -44.3 Erwe _(mm) -9.8 122 | 179
Xpw  (mm) 45 35 Xme  (mm) 14 14.5 21
X (mm) pastend | past end KXo (mm) 60 63 61
b (mm) 81.8 129.4 b {mm) 24.1 23.9 325
Section 1 (15 Jul 99) Section 2 (15 Jul 99) Section 1 (9 Sep 99) Section 2 (9 Sep 99) Section 3 (9
X (mm}) Reading (cm){ €~ (mm) x (mm) | Reading | &~ (mm) x (mm) Reading (cm)| €. (mmY x (mm) | Reading (cm)| &~ (mm)|x (mm){ Reading (cm)
0 41.83 424 0 42.14 -40.1 0 45.73 23] 0 45.74 26 0 45.47
10 41.72 -43.5 5 42,13 -40.2 5 45.44 53] 5 45.32 66] 5 44.99
15 41.36 471 10 41.92 422 10 45,14 -84] 10 44.99 -10.0] 10 44.69
20 4117 -49.001 15 41,76 -43.8] 14 45.00 -9.8] 145 44.78 -122f 15 44.44
25 40,75 5324 20 41.73 -44.04 15 45.02 96] 15 44.79 124] 20 44,25
30 40.61 -546] 25 41.75 -43.8) 20 45,23 76] 20 45,05 95) 21 44.24
35 40.35 -57.2] 30 41.70 -44.31 25 45,57 43| 25 45.50 51] 25 44.50
40 40.22 -58.5] 35 41.69 -44.3 30 45.62 -38] 275 45.57 -45) 30 44 .91
45 40.07 -60.0] 40 a.77 435 35 45.73 -28] 30 45.64 -38] 35 45,39
50 40.09 -59.8] 45 41.79 -43.2 40 45,73 -29] 35 45.69 -34] 40 45.59
55 40.16 584 50 41,84 -42.7 45 45.84 -19] 40 45.75 298] 45 45.73
60 40.44 -56.3] 55 42,15 -39.6 50 45.91 -1.3] 45 45.79 -26] 60 45.92
70 41.54 4531 60 42,55 -35.5] 55 46.02 02] 85 45.95 -1.2] 60 45.08
80 2.80 -31.7] 65 4291 -3y, 60 46,05 00 60 46,05 02 61 48,07
85 4337 -27.6' 70 4305 -‘30_3 63 46,08 0.0f
90 43.59 248 75 43.11 -29.8]
100 43.94 -21.3] 80 43.06 -30.3]
110 44.16 -191] 90 43.15 -20.9
120 44.34 -17.3] 100 43.21 -28.,6]
130 44.53 -1531 110 43.53 -25.3]
140 44.77 1291 120 43.56 <25.04
150 44.92 -11.4] 130 43.85 -22.0%
160 45.05 -10.1] 140 43.98 -20.
170 45.23 -83] 150 44.26 -17.7
180 4546 8.0] 160 44.55 -14.7]
190 45.50 -56] 170 44.70 -13.2
200 45.20 -86] 180 45,07 9.4
210 45.27 -79] 190 4513 -8.7
220 45.55 -5.1] 200 45.19 -8.0
230 45.93 Q’ 210 45.33 -6.6
240 45.89 1.7} 220 45,43 55
230 45.60 3.7
240 45.46 5.0
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Test No. 2.33/5.2/1 Test Variables Test No. 2.33/11.71 Test Variables
Clay M0 | Q(Us) (U, (ws)] a(mm) Clay M390 | Ous) [u, (mis) a(mm)
Clay Lot No. 34281348 1.73] 5.6 233 Clay Lot No, 34281348 | 391 | 1166 233
Test Date: 24-Sep-99 * Section 1 only surface erosion. Test Date: 30-Sep-99
Ah, (mm) 108 * Section 3 is most representative section, Ah,{mm) 552
Section 1 2 3 Section 1 2 3
Located at y (mm 50 75.5 99 Located at y (mm 50 75.5 100
Eom  (mm) 0 18 | 21 € (mm) -38.8 43.7 | -45.1
Xme  (mm) 0 125 | 125 X (mm) 44 425 | 39
X (mm) 0 29 33 Xow  (mm) 141 120 | 143
b (mm) 0 203 | 233 b (mm) 75.8 721 | 724
Section 2 (24 Sep 99) (centreline) Section 3 (24 Sep 99) Section 1 (30 Sep 99 Section2(30Sep99) Section 3 {30 99)
x (mm) Reading (cm)| €. (mm) x (mm) |Reading (cm)} €= (mm x (mm) Reading (cm){ €.. (mm)l x (mm) | Reading (cm)| €. _(mm)] x (mm)| Reading (cm)| €~ (mm
