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The present design techniques for the sizing of rock in riprap side
slopes give results that differ appreciably. In previous researches
both deterministic and probabilistic methods have been applied, but
the assumptions made have been based on inadequate experimental and

field data.

In this investigation, experiments were conducted in 10m long
channels having a 13 : 1 side slope protected with a rock layer of 1%
diameter equivalent thickness. Both an outdoor flume and an indoor
tilting flume were utilised and, in all, six models were tested,
including two bed widths (0.4 and 0.5m), two filter types, and a
uniform and a graded rock.

In the case of the first three models, increasing the discharges up
to the maximum pumping capacity did not produce any more than minor
rock displacement, although failure was predicted by all of the
recognised methods.

In the last three models, where the bed slope was increased, failure
did occur. The mode of failure was assessed and, in one case, a more
detailed examination was made with the aid of coloured rock particles.

It was found that the riprap was more stable than predicted by any
of the recognised approaches. Consequently, with the aim of obtaining
a more fundamental appreciation of the incipient motion and the forces
acting, a special force measuring apparatus was devised whereby the
lift and drag forces acting on a spherical particle placed in the
riprap slope could be measured simultaneously. Preliminary
experiments were conducted to establish the appropriate sphere
diameter and its location at the level of maximum wall shear.

Advantage was taken of tre data obtained in the force measurements
to devise modified dete ministiec and probabilistic techniques
affording greater conformity with the experimental results.

The effect of particle shape and orientation was investigated
experimentally by measuring the forces acting on four different shaped
non-spherical particles as well as on the spherical particle.

Recommendations for further research on this important topic have
been made.
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CHAPTER ONE

INTRODUCTION

1.1 THE PROBLEM

Riprap may be defined as a layer consisting of discrete rock
particles placed on stream banks, slopes of dams and highway
embankments to prevent erosion or scour of structure due to flowing
water. Rock material, which can be successfully employed as riprap,
needs to meet certain requirements such as sufficient weight for
stability, porosity for drainage, roughness for energy dissipation,
availability in even the most remote areas, and finally low cost

compared with manufactured materials such as concrete.

Some rivers, more than others, have side slopes that are
subject to scour and serious erosion due to high velocities of flow.
Under these circumstances not only is the agricultural land border-
ing the river diminished, but also the river morphology is changed.
This situation is particularly occurring along the River Nile in
Egypt. For these reasons the stability of riprap side slopes in
open channels 1is considered and comprehensively investigated during

this study. i

A large number of design criteria for sizing riprap have been
recently developed, see Lane, E.W. (1955), Stevens, M.A. and Simons,
D.B. (1971 and 1976), Ruh-Ming, L. et al. (1976 and 1979), and
Samad, M.A. (1978). Some of these methods have been derived from
the viewpoint of equilibrium of a single particle in a flowing water
and referred to as the deterministic approach. Whilst in the case
of the others, which are referred to as the probabilistic approach,
the fluctuating nature »>f the hydrodynamic forces acting on an

individual particle has been considered.

In order to investigate the applicability of these methods, a
preliminary study was carried out involving representative
discharges and riprap conditions. It was found that the results

differed materially from those predicted by the various recognised



methods and that the predictions themselves covered a wide range.
It demonstrated that these deterministic methods are principally
based on theoretical considerations and have not been confirmed by

real measurements.

As a result of this, it was felt that the establishment of
stability criteria for sizing riprap either deterministically or
probabililstically should be based on measurement of the actual
hydrodynamic forces acting on an individual roughness element.
Then, utilizing laboratory data, a number of experiments to check
the applicability of the criteria developed should be conducted so

as to indicate their validity and relative merits.

Measurements of forces on roughness elements have been made
on a bed particle under idealized uniform flow conditions over
either uniform spherical or hemispherical particles, see Einstein,
H.A. and El-Samni, E. (1949), Chepil, W.S. (1958), Coleman, N.L.
(1971), and Cheng, E.D. and Clyde, C.G. (1972). This revealed that
to the best of the Author's knowledge no attempt has hitherto been

made to measure such forces acting on side slope particles.

Consequently, several methods were considered to determine
the 1ift and drag forces on an individual particle on a side slope.
To avoid the complication of mechanical problems, a load beam cell
has been devised bto measure 1lift and drag forces indirectly by
measuring the stresses on the load bean. These stresses can be
transformed into simultaneous values of 1lift and drag forces, which
can then form the basis of reliable formulae having a wide range of
application. This obviously necessitates locating the point of
maximum wall shear in the side slope, which increases the scope of

the problem.

The availability of the hydraulics laboratory facility at
Chilworth allowed the problem to be investigated at fairly large
scale and under controlled conditions. A series of tests was
devised in which the factors affecting riprap stability could be

investigated, and the various stages of failure identified.

.—2_



1.2 OUTLINE OF RESEARCH

The current investigation is planned to provide more
information on the problem of stability of riprap side slopes in
open channels with a view to establishing a better understanding of
the failure process and the hydrodynamic forces acting on the rock

particles.

Unlike the flow characteristics in unlined or smooth 1lined
open channels in which the flow resistance is primarily due to the
geometry of the section, the flow in rough lined channels is usually
associated with the large scale roughness elements which directly
influence the flow behaviour. In this case, the velocity
distribution, degree of turbulence and the characteristics of the
flow will be somewhat different from those in the more commonly

encountered channels.

Hitherto, knowledge of the hydrodynamic 1ift and drag forces
acting on a side slope riprap particle has been inadequate for the
purposes of developing a suitable design criterion for side slope
protection. This has been due to the numerous factors that
influence the stability, and the difficulties of acquiring data
concerning the problem. !

With the above in mind, the experimental work planned in this

study was as follows:

1 - Visualization study to identify the hydraulic parameters at
the threshold and failure conditions. This study was also to
include an investigation of the factors affecting the riprap

stability and mode of failure.

2 - Investigation of the hydraulic resistance and flow character-

istics of the large scale rough channels.

3 - An investigation of the applicability of the existing
approaches for sizing riprap either deterministically or
probabilistically. This would be carried out by utilizing

the data obtained from the various failure tests.

- 3 =



y - Since the forces acting on a side slope particle would be
measured, it was necessary to establish the location of the
point of maximum shear. This was to be achieved by
conducting an experimental study involving the Preston tube

as a means of determining boundary shear stress.

5 - Determination of the best size of roughness element that can
be employed in the forces measurements. This test to be
conducted experimentally by taking into account the real

particle configuration.

6 - Design and manufacture of a measuring device that could be
used to obtain simultaneous values of 1ift and drag forces

for various flow conditions.

T - As a result of the data obtained in item 6, the formulation
of the stability criteria could be established, and then a
deterministic method for sizing riprap and another auxiliary
probabilisti¢ method could be derived. These new methods
could then be examined with the existing methods in the light
of the results obtained from the failure tests carried out in
item 1.

8 - An assessment of the effect of particle shape and orientation
on the stability of the riprap layer. This could be achieved
by measuring the forces acting on four non-spherical
particles under uniform flow conditions. The results could
then be compared with that obtained on a spherical particle

under similar flow conditions.

These were the objectives in the study and the following

chapters describe the detailed procedures and the results.



CHAPTER TWO

HYDRODYNAMIC FORCES AND STABILITY CONCEPT

2.1 INTRODUCTION

Rock protecting the banks of a river or canal is exposed not
only to the drag force acting in the direction of fluid flow, but
also to a component of weight acting down the side slope, and 1lift
force acting perpendicular to the side slope plane. The resultant
force acting on the particle under consideration is a combination of
these forces which tend to dislodge the particle out of the riprap
layer. This situation makes it necessary to determine the
characteristics of a non-cohesive discrete particle that would not
be moved under the specified forces in a stream of a designated

shape and flow condition.

In fact, stability of the particle is not only influenced by
the aforementioned hydrodynamic forces, but also there are numerous
other factors which should be taken into account in the development
of an effective design procedure for riprap protection. These

factors are:

(a) Magnitude and direction of the flow
(b) Fluid properties (density and viscosity)
(e) Rock characteristics (size, shape, size distribution and

specific weight)
(d) Magnitude and direction of the seepage force
(e) Thickness of the protective layer
() Type and thickness of the under layer filter
(g) Packing factor (which depends on the manner of placing the

protective layer).

In this chapter, forces acting on a typical single particle
as well as the factors affecting its stability are identified. Then
a general review of previous experimental and analytical work

carried out in this field is presented.



2.2 FORCES ACTING ON A SINGLE PARTICLE

Whenever there is relative motion between a flowing fluid and
an immersed body, a certain force is exerted on the body. The
component parallel to the direction of fluid motion is known as the
drag force, Fp, and the component perpendicular to the direction of
motion is known as the 1lift force, F . 1In addition to these hydro-
dynamic force components, there are two more forces which should be
involved in the stability concept of the immersed body. These
forces are seepage and gravity forces, and are independent of fluid

impact.

The forces acting on a typical particle on the channel bed
and side slope are illustrated in Fig. {(2.1) and can be described

as:

2.2.1 Drag Force

The drag force is one of the most important factors causing
motion of riprap particles. As the flow passes the particle, a drag
force is exerted on the particle parallel to the flow direction

which is composed of the following:

I - Form drag force

The form drag force is caused by the pressure difference
between upstream and downstream forces acting on the particle., This
force is parallel to the flow direction and can be evaluated by con-
sidering a particle with a representative diameter D, immersed in a
viscous incompressible flow with velocity uj the fluid density and
viscosity are p and u respectively. The form drag FDF can be

written in the functional form
Fpp = £1(Dyu,p,p) (2.1)

Applying the Buckingham Pi theorem in two dimensionless T para-

meters, so that



F

DF pubD
N ) = f2 (Re) (2.2)
in which

R. is the Reynolds number

e

Note that D2 term is proportional to the projected area
subjected to the form drag and the characteristic length employed in
the Reynolds number depends on the particle shape. The form drag is
defined as
in which

CD is the drag coefficient.

II -~ Skin friction force

Part of the force exerted by the fluid on the particles is
caused by shear stress between the flyid and the particle surface.
This portion is known as skin-friction force and its magnitude
depends on the surface area of contact between the particle and the

flow, and the relative roughness of the particle surface.

For a large particle in the turbulent flow condition, the
skin friction force is insignificant compared to the form drag.
Therefore, the effect of skin shear stress could be neglected in the
stability analysis and then the drag force Fp would be only due to

the form drag as
Fp = Cpip up? (2.4)
2.2.2 Lift Force

Due to the difference in flow velocity around the upper and

lower parts of the particle, the pressure on the upper side is

reduced below the static pressure and approaches to static pressure

on the lower side. This pressure difference between upper and lower
.._7_



sides produces the hydrodynamic 1ift force, which acts perpendicular

to the flow direction and the protective layer plane.

The variables used to derive the drag formula can be utilized
to obtain the 1lift force equation, and applying the same procedure
used to obtain Eq. (2.4), the 1lift force F; can be expressed as

in which CL is the 1ift coefficient.

2.2.3 Gravity Force

The gravity force represented by the submerged weight of the
particle is the only resisting force in the case of the bed
particle. But when a similar particle is situated on the side
slope, there will be a component acting downwards parallel to the

side slope plane which causes the particle to move down the sloping

side of the channel.

Generally, the gravity force can be evaluated as a force
acting vertically downwards and equivalent to the submerged weight
of the particle which can be expressed!as

F, = Cy (Ys—yw)D3 (2.6)

in which

C, is the particle shape coefficient;

Ys is the particle specific weight;

and Yu is the fluid specific weight.

2.2.4 Seepage Force

There is no doubt that the effect of seepage cannot be

neglected in studying the stability of a riprap layer. The seepage



force may be defined as the resultant force due to the water move-
ment through a permeable soil. This force 1is usually associated
with the pilezometric head gradient, which is necessary for the flow
movement in any stream or irrigation canal. But due to the
different water level between the upstream and downstream portions
of any hydraulic structure, the negative piezometric head might be
magnified which consequently generates a significant seepage force

and endangers the protective layer within this area.

On the other hand, Martin, C.S. (1966) suggested that the
magnitude of the effective seepage force per unit volume acting on
the top layer of bed particles is proportional to the piezometric-

head gradient normal to the plane of the bed, and can be defined as

F. = CYTI (2.7)

in which

Fy is the seepage force per unit volume of the soil mass;
C 1is the coefficient relating the piezometric-head gradient
to the effective seepage force at the bed;
and I 1is the piezometric-head gradient evaluated at the bed from

measured results or from theory.

2.3 CONCEPT OF INCIPIENT MOTION

When the resultant force acting on a non-cohesive particle is
less than some critical value, the particle remains motionless and
the condition can be considered stable. But if the resultant force
increases to a value such that the particle moves even slightly, the
critical 'r threshold condition is said to have been reached. Under
this condition the hydrodynamic forces acting on the particle under
consideration are just balanced by the resisting force due to its

submerged weight.

The critical condition has usually been defined by visual
observations in laboratory flumes in which the movement of an

arbitrary selected number of particles has been taken to define the
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eritical condition. Obviously this definition is not definitive,
giving rise to numerous factors affecting the stability, which

explains the diversity of experimental results.

2.3.1 Dimensional Analysis

The solution of any fluid flow problem usually comprises
numerous variables. Normally, in order to establish such relation-
ship between those variables, the tool of the dimensional analysis
should be utilized. From this viewpoint it may be stated that the
threshold condition of particlessubjected toaflow field depends on:

R is the hydraulic radius;

p is the particle density;

v is the kinematic viscosity of the water;

g is the gravitational acceleration;

8 is the side slope angle;

$ is the angle of repose;

Sp 1is the shape factor of the particle;

uz_, is the shear velocity at the threshold condition;

and © is the geometric standard deviation of the particles.

Considering the above variables, a general expression for the

beginning of motion can be obtained as
f1(D,R,ps,pw,V,g,u*c,e,¢,O,Sf) =0 (2-8)

Since the flow is uniform and the beginning of motion is
basically a question of static equilibrium, neither g or Py can be
relevant as independent characteristic parameters. But they can
only occur in the combination g(oS - Dw). Therefore, the derived
form becomes
,V,u*c,Y; ,9,¢,U,Sf) =0 (2.9)

fZ(D’R’ pw

in which
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?

Yo = &log -py) (2.10)

B ! .
where Yy is the specific weight of the submerged particle.

Choosing D, P, and us, as repeating variables, the

Buckingham's Pi-theorm yields

2

Py D Uk
f3< DY" ’““‘\-)“——"ﬁ"e s ¢ adasf)=0 (2.11)
S

2
Noting that, 1, = pu¥c where 1, is the critical boundary shear

stress, Eq. (2.11) yields

Té D u*c R
f3( DY; ' ") 9’:‘5, 8, ¢40) Sf‘) =0 (2.12)

where

TC
Al is the Shields parameter, t ., which is the ratio between the

drag force to the gravitational force;

D ux

5 is the c¢ritical boundary Reynolds number Rs,;

and %} is the relative roughness.

It was suggested that, when the boundary is completely rough,
the Shields parameter would be independent of viscous effect whichis
representedby R#,. Then Eq. (2.12) can be written as

T
s 00,0, Sp) (2.13)

D s
In general, it is possible to state that Eq. (2.13) can be
treated only if sets of family curves would be carried out to
identify the influence of the variables 6 , ¢ , 0 and Sp on the
beginning of motion. Therefore, the final relationship takes the

form

T
£ - rd (2.14)
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2.3.2 Literature Review

In fact many researchers have attempted to identify the
criteria of the initiation of motion and still the exact solution
continues to def& theoretical analysis. Among the earliest and most
frequently quoted research was that conducted by Kramer, H. (1935),
in which three types of motion near the critical condition were

defined as

1) Weak movement - indicates that only a few particles are in
motion on the bed so that those moving particles on one

square centimetre of the bed can be counted.

2) Medium movement - indicates that the grains of mean diameter
begin to move. The motion is not local in character but the

bed continues to be plane.

3) General movement -~ indicates that all the grains are in
motion, that is the movement is occurring in all parts of the

bed at all times.

In fact the definition of the critical condition is rather
indefinite which can explain the variétion in results of different
workers. However, the c¢ritical shear stress was determined by
Shields, A. (1936). Using a uniform sand grain size and plane bed,
the value of the stress for zero sediment discharge was obtained by
extrapolating a graph of observed sediment discharge versus shear
stress and does not depend on a quantitative criterion. In this
study, a number of relevant parameters were chosen and assembled
into two dimensionless numbers; the first is known as the Shields
entrainment function and the second is called the particle Reynolds
number. These two numbers were related to « tperimental results in a

graphical form known as the Shields diagram.

The critical shear stress from Shields entrainment function

can then be calculated as

T, = T (Y5 -Y,) D (2.15)
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in which

T, is the critical average shear stress exerted by the fluid on the

boundary at the flow stage when bed particles begin to move;
and Tx is the Shields entrainment function.

In his experiments, Shields was unable to obtain a single
value for the critical shear stress, so the relationship between the
Shields function 7Ty and the particle Reynolds number Rz, was graph-
ically indicated by the upper and lower limits. This diagram was
modified later into a single curve after adding the results obtained

by other investigators as shown in Fig. (2.2).

It is indicated in this figure that for the hydrodynamically
rough boundary (Rsx > 400) the Ty value is independent of R# and is

equal to

TC
(2.16)

Tx = ml) = 0.06

s

Further research was carried out by White, C.M. (1939} in
which the critical shear stress required to move a particular grain

in a horizontal bed was expressed as

To = 0.18(Yg - Y,)D tan ¢ (2.17)
in which the constant is obtained from the experiments with laminar

flow; ¢ is the angle of repose of the particles.

Considerable field data was used by Lane, E.W. (1952) ¢to
establish the limiting tractive force diagram, in which the crit.cal
shear stress for clear water was considerably lower than for water
with a low or high content of sediment as shown in Fig. (2.3). It
was found that for coarse noncohesive material, the permissible

tractive force in pounds per square foot can be expressed as

TC = O.ll D75 (2.18)

- 13 -~



in which Dys is the rock size (in inches) for which 75% of the

material is finer.
Using the metric system units, Eq. (2.18) can be written as

T = 0.089(Y5 - Y,) Dog (2.19)
which is similar to Shields equation for the hydraulically rough

boundary.

Chien, N. (1954) studied the variation of the critical shear
stress as a function of mean particle diameter by utilizing the
available shear stress formulae. This compariscn is reproduced in
Fig. (2.4), which shows the diversity of the experimental and

theoretical results obtaihed by different investigators.

As a result of the closer review of the formulae by Chien, it
was revealed that the so-called critical value in some cases is the
practical value indicating zero transport. But in some other cases,
it is some constant value. These two are so different in nature
that one should not be astonished by the apparent spread of the

critical value.

Gessler, J. (1965) studied the beginning of motion theoretic-
ally and experimentally on channel beds formed by non-cohesive
sediment mixtures with a large grain size distribution curve. 1In
order to make a theoretically approachable treatment to the problem,
it was assumed that the turbulent fluctuations of the bed shear
stress are distributed according. to the normal error law, and the
movement will occur when the effective eroding bed shear stress on
the grain exceeds a critical value which is a function of the grain
size znd Reynolds number of the grain. According to this, the move-

ment condition can be written as

T
~ -<3p> T (2.20)
(YS YD c

- 14 -



in which T, is a function of the Reynolds number of the grain and is

equal to

TC
T = o (2.21)

L ¢

Similar results were reported by Grass, A.J. (1970) in which
the frequency distribution of the bed shear stress in flow over a
hydraulically smooth boundary was related to sediment transport.
Using a hydrogen bubble technique the instantaneous longitudinal
velocity profiles were photographed and the velocity gradients were
then utilized to calculate the instantaneous bed shear stresses.

These were found to be slightly skew-normally distributed.

Similarly to the other formulae, Gessler obtained the
limiting value of T, = 0.047 for fully developed rough turbulent

flow to give

T
C

———— = 0.047 (2.22)
(YS YW)D

which 1is identical to that used by Meyer-Peter in his bed load

formula and obtained by the same method as Shields.

Another modification of Shields diagram was given by Gessler,
J. (1971) in which he regrouped dimensionless variables and
developed a dimensionless graphical relation as shown in Fig. (2.5).
This figure 1s based on Shields diagram that includes the dependent

variable in only one of the two dimensionless parameters.
2.3.3 Discussion

The literature review presented in this section reveals that
one of the main reasons for the appreciable scatter in the data for
initiation of motion of non-cohesive materials stems from the
difficulty encountered in consistently defining critical flow
conditions. The difficulty arises because no flow stage exists at

which the particles are suddenly placed in motion in mass, as
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movement takes place gradually over a wide range of average shear
stress when the flow velocity increases. Many researchers have
simply defined the critical condition as some arbitrary point in the
initial movement process which has led to wide variation in their

results.

2.4 STABILITY OF A SINGLE PARTICLE

Consideration is now given to study the stability of a single
particle either on the stream bed or side slope. As a particle is
subjected to fluid motion, its stability will be governed by the
applied 1ift and drag. These forces grow regularly as the flow rate
increases until a certain stage is reached. During this stage the
particle starts oscillating and rocking irregularly without being
displaced which would thus indicate the beginning of particle move=-
ment well in advance. A certain stage is reached when if the
hydrodynamic forces are increased even slightly, the movement of the

particle occurs which is substantially a displacement threshold.

Because of the possible variation in the magnitude of the
generated hydrodynamic forces, and due to the wide variety in
particle shapes and orientations, the way in which the instant
movement will occur is rather indeterminate. Therefore, the move-

ment of a particle may occur in one of the following ways:

2.4.1 Movement By Rolling

For each particle in the upper layer, either on the channel
bed or side slope, there is a chance of having a point-support on
the particle underneath it. If the resultant moment due to the 1ift
and drag about the point of contact, in case of the bed particles,
is greater than the moment Jue to the gravity force about the same
point, the particle will move to some other point downstream by
rolling. Whereas, the particle will roll down the sloping side, in
the case of the side slope particles, if the resultant moment due to
the 1lift and the component of the gravity force in the side slope
plane is greater than that due to the component of the gravity force

down the slope.
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2.4.2 Movement By Sliding

When the angle between the resultant of the forces acting on
the particle under consideration and the normal to the plane
containing this particle is equal to the angle of repose of the
material, the motion is initiated by sliding on the surface.
Therefore, one may conclude that the incipient movement will occur

by sliding when the following condition is fulfilled:
Fy > Fp, tan ¢ (2.23)
where

Ft and F, are the resultant forces parallel and normal to the plane

containing the particle; and ¢ is the angle of repose.

2.5 OTHER FACTORS AFFECTING RIPRAP STABILITY

In addition to the hydrodynamic forces which are generated by
the flowing fluid on the particles, there are some other factors
governing the stability of riprap layer, which can be described as

follows:
2.5.1 Rock Shape

The effect of rock shape on the riprap stability is easy to
recognize if the present particle irregularities are considered.
The rock shape may be classified into five general categories as
depicted in Fig. (2.6). Each of them, due to numerous factors, has
a certain resistance against the hydrodynamic forces which vary from

one particle to another.

However, the influence of particle shape is taken into
account by the angle of repose of the riprap, although an immense
variety of shapes may be represented. Hence the degree of exposure
to the fluid forces and consequently the rock stability would not be
identical over the whole riprap blanket which makes the problem of

determining the particle movement very complex.
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2.5.2 Rock Grading

In the design procedure, the riprap material is characterized
by its geometric size DSO without regard to its grading. However,
in practice, as is shown in Fig. (2.7), for the same geometric size
one might have a mixture covering a rather wide range of grading

which possibly affects the riprap stability.

The effect of riprap grading was studied experimentally by
Anderson, A.G. et al. (1970). They pointed out that in the case of
grading riprap, as the smaller particles tend to fill the inter-
stices between the larger particles, the layer thickness required to
prevent the attack on the base material tends to be appreciably less

than for uniform riprap material.

On the other hand, Simons, D.B. and Senturk, F. (1977)
suggested that with a well distributed size range, the interstices
formed by the larger particles are filled with the smaller sizes
preventing formation of open pockets which affect the stability of

the riprap layer.

2.5.3 Layer Thickness

It is suggested that the minimum layer thickness should be
sufficient to accommodate the largest particles in the riprap layer.
On the other hand, as the layer thickness inecreases, the particles
tend to overlap and close the interstices between the particles
through which the base may be exposed by the secondary action of the
water. This simply means that the protective layer will be increas-
ingly stable as the layer thickness increases which confirms the

relationship between riprap stability and iaickness of riprap layer.

2.5.4 Filter Properties

According to practices carried out by many engineers today,
the necessity of using appropriate filters between a riprap layer

and the underlying permeable soil is accepted. The filter has been
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viewed primarily as a device to prevent leaching of the permeable
soil through the riprap interstices. This phenomenon was demon-
strated by Herman, J.K. (1984) in which the scour due to improper
filter underneath the riprap downstream of the hydraulic structures
was investigated. It was proved in this study that piping and
leaching are sometimes the common cause of failure which would be

likely to occur before any riprap erosion occurs.

The filter could be sheet cloth, graded aggregate or other
suitable materials. Each of these types has its own design specif-
ications relative to the underlying permeable soil and rock layer

properties as follows:

2.5.84.1 Conventional (Inverted) filter

In order to prevent leaching of permeable soll through the
riprap interstices, a protective layer must be designed to act as an
inverted filter; this 1is called the conventional filter. This
layer consists of either one or sucgessively coarser layers of well-
graded gravel,and designed according to the size of riprap particles

and underlying finer soil and their gradings.

Criteria for such filters to ‘prevent leaching as well as
piping failure of dams on alluvium have been formulated by Terzaghi,
K. and Peck, P. (1948). oOn the basis of the tests, the Terzaghi
criteria were slightly modified by the U.S. Army Waterways
Experiment Station at Vicksburg, Mississippi, for application in dam
design as reported by Posey, C.J. (1969). Those modified formulae

can be described as follows:

2.5.4.1-A Piping criteria

To prevent washing of the underlying material through the
filter, the smaller particles in the filter should be small enough
to trap the underlying materials. Therefore, for unevep—shaped

riprap particles, the criterion is satisfied if
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D15 (filter)
D85 (base)

< U tos (2.24)

in which

D; is the grain size for which i percentage of the material by

weight is finer.

2.4.4,1-B Segregation criterion

To ensure that the fine particles are not separated from the
filter mixture and washed out of one layer into the one beneath, the
particle size distribution curve for both layers should be approx-

imately parallel and not too far apart. This criterion is

D (filter)
50 < 25 (2.25)

D50 (base)

2.5.4.1-C Permeability criterion

The permeability of the filter should be sufficient for the
hydraulic gradient through it to be negligible compared with that
through the underlying material. The size D15 was selected to

represent the permeability of both filter and base material and the

criterion is

D15 (filter) ;
> 4 to 5 (2.26)

D,, (base)
It was reported by Posey, C.J. (1969), that the U.S. Army
Waterways Experiment Station tested the modified criteria and found
it satisfactory for a sand of 0.045mm DSO size, and would be
satisfactory for any finer sand. Therefore, to confirm these filter
specifications, more tests were conducted by Posey, C.J. (1953, 1957
and 1969), in which the applicability of these criteria for a

coarser sand was investigated.
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On the other hand, to ensure the efficiency of a filter
blanket when riprap is placed on it, Simons, D.B., and Senturk, F.
(1977), recommended that the total filter thickness should be at
least equal to one half of the thickness of the protective layer.
Whereas Herman, J.K. (1984) concluded that the filter thickness
should be at least five times the size of the largest particle
contained in the filter. Furthermore, according to the investig-
ation carried out by Thanikachalam, V. and Sakthivadivel, R. (1975),
it was concluded that a thickness of two to three times the maximum

filter grain diameter would be sufficient to establish a continuous

layer.

2.5.4.2 Cloth (Fabric) filter

This type of filter is made from either woven or random-
packed continuous plastiec filter cloth which is replacing the
granular fiiter to meet the diverse demands of the c¢civil engineering
industry. The filter requirements vary, depending upon the problem,
but in almost any ground engineering application, the need to

counter both permeability and piping is important.

On the basis of the filter characteristics, Stephenson, D.
(1979) suggested that the maximum opening size should be not less
than about 0.25mm whereas to fulfil the permeability condition, the
opening between the filters should be between 5 to 30 percent of
filter area. An attempt has been made by Schober, W. and Teindl, H.
(1979) to extend the scope of fabric filter design rules by
considering the design criteria of the granular filter. In this
study, the effective pore size, O¢ (taken as 090) was linked to the

mean particle size, DSO’ by the following expression:

Og = B x Dg (2.27)
in which
B = f(Cy) (2.28)
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C, is the uniformity coefficient = D6O/D1o
Oe is the particular pore diameter which may be taken as
effectively controlling the filtration Dbehaviour of the

fabric.

To obtain the value of B in Eq. (2.28), Schober and Teindl
developed design curves incorporating a factor of safety against

soil migration.

Hoare, D.J. (1982) presented a general review of the funda-
mentals of fabric filters and their design and pointed out the
importance of the cloth filter having sufficient tensile strength to

maintain separation of the various soil/granular materials involved.

Cloth filters have several advantages over granular filters.
In general, the cloth filter is economical, quick and easy to
install, less labour-demanding and resistant to puncturing, but some

care should be taken when placing the riprap over it.

2.5.5 Manner of Placement

Riprap placement is usually carried out either by dumping
directly from &trucks or by hand. As a comparison between both
types, Searcy, J.K. (1967) showed that the hand-placed riprap is not
as satisfactory as an equivalent thickness of dumped riprap, and the
percentage of failures in hand-placed riprap for slope protection is
six times that of dumped riprap. This simply means that using both
types with similar flow conditions, the behaviour of the protective
layer will not be identical. This shows how inconsistent will be

the expected results if both types are compared.
In the author's opinion, it is essential to introduce this
factor in the stability criterion which c¢ould be represented by

either one of the following methods:

A) Including the porosity of the protective layer which reflects

the volume of voids per unit volume of riprap layer
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or

B) Including the volumetric packing factor Pc which was defined
by Olivier, H. (1967) as a factor relating the number of
particles of a given size contained within a given volume of

riprap layer as

Unit volume

Number of stones per unit volume x average rock volume

(2.29)

On the assumption that the stones are spheres, the packing

factor can be written as

6
Pe = N3 (2.30)

2.6  PREVIOUS EXPERIMENTAL WORK

2.6.1 Hydrodynamic Forces

Many investigations have been carried out to establish a
proper criterion for treating the hydrodynamic forces acting on a
non-cohesive grain lying in a bed of similar particles, over which a
fluid is flowing. Among the earliest studies on the lift force in
sediment motion was that reported by Jeffreys, H. (1929). 1In this
study, the case of a cylinder lying on a plane bed with its long
axis perpendicular to the flow was treated theoretically. Also

Milne-Thomson, L.M. (1968), studied the same problem analytically.

Further study of the incipient motion in turbulent flow was
carried out analytically by White, C.M. (1939). ‘lowever, in this
study, the effect of 1lift force was neglected on the basis of a

brief laboratory experiment.

The first quantitative observation for the hydrodynamic

forces acting on a stream bed consisting of. non-cohesive particles
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was achieved by Einstein, H.A., and El-Samni, E. (19049). Their
experiments were conducted in a laboratory channel with a bed of
closely packed plastic hemispheres 68.6mm (0.225 ft) diameter which
were glued to the bottom of a 0.3m wide flume in a hexagonal
pattern. In this study, the 1lift force was measured as a pressure
difference between the top and the bottom of the hemispheres. It
was found that the 1lift force could be divided into a constant
average value plus a random fluctuation superimposed over the
average as shown in Fig. (2.8). The measured pressure difference
between the top and the bottom of the particle, which is represented
by the 1ift force, was expressed as
u2
8P = 0.178 P —2 (2.31)

where

Uzg is the measured velocity at distance equal to 0.35 times

the grain diameter above the theoretical bed level

To verify the applicability of the results obtained from the
idealized bed by hemispheres to natural sediment, another series of
experiments was conducted on gravel having particle diameters (DSO)
varying between 20 and 75mm. This verification was restricted to
the measurement of average values of the shear force and the 1lift

pressure which was found from Eq. (2.31).

Chepil, W.S. (1958) carried out a series of laboratory
studies in a wind tunnel to evaluate the 1ift and drag forces on
hemispherical particles arranged in a hexagonal pattern three
diameters apart centre to centre. In this study, the effective
pressure distribution on hemispherical roughness element, ranging
from 0.16 to 5.08 cm in height, was measured by means of a straight
tube alcohol manometer. The average drag and 1lift forces were
determined directly as a resultant pressure difference between the
upstream and downstream and the top and the bottom of the
hemisphere, respectively. The lift and drag were then determined

analytically by integrating the measured pressure distributions.
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The results revealed that the pressure on the lower portion
of the hemisphere was always substantially higher than the pressure
on a considerable area around the top. The pressure distribution
was almost identical for nearly all sizes of hemispheres and
velocities used, this is shown in Fig. (2.9). The ratio of 1ift to
drag was essentially constant with an average value of 0.85 for all
sizes and shear velocities within the Reynolds number range of 47 to

5000.

Further measurements in a wind tunnel were conducted by
Chepil, W.S. (1961) to determine the relative magnitude of 1lift and
drag on small spherés similar to soil grains. In this study, the
aerodynamic pressure difference on three different sizes of spheres
ranging from 3 to 51mm in diameter were determined in a like manner
for different elevations of the sphere above the ground surface and
for different drag velocities of the wind. The average 1lift force
obtained was equal to only about 0.75 of the drag on a sphere rest-

ing on the bed surface.

As a result of this study, it was concluded that the 1lift
force was at its greatest only when the sphere is on the bed surface
and diminishes rapidly with height aqd ceases to be measurable at a
short distance above the bed surfaée. On the other hand, the
measured drag force is least when the sphere is on the ground and
increases rapidly with height as long as the wind velocity increases

with the height, as shown in Fig. (2.10).

The effective 1ift force on a small sphere in a low flow
velocity was analytically studied by Saffman, P.G. (1965) in which

no negative 1lift force was determined at low Reynoldsnumber.

In order to establish the state of knowledge concerning
sediment erosion, Vanoni, V.A. (1966) reviewed the results of
several workers in this field. To identify the importance of the
lift force in entraining sediment, Vanoni compared the 1lift pressure
difference AP given by Einstein and El-Samni, Eq. (2.31), with the
boundary shear stress T, which was found approximately to be 2.5
times for sediment with geometric mean standard deviation equal to

1.4,
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The earliest measurements of 1lift force in hydraulically
smooth boundary conditions (Reynolds number Re<5) and transition
flow conditions (5<R,<70) were carried out by Coleman, N.L. (1967).
He measured the drag force on 12.5mm diameter steel and plastic
balls resting on top of a hypothetical bed comprising closely packed
hemispheres of similar size glued to the floor of a water circu-

lating tunnel of rectangular section.

Using a strain gauge, the effective drag was measured and the
1lift force was then inferred as a fraction of the particle submerged
weight. It was concluded from this study that the 1ift force
decreased through zero to become negative as Re decreased to a value

of about 15, and increased to become a positive value at large Rge

Similar results were obtained by Watters, G.Z. and Rao, M.V.
(1971) in which the 1lift and drag forces, acting on a 95.0mm
diameter plastic sphere resting on top of several layers of
identical spheres, were measured simultaneously by a parallel-link
strain gauge dynamometer. The results revealed that the ratio of
1lift to drag, when there is no seepage, varies from 4.5 to 0.5
within the Reynolds number range of 25 to 100.

Based on the potential flow theory, Bendict, B.A. and
Cristensen, B.A. (1972) obtained an analytical solution for 1lift
forces on idealized beds composed of identical hemispheres laid in a

closely-packed hexagonal pattern.

In order to verify the obtained solution, the method was
applied to data from Einstein and El-Samni (1949) and Chepil (1958)
which have shown acceptable agreement between theoretical and
experimental results as shown jin Fig. (2.11). These results imply a
possible increased capability in analytical development as well as
in planning experimental programmes ©On initiation of sediment

motion.

Further experimental measurements were carried out by Cheng,
E.D. and Clyde, C.G. (1972) to obtain the instantaneous fluctuation

of the hydrodynamic 1ift and drag forces acting on an individual

instrumented spherical roughness element 30 em in diameter placed
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in a 15m long, 2.45m wide flume. The roughened bed was formed by
hollow plastic spheres and hemispheres 30cm diameter. Firstly, the
hemispheres with the closest packing possible were attached to the
bed, then a layer of spheres, in the most densely packed arrange-
ment, was embedded on the top of the hemispheres and held in place
by screws. The instrumented sphere, which contained a set of strain
gauges, was placed at approximately three-quarters of the channel
bed length downstream from the upper end. A cavity was left in the
bed a short distance downstream from the instrumented sphere to
allow the placement of a variable density sphere which was free to
move for the purpose of observing the critical condition. Steel
blocks of different sizes were used to vary the specific gravity of

the instrumented sphere from 1.1 to 1.5.

In this study, the discharge was slowly increased until the
instrumented sphere moved out of its cavity. When such incipient
motion was established, the instantaneous drag and 1ift forces were

recorded. A simple record is shown in Fig. (2.12).

As a result of the experiments, it was concluded that the
probability density of the fluctuating 1ift and drag forces at the
initiation of motion were approximagely normal distributions as
be concluded from Fig(2-12).The relative intensity of the 1lift force was
found to be independent of the depth of flow and slope of the

channel bed.

Using basic principles of fluid mechanies, Aksoy, S. (1973)
reported an experimental study on forces acting on a sphere near a
solid boundary. The simultaneous values of drag and lift forces
acting on an instrumented sphere were directly measured by using a
specially designed transducer. The instrumented sphere was made of
plexiglass with a diameter of 2cm whic.. was placed on the bottom of
the flume. The 1ift and drag forces were transferred to two springs
on each of which a strain gauge was mounted. As a result, it was
found that the simultaneously measured drag and 1lift forces are
fluctuating about mean values over a range of Reynolds number of

2700 to 6600 as shown in Fig. (2.13). The mean values of measured
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lift forces were not as large as expected and they were approx-
imately one-seventh of the drag force. The variation in the
calculated drag and 1ift cocefficients were not completely determined

due to the limited range of experiments.

Davies, T.R. and Samad, M.F. (1978), performed an experi-
mental study to measure the 1ift force in hydraulically smooth and
transitional flow regions to investigate the flow condition under
which negative 1ift force occurs. In order to generate such measur-
able 1lift force 25.4mm diameter spheres were used. The upper flow
boundary consisted of a fixed layer of spheres, and the test sphere
was attached to a rigid rod passed through a 5mm diameter hole in
the fixed layer in a way that it could freely move. The end of this

rod was attached to a null deflection type balance from which the

lift force could be read.

As a result of the experimental work, it was concluded that
the resultant 1ift force on exposed bed particles changes from
strongly negative to strongly positive as the value of the grain

size Reynolds number increases through a value of about 5.

In order to determine the upward driving force that a
particle experiences as it begins to Eravel upwards from a location
near the bottom, Sumer, B.M. and Oguz, B. (1978), and Sumer, B.M.
and Deigaard, R. (1981) carried out a visualization study concerned
with the three-dimensional motions of small heavy particles with
diameter less than 4.0mm and specific gravity slightly heavier than
that of water. Using a stereo-photo-grammetric technique, the
particle motions c¢lose to the bottom of a turbulent open channel

flow were recorded.

Sumer, M.B. (1985) utilized the path data recor 2d previously
to calculate the 1lift force on the moving particle at the instant
when the particle is lifted up from near the bottom. As a result of
this study, it was found that in the smooth wall case, the 1lift
force appears to reach a weak maximum, and then decreases with the
distance from the wall, while in the rough wall case, it decreases

appreciably with the distance from the wall.
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2.6.2 Seepage Effect

Seepage is a common occurrence in rivers and canals and is a
consequence of the difference in water 1levels. Therefore it is
worthwhile to study the effects of seepage on the non-cohesive
particles of the uppermost layer to determine whether or not seepage
can play an important role in the stability of particles contained

in this layer, which is obviously relevant to the current study.

Few experimental studies have been carried out to determine
the magnitude of the seepage force on the interfacial bed particles.
Martin, C.S. (1966 and 1971) performed an experiment on the deter-
mination of the magnitude of seepage force on the uppermost bed
particles for the case of seepage flow only with no effect of
channel flow. From the results of the instability and erosion tests
performed by Martin, it was concluded that the seepage force per

unit volume on the top grains is given by
(73) YI < Fg < %I (2.32)

Further 1laboratory tests were conducted by Martin, C.S.
(1970) to study the incipient motion due to flow into and out of a
permeable bed. It was concluded fro& this study that the seepage
out of the bed does not affect incipient motion measurably because
the seepage force may become insignificant once a bed particle rocks
slightly out of its position. On the other hand, seepage into the
bed may either enhance or hinder incipient motion, depending upon
the relative effect of the boundary shear stress and the seepage

force, both of which depend on the seepage flow.

The effects of seepage on the hydrodynamic 1lift and drag
forces acting on an idealized bed of spherical particles of 95.0mm
diameter were described by Watters, G.Z. and Rao, M.V. (1971). 1In
this study, the measurements carried out with and without seepage
revealed that the effect of seepage is to modify the velocity
profile near the channel bed which consequently affects the

stability of the particles. It was also found that effluent seepage
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decreases the drag regardless of the position of the particle, and
the effect of seepage is to increase or decrease the 1lift force
depending upon whether the seepage is respectively upward or

downward through the bed.

The effect of seepage on non-cohesive materials placed on an
alluvial channel immediately downstream from a hydraulic structure
was clarified by Herman, J.K. (1984). In this study, it was shown
how a properly designed filter is needed to eliminate the erosive
effect of the influent seepage when the negative piezometric

gradient occurs.

2.6.3 Discussion

It has been shown throughout this part of the study that
particles comprising a protective layer are experiencing many type
of forces, and their stability, and ultimately the stability of the
whole structure, is not only influenced by the hydrodynamic forces,

but also there are numerous other factors to be considered.

Some attempts have been made to measure the hydrodynamic
forces, which were mostly carried out on stream beds consisting of
closely packed hemispheres. In other words this means none of these
measurements was conducted to investigate the forces acting on side
slopes. This situation made it necessary to measure the forces
acting on side slope particles, which will be discussed later

through the following chapters.
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CHAPTER THREE

RIPRAP PROTECTION SIZING METHODS

3.1 INTRODUCTION

Riprap has been defined as a protective layer, randomly
placed, to resist the erosive power of flowing water. Stone or rock
fragments of different sizes are widely used and are found to be the
most economical and satisfactory material. Efficient design, of
such riprap protection, demands that a suitable size should be
provided with full consideration given to the stability criteria

achieved in the previous chapter.

In fact, many empirical relationships have been proposed for
sizing riprap, most of which were developed for overflow rockfilled
dams as well as protection of the upstream slope of earth dams.
These relationships are referred to in this study as the empirical
methods or approaches. Also a large number of design criteria for
sizing riprap have been recently developed. These methods have
generally been derived from the viewpoint of the equilibrium of a
single particle in a flowing stream: and will be referred to as

deterministic methods.

On the other hand, considering the stability of riprap
protection in relation to the probability of movement of individual
rocks forming the protective layer, a significant contribution has
been recently made by demonstrating how such probabilistic models
can be developed so as to establish the adequacy of the protective

layer. These are referred to as probabilistic methods.

As previously stated, the objective of the current study is
to achieve a design criterion for side slope riprap protection, on
the basis of the results obtained from experimental measurements.
Therefore, it is worthwhile to review all the methods for sizing

riprap that are relevant to this study.
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A complete summary of the work carried out on the problem of
sizing riprap for either stream bed or side slopes is presented in

this chapter.

3.2 THE EMPIRICAL METHODS

These methods were developed as a result of a constant search
for a rational method for sizing riprap for different purposes as
protection of highway embankments, overflow embankments, stream
banks and slopes of dams. Most of these empirical relationships
were derived individually as well as by different sources. Some
attempts were made to generalize these empirical relationships, but
due to the difficulty of the problem as well as the limited know-
ledge on the nature of the hydrodynamic forces acting on the
particles, some gross assumptions have been made in some of them. A

brief review of these methods follows:

3.2.1 Bureau of Public Roads

The summary of (1948) by the ASCE sub-committee on slope
protection of earth dams was utilized by Searcy, J.K. (1967) to
prepare the Bureau of Public Roads, Hydraulic Engineering Circular,
No. 11, in which two graphic relationships were developed. Fig.
(3.1) is employed to convert the mean flow velocity u into a corres-
ponding velocity against the stone ug which can be then used to

interpolate the equivalent spherical diameter of the rock by using

Fig. (3.2).

The Bureau recommended a grading specification for riprap

patterned after the grading recommended by Murphy, T.E. and Grace,

JeL. (1963). These gradings were called the A-rock for which (%%——
0
= 1.08), and B-rock for which d%—— = 1.36) where D is tge

5
representative grain size; and D50 is the mean particle size.

A factor of safety analysis of the above method was carried
out by Stevens, M.A. and Simons, D.B. (1976). This analysis proved

that the safety factors for the sizing curves in Fig. (3.2) are

always less than unity.
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3.2.2 U.S. Bureau of Reclamation

Comprehensive research was conducted by the U.S. Bureau of
Reclamation to investigate the hydraulic design of stilling basins
and energy dissipators, in which Fig. (3.3) was developed to
determine the maximum stone size in a riprap mixture downstream of

stilling basins.

3.2.3 U.S. Army Corps of Engineers

In order to determine the effective rock size, Campbell, F.B.
(1966) formulated a design criterion by making a stability analysis
of an idealized cubical element resting on a channel bed and side
slope. In this study, Campbell wused an equation for the
construction of dams by depositing rock in running water, which was

developed by Izbash (1936) to formulate the relation

W= 1.22 x 107 ufj (3.1)
where

u, = 8.5 us (3.2)
in which ‘

W is the weight of stone in pounds;
us 1s the shear velocity;

and un is the reference velocity.

Further research was carried out by the Corps of Engineers
(1970), in which the following Izbash's formula for movement of
stones in flowing water was adopted.

u=2¢C [28(88—1)]% p? (3.3)

in which
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is the velocity (ft/sec);
is the acceleration due to gravity;

is the specific gravity of the stone;

O wn m o

is the stone diameter;
and C is the Izbash's turbulent coefficient which was taken
equal to 0.86 for high turbulent level flow and 1.20 for low

turbulent level flow.

3.2.4 California Division of Highways

An empirical expression for sizing stream bank protection was

used by the California Division of Highways (1970) as follows:

2x].0_-5 X SS u6

W = (3.4)
(ss—l)3 sin> (70°-9)

in which

8 is the angle of side slope in degrees;

and W is the minimum weight of the outside stones in pounds.

Assuming Sq = 2.65 and the particles are spheres with average

diameter DSO’ EqQ. (3.4) for horizontal flow on side slopes might be

written as

2
STy = sin (70-6) (3.5)
s € Yso
For flow on level beds, substitute © = zero in Eq. (3.5) which
reduces to
2
0.29 u
— = 1 (3.6)
Css De DSO
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3.2.5 ASCE Task Committee on Preparation of a Sedimentation Manual

This Committee in (1972) recommended the formula proposed by
Izbash (1936) for the construction of dams by depositing rock in
running water. The formula was modified to take into account the
slope of the bank and can be written as follows
5 S 6

4.1 x 10 g U
W (3.7)

(Ss—1)3 cos> 8

in which

W is the weight of the stone in pounds;
u is the flow velocity (ft/sec);

and S;  is the specific gravity of the stone.

3.2.6 University of Minnesota

A method to determine size of riprap to line an entire
channel section has been proposed by Anderson, A.G., et al. (1970).
The method applied to channels that are trapezoidal or triangular in
shape that are essentially straight in alignment. The proposed
equation relating size of riprap to the discharge and channel
geometry is

¥

D
50 P
= (3.8)

1
Q = 778

H
N

S
e

in which

P is the wetted perimeter (ft);
Se is the slope of the energy gradient;

and R is the hydraulic radius.(ft).

EqQ.(3.8) is based on the maximum shear stress related to rock

diameter and Manning's equation of flow. It can be seen that for a

fixed channel size, P/R, the riprap size are a function of Q and S,

so that a family of design curves can be made for fixed P/R values.
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3.3 DETERMINISTIC APPROACH

To assess the relative importance of factors affecting the
riprap stability of coarse non-cohesive particles, and to make it
possible to predict the adequacy of the protective layer against the
hydrodynamic forces due to the flowing water, the deterministic
approach was introduced. According to this meth&d, the stability of
a side slope 1is represented by a safety factor computed from
equations relating the flow characteristics as well as the other

geometric factors to the stability of individual particles.

In view of the fact that prediction of the side slope safety
factor, using the deterministic¢ approaches, involved many factors
such as magnitude and direction of the mean velocity, angle of side
slope, size and angle of repose of the material, one may conclude
that the deterministic method is more reliable than the empirical

which is restricted to specific conditions.

A discussion of the different available approaches for

determining riprap size follows:

3.3.1 Lane's Method

The first attempt to establish the hydrodynamic force under
which either a channel side or a bed will be in a state of incipient
motion was developed by Lane, E.W. and Carlson, E.J. {(1953), and
Lane, E.W. (1955). 1In this method for designing a stable channel,
Lane identified the forces that caused the erosion of a coarse non-
cohensive material in a steady uniform condition, as depicted in

Fig. (3.4). These forces are

1) The force F due to the action of flowing wxter which acts in

the flow direction and tends to dislodge the particle.

2) The force G due to the weight of the part%cle which acts
the

vertically downward to resist the movement in case of the bed

particles; whereas in the case of the side slope particles,

the force G acts to roll the particles down the sloping side.

- 44 -



The movement of the particle will begin when the resultant of
these two forces is large enough to initiate the threshold
condition. 1In Lane's study the tractive force was defined as the
force which the flowing water exerts on a channel boundary. This
force was evaluated by equating the boundary roughness with the

component of the water weight in the flow direction to obtain

T = p &R S, (3.9)
in which
To is the mean value of tractive force per unit wetted
area;
p is the water density;
R is the channel hydraulic radius;

and Se is the energy slope.

It was suggested by Lane that in most canals of the shape
used for irrigation, the tractive stress near the middle of the
bottom closely approaches that in an infinitely wide channel. Hence

Eq. (3.9) can be written as

T, =P 8Y S (3.10)

in which y is the flow depth.

Using membrane analogy and finite-difference methods, the
shear stress distribution, for trapezoidal, triangular and rect-
angular channels, was obtained in terms of the maximum bed stress as
given in Fig. (3.5). These results indicate that within the limits
of the usual proportions of a typical canal section, the maximum
shear stress is about equal to By Se and 0.75 pgySe for the bed and
sides of the channel respectively, and zero shear stress exists in

the corners.
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Therefore, to determine the maximum tractive stress on the

side slope, Eq. (3.10) can be utilized as
ToB = Cp PgYSg : (3.11)
in which

Cop is the tractive stress coefficient determined from Fig.
(3.5) for the given values of side slope ratio and bed

width to flow depth ratio.

As a result of the considerable field data studied by Lane,
he defined the permissible tractive force as "the maximum unit
tractive force (shear force) that will not cause serious erosion of
channel bed or side slopes". From a study of the extensive field
data, he proposed the following expression for the tractive stress

exerted on a canal bed of rock with Ss equal to 2.56.

Ts = 0.75 Dog (3.12)

in which

Dy is the rock size (in mm): for which 75 percent of the

material by weight is finer.

To apply Eq. (3.12) for different specific gravities, it
might be modified to

T = 0.49x 1074 (54-1) Pg Dog | (3.13)

To relate the stability of side slope materials to those on a
horizonta: bed, Lane and Carlson (1953) formulated a reduction
factor which is defined as '"the ratio of the tractive force required
to start motion on the sloping sides to that force required, in the
same material, to start motion on a level surface". This factor was

expressed as

(3.14)
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in which
¢. is the angle of repose of the material.

Fig. (3.6) shows the value of K for different values of ¢ and
6 . Using the reduction factor K, the permissible tractive stress

for a side slope can be evaluated as

T_.=¢ xK (3.15)
sB S

or

0.49 x 107 K(S4-1) peDus (3.16)

TsB

To assess the side slope stability, using Lane (USBR)
approach and a given flow condition, the terms ToB and TsB should be
calculated and then the side slope adequacy established according to

the following criteria:
Tsp > Top DNO movement will occur

TsB = ToB the side slope is in§incipient condition

i

TsB < ToB the failure will occur

The safety factor, SF, for the side slope adequacy can be
defined as the ratio of the permissible tractive stress, TsB to the
actual tractive stress «t,g. If SF is greater than unity, the rip-
rap is safe and no movement will occur; if SF is unity, the riprap
is at the condition of incipient motion; and if SF is less than

unity, the riprap will fail.

3.3.2 Stevens and Simons' Methods

Comprehensive stability hypotheses for sizing riprap for

stream bank and bed protection were formulated by Stevens, M.A. and

_47_



Simons, D.B. (1971 and 1976). On the basis of stability of a single
particle as a function of the magnitude and direction of the stream
velocity, angle of repose and the side slope angle, the forces act-
ing on 1it, under uniform turbulent flow conditions and in the
absence of seepage and wave forces, were identified as the 1lift
force, FL’ the drag force, Fp and the submerged weight of the

particle, W.

The safety factor SF was defined as "the ratio of the moments
of forces resisting rotation of the rock particle out of the riprap
blanket to the moments tending to dislodge the particle out of the
riprap layer into the flow". At the critical condition, the riprap
particles have a safety factor of unity; if the safety factor is
greater than one, the riprap is considered safe from failure; if
the safety factor is less than one, rocks are washed from the riprap
layer and failure of protection may occur. To assess the adequacy
of either stream bed or side slopes, Stevens and Simons developed
three different methods for sizing riprap which can be described as

follows:

3-3.2.1 First method

3.3.2.1-A Stability on plane beds i

Referring to Fig. (3.7), where o is the bed slope on which
the particle is resting, the forces that act on the particle lying

on the plane bed are

1) The resultant of the hydrodynamic drag FD acting parallel to

the flow motion.

2) The hydrodynamic 1ift Fy, acting upward and perpendicular to

the bed slope.

3) The submerged weight of the particle W acting vertically

downwards.
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For the purpose of deriving an expression for the incipient

motion, Stevens and Simons (1971) adopted Shields parameter T & for

the fully rough turbulent flow with a numerical value of 0.047 which
was obtained by Gessler, J. (1965) (see Eq. (2.22)). Then the final

stability criterion for two dimensional, uniform steady flow on

plane sloping beds was derived as

_ Cosoatand
SF = n tan¢+ sina (3.17)
in which
n (—S%)—Ej— ING (3.18)
s~ '/80y y
where
a is the slope angle (in degrees) of the plane bed;
Dy, is the volume weighted effective grain size;
y is the local depth of the flow;
n is the stability number;
and SF  is the particle safety factor.

Considering the effect of seepage, the modified stability

equation was obtained as

cos g tan ¢ (3.19)

SF =
in which
_iQl+e)
S (P D)

(n+e)tané+ sino

(3.20)
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where

and

e is the ratio of the seepage force to the submerged

weight;
i is the seepage flow hydraulic gradient;
e is the void ratio;

G is the ratio y-s/yw.

3.3.2.1-B Stability on side slope

Assuming the bed slope angle® = 0 and © is the side slope

angle in degrees, the forces that affect the stability of a single

particle placed on the side slope are illustrated in Fig. (3.8).

These are

1)

The resultant of the hydrodynamic drag FD which acts parallel

to the flow direction.

2) The resultant of the hydrodynamic 1lift force F| acts
perpendicular to the side slope plane.
3) The submerged weight W acts vertically downwards.
The formula for the safety factor with no seepage effect is
then:
_ cosftan¢
SF = n'tan¢+sinfcosB (3.21)
in which
n =.l_i_§9§§, n (3.22)
2 Y.
0.4u p, 3
Nz (2 (3.23)
(S54-1)gd, ¥
6§ =90 -1~ (3.24)
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A
tan B - ZSiDeCOS (3525)

~and + sin A
where

B is the angle (degrees) between the resultant vector R
and the downstream component of submerged weight vector;

A is the angle (degrees) between the horizontal and the
velocity vector in the plane of the side slope;

9 is the side slope angle (degrees);

n' is the particle stability factor modified for side
slope;

and ¢ is the angle (degrees) between the resultant vector R

and the drag vector.

It was assumed in this study that for both banks the velocity
vectors are parallel to the bed, i.e., A = 0, so Eq. (3.25) can be

written as

tan B = l—tﬂ— (3.26)

To include the effect of the seepage force which acts normal

to the side slope plane, Eq. (3.21) was modified as

cosBtang
(m+e)tan g+sinbeosB (3.27)

Cther equations are the same as before.