0 45.86 3] o 45.98 0.2 0 44.78 18] 0 45.31 871 o 45.46 -5.0
3 45.79 21 s 45.88 -1.4] 5 4456 149 s 45.16 83l s 45.20 .71
5 4591 10 10 4585 -1.9] 10 44.33 1185] 10 45.01 .99] 10 44.90 -10.8}
10 45.87 41.6] 125 45.84 .21 15 43.80 219] 15 44,51 1500 15 44.53 -14.6]
125 45.86 18] 15 45.86 -2.0 20 4351 249] 20 43,80 222 20 4351 -24.94
15 4592 13] 20 45.94 -14] 30 42.82 3200 30 42,52 a52] 25 42.85 -31.6
20 4597 0. 25 46.02 08 35 4251 -352] 35 42,09 -39.6] 30 42.28 -a7.4
25 46.08 00 30 46.12 -0.1 40 4227 ~a77] 40 41,75 43.1] 35 41.93 -41.0
29 48,10 0] 3 46.14 0.0 “ 42,16 88| 425 41.70 437 » 41.53 45,1
45 4218 -387] 45 41,82 -425] 40 41.54 45,
50 4234 3721 50 42,08 4001 45 41.88 -41.91
55 4267 3400 55 42.39 37.0] 50 42.28 -38.0§
60 43,08 209 60 42.83 -328] 55 42.49 -35.8]
70 4381 228] 70 43.76 237] 60 42.84 .32.4
80 44.44 -16.7] 80 44.64 151] 65 43.18 -29.1
20 44,88 125) 90 45.19 98] 70 43.63 24,7
100 45.25 90| 100 45.64 .55 80 44.57 -15.,5
110 4557 0] 110 46.02 -19] 85 4491 -12.2)
120 45.84 -35] 115 46.18 -04] 90 45.18 9.6
130 46.08 3] 120 46.23 0.0] 100 45.48 -6.8]
135 48.17 0.5 110 45.83 -35|
140 46.22 -0.1 115 4594 25
) 141 46.23 0.0 120 4568 3.2
130 45.94 .2.8
140 46.17 -0.7
143 46.25 0.0
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Test No. 5.10/7.0/1 Test Variables Section 1 2 3
Clay M39%0 Q(L/s) {U,(mv/s)] a(mm) Located at y (mm 35 76.0 100
Clay Lot No, 34281348 | 540 | 7.03 5.10 € (mm) -66.8 -542 | -51.8
Test Date: 20-Jan-00 Xme  (mm) 45 55.0 50
Ah,(mm) 201 Xow  (mm) 182 220 | 216
* ltalics indicate areas that may have been affected by slaking. b (mm) 82.1 95.4 947
Section 1 (20 Jan 00) Section 2 (20 Jan 00) Section 3 (20 Jan 00)
x {mm) Reading (cm)| €. (mm) x (mm) |Reading (cm)] €. (mm x (mm) Reading (cm)| - {(mm
0 37.23 882] o 39.98 -60. 0 40.19 -58.5
25 37.23 884] 5 40.10 -59.4] 5 39.74 -63.1
30 39.21 686 10 4027 57.7| 10 39.95 -61.0
35 39.29 6791 15 40.30 -57.5] 15 40.14 -59.2
40 39.99 69] 20 40.34 -67.2 25 40.62 -54.6]
45 39.40 -668] 25 4047 -56.0 35 40.91 -51.8]
50 39.89 620] 30 40.59 -54.8] 40 40.99 -51.1)
55 40.12 -59.71 35 40.64 -54.4] 45 40.96 -51.4]
60 40.48 -56.1] 40 40.68 -54.1) 50 40.95 -51.6)
65 41.08 -502] 45 40.80 -52, 55 41.04 -50.8]
70 41.52 458] 50 40.73 -53.7 60 4117 -49.6]
75 42,04 406] 55 40.69 -54.2 65 41.32 -48.1
80 4253 -358] 60 40.78 -53. 70 41.64 45.0)
85 43.09 -302] 65 40.96 -51.6] 75 41.90 -42.5]
90 43.39 2728 70 41.22 49,1 80 4221 -39.4]
95 43.62 250 75 41.59 -45.5 85 4255 -36.1]
100 43.80 232] 76 42,14 -40.0 90 43.13 -30.4]
105 44.04 -209] 80 42.35 -37.9] 100 44.12 -20.6}
110 44.19 -194] 90 43,02 -31.4 110 44.51 -16.9]
120 44.54 -16.0 100 43.62 -23.5] 120 44.83 -13.8]
130 44.73 -14.1] 105 407 21| 130 4494 -12,
140 45.03 112 110 44.23 -19.6] 140 45.04 -12,0)