3.3.2.2 Second method

Considering the boundary shear stress as a design parameter,
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and based on the Shields criterion for the incipient movement
condition, Stevens, M.A. and Simons, D.B. (1976), studied the
stability of individual particles from the viewpoint of interaction
between two particles either on a stream bed or side slope as

follows:

3.3.2.2-A Stability on plane beds

For flow on a plane bed sloping o degrees to the horizontal,

the following stability formula was developed.

SF i§:§¢tin§ina (3.28)
in which

n o= 7§;§%;%§ (3.29)

g = p 8 R S (3.30)

3.3.2.2-B Stability on side slopes

The safety factor for an individual particle placed on a

stream bank was determined as follows:

S
SF =5 [G2n)Eg) (3.31)
in which
£ = S, n sece (3.32)
Sp = g (3.33)
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nE S (3.34)

(Sg=1)YD
T4 = KTy (3.35)
TS =P gR Se (3.36)
2
4 tan ©
- 9 - e
K Ccos m (3 37)
where
T is the side slope tractive stress;
K is the Lane reduction factor;

and other symbols are as defined before.

3.3.2.3 Third method

In order to compare the equations presented in the previous
section with those employed by others for sizing riprap, Stevens and
Simons (1976) found it necessary to relate the tractive stress
acting on the riprap particles to the fluid velocity in the vieinity
of the particles. Using the velocity distribution equation derived
by Keulegan, G.H. (1938), another expression for the stability
factor,n , in terms of the reference velocity, was derived which can

be used to formulate a sizing riprap method as follows:

343.2.3-A Stability of plane beds

The stability criterion for the plane bed is

cosatang
ntan¢+sina (3.38)

SF =

in which
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2
no= —Qe3Ur (3.39)

(Sg-1)gD

u, = —3du (3.40)
¢n(12.3 1)

D
where
u., is the reference velocity;
y is the flow depth;
and u is the depth average velocity.

In the case of a narrow channel, the flow depth y must be

replaced by the hydraulic radius R, so Eq. (3.40) can be written as

3.4 u
r m(12.3%)

3.3.2.3-B Stability on side slope

Using the reference velocity as a known quantity, the

following equation can be used:

- cosp tang M
SF = TEancising cosa (3.42)

in which
n = n (Lrsinliva) (3.43)
o = tan~) ZggieA J (3.41)
;EEEE' sinA
2
0.3 vy
n o= -—ng:ﬁjéiy (3.45)

_54_



w = 3.4u (3.46)

r- en(12.3 R)
D
where
A is the angle between the horizontal and the velocity
vector;
and n! is the stability number for particle on side slope.

Inthe case of horizontal flow, the angle X is very small, then

Egs. (3.43) and (3.44) can be reduced to

n oo (i‘i—i-‘}i) (3.47)
_ -1 ntang j
@ = tan CTERY: (3.48)

3.3.3 Ruh-Ming's Methods

On the basis of the stability of an individual particle, Ruh-
Ming, L., et al.(1976), then Ruh-Ming, L., and Simons, D.B. (1979),
developed two different methods for sizing riprap for river bank
protection. To make it possible to treat the hydrodynamic forces
realistically, the safety factor was defined as the ratio of the
force resisting the movement of a single particle to the force
acting to dislodge the particle out of the riprap layer. The forces

acting on a single particle resting on the side slope are shown in

Fig. (3.9).

In order to compare the applicability of those approaches for
sizing riprap with the previous methods, a summary of the two

approaches follows:

3.3.3.1 First method

The safety factor of an individual particle placed on a

stream bank was formulated by Ruh-Ming, L., et al. (1976) as

_55_



(Weos g-gét ) tang
[(Wsin®)24+6212]2 (3.49)

SF

in which

2
u
. .50
N [ 2.54n (12.3% ) (3.50)

W= 430y - 1) (3.51)
2
s . _11.14D
- B + cot¢ (3.52)

where
W is the submerged weight of the particle;
§ is the stability parameter;

and B is the ratio of the 1lift to drag force which was

considered as a constant value equal to 0.85.

To determine the factor of safety for a particle placed on a

horizontal bed, 6 = 0 is substituted in Eq. (3.49) to obtain

SF = Qf:ﬁgflffiﬂﬁ (3.53)

then the other equations can be used.

3.3.3.2 Second method

Using a different constant value for the ratio of 1lift to
drag, Ruh-Ming, L. and Simons, D.B. (1979) presented another
approach for sizing riprap for bank protection. The value of B
equal to 2.85 was used as adopted by Samad, M.A. (1978). Hence the

stability parameter § was expressed as

...56_



6 - 9-52 D
T B +cot¢ (3.5%)

Then the other Egs. (3.49), (3.50) and (3.51), remain as previously.

3.3.4 Samad's Methods

Samad, M.A. (1978) put forward two different approaches for
riprap sizing. The first approach was based on the pressure concept
and utilized the Einstein and El-Samni's 1ift coefficient, the
second approach was based on the shear concept and utilized the
extended Shields diagram for large particles. In both theoretical
approaches, the forces that act on a single particle were treated

similarly to the one presented by Ruh-Ming et al. (1976).

On the basis of the experimental data for the 1lift to drag
ratio which were obtained by Coleman, N.L. (1967) and Cheng, E.D.
and Clyde, C.G. (1972), Samad developed a graphic relationship
between the ratio B and the boundary Reynolds number as depicted in

Fig. (3.10).

These methods for sizing riprap can be summarized as follows:

3.3.4.1 First method

The mean safety factor of a riprap with uniform particles

placed on a side slope was formulated as follows:

P
< (Weoso-FLAL )1>tasz¢2 % (3.55)
&stinze + ( 2 ) ]
in which
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2
u
35
= 0,178 p —5~ (3.57)

L

Uzg = 5.9 usx (3.58)
ug = 2,52111212.3%) (3.59)
B = r(Rs) (3.60)
R, = —D (3.61)

where

AL is the projected area of the particle related to lift;

Pr is the dynamic 1lift pressure;
Ry 1s the particle Reynolds number;
v is the kinematic viscosity;
is the flow velocity at a distance of 0.35 D35 above the
theoretical bed;
us% is the shear velocity;
and D35 is the particle size for which 35 percent is finer.
In this method, knowing the particle Reynolds number, the
value of B can be determined from Fig. (3.10). On the other hand,

in the case of using non-uniform riprap materials, Eqs. (3.58 and

3.59) are given as

- u = (3.63)
2-52n(11-17259

Uk

This approach can also be utilized for the stream bed by

substituting ® = 0 in Eq. (3.55) to obtain

(W—PLAL) B tand

S = )
F ALPL (3.64)
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3.3.4.2 Second method

On the basis of the shear concept, Samad developed another
approach to determine the side'slope safety factor. This method is
similar to the one presented by Ruh-Ming, L. and Simons, D.B. (1979)
except that B does not have a constant value, but is treated as a

function of the particle Reynolds number as:
B = f(Rx) (3.65)
which can be evaluated from Fig. (3.10).

3.4 PROBABILISTIC APPROACH

Taking into account the fluctuating nature of the
hydrodynamic lift and drag forces and accordingly the boundary shear
stress, and knowing the probability distribution of these forces as
well as its relation with the flow conditions, a probabilistic model
for sizing riprap has been formulated. This model enables the
designer to interpret the stability of riprap by checking its prob-
ability of adequacy under design conditions rather than indicating a
factor of safety. i

As a result of comprehensive researches carried out primarily
in the USA on the design of rock riprap for highways and river bank
protection, four different probabilistic approaches have been
developed. In these models, the probability of adequacy for the
riprap particles at the critical condition (SF=1) is considered
equal to 0.5. This implies that there is a 50 percent chance of
adequacy if the riprap is designed according to the conventional
safety factor of 1.0. These approaches can be summarized as

follows:

3.4.1 Ruh-Ming's First Method
On the basis of the experimental measurements carried out by

Blinec, P.B. and Simons, D.B. (1974) for the smooth boundary turbu-

lent open channel flow, it was found that the boundary shear stress
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can be approximated by a lognormal distribution. Assuming that
these results are applicable to a rough boundary and using the
derived formula of the safety factor, Ruh-Ming, L. et al. (1976),
developed a probabilistic model based on the exceedance of shear

stress value above a certain critical value.

The relations that define the probability of adequacy of the

riprap particles placed on a stream bank are:

2
11.14 D ]
S = —Fhcots (3.60)
™
W= £ D3(rg-vy) (3.67)
Al = BWCosetan2¢ (3.68)
A2 = 1—82tan2¢ (3.69)
A3 = cos29tan2¢ —sin®s (3.70)
2 .2 !
_ (A14WSA2A3)2 -A1
To = 153 (3.71)
£ o= 8/[2.5%(12.5%—)] (3.72)
g 1.536
T = 137.67 f (3.73)
u 2
T pl——
L.SZn(lZJ%)} (3.74)

Q
n

/ 9,2
n 1 + (? ) (3.75)

2
o
_ ih T _ _n
fnt - u
q = _c n (3.77)
n o
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P = ¢ (qn) (3.78)

in which
T, 1s the critical boundary shear stress;
o] is the standard deviation of the boundary shear stress;

Mps 0, are the mean and standard deviation of the lognormal
distribution respectively;
a, is the qth quantile point of standard normalj;

and P is the cumulative probability of riprap adequency.

In this method the value 8 was considered as a constant

parameter equal to 0.85.

3.4.2 Ruh-Ming's Second Method

Considering the exceedance of the drag force above a certain
critical value as a design parameter, a probabilistic approach, for
the probability of adequacy of a riprap structure for particular
design condition, was formulated by Ruh-Ming, L. and Simons, D.B.
(1979). The probability density function of the drag force was
assumed normally distributed, then a relationship between the drag

force and the shear velocity was developed.

To determine the probability that the individual particles

placed on the side slope is adequate, the following procedure should

be used:
0.258
§ m (3.79)
W o= -'g—D3(YS - Yy (3.80)
A1 = BWcosotan®y (3.81)
A2 = 1-8%tan®y (3.82)
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A3 = cos2etan2¢-sin2e (3.83)
2 2 ! |
g = u - (3.85)
2.5£n(12.359
2
lld = 7”.86\1* (3086)
2
Gd = 27;6611* (3‘87)
F -u
4y = —S d (3.88)
d
P =9 (q,) (3.89)
in which

uq and oq are the mean and standard deviation of the drag

I
1

force respectively;

F, 1s the critical drag force;
9, 1is the qth quantile point of a standard normal
P is the probability of adequacy for individual particle.

In this method, the ratio of 1ift to drag was also considered

as a constant value equal to 2.85.

3.4.3 Samad's First Method

To evaluate the probability that the individual particles
placed on the side slope is adequate, Samad, M.A. (1978) utilized
the available information on hydrodynamic forces, acting on a riprap
particle in a turbulent flow condition, to formulate a probabilistic
model. In this method, the mean value of 1lift pressure PL in Eq.
(3.55) was considered as a random quantity; then, setting P; =P, when

SF = 1, Eq. (3.55) was modified to
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in which

P1

p2

where

P
PC

and SF

wC086 1- v 1—P1XP2 ] (3.90)

L
AL P1
= 1—(1/52tan2¢) (3.91)
= 1-(tan26/tan2¢) (3.92)

is the mean value of the dynamie 1lift pressure;
is the critical dynamic 1lift pressure;

is the factor of safety.

Therefore, using Egs. (3.56) to (3.61), the probability of

adequacy can then be determined as

0.36 P (3.93)
P~~~ P

- ix L (3.94)
o(ay) (3.95)

3.4.4 Samad's Second Method

This approach was developed by Samad (1978), on the basis of

the statistical properties of 1ift pressure by using Eq. (3.49) and

setting SF=1 whenTt = T thus

in which

v 1
[CF +W c§gg]2-c1 (3.96)
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c1

c2

C3

where
T

T!
o

To

BWCosetan2¢_

1—82tan2¢

cos29tan2¢—sin

u

is the mean boundary shear stress

2g

(3.97)

(3.98)

(3.99)

is the critical boundary shear stress on a side slope

evaluate the probability of adequacy,

equations should be used:

U

11

The

u

2.5%n (12.3%)

u*D
v

= f(R*)

9.51 I?
T B +cotd

2
= pug

= ¢ (a)

the

following

(3.100)

(3.101)

(3.102)

(3.103)

(3.104%)

(3.105)

(3.106)

(3.107)

(3.108)

(3.109)

(3.110)

definitiion of these symbols is the same as before.
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3.5 DISCUSSION

In fact, the sizing methods presented in this study are a
useful advance in an area where present knowledge is inadequate.
But in order to ascertain the merits of these approaches, they need
to be examined in the 1light of laboratory and field observations.

The experiments conducted by the Author help to serve this purpose.

According to the riprap sizing methods presented herein,
Lane's design criterion suggests that the particles will be in
motion if the actual tractive stress is more than the permissible
stress. But no conclusive proof has been produced that 1ift should

be disregarded in the stability concept.

In the methods developed by Stevens and Simons, the stability
criterion was based on the moment tending to rotate a particle out
of the riprap blanket and the moment resisting particle motion. In
their analysis of forces acting on a riprap particle, it was assumed
that the ratio e2/e1 [Fig. (3.7)], which is the moment arm of the
normal component of the submerged weight divided by the moment arm
of the downslope component of the submerged weight, is equal to tan¢
(where ¢ is the angle of repose). However, this assumption was not

H

supported by real measurements.
On seeking a relationship between 1ift and drag, they assumed
that the moments of lift and drag about the point of rotation are

equal. This assumption also was not substantiated by experimental

data and must be taken on trust.

They also assumed that the projected area to drag, Ap 1is
equal to that area subjected to 1lift A;, which is valid only in the

case of spherical particles.

In the two deterministic approaches developed by Ruh-Ming, L.
et ‘al. (1976 and 1979), the stability formulae were based on forces
acting to resist the movement and forces acting to dislodge the

particle. In those methods a constant value for the lift to drag
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ratio, equal to 0.85 in the first approach and 2.85 in the second
approach, was recommended which is not in agreement with the
available information on the fluctuating nature of the boundary

shear stress.

To check the probability of adequacy of an individual
particle resting on a side slope, Ruh-Ming, L. et al. (1976) devel-
oped the first probabilistic approach. This model was based on the
assumption that the information obtained on the shear stress process
in a smooth boundary is applicable to the rough boundary case.
However, this assumption was not supported by experimental evidence

for rough boundaries.

In addition, the examination of the deterministic and the
probabilistic methods by the Author showed that nearly all the
methods were based on the equilibrium of an individual particle.
But, during the course of the experimental work, it was observed
that movement of one or some particles does not usually cause

failure of the whole protective layer.

Finally, to the best of the Author's knowledge there is
insufficient laboratory and field data available to indicate their

i

validity and relative merits.
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CHAPTER FOUR

FLOW RESISTANCE OF CHANNELS

4.1 INTRODUCTION

When a fluid flows past a boundary, the fluid molecules in
immediate contact with the perimeter, according to the existing
boundary conditions, have zero velocity. As a result of that a
shear is set up within the fluid and alsoc at the boundary. This
boundary shear results in a drag force transmitted from the fluid to
the boundary, and the boundary in turn transmits to the fluid a
force equal in magnitude but opposite in direction, which offers

resistance to flow.

In brief, one may conclude that both the drag and flow
resistance are associated with the flow movement. But,in fact,drag
direction is the same as the direction of flow motion, while the
total surface resistance of the boundary is in the opposite
direction and equivalent to the component of fluid weight in the
flow direction. .

On the other hand, the resistance to flow inafully rough open
channel was classified according to Leopold, L.B., et al. (1964),
Burkham, D.E. and Dawdy, D.R. (1976), and Griffiths, G.A. (1981),

into the following three elements:

1) Skin resistanceuproduced by the boundary surface,this depends
on the depth of flow relative to size of roughness element

along the boundary surface.

2) Form resistance caused by discrete boundary features that set

up eddies and secondary circulations.

3) Spill resistance occurs locally at particular places in open
channels under some conditions and its effect can usually be

neglected.
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On the basis of the theoretical investigations of the
phenomenon of turbulent flow by Prandtl and by Karman, corresponding
formulae for estimating -the resistance to flow in rigid channels
have been derived by Keulegan, G.H. (1938). The extensive studies
carried out recently by different investigators have indicated
similar formulae but with different coefficients. However, some
investigators = like Powell, R.W. (1950) found that the Keulegan's
formulae are not accurate because they are based entirely on
experiments with pipes neglecting the effect of free surface and of

the angles between walls and bottom of the channel.

Due to the diversity of the factors governing the case under
consideration, several empirical relationships for estimating the
resistance to flow have been developed, which are set forth in this

chapter.

4.2  DIMENSIONAL ANALYSIS

As an attempt to develop a formula for estimating the
resistance to flow in a straight, rigid channel, the dimensional
analysis technique should be utilized. The variables governing the

flow characteristics can be expressed in the general flow formula
f1(u’R’Se’pw’U’g’D’CHB’Sf’T) = 0 (4.1)
in which

is the mean flow velocity;

is the hydraulic radius;

»n = o

(¢}

is the slope of the energy gradient;

is the water density:

x

is the flow dynamic viscosity;
is the acceleration due to gravity;
is the representative diameter of the particle;

is the standard deviation of the size distribution of

A gm ® ©

the bed material;
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B is the channel width;

Sp 1s the particle shape factor;

and T is the boundary shear stress
Choosing R, pw and u as repeating variables, the Buckingham's
Pi-~theorem yields

uRop
w

R S, S, 8.0) =0 (4.2)

£, &R , =,
A
p

Substituting ux = /255 where ux is the shear velocity, and vy = g—
4 w

where Vv is the kinematic viscosity, Eg.{4.2) can be rewritten as

u RR uR u

Us = f3(’l'5','§, T@ ’ Se, Sf"o') (u’-3)
where

R . .

D is the relative roughness parameter;

—éé: is the Froude number F.;

v &R

uR R

—  1s the flow Reynolds number Res

E} is a parameter of the resistance;

and %; is the aspect ratio of the cross section.
Therefore, Eq. (4.3) may be transformed into
u R R (4.4)

e T f3(fP E?Re’Fr’se’sf’U)

The influence of the terms Se’ Sf and ¢ are undoubtedly known
but because each of them has no dimension they could be eliminated.
Whereas for fully turbulent flows over rough boundaries the boundary
Reynolds number Re and the Froude number Fr may be neglected because
viscosity effects are 1likely to be unimportant. Considering the

aforementioned conditions, Eq. (4.4) finally reduces to
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1 = f‘u (3 B‘) (4.5)

4.3 RESISTANCE TO FLOW IN RIGID BED CHANNEL

Various equations ha§e been proposed over the last two
centuries to relate the mean flow velocity in open channels to flow
resistance. Among the earliest and most frequently quoted equation
is the uniform-flow formula developed by Chezy in 1769 which is

usually used to determine the mean flow velocity as

u=C YRS, (4.6)
where
C is called Chezy's coefficient of resistance which has

the dimensions

_ o |L?
C = T (4.7)

The Chezy formula as given by Eq. (4.6) is applicable to open
channel flow in the absence of bedforms and bed material transport.
In 1857 Darcy modified Chezy's formula to use it for flow in
pipes by inserting hL/I,z Se? and d = 4R and solving for hL as
L u? (4.8)

hsz'-E —2—g

in which
hL is the friction loss asscociated with flow in pipes;
f is the Darcy-Weisbach friction factor;

L is the pipe length;

and d is the pipe diameter.

For open channel flow Eq. (4.8) can be written in terms of

the Darcy-Weisbach friction coefficient as
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¢ - 8% (4.9)
: 12

Noting that ui = gRSyy Eq.(4.9) yields

v /%— (4.10)

Also Darcy-Weisbach coefficient § can be expressed as a function
of the Chezy resistance coefficient C by elminating u from Egs.

(4.6) and (4.9) to obtain
C
2 . = 411
/8— \/?j (h.11)

In 1889 Manning presented his well-known formula to estimate

the mean flow velocity as

149 g A
—= R 5 (4.12)

u =
H

in English units, this can be written as

u = d R% s% (4.13)
n e

in metric units in which n is the Manning's coefficient of

roughness and has the dimensions

T
= — (4.14)
" { L 9%] ,

Dividing both sides of Egq. (4.13) by us, Manning's formula can be

transformed to

/

u R 6
L . | (h,15)

Also Manning’s Roughness Coefficient n can be expressed as a

function of Dracy-Weisbach's f and Chezy's C as follows:
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_ R
no= - (4.16)
Y = '
R f
n = (4.17)
/8g

The Manning formula as presented in Eq. (4.13) has become the
most widely used of all uniform-flow formulae for open channel flow
computations, and many attempts have been made to evaluate the
coefficient n elther numerically or as a function of the bed

material size as follows:

In order to give guidance in the proper determination of the
roughness coefficient n, Chow, V.T. (1959) tabulated n values for
various channel conditions in what seems to be a most comprehensive

list.

Strickler (1923) defined Manning's n as a function of the
particle size as

D6

. 50
no= T ; (4.18)

in which D5 is the median size of the bed material in m. Keulegan,
G.H. (1938) proposed a formula similar to that presented by

Strickler in which n was expressed as
%
D 50

n = 46-9 ()4.19)

where D50 is in ft

Another attempt was made by Meyer-Peter, E. and Muller, R.
(1948) in which the following formula was developed
]
p /6
- 90 q
n o= g (4.20)
where D90 is the particle size (in mm) in which 90 percent is finer.

Lane, E.W. and Carlson, E.J. (1953) in their comprehensive study of
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the design of stable channels in San Luis Valley suggested the
following formula to determine the Manning's n
Dygs
= ) ' 4,
n 35 (4.21)
where D75 is the particle size (in inches) in which 75 percent is

finer.

Limerinos, J.T. (1970) used data from gravel-bed rivers in

California to develop an expression of the following form
Z
6
0.113 R (b.22)

1.16+2.01 1og(%.'_.)'
84

in which D84 is the characteristic bed material size for the reach

in metres.

It was found by Bray, D.I. (1979) that Limerinos Eq. (4.22)

is the most acceptable expression for quantitatively determining the

value of Manning's n.

On the other hand, in a comprehensive review of the various
uniform-flow formulae, the ASCE task force committee on friction
factors in open channels (1963) recomﬁended the use of the Darcy-
Weisbach Eq. (4.9). This is simply because, unlike the empirical
Manning type of equation, the Darcy-Weisbach formula is
dimensionally correct, and the relative roughness does not influence
the exponents of hydraulic radius and slope as shown by Liu, H.K.

and Hwang, S.Y. (1959).

4. h DEVELOPMENT OF THE FLOW RESISTANCE EQUATIONS

Among the various formulae of resistance equations proposed
for fully turbulent open channel flow over rigid boundaries, two
types were denoted as the logarithmic and the exponential (monomial)
and frequently used by hydraulic engineers. A brief review of the

development of each type can be presented as follows:
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§.4.1 Logarithmic Type Formula

It is suggested that in uniform channel flow, the velocity
distribution will be stable as long as the turbulent boundary layer
is fully developed. This implies that the velocity distribution can
be shown to be approximately logarithmic. Accordingly the shear
stress at any point in a turbulent flow moving over a solid surface

was given by Prandtl as

2
T - pe2du
p (dy (4.23)
in which
I3 is a characteristic length known as the mixing length;
f%} is the velocity gradient at a normal distance y from the
solid surface;
and u is the average velocity at distance y from the solid

surface.

Eq.(l4.23) leads to an expression for the mean flow velocity

at any point with the aid of two simplifying assumptions as follows:

B
1

First, Prandtl assumed that the mixing length is proportional

to the distance from the wall, i.e.

where

K is known as the Von-Karman constant for the proportion-

ality between & and y.

Thus Eq. (4.23) becomes

. 2
T = p ¢2y? (gl;.) (4.25)

Prandtl next made the second assumption that the shear stress

is everywhere the same as at the wall, i.e. T = Ty SO that
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ug =« 2y2 Y, (4.26)

where

T
Ug = /‘—s‘ =y gRSe (4.27)

in which ux is a quantity has the dimension of velocity. Since it
varies with the boundary friction T os SO it is known as the
friction velocity or the shear velocity. Thus Eq. (4.21) may be

written as

du = % u*gy— (4.28)

Integrating Eq. (4.28) leads to

u 1
o T M y+ constant (4.29)

The constant of integration can be expressed as the point on

the y axis where u = 0, whereas ¥ has been found experimentally

(by Nikuradse and others) to be 0.4. Thus Eq. (4.29) yields

L -5 m L ) (4.30)

Eq. (4.30) indicates that the velocity in the turbulent
region is a logarithmic function of the distance y from the
boundary. It is commonly known as the Prandtl-Von Karman universal
velocity distribution law. In the case of turbulent flow overarough

boundary, the value of Yo is a function of a roughness size.

For pipes with sand grains glued to the wall, Nikuradse found

that

S (4.31)

where

Ks is the diameter of Nikuradse's sand grains known as the

"Equivalent Sand Roughness" which was found to apply well to natural

roughness, and to open channel flow.
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Substituting Eq. (4.31) into Eq. (4.30) and changing to

common logarithms gives

u Y
Tx T 5.75 log K, + 8.5 (4.32)

Eq. (4.32) expresses the resistance to flow of a pipe with a
rough wall in a turbulent regime, and it can be integrated for

different shapes of cross-section to obtain the following general

theoretical formula.

R
Tk AO + 5.75 log 'Es (4.33)

Keulegan, G.H. (1938) studied Bazin's data and found that the
parameter A, reflects the shape of the c¢ross section which has a
wide range varying from 3.23 to 16.92, and it may be used as a mean
value equal to6.25. It was also found that the theoretical uniform

flow equation for rough channels is of the form

2 2 6.25 4 5.75 log = (4.34)
. Rk Ks
which yields
L 2.21 4 2.03 log% (4.35)
VE S

Substituting Eq. (4.11) into Eq. (4.35), the Chezy's C for rough

channel can be expressed as

C = 18 log 12.21 & (4.36)
KS ’

4.4.2 pPower (Monomial) Type Formula

When a fully developed turbulent flow takes place over a
hydrodynamically rough boundary, the friction factor parameter
reprcsented by 1/ vf, or u/ug, will be directly related to the
relative roughness parameter, R/D. In this case the resistance

equation may be expressed in the following power form.
- o @y -
N Y. (4.37)

in which
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that
G and m are parameteré may be determined for each particular

case

It was also suggested by Nikuradse that over a limited range
of y/D, a power law will give an adequate approximation of the flow
resistance, but that the exponent, m, and hence the coefficient, G,

will vary with the channel geometry and the particle size.

In addition, Keulegan, G.H. (1938) developed a power type

resistance equation as

u R I
T G G(EEEﬁ (4.38)

in which the value of, m, using the Karman form of the law of

resistance for sand-coated pipes, was found equal to 1/4.

Simons, D.B., and Santurk, F. (1977) eliminated u/ux between
the Keulegan's Eqs. (4.34 and 4.38) then by setting the exponent
1/6, the mean value of the coefficient, G, was derived as equal to

8.12, so Eq. (4.38) yields

E; 8.12 &) ! (4.39)

which can be used to estimate the flow resistance in natural

channels.

h.s INVESTIGATIONS OF CHANNEL ROUGHNESS

Many investigations concerning the resistance to flow in
natural rough channels have been carried out in the past. Einstein,
H.A., and El-Samni, E.S. (1949) carried out a laboratory study on
hemispherical roughness elements arranged in a hexagonal pattern and
glued to the bottom of the flume. The objective of this study was
to measure the hydrodynamic 1ift force acting on the roughness
elements. The veloecity profiles were also measured and the derived
equation was found as

u
u

= 8.5 + 5.75 log (%S—) (4.40)
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in which

y is the flow depth above the thecretical bed datum which
was deemed to be at 0.2D below the top of the

hemispheres.

Also Mirajgaoker, A.G. and Charlu, K.L. (1963) conducted an
experimental study to investigate the effects of large natural
roughness 1in open channel flow. In an attempt to create such
boulder stream conditions, they fixed natural stones from 65 to T75mm
in diameter to the bed of a 0.9m wide rigid bed flume. Six
different patterns of stone placements were tried during which the
roughness densities varied from 15 to 114 stones per square yard.

As a result of ’this study, it was reported that Chezy's
resistance ‘factor and the relative roughness parameter are related

by a logarithmic formula as

£ - 0.24 + 5.64 log L (4.41)
J& .
in which
K is the roughness parameter dependent on the size, shape

and spacing of the roughness elements.

Another type of artifiecial roughness was used by Powell, R.W.
(1946) to study the effect of definite wall roughness upon the
resistance to flow. The experiment was conducted in a rectangular
flume in which eleven different arrangements of square steel strips
and four different slopes were studied. This study indicated that

Chezy's C could be expressed as

R
C = 40 log~5+ Cs (4.42)

in which
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C is a small shape correction equal to 2.74 for the case

of rough channel when the depth is half of the width.

Leopold, L.B. et al. (1964) developed an equation to
represent the resistance to flow in channels with beds of coarse

materials as

1 y
— 1.0 + 2.03 1 — (4.43)
VE " Y

which yields

o - A ‘
T C 2.83 + 5.75 log Dai (4.4i)
in which which

Dgy is the particle size referred to as the diameter=xequals

or exceeds 84 percent of the bed particle by count.

On the basis of experimental study in a channel with coarse
bed material, Limerinos, J.T. (1970) developed the following

resistance equation

0.0926 (4.45)

1.16+2.03 log (—g— ) s
84

n .
R}’G
in which

Dgy is the particle size for which 84 percent is finer.

Noting that the measured roughness was obtained by Limerinos as

L 0.0926/(n/R

%
b ) (4.36)

Therefore Eq. (4.45) can be changed to

L o 1.16 4+ 2.03 10g - (4.47)

v Dgy

which can be also written as

R .
U - 3,28 5.75 log —— (4.48)
T 3 + 5.75 log Dgi
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It can be seen that Eq. (4.48), which results from the
empirical fit to Limerinos data, differs slightly from Eq. (4.44)

which also results from an empirical fit to Leopold et al's data.

Limerinos has also used Dsq to represent the roughness

height, K, and the equation was

1 R
— = 0.35+ 2.03 log — (4.49)
E * € Tgy

or
4 - 0.99 + 5.75 log—-g-—— (4.50)
U 50

On the basis of the assumption that the theory used to
develop resistance equations for flow in pipes may be used to
develop resistance equations for flow in rigid and movable boundary
channels; Burkham, D.E. and Dawdy, D.R. (1976) utilized data from
different sources to evaluate the applicability of some resistance
formulae. Using Limerinos data, in which the mean of the ratios,
Dgy/Dqgs is 7.3, Burkham and Dawdy replaced Dgy in Eq. (4.48) with
7.3 Dqgy and developed the following formula

U = -1.68 + 5.5 log —%7% (4.51)

The preceding equation leads to the conclusion that the
average relation between, (1/ /E )sand, (R/Dgu), apparently is
reasonably well presented by Limerinos Eq. (4.47) as shown in Fig.
(4.1). Also Burkham and Dawdy applied Keulegan's Eq. (4.34) to
turbulent flow of channels of fairly rigid beds of boulders and
gravels and concluded that using Ky = D90 is reasonably accurate and
better than using Kg = Dgq or Ky = D This is also found to be in

agreement wi 1 the work carried out by Bray, D.I. (1979).

The characteristics of the free surface flow over a bed con-
sisting of hemispherical roughness elements of 23mm diameter were
studied experimentally by Bayazit, M. (1976). It was found in this
study that for large values of relative roughness (K/y>0.3) where K
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is the hemisphere radius (the absolute roughness), the Darcy-
Weisbach friction factor can be represented by the following
equation

L 0.7 4 0.85 gn —1— (4.52)

JE K

Bayazit also determined the location of the theoretical bed,
with respect to which the depth can be measured, at distance 0.35D
from the top of the roughness elements. He obtained the value of
Von-Karman K = 0.41 and Nikuradse sand roughness Ky = 5D. The
results obtained by Bayazit are shown in Fig. (4.2). These results
were confirmed by Thompson, S.M. and Campbell, P.L.ﬁ(1979) in their
experimental study which was carried out on a large channel paved
with boulders. Using a U41m wide by 308m 1long, open channel
constructed of loose boulders and through which flows up to 140 m3/s
are passed, the Nikuradse's sand roughness KS = 4,5D was obtained,
in which D is the median boulder diameter by counting sample. 1In
this study, a new expression for the Darcy-Weisbach coefficient was

proposed as

1 0. 1K 12y
E _(1-—§——S~)21og(Ks ) ()4-53)

Zagni, A.F. and Smith, K.V.H. (1976) conducted extensive
experiments on the flow over permeable beds of graded spheres placed
in two laboratory flumes. They investigated the extent of the
interchange between the flow in the channel and in the upper layers
of the bed, and the effect of the permeable bed on the velocity
distribution and on the boundary resistance using spherical
particles of lead shot and steel balls; because of their high
density these were capable of resisting erosion under relatively
high tractive forces. With these materialz, 20 different permeable
beds were investigated using 4 different gradings. They have fitted
the following equation for the whole population of the measured

data.

B -9.09+2.5 ] (4 0.68) (4.54)
D5

us

The friection factor for fully rough flow is found
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V&i‘_ = 2.03 log(2: 1) (4.55)
e = (pgg kDE | (4.56)
in which
e is the permeable bed roughness parameter;
and Kp is the seepage coefficient of laminar flow.

The flow resistance of 1large-scale roughness on three
locations at the wupper River Tees in England was studied by
Bathurst, J.C. (1978). It was suggested that the resistance to flow
in a very rough channel depends mainly on the roughness geometry and
varies with channel geometry. Bathurst concluded that the
resistance coefficient shouldr vary with the relative roughness,
roughness shape, size, distribution, and spacing, and channel

geometry. He suggested the following resistance equation

R 2.34 W.7(2-0.08)
LS (LI — {(4.57)
in which
is the surface width of fléw;
and A is the frontal concentration of the roughness elements
which could be calculated as
A Dgy
= 0.139 log(1.91 5 ) (4.58)

Bathurst stated that the applicability of Egs. (4.57) and

(4.58) are only limited to the flow conditions for which they were

developed.

In order to assess the effect of cross-sectional shape on the
resistance to uniform flow in straight gravel-bed rivers, Hey, R.D.
(1979) standardized the roughness height of the banks to that of the
bed material. This was achieved by reducing the effective hydraulic
length of the bank, if the bed is rougher than the bank, and the

reverse if the bank is rougher than the bed.

- 88 -



Using data from 21 sites in four rivers in the U.K., Hey
demonstrated the influence of cross-section geometry on the flow
resistance which is represented by the coefficient, a, in the

Colebrook, C.F. and White, C.M. (1937) formula as

1 aR
— =z 2,031 (4.59)
/t % 7o ”
in which

D is the roughness height.

The value of, ©¢ in Eq. (4.59) was defined as a function of
the ratio, R/y, as shown in Fig. (4.3) in whieh y is the perpen-
dicular distance from the perimeter to the point of maximum velocity
which is normally the maximum flow depth unless flow width-depth
ratio is very small. This was explained by transforming a variety
of channel c¢ross-sections to their equivalent plane surface as

indicated in Fig. (4.4).

Hey found that the roughness height of non-uniform gravel
material was equal to 3.5 Dg,, thus Eq. (4.59) may be modified to

¥

! ) (4.60)

— = 2.03 log (——JEE———
JT 3.5Dgy

It was concluded from this study that the coefficient,® , in
the Colebrook-White Eq. (4.59) must lie between the limits 11.1, for
infinitely wide channels, and 13.46 for circular pipes. This small
range implies that the influence of wide channel cross-section shape

on friction factors is minor.
In conformity with this conclusion, Kazemipour, A.K. and
Apeit, C.J. (1979), presented an analysis in which a new method for

dealing with shape effect was developed based on a consideration of

dimensional analysis and using experimental data.

The shape factor was derived asy = w1/¢2; where, ¥, reflects
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the effect of non-uniform distribution of the boundary shear stress
and equals Y P/B where P is the wetted perimeter, and v, is a
function of the width-average depth ratio and can be obtained from

Fig. (4.5).

Griffiths, G.A. (1981) used 136 field data sets obtained from
72 reaches on 46 New Zealand gravel bed rivers for deriving flow
resistance equations for both rigid and mobile beds. When the
channel boundary is rigid the resistance to fully turbulent flow, in
fairly straight and regular reaches, was found dependent largely on
the relative roughness provided that the bed and bank roughness are
the same and the surface bed material is described by the median

size.

A theoretically based equation calibrated by the comprehen-
sive data is found applicable to a rigid bed and defined as

1 R
= = 0.76 + 1.98 log — (4.61)
+ Og DSO

VT

Also on the grounds of the correlation between the friction
factor parameter, 1/ /F» and shape factor, P/p, the acceptable result
of the statistical analysis was given by Griffiths as shown in Fig.
(4.6) which yields

1

— - 1.33 (

R .0.287 X
u.
7 ) (4.62)

" Dsg

A further contribution to the investigation of the resistance
of boulder-bed channels with large scale roughness, was made Dby
Bathurst, J.C. et al. (1981). The object of the study was to
identify the processes affecting the flow hydraulics, and testing
the based theory by using the flume data to develop a theoretical
flow resistance equation. In order to permit a theoretical qualifi-
cation of the developed equation, a variety of mathematical
relationships between flow resistance and its determining factors
were separately specified. Consequently, combinations between those
relationships were analysed. Utilizing this technique and based on

the experimental data, the combinations of the derived relationships

which formed the flow resistance equation was given as:
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U ,0.28Fy A B ,0.492 A2~ Ap
in which
c
b = a (- (4.64)
S50
A1 = 1og 2122 (4.65)
A2 = 1.025 (—%—-)o'118 (4.66)
50
Bd' = A + Aw (4.67)
150+D50
YSO = = (4.68)
“where
Sp is the size of the short axis of the particle, which is

bigger than or equal to n percent of the short axis;
d! is the depth from the free surface to the bed datum
level;
Ag  is the wetted roughness cross-sectional area;
A is the flow cross-section &rea;
a and ¢ are constants varying with bed material properties;
LBO is long axis of the particle;

and YSO is the cross-stream axis of the particle.

Based on the river data of Bathurst, J.C. (1978), as well as
the data obtained for five different fixed roughness beds, a
comparison between the observed values of E& and values prediced
by Eq. (4.63), and the results obtained by Thompson, S.M. and
Campbell P.L. (1979), and Kelle: hals, R. (1970), Hey, R.D. (1979),
was carried out. In this comparison test, Eq. (4.63) compared

favourably although its predictions were a little low.

4.6 BOUNDARY LAYER DEVELOPMENT

The major part of the current study was conducted in a trape-

zoidal channel having a certain degree of bed roughness which was
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distinetly different from that of the side slopes. Also it was
necessary to carry out the laboratory measurements in the full
developed boundary layer zone. Therefore it is important to examine

establishment of the boundary layer.

When water enters a channel from a quiescent area the flow at
the boundary is 1laminar and the velocity distribution in the
boundary layer is approximately parabolic. As the water travels
farther along the channel, the flow in the boundary layer will
eventually change to turbulent and the velocity distribution will
eventually reach a definite pattern that can be shown to be approx-
imately logarithmic. If the conditions for uniform flow exist
throughout the channel, the turbulent boundary layer will be fully
developed and the velocity profiles at various sections along the
channel will be identical. This condition implies that the flow is

established.

For the development of the boundary layer in wide channels,
an approximate but practical method of computation was proposed by
Bauer, W.J. (1954) (see Chow, V.T. 1959). The study of boundary
layer development was made on concrete overflow spillways, but it
has been found applicable also to channels of small slopes. From
the results of Bauer's investigation,'the following equation may be

written

S 0.024 .
S _ _0.024 (4.69)
X (x/k)0.13

where 6 is the thickness of the turbulent boundary layer at distance

x from upstream end of the channel.

The boundary layer development for the case of steady flow in
a horizontal open channel was .reated theoretically by Delleur,
J.W. (1957). The problem was also solved for a wide channel in
terms of the two-dimensional equation and subsequently verified
experimentally. It was shown by Delleur that the layer develops
more slowly than for a flat plate in an infinite fluid under similar
flow conditions. This implies that in the presence of a rough side
wall the turbulent boundary layer would grow rapidly until it reaches

the surface.
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In addition, Chow, T.V. (1959) reported that in a laboratory
channel the laminar boundary layer can be eliminated easily by
placing roughness elements at the entrance. Thus the boundary layer
may reach complete establishment at the very beginning of the

channel.

As a result of this, one may conclude that the development of
the boundary layer in open channel: of finite width has received
little attention. Since the present investigation was conducted in
a channel having a bed roughness distinctly different from that of
the side slopes, it was necessary to measure the velocity
distribution along the channel centre line for different flow

conditions to ascertain the flow establishment.

4.7 COMPOSITE ROUGHNESS : EFFECTIVE MANNINGS'S n

In ordinary open channels, the boundary roughness may be
distinetly different from part to part of the perimeter, but the
mean velocity can still be computed by uniform-flow formula without
sub-dividing the section. But to apply these formulae to such a
channel having more than one degree of roughness along its wetted
perimeter, it is necessary to compute an equivalent (effective)
roughness coefficient for the entire perimeter which can be then

used for the determination of the flow in the whole section.

Using the Manning formula given by Eq. (4.13), four different
approaches, to determine the effective roughness coefficient, for
channels having bed roughness different from bank roughness, were
developed. In each approach, the effective n value was evaluated
as a function of the bed and bank roughness and their respective
segments of the wetted perimeter or flow area. These approaches,
which are reported by Chow, V.T. (i959), can be described as
follows:

w

A - Los Angeles District Formula

Teff = %’% | (4.70)



which can be written for the rectangular or trapezoidal cross-
section channel as

_ 2hono+ A1m : .
Beff = 7 2h, + Ay (4.71)

where

Ngps is the equivalent (effective) roughness coefficient;
A, and Ay are the cross-sectional areas associated with the
channel side walls and bed, respectively;
and n, and ny are the roughness coefficients associated with the

channel side walls and bed, respectively.

B - Horton or Einstein Formula

% 2
Nerp = Egigﬁ‘gl—ﬂ (4.72)

This equation can be written as

3 Y 2
n _ [2P2n22+ Plnllé fé
eff = 2P, + P, ] ! (4.73)

in which

Py and Py are! the wetted perimeters associated with the

channel side walls and bed respectively

C - Colebach Formula

% % %
Rerr = E‘A"%K" 1 )

which can be written as
3
% S

%
289092+ Ajny2 :
Nepr = [ 2hs 4 Ay ] (4.75)
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D - Chow Formula

On the basis of the Einstein, H.A. and Banks, R.B. (1950)
assumption that the total force resisting the flow can be expressed
as the sum of the forces resisting the flow developed in the sub-

divided areas, Chow, V.T. (1959) derived the following formula
1

2

2
2 ] (1.76)

Nerr = [ P

which can be written for the rectangular cross-section channel as
1

2 2 2

2P2n2 + Plnl }

Rerp = [ 5Pt P (4.77)

2 71

Further research was carried out by the U.S. Army Engineers
(1970), in which the effective roughness coefficient according to
the Horton-Einstein formula Eq. (4.73) was found to be more conser-
vative than that computed by the other methods. Accordingly,they
recommended the Horton-Einstein approach and developed two charts to
provide a rapid graphical solution. The first chart, which is shown
in Fig. (4.74), is used to obtain the required wetted perimeter
ratio as a function of the channel geometry. This ratio can then be
entered to the second chart depicted 'in Fig. (4.7B) to the inter-
section with an imaginary line connecting n, and n,. The value of

Noep at this point is read on the right side of the chart.

To justify the applicability of the preceding formulae, Cox,
R.G. (1973) carried out an experimental study using a composite
roughened rectangular channel. It was reported from this study that
extensive laboratory and field investigations are needed for a

complete evaluation.

4.8 DISCUSSION

From the extensive literature survey presented in this
chapter, one may conclude that several best-fit relations were
developed and calibrated utilizing comprehensive field and model
data. But due to the complexity of the phenomenon under consider-

ation, there is no unique empirical formula which can be said to be
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applicable for the various conditions. In addition, on the basis of
the theory introduced by Prandtl—Von Karman, which is explained
earlier in Section (4.4.1), Keulegan developed his universal resist-~
ance formula Eq. (4.34) for turbulent flow in a rigid boundary.
Other investigators using different types of roughness elements as
well as different cross-section geometries presented several
formulae, as Egs. (4.40), (4.44), (4.48), (4.50), (4.51) and (4.54),

but with different coefficients.

Additionally, to the best of the Author's knowledge no
investigation has been carried out on channels having bed roughness
distinctly different from that of side slope as used during the
current study. This implies the difficulty of comparing the results
obtained from the laboratory tests with that reviewed in this

chapter.
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CHAPTER FIVE

EXPERIMENTAL EQUTPMENT AND PROCEDURES

5.1 INTRODUCTION

The current investigation was carried out in the hydraulic
laboratory of Southampton University at Chilworth. Three series of
testing programmes were conducted in modelled <channels of

trapezoidal cross-section. These are summarized as follows:

1) - The first series was carried out in a concrete-lined outdoor
flume to investigate the failure mode of the protective
layer, and to identify the hydraulic parameters at the
threshold and failure flow conditions as well as to study the
flow resistance of the roughened channels. Four different
designs were tested, in which the protective layer consisted

of uniform riprap material of mean size 20.7mm.

2) The second series was conducted in a 1large recirculating
indoor flume to investigate the effect of some major factors
influencing failure. In this' series, two different models
were tested to assess the use of a sheet cloth filter as well

as a graded material.

3) Finally, the third series was also conducted in the large
indoor flume to record the hydrodynamic 1ift and drag forces
on instrumented spherical and non-spherical particles. To
achieve these results, the following three studies were

conducted:

a) Location of the point of maximum shear
b) Determination of the representative spherical particle
c) Theoretical approach to convert the recorded signals

into 1lift and drag forces.
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In this chapter, the facilities utilized during the course of
the first two series, namely the flumes, equipment, instrumentation,
as well as calibration of the measuring devices are described in
detail. Also the testing programme, including the design, operation

and working procedure of all the constructed models is described.

5.2 THE FLUMES

5.2.1 The Concrete Flume

The first series of the experimental work was conducted in a
55m long concrete flume which has a trapezoidal cross-section 2.07m
bed width, 0.53m depth and 1H:1V side slopes. To control the flow
rate a manually operated sluice gate was installed at the upstream
end of the flume, whereas a 1.002m width movable rectangular thin
plate weir was constructed at the downstream end for measuring the
discharge. The flume was provided with an upstream deep concrete
reservoir, downstream tank and pumping station consisting of three
vertical axial flow pumps (capacity 150 l/s) each and the whole

system was located in the open air outside the laboratory building.

Referring to the flow process, water is pumped from the
upstream reservoir to an upstream distribution tank where it enters
the concrete flume by gravity feed through the upstream gate. The
water collected at the downstream tank then returned to the upstream
reservoir by gravity through an underground concrete tunnel. The

layout and details of the system are shown in Fig. (5.1).

5.2.2 The Large Flume

The second and third series of the study were conducted in a
large recirculating flume which has a working length of 21.4m with a
rectangular cross-section 1.37m width and 0.61m depth. The general
layout of the flume is schematically shown in Fig. (5.2), whereas a
cross-section is depicted in Fig. (5.3). The walls were of
toughened glass and the bed was made of 6mm steel plate. Along the

top of the side walls, brass rails were mounted for the purpose of
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supporting a movable instrument carriage containing a point gauge
which can measure vertical elevations relative to the flume to

0.1mm accuracy.

To control the water surface slope, the flume was provided
with a radially movable steel weir which could be adjusted
manually. The entire flume was mounted on a steel truss and provided
with an electrical actuéfor to adjust the truss and hence the slope
of the flume. The flume was also equipped with three electrically
driven centrifugal pumps providing a total flow capacity of O0.47
m3/s. Each pump was provided with suction and delivery pipes, a
system of control valves and a "Kent Commander" flow gauge connected

to a Dall tube inserted within the pipeline to measure the flow

rate.

Water enters the flume from two 0.3m diameter delivery pipes
discharging into a steel inlet tank. At the downstream end of the
flume, a short steel exit tank was provided from which the flow
passes via the sump to the suction pipes of the three pumps. A

schematic arrangement of the system is shown in Fig. (5.4).

5.3 DISCHARGE MEASURING EQUIPMENT

5.3.1 The Concrete Flume

To measure the flow discharge accurately in the concrete
flume, a movable thin plate weir was installed at the downstream end
of the 1lined channel. The weir was made of stainless steel plate
12mm thick manufactured according to the specifications set by the
British Standards Institution, BS No. 3680: Part 4A: (1981), as
illustrated in Fig. (5.5). In order to establish steady uniform
flow in the upstream portion of the weir, which is necessary for
measuring the flow head accurately, a short approach channel was
constructed upstream from the weir. This approach was of rect-
angular cross-section 2.2m in 1length, 1.8m bed width and 0.53m
height. 4 long point gauge with a vernier reading to O.'mm was

- mounted upstream from the weir for measuring the head over the thin

plate weir.
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One of the accepted discharge formulae for the rectangular

thin plate weir is that proposed by Kindsvater-Carter, which is

reported by BS. (1981) as:

3 ,
2 /5o 72
Q = 3 2g C, b, hg (5.1)
in which
Q is the flow rate;
be is the effective width;
he is the effective head;
g is the acceleration due to gravity;
and Ce is the coefficient of the discharge which can be
determined as:
b h
Cec =7 (‘B" s 3) (5.2)
in which
b is the width of the weir;
B is the width of the approach channel;
h is the measured head;
and p is the height of the weir étrest.

For the case under consideration, the ratio b/B was found
equal to 0.556. Therefore to obtain the, C,, value in Eq. (5.2), a
graphical chart, which is provided by BS for the relation between,
Ce’ and, h/y, for various values of, b/g, was used as depicted in
Fig. (5.6). As a result of this the interpolated value of, C,, for,
b/g = 0.556, was determined as:

h
Ce = 0.592 + 0.0152 (5.3)

To obtain the values be and he in Eq. (5.1), such relation-

ships were given by BS as:

(5.4)

o
1

b+kb1

he = h+ky (5.5)
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in which

ky is an empirical adjustment for the head which can be
taken as a constant value of 0.001m for the weirs
constructed according to BS;
and kb? is an empirical adjustment for the bed width and can be
obtained by using Fig. (5.7), which gives the value of
kpq equal to 3.U4mm.

5.3.2 The Large Flume

As has been mentioned previously, the large flume was
equipped with a rotating tail gate as well as the facility for
measuring the flow by means of three "Kent Commander" flow gauges.
But because precise measurements were required, it was decided to
use the thin plate weir as a convenient and accurate method for

measuring the flow rate.

A rectangular thin plate weir was designed, manufactured and
installed by the Author according to the specifications set in the
British Standards No. 3680 : Part 4A : 1981. The weir was made of
12mm thick perspex plate with p = O.éOm and ratio bysg = 0.8. The
crest was cut and shaped with reasonable care and skill to meet the
BS specifications. The discharge formula specified by Egq. (5.1) was

also used, in which Ce was found equal to

h .
Ce = 0.596 + 0,045 . (5.6)

Using Fig. (5.7), as before, for bsg = 0.8, the empirical
correction, ky,, was obtained equal to 4.25mm. Fig. (5.8), shows

the calibration curve of the rectangular thin plate weir.

To install the fabricated weir, a frame consisting of channel
section was screwed firmly in the vertical position into the flume
2m upstream of the rotating tail gate and perpendicular to the flow

direction. At the beginning of each run, the gate was placed at a
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horizontal position, then the rectangular weir was set up. Using
the mounted point gauge, the actual flow head could be recorded and
hence the flow rate could be determined. At this stage, the weir
could be removed and the tail gate was raised or lowered according
to the requirement for uniform flow conditions in the modelled
channel. Plate (5.1), shows the rectangular weir used in the large

flume.

5.4 DEPTH MEASUREMENTS

5.4.1 The Concrete Flume

Since the study conducted in this flume was mainly concerned
with the visualization of the particle movement, a new technique was
established for measuring the flow depth. Five side wells were
installed along the right bank of the constructed models. Each side
well consisted of a horizontal steel pipe 15mm diameter and 0.62m
length connected to another vertical steel pipe 175mm diameter and
375mm height with a steel base. The connection between the two
pipes was arranged in such a way as to provide a dead water zone of
20mm height serving as a stilling well at the bed of the vertical
pipe. The side well details and its locations in the model are

shown in Fig. (5.9) and Plate (5.2). -

The side wells were located 0.8m apart starting at distance
3.7m downstream of the constructed channel. Each side well was
cemented firmly in the vertical position with its horizontal pipe
perpendicular to the flow direction, and equipped with a point gauge

and a vernier scale reading to 0.7lmm.

In each run using the movable end gate, the flow depth along
the channel was adjusted so as to be approximately constart. The
flow depth opposite to each side well station was obtained as the
difference between the water level in each side well and its
corresponding bed level. The mean flow depth could then be obtained

as the average of the measured depth in the five side well stations.
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5.4.2 The Large Flume

To measure the flow depth in the large flume, a constant flow
depth was arbitrarily obtained by using the downstream gate. Then
the water surface elevation along the constructed model was
measured. The mean flow depth was defined as the average difference

between the water surface level and the corresponding bed level.

The water surface slope was measured by a series of eight
piezometer tappings distributed 70 cm apart along the lower part of
the right bank. Each piezometer mouth consists of a 15 mm diameter
plastic tube connected from the other side to an especially
manufactured metallic tube which was firmly screwed through the
flume bed. Another eight plastic piezometer tappings 15 mm diameter
were connected to the metallic tubes from outside of the flume.
These tappings were then extended underneath the flume and connected
from the other side to eight piezometer glass tubes 15 mm diameter
and 60 cm length. The glass tubes were attached side by side
vertically against a wooden board which was fixed on the left side
wall of the flume from outside as shown in Plate (5.3). A
cathetometer reading to 0.01 mm was used to measure the water
surface elevations inside the glass tubes, from which the mean flow

depth could be worked out. 3

5.4.3 Flow Depth and Bed Width Corrections

In the case of a channel riprap lined either on the bed or
side slopes, as water flows in the channel a certain amount of water
will flow through the interstices between the particles. Accord-
ingly, the measured flow depth will not be the same as that in a
similar channel without rock protection as illustrated in Fig.
(5.10). Moreover, the measured flow depth in the riprap lined
channel will depend on the voids contained within the protective
layer which are respectively dependent on either the degree of
compaction or the manner of placement of the protective layer.
Therefore, it was decided to correct the designed cross-section area
by adding certain increments to the measured bed width and flow
depth equivalent to the voids contained within the unit area of the

protective layer.
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This test was carried out experimentally on both types of
rock materials used during the course of the experimental work
according to the procedure mentioned by Vickers, B. (1978), as

follows:

A square wooden frame with inside area 60 x 60 cm and height
equal to 31 mm which represents the thickness of riprap layer used
in the investigation, was made. A random sample of the protective
layer was taken. The frame was laid on a horizontal desk then
filled with the particles in the same manner as applied during the
model construction. This test was carried out 20 times for each
riprap type; for each test the weight of the tested layer was worked

out then the following procedure was applied.

Knowing the specific weight of the particles, the volume of
the solid tested material was determined as VS. Subtracting Vs from
the wvolume of the layer, the contained volume of voids within the
tested layer can be worked out as Vye The mean value of vy for each
riprap type was calculated, then converted into an imaginary
constant thickness which covers the whole area of the tested layer.
This thickness was then calculated in the vertical and horizontal
directions, as shown in Fig. (5.10), as empirical corrections for
the measured flow depth and designed ‘bed width, respectively. The

results obtained from this test are:

No. Description Uniform Non~Uniform
material material
, . Vy
1 void ratio e = T 0.718 0.579
s
. Vy
2 porosity n =-VE 0.418 0.367
3 depth correction AY (m) 0.013 0.011
b bed width correction AB({ m)! 0.047 0.04
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in which
VT is the whole layer volume = V,, + Vg

It is easy to conclude from this test that the voids content
in the case of graded material is less than that in the uniform
material case which is due to the tendency of smaller particles to
fill the interstices between the 1larger particles. Hence the
correction factors for non-uniform material were less than those for

uniform material.

On the other hand, the depth correction, A4Y, was added only
during the first two models, where the channel bed was protected,
whereas the bed width correction, AB, was added for each run of all

the constructed models.