150 45.46 70| 120 44.50 -17.0] 150 45.05 121
160 45.74 -43] 130 44.78 -1 4.3' 160 45.00 -12.7
170 45.92 25| 140 45.05 -, 170 45.14 -11.4)
180 46.18 00] 150 45.19 105 160 45.39 9.1
160 45,09 . 117, 190 4551 -8.0
170 45,09 -11.9] 200 45.82 -5.1
180 45.15 -11.3] 210 46.17 1.7
190 4558 -7.9) 216 46.35 0.0
. 200 45.75 5.6}
210 45,99 -34)
220 46,34 0.0}
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Test No. 5.10/6.0/1 Test Variables Section 1 2 3
Clay M350 Q(Us) {U,(m/s)] a(mm) Located at y (mm) 52 75.5 107
Clay Lot No. 34281348 | 463 | 6.04 5.10 €ae  (mm) -45.9 442 | -443
Test Date: 26-Jan-00 Xme  (mm) 325 36.0 39
Ah,, (mm) 148 Xoe  (mm) 197.5 200 199
*estimate of b for section 1 and 2 b {mm) 145 144 137.8
Section 1 (26 Jan 00) Section 2 (26 Jan 00) Section 3 (26 Jan 00)
x (mm) Reading (cm)| €.. (mm)Y x (mm) |Reading (cm)] €. (mm‘ x (mm) Reading (cm)l Eu (mm
0 45.05 100 o 45.70 34 0 45.25 -8.0
5 44.21 -185] 5 45.06 -9.9] 5 45.16 -9.0]
10 43.64 -242] 10 44.52 -15.3} 10 44.90 -11.6]
15 43.14 -29. 15 44.04 -20.2] 15 44,53 -15.4}
20 42.55 3521 20 43.55 -25.1 20 4391 -21.6]
25 42.01 4071 25 43.05 -30.2) 25 43.33 -21.5
30 41.66 442 30 42.50 -35.8] 30 42.67 -34.1
325 41.50 -459] 35 41,78 -43.04 35 4212 -39.7
35 41.59 4501 28 41.66 -44.2) 39 41.67 -44.3]
40 41.59 -45.1] 40 41.81 42, 40 41.76 -43.4)
45 41.75 435 45 4218 -39.1 45 42.05 -40.5|
50 41.89 422] 50 42.30 -38.0) 50 42.37 -37.4]
55 42.06 405] 55 42.38 -37.9} 55 4254 -35.7}
60 42.21 39.1] 60 42.60 -35.1) 65 43.09 -30.4}
65 42.46 -38.7] 65 42.89 -32.3) 75 43.71 -24.3]
70 2N -342] 70 43.04 -30.8] 80 43.85 -22.9
75 42.98 -316] 75 43.21 -29.9) 90 43.64 -25.1
80 43.22 292] 80 4345 -26.9) 100 43.77 -24.0
85 43.29 -28.6] 85 43.49 -26.5] 110 43.41 -27.7)
90 43.25 290] 90 43.41 27.4] 120 43.37 -28.2
95 43.31 -28.5] 100 43.22 -29.4] 130 4357 -28.3
100 43.34 -28.3] 110 42.99 -31.8] 140 4412 -20.9)
105 4329 -28.8) 120 42.86 -33.2 150 44.35 -18.7,
110 43.23 205 130 43.12 -30.8] 160 44,72 -15.1
115 43.10 -30.8] 140 43.65 -25.6} 170 45.29 -9.6)
120 42.87 -332] 150 44.63 -15.9) 180 45.83 4.3
125 42.98 -322] 160 45.10 -11.3] 190 45.92 -3.8
130 43.37 -28.3] 170 4511 -11.3] 199 46.28 0.0
140 44.03 21.8] 180 45.48 -8.0]
145 4396 -226] 190 4598 -2.9]
150 44.20 -19.3] 200 46.28 0.0]
160 44,82 -14.2)
170 45.15 -11.0
180 45.73 -5.3]
190 46.14 -1.3}
197.5 48.28 0.0
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X (mm)
Fig. F-1: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/9.3/1 - 12 Nov 98
U,=9.31 m/s a=2.33 mm (A—A.)/A.=3.33
0 50 100 150 200
0
-10
-20
. -30
€ o
\/8 -850
[43)
-60
-70
-80 —8—y=38.5 mm (S1)
-90 —&—y=76.5 mm (S2)
-100 l l
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Fig. F-2: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/9.7/1 - 18 Nov 98

U.=9.74 m/s a=2.33 mm (A-A.)/A.=3.74
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Fig. F-3: Scour hole profile at ultimate state for Wall Jet
' Test No. 2.33/8.8/1 - 7 Dec 98

U.=8.84 m/s a=2.33 mm (A-Ao)/A=2.91
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-20
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-40

-50
-60
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-80 —e—y=76.5 mm (S2) '_
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Fig. F-4: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/8.1/1 - 14 Dec 98

U,=8.13 m/s a=2.33 mm (A-Ag)/Ac=2.31
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Fig. F-5: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/8.5/1 - 4 Jan 99

U.=8.52 m/s a=2.33 mm (A-A)/A=2.63

0 50 100 150 200
o L

-80 —e—y=76.5 mm (S2) [

x (mm)

Fig. F-6: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/8.7/1 - 12 Jan 99

U,=8.67 m/s a=2.33 mm (A~Ac)/A=2.76
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Fig. F-7: Scour hole profile at ultimate state: Wall Jet
Test No. 2.33/7.4/1 - 22 Jan 99

U.,=7.36 m/s a=2.33 mm (A-A.)/A=1.71

150 200
=70 —5—y=38.5mm (S1) ||
-80 ——y=76.5mm (S2) [
-90 —O—y=115mm (S3)

-100 ' 1

x (mm)

Fig. F-8: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/8.1/2 - 28 Jan 99

U,=8.05 m/s a=2.33 mm (A-A.)/A.=2.24
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Fig. F-9: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/7.0/1 - 11 Feb 99

U,=6.98 m/s a=2.33 mm (A-A;)/A.=1.44

0 50 100 150 200

-100

—8—y=59 mm (S1)
—o—y=83 mm (S2)

] l

x (mm)

Fig. F-10: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/7.2/1 - 17 Feb 99

U.,=7.17 m/s a=2.33 mm (A-A)/A=1.57
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Fig. F-11: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/8.0/1 - 15 Mar 99

U,=7.97 m/s a=2.33 mm (A-A)/A=2.18

0 50 100 150 200
0 [l

—3—y=66.5 mm (S1)
-90 —o—y=85 mm (S2)
-100 = —
x (mm)

Fig. F-12: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/8.5/2 - 30 Mar 99

U,=8.46 m/s a=2.33 mm (A-A.)/A=2.58
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Fig. F-13: Scour hole profile at ultimate state: Wall Jet
Test No. 2.33/8.2/1 - 6 Apr 99

U,=8.18 m/s a=2.33 mm (A-A.)/A=2.35

0 50 100 150 200
0 [l

-30
E « y 4
wS

-80 ——y=62mm (S1) [
-90 —o—y=83mm (S2)
-100 I 1

x (mm)

Fig. F-14: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/9.5/1 - 13 Apr 99

U,=9.50 m/s a=2.33 mm (A-A)/A=3.52
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Fig. F-15: Scour hole profile at ultimate state: Wall Jet
Test No. 2.33/9.8/1 - 3 May 99

U,=9.85 m/s a=2.33 mm (A-A.)/A=3.85

0 50 100 150 200

Ee (Mm)

-80 —8—y=56.5 mm (S1) |—

-90 —o— y=78mm (S2) |—
| |

x (mm)

Fig. F-16: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/11.3/1 - 13 May 99