5.5 DETERMINATION OF THE ENERGY SLOPE

As mentioned earlier, the surface water elevation along the
constructed models was recorded by utilizing the point gauges in the
case of the concrete flume and the cathetometer in the case of the
large flume. Using these measurements, the water surface slope and
hence the energy slope could be precisgly determined.

Since an accurate evaluation of the energy slope was
required, a full discussion of two approaches for determining the
energy slope 1is presented, and the selection of the appropriate
method would be then justified by a comparison between the results
obtained by applying both methods. These methods can be described

as follows in the sub-sections.

5.5.A The Energy Approach

This approach utilizes the energy conservation concept,
according to which the total energy head at the upstream control

section should be equal to that at the downstream control section

plus the energy loss due to friction.

From the geometry of Fig. (5.11), the following expression

can be derived:
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2 2
U9 Yo
SOL + dy + oy 25; = LSg + dp + ap 355 (5.7)

in which

dq and d, are the flow depths at the upstream and downstream
control section respectively;
u4 and u, are the mean velocities at the two control sections;

0 q and a, are the velocity head coefficients at the two control

sections;
Sg 1s the bed slope;
Sg 1s the slope of the energy line;-
and L is the  horizontal distance between both control
sections.

Eq. (5.7) is the well-known Bernoulli energy equation. On
the other hand, in evaluating the values %4y and 0%, Webber, N.B.
(1971), reported that for normal turbulent flow the velocity head is
only a small proportion of the total head and the error which
results from assuming the coefficients a4 and o, to be unity is
negligible. In addition, Chow, V.T. (1959) suggested that for a
channel of small slope, the velocity head coefficients may be taken

equal to unity. Therefore, Eq. (5.7) may be written as

2 2
u1 u2
Sol + dy +  zp = LSg + dp + 3 (5.8)

Knowing the flow parameters at both sections and the distance

between both of them, the S value can be determined.

5.5-B The 0'Brien Approach

Since most of the experiments were conducted in steauy and
near-uniform flow conditions, the formula for near-uniform flow
developed by O'Brien, M.P. and Hickox, G.H. (1937), and recommended
by Simons, D.B. and Senturk, F. (1977), can be used in the
determination of the energy slope as

2
S = Sy = Fr (s, - Sg) (5.9)
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in which

2
2 _ u .
F? = T | (5.10)
where
Sw is the slope of the water surface;
F, is the Froude number;
and R is the hydraulic radius.

To justify the applicability of the aforementioned formulae
given by Egs. (5.8 and 5.9), the energy slope of each run of the
first model (40 runs) was calculated by both methods. The
comparison between the results obtained from this test, which are
plotted in Fig. (5.12), indicated that the relationship between the
results obtained by both approaches yields

Se1 = 0.00022 + 0.954 5., (5.11)
in which
Se1 is the energy slope resulting from applying O'Brien's
Eq. (5.9); ;
and Se2 is the energy slope resulting from applying the energy
Eq. (5.8).

Equation (5.11) was obtained with correlation coefficient of
0.9996 and standard error of estimate 0.0042. This implies that
0'Brien's formula gives an appreciably conservative result with a
negligible difference comparable to that obtained by the other
formula. Therefore, it was decided to use the 0O'Brien's equation

becanse it reflects more accurately the state of flow.

5.6 MODEL DESIGNS

In order to describe the various designs used during the
course of the experimental tests, consideration should be firstly
directed to state the reasons for which these designs were selected.
It is obvious that stability of a protected side slope is dependent

upon numerous factors such as:
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1) Dimension of the channel cross-section

2) Side slope value
3) Particle size
4) Thickness of the protective layer.

On the other hand, there are also considerations that should

be taken into account associated with the experiment requirements

such as:

1) The attainable flow rate in the laboratory

2) The available space needed for the model construction

3) The instrumentation needed for measuring the hydrodynamic
forces.

Therefore, taking into account that the available approaches
for sizing riprap for side slope protection were mainly derived on
the basis of the theoretical considerations, a preliminary study was
carried out by the Author involving the various possibilities of the
required design, and the optimum design which fulfils all the
requirements was then established.

The design of the models will'now be explained. Six models
were constructed during the first two series of the experimental
work as indicated in Table (5.1). These models were designed, as
mentioned earlier, to investigate the flow characteristics at the
threshold and failure conditions, to study the mode of failure, to
evaluate the factors affecting the side slope stability and to study
the flow resistance of the rcughened channel. Those models can be

described as follows:

5.6.1 Models Construcied in the Concrete Flume

Four models of trapezoidal cross-section channel of 10.0m
length were designed and constructed in the concrete flume. These
models, as seen in Plate (5.4) were mainly constructed with a sand
base, a conventional filter composed of two aggregate layers 1.5 cm

thick each and a rock protective layer consisting of a uniform rock
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particle of mean size 20.7 mm and equivalent to 1.5 particle
diameter thick. In the first two models, the channel bed and side
slopes were protected, whereas in the case of the other two models,
the side slopes only were protected and the beds were lined with a
cloth sheet filter. The bed width of the first three models was

O0.4m, and 0.5m in the case of the fourth model.

Considering the model alignments, the following portions can

be distinguished:

1) 1.0m of two converging side slopes act as a smooth transition
zone between the exterior cross-section of the flume and the

designed channel.

2) 8.0m long channel of trapezoidal cross-section with two

protected side slopes 1.5H:1.0V each.

3) 1.0m of two diverging side slopes act as a transition 2zone
leading to the flume cross-section. General layout of those

models are shown in Fig. (5.13).

In general, the mean difference between these models may be

summarized as:

Model No. (1). The channel bed and side slopes were protected

with a free uniform rock layer equivalent to 1.5 mean particle size

thickness. The bed slope was 0.005 and forty runs were carried out.

Model No. (2). The channel bed and side slopes were protected

as that in model No. (1), and the bed slope was steepened to 0.008

and twenty-one runs were carried out.

Model No. (3). the bed slope was 0.008 as that in the

previous model, but the channel cross-section was composed of two
protected side slopes and a sand bed covered with a c¢loth sheet

filter. Twenty-two runs were conducted with this model.
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Model No. (4). The channel protection was the same as that in

model No. (3), but the bed slope was steepened to 0.0125, and the
bed width enlarged to 0.5m. Thirty three runs were conducted on

this model.

The details of these models are shown in Figs. (5.14 to 5.16)
and Table (5.1), whilst Plate (5.5) shows model No. (4) during the

experimental tests.

Consideration is now given to provide more details about the
model alignments, facilities and construction of those models. To
improve the flow condition as well as to obtain accurate results
from the experimental work, these models were provided with the

following facilities:

I) Inlet and exit sills

Two timber sills 100mm width each were installed at the inlet
and exit of the models perpendicular to the flow direction. Using a
survey level, these sills were adjusted horizontally to the designed
levels of the channel bed at both ends. The purpose of constructing
these sills was to use them as the neference levels to adjust the

channel bed slope during the model construction.

II) Feed pipeline

Since stability is the purpose of the current investigation,
it was decided to adjust the flow rate in such a way as to prevent
any possible disturbance to the protective layer, due to the
difference between upstream and downstream water surface levels at
the beginning of each run. To achieve this goal, a steel pipeline
12m length and 50mm diameter was positioned along the right corner
of the flume cross-section and underneath the model construction.
This pipeline was cemented at a gentle slope to the downstream

direction and provided with sluice valves at both ends.

At the beginning of each run, the pipeline was used as a by-

pass to deliver the flow directly into the downstream portion of the
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model in such a way as to maintain the upstream and downstream water
surfaces at almost the 1level. As the flow rate was approximately

adjusted, the pipeline was then closed to pass the total flow

through the channel.

I1) Upstream and downstream ramps

Several methods were tried to improve the flow conditions at
the channel entrance and exit. A simple and successful method was

established.

Two ramps were constructed as a transition 2zone between the
bed level of the channel and that of the flume. The ramps consisted
of a mixture of coarse gravel and cobbles which allowed seepage flow
through the permeable bed mnmaterial. The purpose of the ramp
constructions was to divert the flow smoothly into the channel
cross-section without creating any local disturbance. On the other
hand, placing roughness elements at the channel entrance would
eliminate the laminar boundary layer. Consequently, the turbulent
boundary layer would be developed at the very beginning of the
channel.

These models were constructed according to the following

procedure:

The feed pipeline was firstly positioned and cemented to the
flume bed, then both the sills were installed and adjusted horizon-
tally to their designed levels. The side wells, in the case of the
concrete flume, or the piezometer tappings, in the case of the large
flume, were carefully Ilocated and adjusted, then the sand base
material was put into the flume, and using a special timber template
representing the sand base cross-section profile, the base material
was formed along the channel. Two layers each 1.5 cm thick of
properly designed granular material filter were introduced in
between the sand base and the protective layer. Then a rock layer
of 31mm was applied manually with a uniform thickness over the whole
filter layers by using a square frame of 3imm thick. Finally the

ramp materials were placed and compacted gently to a mild slope.
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5.6.2 Models Constructed in the Large Flume

Two models were constructéd in the large flume to investigate
the effect of utilizing sheet cloth filter and graded material on
the side slope riprap stability, and also to study the failure
process quantitatively. The construction of these models, which are

shown in Fig. (5.17) and Plate (5.6) can be summarized as:

Model No. (5). This was constructed to assess the effect of

using sheet filter on the stability of the riprap layer. The model
was similar to Model No. (4) except that instead of using a
conventional filter underneath the protective layer, a synthetic
cloth filter was used. Thirty-six runs were carried out on this

model.

Model No. (6). This was constructed similar to that of Model

No. (5), except that the protective layer consisted of graded
material. Twenty-two runs were conducted on this model to study the

flow characteristics and the failure discharge.

These two models were construeted similar to the procedure

applied in the case of the first four models discussed previously.

Considering the particle size distribution of the riprap
layer, and in order to compare the results obtained from various

models, the following conditions were established:

1) Dgg of the graded material should be the same as that of

uniform material used in the previous models.

2) The thickness of the protective layer should also be the
same.
3) To prevent segregation of the small particles, the size

distribution curve of the graded material should cover a wide

range of particle sizes.
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To establish the appropriate particle sized distribution, the
recommended gradation curve by Simons, D.B. and Senturk, F. (1977),
which is shown in Fig. (5.18), was modified by the Author to satisfy
the aforementioned three conditions. According to the gradation
criteria, which are depicted in Fig. (5.19), the ratio of maximum
size to the median should be about 1.5, and the ratio between median
size and the 20 percent size should also be about 1.5. Plate (5.7)
shows the riprap materials used in the investigations and Plate

(5.8) shows the various particle sizes used in the mixture.

In order to define the failure of the protective layer quan-
titatively, a specially designed study was conducted on the Model
No. (6). In this study the protective layer, of one metre length
along the right side slope at 2.0 m upstream of the channel exit,
was marked with eight different coloured compartments, 20 x 25 cm
each. The particle mixture content of each compartment was composed
separately by weight then coloured with a permanent colour. Using a
timber frame with thickness 31 mm and divided into eight areas 20 x
25 each, the mixture materials were applied with uniform thickness

on the side slope.

This test was conducted to distinguish the particle movement
at the failure flow condition and also to work out some statistical

relationships to analyse this criterion quantitatively.

5.7 THE EXPERIMENTAL. PROCEDURE

To enable the side slope stability as well as the flow
characteristies to be studied, a comprehensive testing programme was
carried out on all the constructed models. This testing programme
consisted of numsrous runs which covered a wide range of flow rates.
For each run the uniform steady flow was firstly established then
the flow rate and the corresponding uniform depth were measured

according to the following procedure:
Using the end gate, in the case of the concrete flume, the

uniform flow was approximately established. Then utilizing the

mounted point gauges, the water surface elevations and hence the
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water surface slope was determined. This procedure was repeated
until the measured water surface slope became nearly equal to the
bed slope which means the establishment of the uniform flow. When
the observed readings had settled for at least half an hour, the
levels were recorded again at the five side well stations, and the
corresponding water surface slope as well as the mean flow depth
were worked out. To determine the flow rate, the head over the
rectangular thin plate weir was recorded by means of the mounted

point gauge on the approach channel.

In the case of the large flume, the same procedure was
carried out in each run except that the flow rate was measured
firstly by means of the perspex weir, whilst the water surface
levels were measured at the piezometer glass tubes by using the

cathetometer.

5.8 FILTER DESIGN

Two filter types were used during the current investigation.
A conventional filter layer composed of two aggregate layers 1.5 cm
thick each was used for the first four models, whereas in the last
two models a layer of synthetic cloth filter was utilized. The

design procedure of both types was as follows:

5.8.1 Conventional Filter

According to the design criteria explained in Chapter Two,
filter design would be satisfied if the following conditons are

fulfilled:

D15 (frilter) .
Dgs (base) < B to 5 (5.12)
D .

50 (filter)
D5g (base) <25 (5.13)
D15 (rilter)
D15 (base) >Hto5 (5.14)

in which Dy is the particle size for which 1 percent of the

material, by weight, is finer.
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From the grading curves for filter and sand base materials
used in the first four models, which are shown in Fig. (5.20),one

may obtain the following results:

Sand base | Filter (1) | Filter (2) | Rock layer
Dqg mm 0.205 0.83 .32 19.23
D mm 0.27 1.12 6.57 20.8
Dyg(filter) 5 | 0.8 _ ;5 o75[4:32 _ 4 35 |19.23 _ 5 3¢
0.% 1.30 9.0
D85(base)
D..(filter)
50 1.12 6.57 _ 20.8
D, (base <25 | g7 T 4 l48 |7y = 5.86 |5y = 3.165
D..(filter)
15 0.83 _ 4.32 19.23 _
D, (base) >4.5 | gogs T 4.04 |5y T 5-204 gy = 4451

As a result of the above calculations one may conclude that
the size distribution curves of both the filter layers shown in Fig.
(5.20), satisfied successfully all the criteria mentioned before-

hand. .

It was also realized that the filter thickness 1is an
important factor that needs careful consideration and has to be
designed to prevent excessive flow of soil fines from the base layer
into the flow. Accordingly, and on the basis of the literature
review presented in section (2.5.4.1%1), two filter layers 1.5 em each

were used.

5.8.2 Filter Cloth

This filter was selected from the manufacturer's (ICI) cata-
logue to suit the sand base grading satisfying both piping and
permeability requirements so as to prevent particles from being
washed through the filter layer and toc permit seepage water to
escape freely and thus prevent building up of hydrostatic pressure

behind the filter layer and hence prevent uplifting.
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5.9 ROCK SPECIFICATIONS

The stone wused in the experimental work was subangular

crushed limestone which had the following specifications:

5.9.1 Size and Specific Gravity

During the course of the experimental work, two types of
protective layers were utilized. The selected uniform size passed a
sieve opening of 22.4mm and was retained on sieve opening of
19.0mm which gives mean size of 20.7mm. This was selected as a
result of the preliminary study discussed in Section (5.6) earlier.
The graded material was prepared according to the depicted size
distribution curve in Fig. (5.19), so as to have the same mean value

of D50 as that of uniform material.

‘ On the other hand, applying the specifications set by the
British Standards Institution, BS No. 1377: (1975), the specific
gravity test was carried out on representative particles of the rip-
rap material. This test was conducted in soil laboratories at
Southampton University and the specific gravity was found equal to
2.66. ;

5.9.2 Angle of Repose

In conjunction with designing the riprap 1lining of canal
banks, it is necessary to define the angle of repose of the riprap
material. The angle of repose of loose sand was defined by
Terzaghi, K. and Peck, R.B. (1948), as the direct proportionality
between the shear stress and the relative displacement, which was
found also equal to the coefficient of the internal fricticn. It
was also reported by Glanville, W.H. (1951), that the angle of
repose for dry loose sand and granular material is equal to the
angle of internal friction. This simply means that the angle of
repose can be defined experimentally by applying one of the known

tests.
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Among the first attempts to determine the angle of repose for
non-cohesive materials is that reported by Lane, E.W. (1952), in
which a figure relating angle of repose, median diameter of the
material and shape of the particle was developed. Subsequent
investigation was carried out by Simons, D.B. and Albertson, M.L.
(1960) to establish another diagram to define the angle of repose.
In their diagram, the reported values for the angle of repose for
very angular material have been somewhat arbitrarily ranged between

31.5 and 42.0 degrees.

Since a precise evaluation for the angle of repose was
needed, it was decided to determine it experimentally. The experi-
ment was conducted by analogy with the case of similar particles
resting on an inclined plane. A layer of riprap material was glued
on a wooden board 50 x 30 cms, another free layer of the same
material was laid randomly on the glued layer, the board was then
tilted on a horizontal desk until the free layer started to move; in
this position the angle between the horizontal desk and the board is

the angle of repose.

Two boards were utilized as shown in Plate (5.9); one for
each riprap material. Twenty tests were carried out for each riprap
material and the average value for the angle of repose was found
equal to 36.5 degrees in the case of uniform riprap material and

38.24 degrees in the case of non-uniform material.

5.10  VELOCITY MEASURING EQUIPMENT

As a result of the study reported in Section (4.6), it was
concluded that it was necessary to measure the velocity distribution
along the channel centre line, for different flow conditions, so as
to ascertain the flow establishment. To fulfil this purpose, a
laboratory type Ott current meter, shown in Plate (5.10), was used

as a simple and accurate device.

This investigation was conducted on model No. (5) as a

preliminary study to select a suitable place for force measurements.
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Seven vertical velocity profiles at distances 0.75 to 1.1m apart
were recorded. For each profile the velocity was measured at a
distance 0.2, 0.4, 0.6 and 0.8 of the flow depth. This procedure
was carried out on three different flow rates by using propeller No.

(2.3/13659) which had the calibration equations

u = 0.2886N + 0.226 for N < 1.9 (5.15)

u = 0.3388N + 0.131 for N > 1.9 (5.16)
where

u is the measured flow velocity in ft/sec

N is the number of revolutions per second

5.11 WATER DENSITY AND VISCOSITY

As it was necessary to establish the water density, P, and
kinematic viscosity, vV , during the current investigations, two
relationships to obtain the both properties were developed as a
function of the flow temperature. Using hydraulic tables provided
by HSRI, (1966), (the Hydraulic and Sediment Research Institute at

Delta Barrages, Egypt), two fitting eqhations were developed as

p = 999.883 + 0.0585T - 0.0078T2 + 4.029E-5T3 (5.17)
V = 1.785E-6 - 5.813E-8T + 1.156E-9T2 - 1.02E-11T3  (5.18)
in which
T is the water temperature in degrees centrigrade.

Eqs. (5.17 and 5.18) were obtained with correlation coeffi-
cient 0.9994 and 0.9996 respectively, and standard error of estimate
2.85E-2 and 3.12E-9 respectively. Additionally, to show the
variation of o and v with, T, the developed relationships were

plotted as shown in Fig. (5.21).
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TABLE 5-1: SUMMARY OF THE CONSTRUCTED MODELS

— .

I

% g Bed Width | Bed Slope Bed Filter Type Riprap Max. Flow |Threshold Fiow]Failure Flow | No.Of Tests
jon } . .

8l (m) Material Material (m%s) (m3s) (m3s)

-3 —

1 0.4 0.005 Free Particles! Conventional{ Uniform 0.2191 — — 40
£

2 3 0.4 0.008 " ” ” 0.2157 — — 21
L
[¢)]
®

3 ‘g 0.4 0.008 |[Cloth Filter ” " 0.2216 — _ 29
O
O

4 0.5 0.0125 » » " 01794 0.1488 0.1794 33

5| E 0.5 0.0125 ” Cloth Filter ” 01424 0.1295 0.1424 36
jon }
T
¢

6 | ¢ 0.5 0.0125 ” ” Non-Uniform|  0.1296 0.1038 0.1296 22
-t
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Plate (5-1) The thin plate weir inserted in the large flume

- 12 -



The side well stations
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Plate (5-3) The piezometer glass tubes and cathetometer
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Plate (5-4) Model no.(4) before operation
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Plate (5-5)

Model no.

(4) during the experimental tests
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Plate (5-6) General views of Model no.(5) before operation
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Plate (5-8) The rock sizes used in the graded riprap material
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Plate (5-9) The roughened boards used to determinesb
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Plate (5-10) The laboratory current meter (Ott)
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CHAPTER SIX

FORCE MEASURING CONCEPT

6.1 INTRODUCTION

With reference to the stability criteria discussed in Chapter
Two, one may conclude that the major forces that affect the
stability of a single particle and consequently the side slope
stability are the gravity force and the hydrodynamic 1lift and drag
forces. The gravity force can be evaluated as the resultant of the
particle weight acting downward, and the effective 1lift pressure due
to its submergence in water which acts vertically upwards. So this
force can be equated with the submerged weight of the particle.
Therefore, the current investigation was planned to measure the

effective hydrodynamic 1ift and drag forces simultaneously.

Many mechanical and electrical designs have been proposed for
the acquisition of these measurements, but due to the fluctuating
nature of these forces as well as their expected magnitudes, a new
design was developed. In this design, sensitive strain gauges were
fabricated and attached to a thin beam so as to enable the forces to

be measured simultaneously as will be explained in this chapter.

Since the protective layer usually consists of fragment
particles without any cementing agent, the resistance of the whole
layer will consequently be dependent on the stability of individual
particles. Accordingly it was decided that measurement of the
hydrodynamic forces acting on a representative particle would
obviously be the first step to establish the stability criterion for
the whole protect’ve layer. To achieve this goal, comprehensive
theoretical and experimental studies were employed to enable
measurement of the 1ift and drag forces acting on a specially

instrumented particle. These studies were:
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1) Location of the maximum wall shear stress.

2) Determination of the best size of the instrumented spherical
particle.
3) Establishing a suitable means of converting the measured

signals into lift and drag forces.
4) Establishing the best design for acquiring the measured

forces accurately.

In addition, in order to assess the applicability of employ-
ing a spherical particle during these measurements, an attempt was
made to measure the hydrodynamic forces acting on four different
wooden blocks simulating real particle shapes. The measuring equip-
ment, calibration procedure and the basic techniques for the afore-

mentioned studies are the subject of the present chapter.

6.2 LOCATION OF THE MAXTMUM WALL SHEAR

As there was some correlation between the side slope shear
stress distribution and the resultant forces that attack the
protective layer, it was suggested that the proposed hydrodynamic
force measurements should be carried out at a certain location where
the boundary stress is a maximum. Therefore, the principle of the
shear measurement is discussed and ‘an appropriate technique for

locating the point of maximum wall shear is developed.

6.2.1 Shear Measurement

Preston, J.H. (1954) developed a very simple method for
determining the skin friction in the turbulent boundary layer by
means of a round pitot tube resting on the surface; it has been
widely used and is generally recognized as the most convenient and
reliable methed for measuring shear distribution. This method
depends upon the assumption that close to the wall in turbulent
shear flow, there exists a region in which conditions are a function
only of the skin friction and relevant properties of the fluid, and

are independent of the pressure gradient and surface curvature.
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Preston's calibration curve, as determined in a pipe using
four geometrically similar round pitot tubes, implied that with a
symmetrical bore for round Preston tubes the ratio of inside to

outside diameter has a negligible effect on the calibration.

In 1955, Hsu, E.Y. confirmed the accuracy of Preston's
method. 1In his experiments to establish an analytical relationship
for shear, the boundary layer velocity profiles were measured in
both zero and adverse pressure gradients. The skin friction values
obtained by Hsu were found to be in excellent agreement with those

given by Preston's method.

On the other hand, the National Physical Laboratory (1958)
provided experimental evidence as to the uncertainties of Preston's
assumption. Their experiments also indicated, however, that the

Preston tubes underestimated the skin friction by some 14%.

But subsequently the experiments performed by Head, M. and
Rechanberg, I. (1962) have provided convincing evidence for the
correctness of Preston's original calibration curve. Their method
for testing was to determine for each type of flow, the static and
Preston tube readings corresponding to different rates of flow.

They used pitot tubes of different diameters which showed that the

results agreed very closely.

Ippen, A.T. and Drinker, P.A. (1962) modified the original
relationship between the dynamic pressure and local shear for
application in free surface flows. Assuming the Karman-Prandtl
velocity distribution, Hwang, L.S. and Laursen, E.M. (1963)
performed a relatively simple method to extend Preston's technique
to be applied to the fully rough flow regime. They developed an
analytical relationship between the dynamic pressures acting on the

pitot tube in contact with the rough surface and the local shear.

Later, Patel, V.C. (1965) conducted a comprehensive cali-
bration of several Preston tubes in three different pipes and
presented a calibration curve that could be approximated by three
analytical expressions valid in three regions of the curve.

Recently, Head, M.R. and Vesanta, V.R. (1971) have tried to assess
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the accuracy of Preston tube calibrations carried out by Patal,
and two alternative parameters have been suggested. Ghosh, S.N. and
Roy, N. (1970) were among the first to demonstrate the applicability
of Preston's technique in fully rough open channels. They used a
shear-pressure relationship derived from an experimentally
determined resistance equation to compute the 1local shear by
Preston's technique. In order to assess the relative efficacy of
the shear distributions obtained, the local shear stresses were
calculated by two other methods which indicated that all estimates
of the total boundary shear per unit length of the channel were in

close agreement with each other.

Kartha, V.C. and Leutheusser, H.J. (1970), performed some
measurements of the actual shear distribution in a hydrodynamically
smooth rectangular channel with the aid of Preston tubes. The tubes
were calibrated indirectly using the logarithmic form of velocity
distribution. The distribution determined was compared with the
computed laminar distributions which were shown to be entirely

dissimilar in all of the tests carried out.

Bertelrud, A. (1974) reported an investigation into the
sensitivity of the Preston tube with respect to the pressures and
pressure drops found in pipe flow calibrations. In addition, the
effects of Preston tube diameter and relative length were tested.
In this study, an estimate of the velocity profile and the mean
velocity was obtained simultaneously by means of a 13-tube rake

which was used to obtain an independent measurement of skin

friction.

On the basis of the experimental results just described, one
may conclude that so far the foregoing investigations have confirmed
the applicability of Preston's technique as a simple, accurate
method for measuring the local turbulent skin friction either in
pipes or open channel flows. Therefore, it was decided to employ
the Preston tube to locate the point of maximum wall stress for

different flow conditions.
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The following  instrumentation was employed in the

experiments,

1 - Preston tube

2 - Pressure transducer
3 - Transducer converter
y - Digital integrator

and their use is explained in the following sections.

6.2.2 The Preston Tube

For the purpose of identifying the positions where the shear
stress is a maximum, the calibration of the Preston tube has to be
studied first. 1In fact, many attempts have been tried to establish
the pressure-shear relationship either for smooth or fully rough

boundaries which may be introduced as follows:

6.2.2.1 Smooth boundaries

Preston's method of measuring skin friction, which makes use
of a circular pitot tube resting on the surface (the so-called
Preston tube), depends upon the assumption that, within a limited
portion of the boundary layer, the velocity distribution past a

smooth surface may be expressed as:

5 ¢ 0 D (6.1)
in which

u = ¥Y2(P =P )/p (6.2)

UE T Sl P (6.3)

where
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u is the local velocity;

y is the normal distance from the wall to the geometric
centre of a small pitot tube;

P is the fluid density;

v is the kinematic viscosity;

Pt is the total pressure (dynamic pressure) recorded by the
pitot tube on the surface and is a function dependent
only on o ,v , y, and Tos

P is the static pressure at the wallj

o]

T, 1s the wall shear stress;

and ug is the friction velocity.