U,=11.31 m/s a=2.33 mm (A-A.)/A=5.40
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Fig. F-17: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/9.0/1 - 19 May 99

U,=9.03 m/s a=2.33 mm (A-A)/A=3.07

0 50 100 150 200

-80 —B—y=53mm (S1) [
-90 —&— y=94.5 mm (S2)[]
-100 -1 1
x (mm)

Fig. F-18: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/10.2/1 - 25 May 99

U,=10.23 m/s a=2.33 mm (A-AJ)/A=4.23
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Fig. F-19: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/6.2/1 - 8 Jun 99

U,=6.16 m/s a=2.33 mm (A-A.)/A.=0.89

0 50 100 150 200

—8—y=59.5mm (S1)
-90 —e— y=96.5mm (S2)
-100 I I
x (mm)

Fig. F-20: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/8.0/2- 15 Jun 99

U.=8.00 m/s a=2.33 mm (A-A)/A=2.19
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Fig. F-21: Scour hole profile at ultimate state for Wall Jet

Test No. 2.33/12.0/1 - 25 Jun 99
U,=12.03 m/s a=2.33 mm (A-A)/A=6.23
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Fig. F-22: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/12.7/1 - 9 Jul 99

U,=12.72 m/s a=2.33 mm (A-A.)/A.=7.10
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Fig. F-23: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/12.3/1 - 15 Jul 99

U,=12.25 m/s a=2.33 mm (A-A.)/A=6.50

o 50 100 150 200

-70 —8—y=50mm (S1) | |
-80 —&— y=75.5mm (S2) [
-90 —e—y=110mm (S3) |—
I |

-100
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Fig. F-24: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/7.2/2 -9 Sep 99

U,=7.16 m/s a=2.33 mm (A-A.)/A=1.56
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Fig. F-25: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/5.2/1 - 24 Sep 99
U,=5.16 m/s a=2.33 mm (A—-A)/A=0.33
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Fig. F-26: Scour hole profile at ultimate state for Wall Jet
Test No. 2.33/11.7/1 -

U,=11.66 m/s a=2.33 mm (A-A)/A=5.79

30 Sep 99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0 50 100 150 200
0+ +
-10
-20 -
-30
€
E -40
g -50
23]
-60
-70
80 —8B-—y=50 mm (S1)
—— y=75.5 mm (S2)
-90 —e—y=100mm (S3) [ |
-100 -4 1
X (mm)

Fig. F-27: Scour hole profile at ultimate state for Wall Jet

Test No. 5.10/6.5/1 - 10 Jan 00
U,=6.54 m/s a=5.10 mm (A-A)/A=1.14
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L
- Bottom of sample
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1 |

x (mm)

Fig. F-28: Scour hole profile at ultimate state for Wall Jet
Test No. 5.10/7.0/1 - 20 Jan 00

U.,=7.03 m/s a=5.10 mm (A-A)/A=1.47
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Fig. F-29: Scour hole profile at ultimate state for Wall Jet
Test No. 5.10/6.0/1 - 26 Jan 00

U,=6.04 m/s a=5.10 mm (A-A.)/A.=0.82
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Fig. F-30: Scour hole profile at ultimate state for Wall Jet
Test No. 5.10/4.9/1 - 8 Feb 00

U,=4.86 m/s a=5.10 mm (A-A.)/A=0.18
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Appendix G: Data for Wall Jet Evolution Tests

Yest No. 2.33/10.5/1/E Test Variables
Clay M390 Q (Us) U (m/s) | a(mm)
Ciay Lot No. 34281348 3.54 10.54 2.33
Test Date; 2-Nov-99
Ah,, (mm) 451
“all measurements along centreline at y=75.5mm
Time (h) Eoe  (mm)| X (mm] Xe= (mm| b (mm) Uva x/a
0.5 5.83 14 34 22,7 8139580 14.59
1 7.80 19 45 28.0 16279160 19.31
2 9.84 24 64 37.362794 | 32558320 2747
4 13.31 25 67 43.726868 | 65116639 28.76
After 30 min - 2 Nov 99 After 1 h - 2 Nov 99 After 2 h - 2 Nov 99
x (mm) Reading (cm) | Int. Surface €u (mm)]  x (mm) Reading (cm)| Int. Surface | €~ (mm)] x (mm) | Reading (cm)! Int. Surlace €e (mm)
Top of Band 45.94 Topoi Band|  45.94 Top of Band 45.94
0 45.92 45.94 -0.20 0 45.72 45.94 -2.20 0 45.89 45,94 -0.50
5 45.61 45.93 -3.17 5 45.51 45.93 -4.22 5 45.40 45.94 -5.41
7.5 45.47 45.92 -4.50 10 45.28 45,92 -6.44 10 45.27 45.94 -6.72
10 45.38 45.91 -5.34 15 45.19 45.92 -7.27 15 45.16 45.94 -7.82
14 45.32 45.90 -5.83 17 45.14 45.91 -7.74 20 45.01 45.94 -9.33
15 45.33 45.90 -5.70 18 45.14 45.91 -7.72 24 44.96 45.94 -9.84
17.5 45,37 45.89 -5.24 19 45.13 45.91 -7.80 25 44,98 45.94 -9.64
20 45.45 45.89 -4.37 20 45.14 45.91 -7.69 30 45.08 45.94 -8.65
25 45.71 45.87 -1.64 25 45.29 45.90 -6.11 35 45.35 45.95 -5.95
275 45.77 45.87 -0.97 30 45.65 45.89 -2.43 40 45.57 45.95 -3.76
30 45.81 45.86 -0.51 35 45.73 45.89 -1.56 45 45.73 45.95 217
325 45.83 45.85 -0.24 40 45.83 45.88 -0.48 50 45.83 45.95 -1.18
34 45.85 45.85 0.00 45 45.87 45.87 0.00 55 45,89 45,95 -0.59
60 4592 45.95 -0.29
64 45,95 45,95 0.00
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Test No. 2,33/8.91/E Test Variables
Clay M390 QUs) | U (m/s)| a(mm)
Clay Lot No. 34281348 2.98 8.89 2.33
Test Date: 22-Nov-99
Ah,,(mm) 321
“all measurements along centreline at y=75.5mm
Time (h) e (mm)| Xm~  (@m] X~ (mn] b (mm) Uva x/a
05 7.38 17 38 26.23 6866987 16.31
1 10.23 21 47 32.30 13733974 20.17
2 14.31 27 58 39.30 27467949 24.89
4.5 20.29 32,5 70 49.59 61802885 30.04
25 41.23 48 90 65.08 343349359 38.63
50 47.88 50 115 71.80 686698717 49.36
72 55.76 49 123 71.80 988846153 52.79

*Int. Surface - interpolated surface of clay (from top of cla

y and measurement of clay surface at x,),

After 30 min - 22 Nov 99

After 1 h-22 Nov 99

After 2 h - 22 Nov 99

X (mm) Reading (cm) | Int. Surface €a (mm)]  x (mm) Reading (cm)| Int. Surface | €~ (mm) x (mm) |Reading (cm)| Int. Surlace €. (mm)
Top of Band 45.90 TopofBand| 45.93 Topof Bandl  45.94

0 45.87 45.90 -0.30 0 45.84 45.93 -0.90 0 45.74 45.94 -2.00

5 45.61 45.89 -2.83 5 45.50 45.92 -4.24 5 4537 45.94 -5.68
10 45.36 45.89 -6.27 10 45.27 45.92 -6.47 10 45.10 45.94 -8.37
15 45.15 45.88 -7.30 15 45.05 45.91 -8.61 15 44.89 45.93 -10.45
17 45.14 45.88 -7.38 20 44.91 45.90 -9.94 20 44.65 45.93 -12.83
20 45.19 45.87 -6.84 21 44.68 45.90 -10.23 25 44.52 45.93 -14.11
25 45.44 4587 -4.27 25 44.96 45.90 -9.38 27 44.50 45.93 -14.31
30 45.67 45.86 -1.91 30 45.23 45.89 -6.62 30 44.57 4593 -13,60
35 45.83 45.85 -0.24 35 45.55 45.89 -3.35 35 44.85 45.93 -10.78
38 45.85 45.85 0.00 40 45.77 45.88 -1.09 40 4527 4593 -6.56
45 45.83 45.87 -0.43 45 45.58 45.92 -3.44

A7 45.87 45.87 0.00 50 45.77 45.92 -1,563

55 45.88 4592 -0.41

58 45.92 45,92 0.00
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