By dimensional analysis, Eq. (6.1), may be regrouped as

2
(¢ =Py
—t;:r[—"—— - 1 €2 (6.4)
p

Iff the pitot tube is placed on the surface, then y/d =
constant, where d is the diameter of the tube, and Eq. (6.4), may be

written as

(Pt - Po)d2 Tod2
vz ¢ f3 (W) (6.5)

In turbulent incompressible flow past a smooth boundary two
flow regimes exist. Close to the wall, in the viscous sub-layer for
the range 0 < ux y/v < 11 the velocity profile may be considered

linear, and Eq. (6.1), takes the form

u Uiy (6.6)

Further ovt, the flow becomes turbulent and Eq. (6.1) can be

appreximated by the relation

uo by
T = 5+5 log + 5.8 (6.7)

or another approximation is

-3_* - 8.67 <—‘i§i>]"7 (6.8)

For the range 11 < =L < 500 - 700.
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To avoid the effect of laminar sublayer, Preston utilized a
pitot tube with a diameter much greater than the thickness of
laminar sublayer, then Eq. (6.1) can be expressed as a logarithmic
or power function as in Egs. (6.7) and (6.8) respectively. For the
turbulent boundary layer, Preston obtained the following empirical

relationship:-
y* = —1.396 + 7/8 x#* (6.9)

when 4.5 < x¥ < 6.5

in which
Pi—~P 2
x¥ = log j—jijfl¥%— (6.10)
PV
2
T
d
y¥ = log zp 5 (6.11)
v

Whereas the result obtained for viscous flow is
y¥ = 0.15051 + 0.5 x* (6.12)

when x% < 4,0

Patel, V.C. (1965) concluded that the calibration
relationship has to be a curve and not a straight line as suggested
by Preston. His calibration curve which was found to fit the

experimental calibration within & 1% of T, Was

x%¥ = y* 4 2 log (1.95y% + 4.1) (6.13)
in the range of 3.5 < y* < 5.3
The calibration was presented by the empirical relation

v* = 0.8287 - 0.1381x* + 0.1437x%*2 — 0.006x%*3 (6.14)

to within % 1.5% of T, Wwhen 1.5 < y* < 3.5
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In the region where y#* < 1.5 the calibration results fall on

a straight line
y* = 0.037 + 0.5x% ' (6.15)

On the other hand, Patel concluded that the ratio of inside

to outside diameter has a negligible effect on the calibration.

Bertelrud, A. (1976), presented his experimental results

obtained from eight different Preston tubes in terms of, (Py-P,)/T.,

and, d¥, where, 4% = u*d/v and, ux = YT,/Pp ; the results can be

presented as
———2 - 415 - 54.01 log d* + 60.69 (log a2 (6.16)

which is valid for, d* < 50, and for the range, 50 < d¥ < 1000, the

relation is

P% - Pb
——— = -51.93 + 87.77 log d* (6.17)
(¢]
or
P - P PL = Plyq2
0 _ 111,92 4+ 38.85 log by )9 (6.18)
o PV

In addition, Bertelrud concluded that the relative length of
the Preston tube £/d is unimportant in the tested region 6.6 < g/d
< 1.5 in which ¢ is the Preston tube length.

6.2.2.2 Rough boundaries

For flow past a hydrodynamically rough surface the velocity

distribution is independent of the Reynolds number, uxy/v , and may

be expressed as
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o = o d (6.19)

where k is the height of the roughness protrusions. Preston
suggested the possibility of determining the corresponding
calibration function for a pitot tube on a rough surface by a method

analogous to the development of Eq. (6.5) to obtain

o T B d
"'—:EO—'— = f'5 (-E') (6.20)

The major difficulty of applying Eq. (6.20) is that, the
pitot tube must always be placed in the same position with respect
to the zero datum. Moreover, in the case of flow in open channels
where the roughness distribution is not uniform, not only the
problem of determination of zero datum remains, but in addition the
selection of a suitable parameter that characterizes the rough
boundary surface. However, few attempts have been made to overcome
the aforementioned difficulties as well as to identify the shear
distribution in the rough boundaries which can be summarized as

follows:

Hwang, L. and Laursen, M. (1963), conducted a series of pipe
experiments in the transitional rough boundary (5 < uxkg/v < 70),
where ks is Nikuradse's sand graiﬁ roughness, and only a few
measurements in the fully rough region where u*ks/ v > 70.

Assuming that

2
Pu .
A(Py - Py fA > dA (6.21)
where A is the frontal area of the Preston tube;

dA is an elemental area;

and u 1is given by the Karman-Prandtl equation

u 30y
Ty = 5-75 log i (6.22)

where y is the normal distance from the datum plane for the rough

boundary.

Hwang and Laursen developed the following expression:
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P=Po _ 16,531 [E2- %n(E).B + fn2cC] (6.23)

To
where
_ 30h
E = 1log —EE;
B o= 0.25 32 4 0.0833 A" « 0.00708 D0+ ...
h h h
C = 0.25 A% 4 0.1146 Y 4 0.0586 (D° 4 ...
h h h
in which
h is the height of centre of stagnation tube from zero
datum;
and a is the inner radius of the stagnation tube.

This equation can be used for the fully rough flow regime to
estimate the ratio of the dynamic pressure reading to the local wall
shear as a function of the size of the tube and the roughness
element, But in the Author's opinion, there are still certain
difficulties which remain in placing the Preston tube in the same
position with respect to zero velocigy datum. Moreover, uncertain
stress readings could also possibly result from a tube being sited

in the wake of a large particle.

In (1970), Ghosh, S.N. and Roy, N. attempted to establish
another shear-pressure relationship analytically which closely
follows that proposed by Hwang and Laursen. In his study, the
boundary roughness was artificially simulated by spherical ieads in
three different symmetrical roughnesses; then the resistance
equation was derived, in which the characteristics of the rough
surface were described in terms of the artificial roughness
geometry. The resulting pressure-shear relations was

P -P
= 16.531 [x2 - 20 x -(¥) + 2n%(w)] (6.24)

e}

in which
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x = log yp

Y =0.25 52 4 0.0625 S 4 0.026 SR

W = 0.25 (§92 + 0.1146 (g?n + 0.0594 (596 F oee

J =r+t +2
A = h w/Se
-Xﬁ—-z Relative roughness
where

r is the inner radius of the stagnation tubej

J is the location of the centre of the stagnation tube
from the zero datum;

2 is the location of the bottom of the stagnation tube
above datum;
is the thickness of the stagnation tube;
is the height of roughness elements used in the tests;

A is the ratio of roughness projection to area of channel
boundary; ‘

W is the depth of roughness elements;

S is the longitudinal spacing of roughness elements;

e is the transverse spacing of roughness elements;

and R is the hydraulic radius.

Hallick, M. (1976) presented an investigation into the
possibility of using the Preston tube technique on sand roughened
boundaries. In his study, the results were satisfactory in smooth
pipes whereas the uncertain stress readings obtained in the sand
roughened pipe were thought to be due to variations in positioning

the Preston tube relative to the zero velocity datum.

In conclusion, it would appear that Preston's shear

measurement technique can be used successfully in smooth boundaries
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where still certain difficulties remain in extending its range of
utility in rough wall conditions. This was due to the difficulty of
predicting the effective surface roughness as well as the
uncertainty of positioning the Preston tube which must always be
placed in the same position with respect to the rough boundary.
Therefore, due to the fact that the aim of this preliminary
qualitative study was limited to locating the point of maximum shear
stress rather than its value, it followed that the only possible way
to overcome the previously described difficulties was by utilizing
an artificially roughened surface to simulate the side slope
boundary roughness similar to that presented by Ghosh and Roy. But
due to the fact that it was unnecessary to determine the wall shear

stress quantititatively, Eq. (6.24) was simplified as

B S E — (6.25)
To J ’ Ah

So as the terms included in the right hand side of the Eq.

(6.25), were constant during each flow case, then Eq. (6.25) may be

written as

which implies that for each run, the stress exerted on the roughened
surface would only be a function of the mesured pressure difference
between total and static pressure of the Preston tube. Therefore,

Eq. (6.26), was used to locate the depth of maximum wall shear for

different flow conditions.

6.2.3 Shear Measuring Equipment

6.2.3.1 Preston tube

The Preston tube employed in this study was manufactured in
the 1laboratory according to the design recommended by Ippen, A.T.
and Drinker, P.A. (1962), as shown in Fig. (6.1). The static tube
is positioned above the total head tube in order to minimize the
effects of the total pressure gradient near the boundary on the

measured static pressure. Both total head and static tubes were

made of stainless steel. The static holes were drilled nominally
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three diameters back from the hemispherical tip. To strengthen the
stem against the high velocities of the flow, both tubes were
soldered together at many points and another tube of greater
diameter was slipped over the ‘other two tubes. The stem 1length
which was in contact with the flow was ovoid shaped in an attempt to

reduce the effect of the large tube.

The stem was attached to a point gauge for the measurement of
the vertical movement. The whole system was supported by a movable
rail carriage to facilitate horizontal movement alcng the side
slope. Clear plastic tubing was used to connect the statie and
total head tubes with a differential pressure transducer. A rubber
tube with a funnel in the top end was Jjoined to the plastic tubing
via T-shaped junctions for evacuating air bubbles. The transducer
was connected to both the transducer converter and the digital
integrator for the purpose of converting the pressure difference
into voltage. Using the calibration curve of the transducer, values
of pressure head difference between the total and static pressure

were obtained.

6.2.3.2 Pressure transducer

A differential pressure transducer, type No. SE1150/D5964
manufactured by SE laboratories (EMI) Ltd and shown in Plate (6.1),
was used as a quick, simple and suitable device for measuring the
pressure difference between its two tappings. It was connected to
the Preston tube by a system of clear plastic tubes, and firmly
attached to a metal base which was secured to the base carrying the
Preston tube so it could move together as one unit. The pressure
transducer was calibrated for a maximum head difference of 20 cms.
According to the specification, the pressure transducer had an

accuracy of % 0.3% with the natural frequency of 3.2 khaz.

6.2.3.3 Transducer converter

For the purpose of measuring the pressure head difference
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accurately, a transducer converter type SE 905/2/1 which is shown in
Plate (6.2), was used to convert the pressure difference into
voltage. It was a compact portable self-contained 2 channel system.
The system was contained in a cabinet which also contained a 24V
D.C. rectifier, a stabilised 3 kHz and D.C. stabiliser. The trans-
ducer converter was connected to the pressure transducer to receive
signals as input. The transducer converter was employed to amplify
the input signal to produce an electrical signal proportional to the

mechanical signal applied to the transducer.

6.2.3.4 Digital integrator

The digital integrator used in the current study was type
100EP manufactured by Time Electronies Ltd. The signafsreceived
from the transducer converter and, within integration linearity of
0.1%, the resulting sum of the integral units can easily be read at
the end of a selected period through a 6 digital magnetic counter.
The measurement set-up used during this study is shown diagram-

matically in Fig. (6.2).

6.2.4 Calibration of Pressure Transducer

In order to establish the relhtionship between the applied
water head difference and the transducer output, the following

procedure was carried out:

Two long glass manometer tubes, 1 cm in diameter and open to
air, were attached to a vertical wooden board. Two rubber tubes
with funnels at the upper ends were attached on the same board and
parallel to the manometer tubes for the purpose of introducing
various pressure differences across the transducer by changing the
water elevations in the manometer tubes as well & evacuating all
air bubbles trapped in the tubing system. Each of the manometer
and rubber tubes was connected at its lower end by a tube then
branched into another two tubes; one of each was connected together
whilst the other one was then connected to one side of the
transducer via rubber tubes as shown in Fig. (6.3). The transducer
was fixed on a horizontal base plate via two screws to prevent any

possible movement.
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The water head differences were measured by means of a
cathetometer reading to 0.01 mm. The pressure transducer was
connected to the transducer converter and the digital integrator in
series. The calibration was started by filling the tubes with water
then evacuating all the air from the tubing system. This was done
while the valve in the by-pass rubber tubes, which connects the
lower ends of the manometer and rubber tubes, was being opened.
When the water levels in both manometer tubes were brought to the
same reading in the cathetometer, both the converter and digital
integrator were adjusted to give zero readings. The by-pass rubber
tubes were then closed and the pressure head difference between both
the tubes was applied to its maximum and by draining some of the
water in the higher 1level; the difference head decreased gradually
in steps. At each step the pressure head difference and the
corresponding totalized digit display were recorded. When the
pressure head difference reached zero value, it was then increased
gradually in steps by adding some water into the funnel until it
reached the maximum operating value and during each step the

readings were recorded as before.

The transducer was calibrated for maximum head of 20 cms

which produced the following calibration equation:

By
i

H, = 0.02719 + 0.01975 V (6.27)
in which
H, 1s the water head difference in cm;

and V is the displayed voltage.

The calibration curve which is shown in Fig. (6.4) was
obtained with s orrelation coefficient of, 0.9994, and standard error

of estimate of 0.1872.

6.2.5 The Experimental Procedure

As mentioned earlier, the present investigation was directed

to finding the depth of maximum wall shear qualitatively and was
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similar to the method developed by Ghosh, S.N. and Roy, N. (1970),
since this was best suited to the purpose of the study. The
technique adopted in this study was to modify a limited portion of
each side slope by replacing the protective layer with artifically

roughened surfaces as follows:

The rock protective layers within 0.6m length of the both
side slopes at 2.5m upstream from the end of the channel were
removed. Then the exposed areas were replaced with two symmetrical
artificially roughened surfaces. Each roughened surface consisted
of a 19.0mm thick timber board 0.9m length and 0.6m width which was
artificially roughened with an orderly pattern of screw bolt heads
of 11.3mm diameter and 4.0mm height. Each board was drilled, then
the bolts were firmly inserted in the drilled holes. The longitud-
inal spacing of the roughness element used in this study was 50.0mnm,

whilst the transverse spacing was 40.0mm.

The roughness pattern used in this test is shown in Fig.
(6.5) whereas Plate (6.3) shows the roughened surfaces and the

modified side slopes before the investigation.

To carry out these measurements, the model was set at an
arbitrarily chosen low discharge, and uniform flow was established
by suitably adjusting the tail water gate, then using the point
gauge fixed upstream of the tail water gate, the flow rate was
measured. The Preston tube was mounted vertically with the total
head tube aligned parallel to the downstream direction then lowered
to the bottom end of the artificially roughened side slope with the

tip resting on the boundary.

By taking into account the fact that the Preston tube should
be placed ir the same position with respect to the boundary, it was
then moved carefully in steps along the side slope. For each step,
beginning from the foot of the side slope, the cumulative total
digital display of the integrating voltmeter was recorded three
times with integration period of 60 sec. In each case the average

value was computed.
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Using the calibration curve (see Fig. (6.4)) the value of the
pressure difference between the total and static pressure was
obtained for each step. Accordingly, the position of the maximum
wall shear stress was obtained at the Preston tube location at which
the recorded value of pressure difference between total and static

pressure was the maximum.

6.2.6 Results and Discussion

In order to develop a relationship between the flow rate and
the located depth of maximum shear, the technique established
previously was applied for eight runs which covered a wide range of
flow rates. During each run, flow depth and discharge were
measured, then the depth of maximum shear was defined and recorded.
The results obtained from this study are listed in Table (6.1),
which indicates that the location of maximum wall shear for
different flow rates was mostly found at a vertical distance of
0.29 v to 0.35 y above the channel bed where y 1is the water flow
depth.

It is worth mentioning that utilizing analytical and finite-
difference methods, Lane, E.W. (1955) found that for normal
trapezoidal channels the maximum wall shear was found to be at a
vertical distance of 0.2 y to 0.3 y above the channel bed. it
would therefore seem that the results obtained in this study differ
very little from those estimated by Lane with an order of maximum
difference being within an acceptable range. Moreover, the
experimental results confirm the results obtained from the failure
tests in which most of the particles were moved mainly from within

the lower part of the side slope.

In order to produce a general relationship between the
located depth of maximum wall shear and the flow depth, the

following simple formula was developed with standard deviation of

0.0178.
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Yp = 0.313 y (6.28)
in which

Y, is the depth of the maximum wall shear;

and y is the flow depth.

Therefore, as a result of this study, one may conclude that
the planned hydrodynamic force measurements, for different flow
conditions, should be conducted at a certain vertical distance above
the channel bed. This distance could be obtained by applying Eq.
(6.28). The results obtained in this study are depicted in Fig.
(6.6).

6.3 PARTICLE SIZE MODELLING

Particle size is one of the most important factors in the
evaluation of the hydrodynamic forces that act on the protective
rock layer. As indicated in Chapter Five, the value of D50 used in
the previous experimental work was 20.7 mm, and was obtained by
sieving. A large number (500) of particles were examined volu-
metrically giving a mean value diamater of 21.7 mm. As the particle
to be used for the force measurements was spherical, a

representative spherical diameter was required.

The literature contains many methods for the determination of
particle size. The most comprehensive review has been prepared by
the Task Committee on Preparation of Sedimentation Manual (1969), in
which the determination of particle size by direct and indirect
measurements was briefly explained. However, the specified
indirect methods are commonly applicable for particle size less than
2.0 mm. But during this studv, the spherical diameter was
accomplished hydraulically by sedimentation technique taking
account of the configuration of the stones used in the experiments

as follows:
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6.3.1 Basis of Approach

The present study is based on the assumption that if an
irregularly shaped particle is allowed to settle in a liquid, its
terminal velocity may be compared with the terminal veloecity of a
sphere of the same density settling under similar conditions. The
particle size 1is then equated to the diameter of the sphere.

Details of the methods available can be found in Allen, T. (1981).

Assuming an individual particle is released in still water,
it will accelerate until the resistance to motion offered by the
fluid F, is just equal to the gravitational force Fg, represented by
the submerged weight of the particle. Therefore, the settling

velocity can be obtained by equating Fr with Fg.

Assuming a spherical particle with diameter D and density pg,

therefore
Fp = Cp  pyVo 7D (6.29)
Fg = 7 D3 (pg - p) 8 (6.30)
in which !

CD is the drag coefficient
g is the acceleration due to gravity
Py is the fluid density

and Vo is the fall velocity

Equating Egqs. (6.29 and 6.30) to obtain

LS 2 7 N2
5 D% (pg - pde = Cp & oyVy 7D (6.31)
or
2 4 D (6.32)
V= =g= A
W 3 CD
in which
A is the relative density of the particle and is equal to
ps— Dw
Pu
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Assuming the settling process is not obstructed by other
particles (hindered settling), it is found that for a perfect sphere
in the laminar range (Re<1), the drag coefficient Cp can be given by

the following equation:

Cp = 2i/R, (6.33)

in which
VW D i

Rg = S (6.34)
where

Rg is the particle Reynolds number

v is the kinematic viscosity

and D is the spherical particle diameter

So that Eq. (6.32) can be rewritten as

2
A gD :
V - st bo
W 85 (6.35)
This equation is called Stokes Law and is only applicable in
case of low Reynolds number, where tﬂe flow around the particle is

essentially viscous and F. is directly proportional to the fall

velocity V.

For large Reynolds numbers, as in the case under investig-
ation, the flow around the particle is turbulent and Fr is
proportional to VS. To determine the relationship between Re and
Cp» Fig. (6.7) developed by Albertson, M.L. (1953) was utilized to
obtain the required relationship for different particle shape

factors.

6.3.2 Experimental Procedure

A random sample of one hundred of the test particles was
taken. Using a micrometer the three mutually perpendicular axes for

each particle were measured to determine its shape factor as
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SF = ¢/ 5% (6.36)

in which
a is the major axis
b is the intermediate axis
and ¢ is the minor axis.

The representative shape factor was taken as the mean value

of the obtained shape factors.

To investigate the settling velocity, a glass sedimentation
column, with a height of 1.73m and an inner diameter of 0.1dm, was
used. The column was filled with water, and two marks denoted as A
and B were made on the column wall to fix the timing distance. To
remove air bubbles adsorbed on the rock particle, which could
possibly affect the particle velocity during the settling process,
the particle was immersed for a short time then released to fall

freely.

The particle motion was observed and timed between the marks
A and B. The settling velocity was then determined by dividing the
distance AB by the recorded time. To record the variation in the
kinematic viscosity, the temperature of the water was recorded

during each test.

Knowing the representative shape factor SF and the average
fall velocity Vi the following procedure was applied to determine

the representative spherical diameter D of the particle.

- By assuming a value of D, Re can be calculated from Eq.

(6.34)
- Knowing the shape factor SF, CD can be obtained from Fig.

(6.7)
- Substituting the values V,, g, A and Cp in Eq. (6.32) gives

another value of D.
- The procedure was repeated until sufficient accuracy was

obtained.
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6.3.4 Results and Discussion

The results from the measurements can be summarized as

follows:

The representative shape factor = 0.558
The average fall velocity V, = 0.536 m/s
The average value of V WV = 528032 m~!

Specific gravity of the particle Sg = 2.6636
1.6636

u

The relative density A

"By applying the procedure described, the representative diameter was

determined as 20.71mm.

This result means that a spherical particle of 20.71mm
diameter can be utilized to represent the particles used in the

previous experimental work.

From comparison of this result with other methods one may
conclude that the diameter from the sedimentation technique is very

close to that determined by sieving.

6.4 FORCE MEASURING SYSTEM

As the previous part of this chapter was mainly directed to
investigating auxiliary studies to permit the acquisition of the
needed measurements, consideration is now given to illustrate the
design used to obtain these measurements. In addition, in order to
shed light on the system used, consideration will be in turn given
to present the measuring devices as well as the instrumented
particles utilized in this study. Therefore, the force measuring

set up c#i be divided into the following parts:

- Basis of approach

- The load cell

- The instrumented particles
- The movable roughened board
- The embedded cavity

- Measuring equipment
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6.4.1 Basis of Approach

Several methods were considered to determine the 1ift and
drag forces on an individual particle in the side slope protective
layer. To simplify the measurement procedure, a specially designed
load beam cell was introduced as shown schematically in Fig. (6.84),
in which strain gauges were employed in a manner that will be

discussed in the following section.

In this part of the study, consideration is directed to
establishing relationships between the hydrodynamic forces acting on
the instrumented load cell and the output signals obtained from the
strain gauges. These relationships will be introduced theoretically
on the basis of the combined action of the lift and drag forces on

the thin beam contained within the load cell.

Assume a beam, both ends fixed (encasté%), and having span L.
The beam is subjected at the middle of its span, to 1lift force F,
and moment M, as shown in Fig. (6.8B). In this case, the resulting
bending moment due to the combined action of the applied loads can
be obtained as the algebraic sum of that due to force F and moment M
individually as depicted in Fig. (6.8C), and the resulting bending

moments can be worked out separately ag shown in Fig. (6.8D).

Suppose two similar strain gauges were firmly bonded on both
sides of the beam so as to be at equal distance X from the mid span.
These points are denoted as A and B in the given figure. The moment

resulting at these points can be obtained as:

Mg = Mpp - Mpy (6.38)
in which
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MA and Mg are the total resultant moments at points A and B,
respectively;
Mpp and MBF are the resultant moments due to force F at points
A and B, respectively;
and Mam and MpyM are the resultant moments due to moment M at points

A and B, respectively.
In addition, it is obvious from Fig. (6.8D) that:
M = MBF (6-39)

-Mpm (6.40)

Mam

Therefore, the external forces F and M can be evaluated as:

F = f1 (MA + MB) = f1 (MAF + MBF) (6.”1)
M - f2 (MA - MB) = f2 (MAM + MBM) (6.42)
In which

f1 and f2 are functions which can be obtained by calibration.

On the other hand, for the case of homogeneous beam with
rectangular cross-section, as that in the case under consideration,

the resultant bending moment at any point along the beam was

reported by Reeve, 4. (1975) as

My = ZEe (6.43)

€ is the applied strain (the strain gauge reading);
E is the modulus of elasticity;
and Z is the elastic modulus of the cross-section which is

equal to E%— for rectangular section of b width and h

thickness.
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Therefore, applying Eq. (6.43) at points A and B

respectively, yields:

2
bh .
MA = 6 ESA (b.llll)
2
bh
Mg = —3—-EEB (6.45)
in which

and are the strain developed at points A and B
B

respectively.

Substituting Eqs. (6.44) and (6.45) into Eqs. (6.41) and

(6.42) respectively, one can obtain:

=]
|

f3 (EA + EB) (6-”6)

=
"

f}_‘i (SA - SB) (6-)'}7)

Egs. (6.46) and (6.47) represent the final formulae which
should be utilized to determine F and M values. In those equations,
the terms a and €g are the straiq gauges readings obtained at
points A and B respectively, where the functions f3 and f) can be

easlily evaluated through the calibration process.

Since the 1load cell is composed of a very thin beam and
column, the increase in lateral force, which represents the drag,
causes a small deflection of the column. Therefore, the resulting
moment induced from the axial force will reduce the effective moment
due to drag force. Consequently the elastic response of the device
becomes non-linear and the relationship between the stresses and the
applied drag force are also aon-linear, whilst the opposite is true
in the case of 1ift force, which in other words means that the
relationship between the 1ift force F and the corresponding

stresses, will be linear.
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6.4.2 The Load Cell

This device represents the measuring unit which is an
electro-mechanical device employed to convert a mechanical input to
an electrical output. Since this device is intended for measuring
force and load, it is usually called a force transducer or load

cell.

The load cell consisted of a simple beam, (116x12x 0.12mm),
made of flexible phosphor bronze to work as a spring and nill-
corroded under water. This beam was clamped at both sides, as shown
in Fig. (6.9), by four stainless steel (s.s.) blocks, (50x12x12mm)
each of which was attached firmly to a (140x50x3.2mm) s.s. plate. A
S.s. rod 1.54mm diameter and 100.7mm length was then soldered at the
mid point of the metallic beam and with a right angle through a base
plate (12x12x1mm). The other end of the rod was soldered into a
threaded nipple which can be used to set either of the spherical or

non-spherical roughness elements.

Two similar load cells were designed to enable simultaneous
left and right signals to be recorded which would be in turn
converted into simultaneous lift and ﬁrag forces. FEach load cell,
as shown schematically in Fig. (6.10),'consisted of a bridge of four
(FLA-6-17) type strain gauges; two of them were fixed into a dummy
gauge holder; whereas the other two were firmly soldered into an
upper and lower face of the beam with an equal distance from its mid
span. The dummy gauge holder was screwed into the s.s. plate. Then
to protect the strain gauges as well as the wiring system against
any damage, which might possibly take place due to the submergency
in water, a non-corrosive silicon rubber was used to coat these

units.

It is also worth mentioning that the two load cell bridges
were designed in such way as not to alter the zero reading due to a
variation in the water'temperature (see Norton, H.N. (1969)). This
in other words means that as 1long as the four strain gauges
contained within one bridge were kept in the same water temperature,

this temperature would not have any effect on the zero reading.
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To prepare the load beam for measuring, it was secured into
two s.s. angles (83 x 48 x 3.2mm), which were attached into a
movable roughened unit. Some photographs included the load cell

beam are shown in Plate (6.4).

6.4.3 The Instrumented Particles

In order to assess the applicability of using non-spherical
particles during the current measurements, two types of particle

shapes were utilized as follows:

6.4.3.1 Spherical particle

A spherical particle 20.1mm diameter, which was determined
experimentally, was designed and manufactured to permit measuring
the hydrodynamic forces. To prevent any lateral twisting moment on
the thin beam, which may possibly take place if the submerged weight
of the instrumented sphere was sijgnificant, it was designed in such
way as to reduce 1its bulk specific gravity to unity which
consequently makes its submerged weight equal to zero. This design
was accomplished by drilling a few holes in the sphere to extract

some timber material then the holes were sealed.

i

On the other hand, to simulate the roughness of the rock
surface, the sphere was coated with a preservative 1liquid then a
thin layer of find sand. To enable screwing the sphere into the

threaded nipple, a screw was partially fitted into the sphere.

6.4.3.2 Non-spherical particles

Four wooden particles with different shapes were made for
measuring the hydrodynamic forces. The particl shapes were
randomly selected simiiar to four real rock particles used in the
investigation. To make it possible to fit those particles into the
threaded nipple, each particle was attached with a screw similar to
that used in the spherical particle. The four real and simulated

particles are shown in Plate (6.5).

- 177 -



6.4.4 The Movable Roughened Board

This unit was designed and manufactured to simulate part of
the side slope containing the instrumented particle and the load
cell. This consisted of a roughened plywood board (300x200x20mm),
which could be adjusted easily at right angles to the flow direction
in such way as to position the instrumented particle at the required
level of maximum shear stress for each flow case. The board was
screwed into the two load beam angles to work as one unit. To
simulate the roughness of the protective layer, the upper face of
the board was roughened with a rock layer 31mm thick. Then either
the instrumented spherical or non-spherical particle, developed for
measuring the instantaneous 1lift and drag forces, was screwed into
the threaded nipple via a circular hole in the roughened board and
adjusted to have the same height as the rock protective layer else-
where., In this way the instrumented particle was allowed to move

freely under the applied hydrodynamic forces.

In addition, to make it possible to cover the gap between the
movable roughened board and the channel bed, different roughened
slices with various widths were prepared as shown in Plate (6.6).
Those slices were roughened in the same manner as the movable board.

1

Plate (6.7) shows the movable unit during the investigation.

6.4.5 The Embedded Cavity

This unit was designed and manufactured by the Author to work
as a part of the channel side slope as well as to accommodate the

movable board as follows:

The side slope materials at 2.6m to 3.3m upstream from the
channel end were removed. Two wooden wings were fitted 52.5cm apart
in both sides of the cavity to work as retaining walls between the
side slope base on each side U/S and D/S, and the cavity. To
accommodate the roughened board, a hollow wooden construction
conforming exactly to the side slope was manufactured separately

with the dimensions indicated in Fig. (6.11). This was designed in
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such way as to restrict any flow through it. Therefore, the
hydrodynamic forces acting on the instrumented particle, were trans-
ferred to the load beam via the stainless steel rod, and would be

the only force applied to the load beam cells.

The wooden construction was provided with two supports which
could be used to hold the movable board firmly at a required level.
This construction was then inserted into the cavity and screwed into
both the retaining walls; finally a rock layer of 31mm was glued on
to the side sloping face to simulate the roughness of the protective
layer elsewhere. Plate (6.8) shows some construction stages of the

embedded cavity.

Consideration is now given to select a suitable site for
accommodating the various units of the force measuring set up. This
location was designated on the basis of the results obtained from

the velocity measurements and failure tests.

As shown in Figs. (6.12 to 6.14), the velocity distribution
at three different flow rates and at various locations (L) from the
channel inlet indicated the flow establishment within 5.5m long
upstream of the channel end. 1In aintion, it was noticed through
the tests that the failure apparentl§ occurs within 4.0m from the
downstream end of the channel. Obviously these results were
expected due to the boundary layer development which was likely to
reach its complete establishment within these portions. Therefore,
as a result of this, the instrumented roughened element was located
on the right side slope, at 2.95m upstream of the channel end as

shown in Fig. (6.15).

6.4.6 Force Measuring Equipment

Details of the system configurations used during the force
measurements are schematically depicted in Fig. (6.16), in which the

following instruments were utilized.

6.4.6.1 Signal conditioner

For the purpose of converting the generated output signals of

the left and right load cell bridges into readable voltage units, a
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conditioning system type SE1050, manufactured by Thorn EMI Datatech
Ltd, was utilized for the force measurements. It is a single rack
system comprising of a master rack fitted with a monitor module type
SE1051 and four AC conditioning modules type SE1053. The system

used in this study is shown in Plate (6.9).

To check the signals, a 20 MHz oscilloscope type D1011 shown
in Plate (6.10), was used to compare the input and output signals to

and from the conditioner.

6.4.6.2 The amplifier

The amplification of weak signals into stronger signals is of
fundamental importance in almost any electronic system. Since the
attainable signals from the load beam cells were very weak and the
computer was not provided with an amplification system, it was
decided to use an amplifier to ensure that the signal information

would not be lost in noise.

The amplifier was designed and manufactured in the electronic
workshop of The Civil Engineering Department for the purpose of
increasing the level of the signals by 10 or 20 times. The amplifer
was connected to receive its inpat signals from the signal
conditioner through two channels, then it was fed as output to the
data 1logger connected to the computer system as shown in Fig.
(6.16). The circuit diagram of the amplifer is shown in Fig.

(6.17).

6.4.6.3 The computer system

In order to record the fluctuations of the signals obtained
from the load cells, a Cromemco-Z2 microcom iter system with a
Cromemco D+7A Analogue/Digital Interface was used. Seven channels
were available for receiving the data from the signal source. The
interface is a high performance module and gives seven channels of
8-bit analogue to digital conversion with a fast conversion time of

5.5 microseconds; it has an input voltage range from -2.56 to +2.54
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voltage. The system has two disk drives and is linked to a VDU
terminal as shown in Plate (6.11). The computer system and the
terminal were kept beside the flume ready for operation. Wiring of
two channels was installed to the test site close to the signal
source. Two channels of the computer system were used to receive

the output signals from the amplifier.

6.5 LOAD BEAM CALIBRATION

As mentioned previously, the instrumented load beam is mainly
designed to allow working under water to enable simultaneous left
and right signals. These would be in turn converted mathematically,
by applying the formulae established given by Egs. (6.46 and 6.47),
into simultaneous values of 1ift and drag forces. To achieve this
goal, a special calibration procedure was conducted, in which the

following conditions were taken into consideration.

1) The calibration process should be carried out by applying

simultaneous 1ift and drag forces.

2) Simulating the working condition by submerging the load beam
into water during the calibration process, the water must be
still with almost the same femperature as that expected

during the experimental work.

3) The calibration should cover the range of forces that could

possibly be applied during the course of the measurements.

The calibration process was conducted in steps which can be

summarized as follows:

6.5.1 The Helical Springs

For the purpose of calibrating the load beam accurately, it
was decided to use calibrated helical springs to apply forces
representing 1ift and drag forces. As a result of this, two
stainless steel helical springs denoted as spring 1 and 2, and shown

in Plate (6.12) were employed. These springs were as follows:
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Spring Length Diameter Wire Diameter

No. (mm) (mm) (mm)
1 138.9 T.15 0.045
2 165.9 7.62 0.045

In order to introduce the relationship between the static
force acting on the helical springs and the elongation of each, the

following procedure was applied:

Both springs were hung on a vertical wooden board by means of
two fixed nails. As the first spring would be used to apply static
force in the 1ift direction, it was left free vertically then a load
carrier was attached to its lower end. The second one, which would
be utilized to apply drag force, was laid horizontally on a smooth
piece of perspex which was screwed on the wooden board. In this
case the 1load carrier was attached to the spring via a
smooth pulley which was fixed against the wooden board at the same
level as the spring centre line as shown in Fig. (6.18). To
evaluate the elongation of the springs, a cathetometer reading to
0.01mm was used for the vertical sprfng, whereas a vernier reading

to 0.02mm was employed for the horizontal one.

The calibration of each spring was then carried out according

to the following procedure:

The calibration process started by recording the spring
length, then the smallest load was applied as a static force and the
spring length was also recorded to work out the elongation due to
the app. ied force as the difference between each reading. The same
procedure was applied for the various static forces. Then a
relationship between the static force and the corresponding
elongation, for both springs, was worked out and two separate

equations of the following form were fitted to the recorded data.

F = T+ S. AL (6.48)
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in which

F is the applied static force;

is the calibration constant and represented by the line

slope;
T is the intercept of Y axis;
and AL is the spring elongation (cm).

In this equation, knowing T and S, the applied force for any

value of AL can be easily determined.

The results obtained from this study are shown in Fig.

(6.19), and may be written in the following table:

Spring{ Int. of Line Correlation Standard Equation
No. Y axis Slope | Coefficient Error of No.
(N) Estimation
1 -0.00011 | 0.054 0.9998 0.0004 (6.49)
2 0.00014 0.041 0.9998 0.0003 (6.50)

In ideal conditions, the intercept on y axis should be

equal to zero, but due to some reading error a very small value has

been found.

6.5.2 Load Beam Calibration Set Up

To fulfil the mentioned three conditions during the load beam
calibration process, the calibration set up shown in Fig. (6.20) was

used. which may be explained as follows:

An open-ended wooden box (300x200x158mm) was manufactured and
a plastic container, containing still water, was installed inside
it. The movable board, including the attached load beam, was laid
horizontally on the box in such a way as to submerge the load beam
cells in the still water. Two aluminium channel cross-sections each

552 and 395mm long were screwed into the movable board as follows:
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The first one was fitted vertically to enable the application
of a static 1lift force through an attached vertical spring, whilst
the second channel was fixed horizontally so as to allow the
application of a static drag force through an attached horizontal

spring.

During the calibration process, the instrumented particle was
replaced with a long male thread which was secured vertically into

the threaded nipple.

Two ends of the helical springs were tied up into two smooth
rods 38mm length which were screwed to both ends of the aluminium
channels with right angles as shown in Fig. (6.20). The other
spring ends were then attached tightly to the male thread via two
small drilled holes. The horizontal spring was laid on a smooth
piece of perspex which was glued on the horizontal channel. To
monitor the water temperature, a thermometer was utilized. The two
load beam cells denoted as left and right were connected to the
signal conditioner via two channels to measure the left and right
strain due to the applied external forces. In this way, the
calibration process was modified to establish the relationship
between the displayed output of the signal conditioner and the
applied 1ift and drag forces. Plate (6.13) shows the load beam set

up during the calibration process.

6.5.3 Calibration of the Load Beam

The load beam was specially designed to measure the
simultaneous 1lift and drag forces indirectly. Therefore the
calibration process should be conducted in the same manner as in the
working condition. This was carried out by applying combinations of

simultaneous static forces which rimulate drag and 1ift forces.

It was concluded from the theoretical study presented in
section (6.4.1), that the resulting left and right strain in the
load beam due to the effect of the horizontal (drag) force, would be
dependent on the applied value of vertical (lift) force whereas the

opposite is not true.
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To prove this, a preliminary study was experimentally
conducted by applying various values of drag force with various
values of 1lift force and the results obtained were predictably
independent of the drag values. Therefore, as a result of this
study, it was decided to calibrate the load beam cells firstly with
respect to the 1lift force, then with respect to the drag force
during which various 1ift forces would be applied simultaneocusly as

follows:
6.5.3.1 Lift force

Applying the developed formula for 1lift force as

F o= 5(% + &) (6.51)
in which

F is the applied 1lift force (N);
€A and €g are the left and right readings displayed on the signal
conditioner, respectively;

and S is a constant which can be determined through the

calibration process.

Therefore, to determine the value of S in Eq. (6.51), the
calibrated spring No.(1) was hung vertically between the smooth rod
and the long thread which replaced the instrumented particle. Then,
taking into account all the mentioned conditions, the calibration

process was carried out according to the following procedure:

The left and right output readings were recorded before
applying any force on the load beanm. A small external force was
applied by using the vertical spring. To achieve this, the upper
end of the spring was extended in the upward direction and attached
to the smooth rod. As the steady state was reached, the signal
conditioner output was recorded and the spring elongation was worked
out. Therefore, knowing the calibration of the spring, the applied

1lift force was determined which could be utilized, together with
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the derived absolute values of the amplified output, to determine
the value of S in Eq. (6.51). This procedure was carried out by
increasing the applied 1ift force gradually in steps up to 1(N) then
decreased gradually in steps, and in each step the amplified output
readings were obtained, before and after applying the external

force, and the spring elongation was measured.

Using the least square error technique, the variation of the
applied static force with the total signal conditioner output was

evaluated and the calibration equation was found expressed as
F = 0.00042 + 0.00623 (EA + EB) (6.52)

This equation was obtained with correlation coefficient of 0.9997

and plotted in Fig. (6.21).
6.5.3.2 Drag force

To establish the relationship between the applied drag force
and the corresponding amplified output readings, the calibration
procedure utilized previously was applied with the following

variation:

- The two springs were used simultaneocusly to apply instant-
aneous static 1ift and drag forces.

- The vertical spring was utilized to apply a constant force
which gradually increased from zero to 1(N) with an increment
0.1(N) in each step.

- For each applied 1ift force in increments, the magnitude of
the amplified voltage difference between 1left and right
readings was carried out for all possible value of drag force
up to about 0.4(N).

- For each increment the formula developed in Section (6.4.1)

was used namely:

M = C(g - &) (6.53)
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The results obtained from this calibration proved that C had
no constant value because the relationship between the applied
moment and the displayed output difference was found, as discussed

before to be a curved relationship as shown in Fig. (6.22).

Therefore, to convert the simultaneous absolute values of the
amplified left and right output €y and ep, respectively into corres-
ponding 1lift and drag forces, the following procedure should be

carried out:

1) Determine the two conjugate values (€, +€ep) and (€, -€p).
2) Applying Eq. (6.52) the applied 1lift force can be obtained.
3) Using the (e, - ep) value and the determined value of lift

force, the corresponding value of the drag force can be

interpolated.

To establish a relationship between the signal conditioner
output and the computer output, the measuring system was connected
as shown in Fig. (6.16); then a combination of forces on the load
beam was applied, the outputs were recorded and the relationship was

found to be expressed as:

Y = -16.981 + 0.875X ’ (6.54)
in which
Y is the computer output;
and X is the amplified signal conditioner output.

Eq. (6.54) was obtained with correlation coefficient 0.99994
and plotted as shown in Fig. (6.23).

6.6 THE MEASURING TECHNIQUE

Many attempts were tried during the course of the
measurenents to establish the best technique for the acquisition of
the data needed. A suitable technique was developed which can be

summarized as follows:
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The flow rate was arbitrarily adjusted and the discharge

measured at the thin plate weir.

Using the tail gate, the flow could be adjusted to obtain
uniform flow. Then using the cathetometer, flow uniformity

was checked and the flow depth established.

Applying Eq. (6.28) the depth of the maximum shear stress

could be calculated.

Using the point gauge, the movable roughened board was
adjusted and fixed firmly on the embedded cavity as shown in
Plate (6.7). This was done in such a way as to position the
instrumented particle at its specified 1level which was

calculated previously.

The space between the channel bed and the roughened board was

filled with suitable roughened slices shown in Plate (6.6).

In order to obtain accurate measurements, the time interyal
between setting the zero datum of the signal conditioner and
the data acquisition, should be kept to a minimum. To
achieve this condition, a woodén construction shown in Plate
(6.14) was designed and manufactured by the Author to cover
the roughened board during zero setting to keep this portion

as a dead flow zone.

The zero datum was obtained by the computer as the average of
1000 readings for both left and right load cells separately;
they were fed into the main computer programme then the
wooden construction was removed and within 5 to 10 seconds,
the measuring course was started by the computer to record

the acquired data.
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TABLE 6-1: RESULTS OBTAIBED FROM THE
SHEAR MEASUREMENTS
RUN FLOW FLOW DEPTH*OF MAX.
RATE DEPTH WALL SHEAR RATIO
NO a d Y
(y/d)
{m3/s) (m) (m)
1 0.0726 0.113 0.040 0.353
2 0.0962 0.134 0.042 0.314
3 0.1073 0.142 0.043 0.302
4 0.1271 0.156 0.050 0.320
5 0.1360 0.162 0.052 0.321
%) 0.1501 0.172 0.053 0.309
7 0.1570 0.176 0.051 0.290
] 0.1691 0.184 0.055 0.299

* DEPTH IS VERTICAL HEIGHT ABOVE BED.
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Plate (6-1) The differential pressure transducer
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Plate (6-9) The signal conditioner

Plate (6-10) The oscilloscope
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CHAPTER SEVEN

RESULTS OF THE FAILURE TESTS

7.1 INTRODUCTION

Bearing in mind that the deterministic and probabilistic
approaches discussed in Chapter Three were theoretically developed
on the basis of stability of a single particle, and that movement of
a single particle does not usually cause failure of the whole
protective layer, the current investigation was planned to establish
the conditions that promote failure as well as to predict the effect
of some major factors influencing it. To achieve these goals, six
modelled channels, protected with a layer consisting of free

particles, were designed, constructed and tested (see Chapter Five).

In this chapter, the results obtained from different tests
will be set forth, then the available deterministic and
probabilistic approaches will be clarified with a numerically solved
example by utilizing data obtained from one of the achieved runs.
In addition, to obtain most of the experimental measurement benefits
as well as to assess the applicability of the aforementioned
approaches for sizing riprap, the éide slope safety factor and
probability of adequacy will be worked out for each run of all the
tests; then the results obtained will be demonstrated separately for
each model. Finally, the detailed criteria developed for the flow
characteristics and flow resistance equations, which were found
necessary for defining the guidelines for the rest of the study,

will be presented.

7.2 TEST RESULTS

The models tested in this study may be classified, with

respect to their purposes, into the following two series:-

Series No. (1): The tests were conducted to investigate the failure

mode and to identify the hydraulic parameters at the threshold and
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failure flow conditions as well as to study the flow resistance of
the rough channels. Four models were constructed and tested during

this series.

Series No. (2): The tests were mainly conducted to investigate the

effect of utilizing sheet cloth filter and graded material on the
side slope riprap stability, and also to investigate the failure
process quantitatively. Two modelled channels were designed,

constructed and tested during this series.

During all the aforementioned tests, the stone movements were
observed and the failure recorded. Each run was started by passing
a small flow rate which gradually increased in steps until the
threshold and failure conditions were reached. In addition, it is
worth noting that each run lasted at least for one hour, whilst at
the final stages of every test, which can be distinguished by the
particle movements, each run was extended as long as the movement

took place,until all movement had ceased.

The results obtained from all the experimental tests may be

summarised as follows:

7.2.1 ‘Model Nos. (1,2 and 3)

In the case of these three models, the flume was run at
various flow rate steps up to 0.22 m3/s, (see Table 5.1). In spite
of the fact that the maximum discharge was applied for a day and
night, no failure was observed. This simply signifies that at the
maximum attainable flow rate, the effective shear force acting at

the top of the protective layer had not yet reached its critical

value.

On the other hand, at relatively low flow rates, some
particles, due to their unbalanced initial position, were displaced
to some other stable place in the downstream direction. In fact,
this phenomenon was expected as a result of the distinctive degree

of exposure of the particles to the fluid forces; these were
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entirely dependent on the relative shape and orientation of the
particles comprising the top layer of the riprap blanket. This
restricted movement may be said to be particle rearrangement rather

than actual movement due to the applied hydrodynamic forces.

7.2.2 Model Nos. (4 and 5)

These models were dimensionally similar to each other, but
the only difference was that a properly designed conventional filter
was employed in the case of Model No. (#), whilst a cloth sheet
filter was applied in the case of Model No. (5). These modelled
channels, with 0.0125 bed slope and 10.0m length were of trapezoidal
cross-section, 0.5m bed width and side slopes 1.5H:1.0V. A riprap
blanket equivalent to 1.5 particle diameter thick consisting of
uniform material with mean size 0.0207Tm was utilized in both models.

The mode of failure as well as the behaviour of particle

movements will be discussed firstly, then the results obtained will

be summarized separately.

During these tests, it was noticed that at relatively low
flow rates some of the less well supported particles were
individually displaced downstream to a second, more stable, position
so as to rearrange these particles. }As the rate of flow gradually
increased, the aforementioned stage was followed by some particles,
mainly from the top protective layer at the lower part of the side
slope blanket, tending to vibrate under the effect of the
hydrodynamic forces. When the flow was progressively increased,
occasional particles were observed to move. Despite the particles
being moved from the side slopes during the three previous stages,
the riprap blanket was working efficiently and withstood the applied

forces.

As the flow rate was progressively increased, another stage
was reached at which movement of one particle would expose some
shielded particles, within the same spot, to the flow currents. As
a result of this a new force system was established which caused
some less well supported particles to move. This distinctive stage,

which was reached at run No. MUR25 in the case of Model No. (4), and
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at M5R32 in the case of Model No. (5), was defined as the threshold

stage and its flow rate was called the threshold flow.

Thereafter, as ‘the flow increased, the rate of particle
removals was found to be approximately proportional to the increment
obtained in flow rate. A final stage was reached when the particles
comprising the protective layer began to move at a rate which
endangered the side slope stability. At this stage, the failure was
identified when at some places in the lower part of the side slopes
the stones covering were removed. Consequently, due to the
unbalanced forces developed by the removal of the protective layer
within these areas, the riprap blanket, within the upper part of the
side slope above the failure spots collapsed. This stage was
reached at run No. M4R33 in the case of Model No. (4), and M5R3b in
the case of Model No. (5). Some photos for the failure are shown in
Plates (7.1 and 7.2), for the case of Model No. (#4), and Plate
(7.3), for.the case of Model No. (5).

In order to confirm the results obtained in both models as
well as to determine the mode of failure in more detail, three more
failure tests were performed on each of the modelled channels. Each
test was started from the original condition which consequently
means that before each confirmation test the sand base and filter
layer materials were firstly checked, then the protective layer was
carefully applied with the designed thickness and finally the

channel cross-section was checked to conform to the original design.

During these tests, the aforementioned experimental procedure

was applied and the corresponding failure flows were as follows:

Failure Flow (m3/s)

Test No. Model Ne¢ . . Model No.
€D (5)

1 0.1794 0.1424

2 0.1825 0.1384

3 0.1853 0.1446

4 0.1769 0.1362
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7.2.3 Model No. (6)

A factor of considerable importance in the design of riprap
lined channels 1s the effect of the riprap gradation on the
stability of the riprap blanket. To establish this effect, the
model was constructed similar to that of Model No. (5), except that
a protective layer consisting of graded material was used. This
graded riprap mixture, with its gradation curve shown in Fig.
(5.19), was designed in such a way to have the same value of DSO as

that of the uniform riprap material used in the previous models.

It is obvious that in the case of a graded mixture, the
particles are separated from each other by a lesser distance than
for uniform material. On the other hand the interstices of the
larger particles in the mixture are usually filled by the smaller,
and when the layer is greater than one diameter thick, the particles
tend to overlap and to close the internal spaces through which the

side slope may have been exposed to direct flow currents.

Considering the tests conducted on the graded riprap lined
channel, performed on Model No. (6), the behaviour of particle
removals and consequently the failure processes were practically the
same as that observed during the previous models. But on the other
hand, it was noticed that when the rearrangement process was taking
place, some small particles, particularly those which were not
shielded by the larger particles, were directly washed out to the
downstream end of the channel. In addition, at higher flow rates,
where the hydrodynamic forces were capable of dislodging the medium
size particles, the particle movements were consequently causing
many smaller surrounding particles to move, This situation
permitted the threshold and failure conditions to occur faster than

in the case of uniform riprap particles.

As a result of the tests conducted on Model No. (6), failure
was attained at run No. M6R22, at flow rate 0.1296 m3/s. Plate
(7.4) shows the exposed area of the riprap blanket after the

failure.
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7.2.4 The Quantitative Study

In order to define the failure of the protective layer quan-
titatively, another study was simultaneously conducted on Model No.
(6). In this study, the protective layer was marked with eight
different coloured compartments as illustrated in Section (5.6.2).
So knowing the protective layer weight in each coloured area, the

particles removed within those compartments could be detected.

Bearing in mind that the principal failure was developed at a
distance upstream of the coloured compartments, and that the failure
occurring at the areas under consideration was only partially estab-

lished, the following results were obtained:

To establish a relationship between the riprap material
transported during the failure test and the original contents of
each compartment, the percentage of the particles transported was
worked out for each area separately,which in upstréam direction can

be given as

6% 20% |' 30% 2.1%
D/S u/s
11.4% | 25% 19.7% 6.4%

___w»_Bed level _

Obviously, the maximum percentage transport occurred at the upper
part of the protective blanket which collapsed due to the particle

movements within the lower part of the side slope.

Consideration is now directed to explaining the movemen’
behaviour and the manner in which the particles were transported
from within the riprap blanket. Undoubtedly, this manner is
dependent on the force system that governs the process which is a
complex function of time, space and properties of the particle under
consideration. In these circumstances, establishing the applied

forces on a representative particle is essential.
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For any particle situated on the side slope, the dominant
forces that regulate the beginning of motion were explained in
Chapter Two. But as the incipient motion takes place, particle
movement is governed by another éystem of forces. According to the
previous investigations discussed in Chapter Two (see Section 2.6),
Chepil, W.S. (1961), concluded that the 1lift force was at its
greatest only when the roughness element is on the bed surface and
diminishes rapidly with height and ceases to be measurable at a
short distance above the bed surface. Furthermore, a similar
conclusion, with respect to seepage force, was reported by Martin,
C.S8. (1970). Therefore, the only forces controlling the particle,
immediately after the initial movement, are the submerged weight and
drag force. But obviously the drag force exerted at this instant
would be magnified due to the flow velocity which in turn increases
rapidly with distance from the boundary. This explains the coloured

particles scattered on the side slope as shown in Plates (7.5) and

(7.6).

In addition, to clarify this phenomenon, the coloured
particles displaced from each compartment were located within the
neighbouring portions, then the angle between the scattered
particles and the vertical were roughly determined at between 26 and
48 degrees. Bearing in mind the wide range of particle sizes
contained in the riprap material, this result corroborates the
previous conclusion and indicates the large forces acting on the

riprap particles just after the initial motion had started.

7.3 DISCUSSION OF THE FAILURE TESTS

1 - According to the results obtained for different failure
tests, the most efficient design may be defined as that
permitting maximum flow rates before the complete failure.
Comparing the attainable failure flow rates in the three
tests, it is obvious that a riprap blanket consisting of
uniform material with a conventional filter beneath it, as
adopted in Model No. (4), is the optimum design for the
riprap lined channel. As a matter of fact, this result was

expected due to the following reasons:
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The properly designed conventional filter, which consisted of
a graded mixture, provided a rough foundation to the riprap
blanket which consequently enabled the protective layer to
withstand the applied hydrodynamic forces. On the other
hand, the failure tests performed on Model Nos. (5 and 6),
where a cloth filter was utilized, revealed the tendency of
particles to move immediately after the incipient motion had
taken place. This action reduced the time interval between
the threshold of movement and failure as well as inducing

failure earlier.

In the case of the riprap blanket comprising graded material,
the larger particles provided shelter for the smaller ones.
As a result, the ability of smaller particles to resist the
hydrodynamic forces increased, whilst the opposite is true
for the case of larger ones. Accordingly the resistance of
the whole mixture would be less than that of the uniform

material having the same mean size.

The durability of filter cloth has not yet been established
because it is only a recent product. In fact, the technical
properties of the filter used, wpich was selected to suit the
sand base grading satisfying Soth piping and permeability
requirements, have not changed through the course of the
experiment work. But on the other hand the relative rough-
ness of the filter cloth material, which is necessary for the
side slopes, was changed by the flow effect and became less
than previously. This variation may have caused another
type of failure which is likely to take place along the whole

side slope.

In fact, this type of faiiure occurred during the tests
conducted on Model No. (6) in which failure rapidly
established itself along about 4.0m of the left side slope as
shown in Plate (7.7). It is obvious that this failure was
developed due to the filter sliding on the side slope sand

base.

- 225 -



3 - During all the preceding failure tests, the particle movement
started within the lower part of the side slope. This was
obviously due to the shear stress exerted which, as experi-
mentally concluded, 1s a maximum at this part of the side

slopes.

7.4 COMPARISON OF THE EXPERIMENTAL RESULTS

It was suggested that to obtain the most advantage from the
experiments as well as to apply the deterministic and probabilistic
approaches, which were discussed in Chapter Three, the results
obtained from the preceding investigation should be compared with

those obtained by applying the various approaches.

In the Author's opinion, the comparison test would be accom-
plished by determining the side slope safety factor and probability
of adequacy for a given flow condition in each run of the conducted
tests, then as a result of this, the appropriate approach would be
identified. But in order to set forth these approaches in greater
detail, the procedure used for determining the mean safety factor
and the probability of adequacy for one of the observed runs will be
presented numerically. Then the results obtained for all the tests

will be as follows: i

7.4.1 The Deterministic Approach

In this study, Jjudgement of riprap stability will be
considered from the standpoint of the eight approaches discussed in

Section (3.3), namely:

Method No. (1): USBR, Lane, E.W. (1953)

Method No. (2): Stevens, M.:. and Simons, D.B. (1971)
Method No. (3): Stevens, M.A. and Simons, D.B. (1976)
Method No. (4): Stevens, M.A. and Simons, D.B. (1976)
Method No. (5): Ruh-Ming, L. et al. (1976)

Method No. (6): Ruh-Ming, L. and Simons, D.B. (1979)
Method No. (7): Samad, M.A. (1978)

Method No. (8): Samad, M.A. (1978).
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To illustrate the aforementioned approaches, a sample of
calculation is numerically provided by utilizing the data obtained
from Model No. (1), Run No. M1R25. This data may be summarised as

follows:

A -~ Water properties

Density b = 999.276 (Kg/m)
Kinematic viscosity V= 0.117 x 1072 (n°/sec)
Water temperature T = 14.0 %C

B - Channel cross-section

Bed width B, = 0.4 (m)
Bed slope - - Sy = 0.005
Side’slope 1.5H ¢ 1V
Side slope angle 8 = 33.69O

C - Rock properties

Dpy = 0.02177 (m)
D50 = Q.0207 (m)
Dog = 0.02155 (m)
Specific gravity Sg = 2.66

Angle of repose ¢ = 36.5°

D -~ Flow condition

Flow rate Q = 0.1281 (m3/s)
Average water depth Vo = 0.22 (m)

Water surface slope \Sw = 0.00488

Energy slope (Eq.5.9) Se = 0.00493

Water depth correction Ay = 0.013 (m)

Bed width correction AB = 0,008 (m)
Actual water depth y = yo+by = 0.233 (m)
Actual bed width B = Bo+AB = 0.408 (m)
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E - Hydraulic results

Cross-section area A = 0.1768 (m2)
Wetted perimeter P = 1.249 {(m)
Hydraulic radius R = %— = 0.1416 (m)
Average velocity u o= %%\ = 0.724  (m/s)
Shear velocity us = YgRS, = 0.0827 (m/s)
Reynolds number Ry = fg;l = 350453.7
Froude number Fp. = a_ = 0.6148

YgR

7.84.1.1 Calculation procedure

The following procedure was used to determine the side slope
safety factor for all the available approaches by using the symbols

mentioned in Chapter Three.

7.4.1.1.1 Method No. (1)

In this method, Eqs. (3.11 to:3.15) should be utilized to

obtain

Eq. (3.13) T, = 17.22 (N/m?)
Eq. (3.14) K = 0.361
Eq. (3.15) g = 6.217  (N/m?)

B/y = 1.75

Cp = 0.729 (Fig. 3.5)
Eq. (3.11) g = 8.213  (W/n?)

SF = TSB/ToB = 0.757

7.4.1.1.2 Method No. (2)

In this method Egs. (3.21 to 3.25) should be utilized as

follows:
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(3.23)
(3.25)
(3.24)
(3.22)
(3.21)

Eq.
Eq.
Eq.
Eq.
Eq.

T.4.1.1.3

nt
SF

Method No. (3)

Equations

following:

(3.41)
(3.45)
(3.48)
Eq. (3.47)
Eq.. (3.42)

Eq.
Eq.
Eq.

(3.41

to 3.48) should be applied to obtain the

7.8.1.1.4 Method No. (#)

In this method Egs.

follows:

33)
37)
36)
35)
34)
32)
31)

(3.
(3.
(3.
(3.
(3.
(3.
(3.

Eq.
Eq.
Eq.
Eq.
Eq.
Eq.
EqQ.

(3.31

=~

W3 . W

SF

7.4.1.1.5 Method No. (5)

1

1]

0.3017
11.4°
78.6°
0.1806
0.9088

0.556
0.2749
10.39 ©
0.162
0.9249

111099
0.361
6.83
2.4692
0.1536
0.2049
1.002

(m/sec)

to 3.37) should be utilized as

(N/m?)
(N/m2)

The following equations should be used:

Eq. (3.51)

(3.52)

Eq. (3.50)
(3.49)

EqQ.

Eq;

W
B
8

T
SF
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7.4.1.1.6 Method No. (6)

The following equations should be used:

Eq. (3.51) W= 0.088 (N)

B = 2.85
Eq. (3.54) § = 9.709 x 10" (m?)
Eq. (3.50) T = 4.2814  (N/m2)
Eq. (3.49) SF = 0.927

7.4.1.1.7 Method No. (7)

The following equations should be used:

3.37 x 10=4 (m2)

Eq. (3.56) A =
Eq. (3.59) ux = 0.065 (m/sec)
Eq. (3.58) ugg = 0.386 (m/sec)
Eq. (3.61) Rx = 1157.6
B = 2.414  (Fig. 3.10)
Eq. (3.51) W = 0.088 (N)
Eq. (3.57) P, = 13.26  (N/m?)
Eq. (3.55) SF = 1.042

7.4.1.1.8 Method No. (8)

The following equations should be utilized:

Eq. (3.51) W = 0.088 (N)
Eq. (3.59) ux = 0.065 (m/sec)
Eq. (3.61) R = 1157.6

B = 2.414 (Fig. 3.10)
Eq. (3.50) § = 1.08 x 1073 (m?)
Eq. (3.50) T o= 4,281 (W/mP)
Eq. (3.49) SF = 0.936
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7.4.1.2 Results

Since the calculation procedure for each method has been
demonstrated, consideration is now directed to the comparison test
in which the side slope safety factor is derived by all the
available deterministic approaches for each run of the experimental
tests. The values predicted for the safety factor are listed in

Tables (7.1) to (7.6), and plotted in Figs. (7.1) to (7.24).

7.4.1.3 Discussion

As a result of the comparison test conducted in this study

one may conclude that:

1 - Bearing in mind that no failure was established during the
first three model tests, and the protective layers were work-
ing efficiently in spite of running the test continuously
overnight with maximum attainable flow, the side slope safety
factors predicted by all the methods were less than unity.
This principally revealed that in the viewpoint of all these
methods, failure should have occurred. On the other hand,
the only result in accordance with the experiments was that
obtained by Method No. (7), developed by Samad (1978). 1In
this method the predicted safety factor for Model No. (1) in
the case of maximum flow rates was equal to 1.022, whilst in
the case of Model Nos. (2 and 3), the safety factors
predicted by the same method were less than unity as shown in

Tables (7.1) to (7.3), and Figs. (7.1) to (7.12).

2 - In the case of the other three models, failure was finally
established at the last run in all the tests. But, the
results obtained by all the applied approaches indicated that
failure should occur at 1lower discharges than those
registered in the experiments. Moreover, in the case of run
No. (1), most of the safety factor predictions were much less
than unity. This accordingly implied that the failure should
be established immediately at the beginning of each test,

which contradicts the experimental results.
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It was also realized from this test that the results
predicted by Method No. (4), developed by Stevens and Simons
(1976), and No. (7), developed by Samad (1978), were close to
that obtained from the experimental tests. Applying these
two approaches, the side slope safety factors predicted for

the last run of all the models were as follows:

Model No.| (1) (2) (3) (4) (5) (6)

Method 4 |0.970 0.889 0.9M1 0.878 0.900 0.909

Method 7 |1.022 0.994 0.986 0.936 0.941 0.979

In addition, to obtain more benefit from the results as well
as to examine these approaches, another comparison test was
conducted. In this test the flow conditions, at threshold
and failure stages for Model Nos. (4),(5) and (6), were
utilized as input data for all the available deterministic
approaches. This mathematical test was carried out for a
wide range of particle size which was varied from 0.01m to
0.40m with increment 0.002m, ‘then the side slope safety
factor corresponding to every particle size was determined.
The results obtained from this test are depicted in Figs.

(7.25) to (7.30) which revealed that:

Only Method Nos. (1),(2),(4) and (7) listed overleaf embraced
the line at which the factor of safety is equal to unity.
This implied that the other Method Nos. (3),(5),(6) and (8),
always predict failure whatever the particle size, which

contradicts the experimental results.

In order to determine the recommended particle size, by the
Method Nos. (1),(2),(4) and (7), at which the movement should
be established, the particle size at which the corresponding

factor of safety is equal to one was determined as follows:
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Mean Particle Size Dgg(m)
Method| Model No. (4) Model No. (5) Model No. (6)
Threshold| Failure | Threshold | Failure | Threshold | Failure
1 0.052 0.060 0.049 0.051 0.035 0.039
2 0.228 0.245 | 0.216 0.236 0.105 0.121
4 0.043 0.047 0.041 0.042 0.029 0.033
7 0.070 0.080 0.068 0.079 0.021 0.025

Therefore, bearing in mind that the riprap material used
during the experimental work was D50 equal to 0.207m, one may
conclude that the recommended particle sizes by the four methods,
for the given flow conditions at the theshold and failure flows, are

always greater than that used in the experimental tests.

This wide variation in the mean particle size predicted by
various methods reflects the manner in which these approaches were
developed, which are principally based on theoretical considerations
and have not been tested with real measurements. It is also

revealed that these methods are too conservative and not economic.

7.4.2 The Probabilistic Approach

In this study, side slope stability was considered from the
viewpoint of four probabilistic approaches discussed in Chapter

Three which can be listed as

Method No. (1) Ruh-Ming, L. et al. (1976)

Method No. (2) Ruh-Ming, L. and Simons, D.B. (1979)
Method No. (3) Samad, M.A. (1978)

Method No. (4) Samad, M.A. (1978)

Along with the preceding example presented in Section (7.4.1)
for the deterministic approach, the same data given in this section

will be used to illustrate the utilized probability methods.
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7.4.2.1 Calculation procedure

The following procedure was used to determine the side slope
probability of adequacy by using the symbols mentioned in Chapter

Three.

T.4.2.1.1 Method No. (1)

The following set of equations are utilized:

B = 0.85
Eq. (3.66) § = 0.023 ft2
Eq. (3.68) A, = 6.602B-3 1b
Eq. (3.69) A, = 0.604  1b
Eq. (3.70) Ay = 0.071
Eq. (3.71) To = 0.0631 1b/ft?
Eq. (3.59) ug = 0.2145 ft/sec
Eq. (3.72) £ = 0.0652
Eq. (3.73) o/t = 2.076
Eq. (3.74) T = 0.089  1b/ft°
Eq. (3.75) 6, = 2.3039
Eq. (3.76) = -2.53
Eq. (3.77) aQ, = -0.099
Eq. (3.78) P = 0.4606

7.4.2.1.2 Method No. (2)

The following equations would be used

g = 2.85
Eq. (3.79) § = 2.TUE-4 ft2
Eq. (3.81) Ay = 0.022 1b
Eq. (3.82) A, = -3.447 1b
Eq. (3.83) Ay = 0.0714
Eq. (3.84) Fo = 4.87  1b/ft?
Eg. (3.85) us = 0.2145 fr/sec
Eq. (3.86) ug = 9.45 E-4
Eq. (3.87) Og = 3-487E-}
Eq. (3.88) a, = -1.313
Eq. (3.89) P = 0.0955
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7.4.2.1.3 Method No. (3)

During this method, the following equations would be utilized:

Eq. (3.85) ug = 0.0654 m/sec
Eq. (3.101) Rx = 1157.59

B = 2.4 (Fig. 3.10)
Eq. (3.56) AL = 3.367E-4 n®
Eq. (3.91) P, = 0.6866
Eq. (3.92) P, = 0.1883
Eq. (3.90) P, = 18.24 N/m?
Eq. (3.58) ugg = 0.386 m/sec
Eq. (3.57) P = 13.235  N/m°
Eq. (3.93) g = 4,704
Eq. (3.94) q, =  1.0505
Eq. (3.95) P = 0.853

7.4.2.1.4 Method No. (#)

The following equations should be used:

Eq. (3.103) § = 1.082E-3 n?
Eq. (3.104) T L 22 N/mP
Eq. (3.106) P o= 33151  N/m?
Eq. (3.97) Cy = 0.083 N
Eq. (3.98) Cp = -2.193

Eq. (3.99) C3 =  0.0714

Eq. (3.96) 4= 2.350  N/m@
Eq. (3.107) P, = 18.24 N/m?
Eq. (3.108) c = 11.93

Eq. (3.109) Q, = -1.249

Eq. (3.110° P=  0.106

T-4.2.2 Results

The procedure applied previously was used to compare the

experimental and predicted results. In this test, the data obtained
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from each run of all the tests were utilized to predict the

probability of adequacy by the four methods. The values obtained in
this test are listed in Tables (7.7) to (7.12) and plotted in Figs.
(7.31) to (7.36).

7.4.2.3 Discussion

As a result of the comparison test conducted in this study,

one may conclude that

2 -

The predictions obtained by both Method Nos. (2) and (4),
were approximately the same and very close to the zero for
all the six models. This implied that their predictions were
in the same order regardless of whether the failure was not
established, as in the case of the first three models, or it

did occur, as in the case of the last three models.

The values predicted by Method No. (3), were in agreement
with the experimental results only in the case of Model No.
(1), whilst in the case of Model Nos. (2) and (3), the
probability of adequacy at the maximum flow were 0.3081 and
0.2558, respectively. Moreover, the same method predicted
the failure occurrence at th; very beginning of the tests
conducted on the last three models which contradicts the

experimental results.

The probability of adequacy predicted by Method No. (1) can
be said to be approximately following the same trend. In
other words for all six models, the prediction at the
beginning of each test was more than 0.6 and rapidly
decreased, as the flow rate increased, up to the range of

0.38 to 0.46 in th. case of the maximum rate.
Since the first two methods were only applicable in (fps)

system, therefore the given data for each run was converted

to permit the exact solution.
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7.5 HYDRAULIC RESISTANCE

Regarding the models <constructed during the current
investigation, two distinctive types of channel roughness were

utilized;

1 - A wetted perimeter covered with a homogeneous roughness, as
in Model Nos. (1) and (2). In these models, the entire
cross-section was protected with a uniform free rock layer
equivalent to 1.5 times the mean rock diameter thickness.
The only difference was the bed slope, which was 0.005 in the
case of Model No. (1) and 0.008 in the case of Model No. (2).

2 - A wetted perimeter covered with a non-homogeneous roughness,
as in Model Nos. (3) to (6). In these models, the side
slopes were protected similar to those in the first two

models, whereas the bed was covered with a sheet cloth

filter.

Therefore, due to the principal distinction between the two
types, it was decided to study the flow resistance of each type

separately.

Also to identify the flow characteristics along with the flow
resistance formulae in more detail, each of the resistance
coefficientsand the controlling hydraulic parameters were worked out
separately for each run of the models tested. These results are

listed in Tables (7.13) to (7.18), in which

Q is the flow rate (m3/sec);
Y is the flow depth (m);
is the bed slope;

So
S, 1s the observed water surface slope;
Se is the energy slope;
Re 1is the Reynolds number;
Fp  is the Froude number;
n is the Manning resistance coefficient (sec/m %)
t is the Darcy-Weisbach friction factor;
and C is the Chezy coefficient (m%/sec).
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The flow characteristics and hydraulic resistance formulae
developed during the current investigation can be summarized as

follows:

7.5.1 Manning and Chezy Resistance Coefficients

As mentioned by Chow, V.T. (1959), there are many important
formulae for the determination of either Manning or Chezy resistance

factors. But, for the case in hand, the following equations were

utilized
n = A Rz/ssi/Q (7.1
c = @/ (a RS, ) (7.2)
in which
A is the effective cross-section area;
and R is the hydraulic radius.

Since both the resistance coefficients were determined over a
wide range of flows, accordingly the results obtained also varied
successively with the flow variatioﬁ. Therefore, the technique
developed by Overton, D.E. (1967), for flow resistance analysis was
adopted, because his technique is applicable to all types of

boundary conditions of prismatic channels.

According to this technique, to determine Manning coefficient
in Eq. (7.1), the flow rate Q, should be plotted against A;@ Si,
then the value 1/n, would be determined as the slope of the line.
Also the same procedure can be applied to obtain the value C by
plotting Q against A(RSe)%. Using a linear least squure technique,
the results obtained for Manning n and Chezy C are depicted in Figs.

(7.37 to 7.42), which may be summarized as follows:
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No | Fig. Model n l Corr. Intercept Standard Eq.
No. (sec/m 3)coerrt. of Y axis | error No.

1 (7.37) (1)&(2) 0.0276 0.9915 -0.0031 0.0078 (7.3)
2 1(7.39) (3) 0.0284 | 0.998 0.0054 0.0034 | (7.4)
3 ((7.41))(4),(5)&(6)] 0.0254 0.9995 0.0033 0.00138 | (7.5)
No| Fig. Model C Corr. Intercept Standard Eq.
No. (m%/s) Coeff. of Y axis | error No.

1 [(7.38)] (1)&(2) 27.49 0.9898 -0.0092 0.00858 | (7.6)
(7.40) (3) 26.74 0.998 -0.0026 0.00343 | (7.7)

3 [(T7.42) [ (4),(5)&(6)] 28.37 0.9994 -0.0018 0.00156 | (7.8)

7.5.2 Darcy-Weisbach Resistance Factor

It was found during the invegtigation conducted in Chapter
Four that the Darcy-Weisbach resistance factor is widely used for
measuring the resistance to flow in open channels. Also through the
dimensional analysis presented in Section (4.2), the resistance to

flow formula was found to be well defined as

1/ E = ¢ (R/Dgy) (7.9)
in which
R/DSO is the relative roughness parameter.

In addition, it was shown that when a fully developed turbu-

lent flow takes place over rough boundaries, as the case in hand,

the friction factor parameter, 1/ Yf, would be directly related to
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the relative roughness parameter, R/DSO‘ In this case the
resistance equation may be expressed by a power (monomial) type

equation

1//f = G(R/Dg)" | (7.10)

in which G and m are parameters that may be determined for each

particular case.

As a matter of fact, many attempts have been made to develop
a resistance formula in the semi-logarithmic form. But the best
fitting was determined by the power type formula which for Model

Nos. (1)and (2)was developed as

17 /£ = 1.259 (R/DSO)O‘”“57 (7.11)

Equation (7.11), is plotted in Fig. (7.43)

Taking into account that
V8/f = u/ux = C/ Vg (7.12)

Eq. (7.11) can be written as 3

Ww/ux = 3.561 (R/Dgg) 0t 427 (7.13)

or

CAE = 3.561 (R/Dgg) 0" 457 (7.14)

In addition, the resistance formula developed for the case of

Model Nos. (4), (5) and (6) was:

1//F = 2,996 (R/DSO)O‘030u3 (7.15)

This equation, which is plotted in Fig. (7.44) can also be

written as

U/ux = 8L4TH2 (R/Dgq)0-03043 (7.16)

or

C/vE = 8.4742 (R/D50)0'030u3 (7.17)
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7.5.3 Discussion

In this part of the study, the models tested were divided,

with respect to roughness distribution, into two main divisions,

then the friction factors as well as the resistance equations

developed for each division were presented. Therefore the main

conclusion can be summarized as follows:

It is worth mentioning that the results obtained for Model
Nos. (3) to (6), were not comparable. This is principally
due to the difference in roughness of the channel side slope
and the bed. Therefore, the comparison will be limited to

the results obtained for the first two models.

Due to the technique utilized for determination of Manning
and Chezy resistance coefficients, the results obtained were,
in the Author's opinion, excellent fits and highly correlated

with an acceptable small intercept.

In the case of Model Nos. (1) and (2), the value obtained
from Manning's n was found in agreement with the values
listed by Chow, V.T. (1959), for rough streams, and the value
obtained, which is given by qu (7.3), can be written in the

form
= ( % 8.98 (7.18)
n = D50) /1 -9 o
in which Dgy is the mean particle size in (m).

It was found during the investigation that both Manning's n
and Chezy's C are independent of the slope of the channel

bed.
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TABLE 7 -1 : SUMMARY OF THE PREDICTED SIDE SLOPE

SAFETY FACTORS FOR MODEL NO.(1)

RUN FLOW WATER CALCULATED SIDE SLOPE SAFETY FACTOR
NO RATE DEPTH | METHOD| METHOD| METHOD| METHOD| METHOD| METHOD{ METHOD| METHOD
(m3/s) (m) (1) (2) (3) (4) (5) (6) (7} (8)

MIR 1] 0.017 0.098 1.727 1.057 1.060 1.054 1.079 1.064 1.093 1.071
MIR 2} 0.021 0.107 1.465 1.043 1.046 1.045 1.069 1.051 1.088 1.05%
M1R 37 0.027 0.115 1.377 1.027 1.032 1.042 1.059% 1.038 1.083 1.046
MIR 4} 0.033 0.124 1.252 1.010 1.016 1.036 1.048 1.022 1.077 1.030
M1R 5| 0.035 0.132 1.186 1.014 1.020 1,033 1.051 1.027 1.079 1.035
M1R 6] 0.039 0.137 1.135 1.005 1.012 1.030 1.045 1.019 1.076 1.027
MIR 7] 0.045 0.146 1.047 0.997 1.005 1.025 1.039% 1.011 1.073 1.020
MIR 8] 0.048 0.153 1.062 0.998 1.006 1.027 1.041 1.013 1.073 1.021
M1R 9{ 0.056 0.160 0.979 0.977 0.987 1.021 1.026 0.993 1.066 1.002
M1R10] 0.061 0.165 0.987 0.971 0.981 1.022 1.021 0.987 1.064 0.996
MIR11{ 0.064 0.168 0.947 0.962 0.973 1.019 1.014 0.979 1.061 0.388
M1R12] 0.067 0.174 0.917 0.965 0.976 1.016 1.017 0.982 1.062 0.991
M1R13{ 0.072 0.179 0.898 0.957 0.968 1.015 1.011 0.974 1.059 0.983
M1R14{ 0.076 0.187 0.844 0.962 0.973 1.010 1.015 0.979 1.061 0.988
M1R1S5{ 0.081 0.191 0.859 0.953 0.965 1.012 1.008 0.971 1.058 0.980
M1R16} 0.085 0.196 0.908 0.949 0.962 1.017 1.005 0.967 1.056 0.976
M1R17] 0.089 0.200 0.861 0.950 0.962 1.013 1.006 0.968 1.057 0.977
M1R18) ©0.092 0.204 0.845 0.945 0.958 1.012 1.002 0.963 1.055 0.972
M1R19§ 0.098 0.209 0.829 0.939 0.952 1.010 0.997 0.957 1,053 0.966
M1R20| 0.106 0.216 0.763 0.929 0.943 1.002 0.989 0.947 1.049 0.956
M1R21| 0.108 0.219 0.770 0.929 0.943 1.003 0.989 0.947 1.049 0.956
M1R221 0.113 0.221 0.716 0.923 0.938 0.596 0.985 0.9541 1.047 0.950
M1R23] 0.119 0.227 0.779 0.913 0.934 1.005 0.982 0.938 1.046 0.947
M1R24| 0.124 0.232 0.738 0.916 0.932 0.999 0.979 0.935 1.044 0.944
M1R25f 0.128 0.233 0.756 0.909 0.925 1.002 0.973 0.927 1.042 0.936
MiIR26{ 0.134 0.238 0.724 0.903 0.920 0.998 0.968 0.921 1.039 0.930
M1R27| 0.139 0.242 0.734 0.903 0.919 0.999 0.968 0.921 1.039 0.930
M1R28| 0.144 0.247 0.703 0.902 0.919 0.995 0.968 0.921 1,039 0.929
M1R29( 0.148 0.253 0.699 0.904 0.921 0.9385 0.969 0.923 1.040 0.932
MIR30] 0.155 0.258 0.660 0.897 0.91s 0.989 0.964 0.916 1.037 0.925
MIR31} 0.160 0.262 0.673 0.897 0.915 0.991 0.964 0.916 1.037 6.925
MlR32} 0.167 0.265 0.629 0.889 0.907 0.983 ).956 0.907 1.034 0.916
M1R33} 0.172 0.268 0.649 0.885 0.903 6.987 0.953 0.903 1.033 0.912
M1R34} 0.177 0.273 0.638 0.884 0.902 0.985 0.952 0.902 1.032 0.910
M1R35| 0.184 0.277 0.645 0.880 0.898 0.987 0.948 0.897 1.030 0.906
M1R36| 0.189 0.281 0.640 0.880 0.898 0.986 0.948 0.897 1.030 0.906
M1R37| 0.194 0.286 0.624 0.878 0.897 0.984 0.947 0.895 1.030 0.904
M1R38} 0.202 0.291 0.615 0.875 0.895 0.982 0.945 0.893 1.029 0.901
M1R39{ 0.214 0.294 0.557 0.859 0.880 0.970 0.930 0.875 1.022 0.884
M1R40| 0.219 0.298 0.557 0.858 0.879 0.970 0.929 0.874 1.022 0.883
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TABLE 7-2 : SUMMARY OF THE PREDICTED SIDE SLOPE

SAFETY FACTORS FOR MODEL NO.(2)

RUN FLOW HWATER CALCULATED SIDE SLOPE SAFETY FACTOR
NO RATE | DEPTH METHOD| METHOD| METHOD{ METHOD| METHOD| METHOD| METHOD{ METHOD
(m3/3) (m) (1) (2) (3) (4) (9) (6) (7) (8)

M2R 1} 0.057 0.146 0.733 0.934 0.946 0.991 0.591 0.950 1.050 0.960
M2R 2] 0.072 0.163 0.645 0.909 0.923 0.978 0.972 0.925 1.041 0.935
M2R 3| 0.074 0.163 0.681 0.906 0.920 0.984 0.969 0.922 1.040 0.932
M2R 4] 0.094 0.184 0.570 0.885 0.901 0.965 0.951 0.900 1.032 0.%10
MZ2R 5§ 0.111 0.199 0.525 0.863 0.881 0.956 0.931 0.877 1,023 0.887
M2R 6} 0.119 0.208 0.504 0.865 0.884 0.951 0.934 0.880 1.024 0.890
M2R 7| 0.137 0.221 0.467 0.846 0.866 0.940 0.916 0.859 1.016 0.868
M2R 8] 0.143 0.226 0.456 0.842 0.863 0.937 0.913 0.855 1.015 0.864
MZR 8} 0.146 0.229 0.461 0.845 0.865 0.939 0.915 0.858 1.016 0.868
M2R10] 0.156 0.237 0.372 0.838 0.859 0.903 0.909 0.851 1.013 0.860
M2R11] 0.162 0.239 0.462 0.828 0.850 0.940 0.899 0.839 1.009 0.848
M2R12] 0.167 0.244 0.374 0.829 0.8590 0.504 0.500 0.840 1.009 0.849
M2R13] 0.177 0.249 0.389 0.817 0.839 0.912 0.888 0.825 1.004 0.834
M2R14| 0.184 0.256 0.393 0.819 0.841 0.914 0.890 0.828 1.005 0.837
M2R1S] 0.194¢ 0.262 0.405 0.815 0.837 0.920 0.886 0.823 1.003 0.832
M2R16] 0.199 0.266 0.398 0.814 0.836 0.917 0.885 0.822 1.003 0.831
M2R17{ 0.206 0.271 0.395 0.813 0.836 £.916 0.884 0.821 1.002 0.831
M2R18} 0.215 0.291 0.428 0.848 0.869 0.931 0.919 0.862 1.017 0.872
M2RI9| 0.213 0.278 0.371 0.819 0.842 0.906 0.891 0.829 1.005 0.838
M2R20] 0.217 0.274 0.340 0.794 0.818 0.889 0.865 0.799 0.994 0.807
M2R21} 0.216 0.273 0.339 0.785 0.819 0.889 0.865 0.800 0.994 0.808
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TABLE 7 - 3 : SUMMARY OF THE PREDICTED SIDE SLOPE

SAFETY FACTORS FOR MODEL NO.(3)

RUN FLOW | WATER CALCULATED SIDE SLOPE SAFETY FACTOR
NO RATE DEPTH METHOD| METHOD| METHOD| METHOD| METHOD{ METHOD| METHOD{ METHOD
(m3/8) (m) (1) (2) C(3) (4) (5) (6) (7) (8)

M3R 1| 0.043 0.108 0.886 0.901 0.913 1.004 0.962 0.914 1.036 0.925
M3R 2| 0.055 0.125 0.768 0.891 0.905 0.991 0.955 0.905 1.033 0.916
M3R 3} 0.063 0.134 0.772 0.870 0.887 0.993 0.937 0.884 1.025 0.895
M3R 4] 0.079 0.153 0.653 0.862 0.880 0.976 0.930 0.876 1.022 0.887
M3R 5| 0.085 0.162 0.616 0.866 0.884 0.970 0.935 0.881 1.024 0.892
M3R 6} 0.092 0.166 0.617 0.847 0.867 0.971 0.917 0.860 1.016 0.871
M3R 7] 0.098 0.171 0.574 0.844 0.865 0.962 0.915 0.857 1.016 0.869
M3R 8] 0.107 0.180 0.570 0.834 0.855 0.962 0.905 0.846 1.011 0.858
M3R 9| 0.114 0.188 0.556 0.836 0.857 0.960 0.907 0.848 1.012 0.860
M3R10j 0.128 0.197 0.530 0.819 0.842 0.954 0.891 0.829 1.005 0.840
M3R11} 0.135 0.203 0.497 0.816 0.839 0.946 0.888 0.826 1.004 0.837
M3R12} 0.139 0.210 0.470 0.827 0.850 0.938 0.899 0.839 1.008 0.851
M3R13} 0.142 0.212 0.466 0.825 0.848 0.937 0.897 0.836 1.008 0.848
M3R14§ 0.151 0.219 0.461 0.818 0.841 0.936 0.890 0.828 1.005 0.840
M3R15| 0.161 0.223 0.458 ‘0.802 0.827 0.936 0.874 0.810 0.998 0.821
M3R16| 0.171 0.233 0.435 0.806 0.831 0.928 0.879 0.815 1.000 0.826
M3R17) 0.178 0.237 0.428 0.800 0.825  0.926 0.872 0.807 0.997 0.818
M3R18] 0.192 0.248 0.408 0.799 0.824 0.918 0.872 0.807 0.997 0.818
M3R19] 0.196 0.253 0.392 0.805 0.830 0.912 0.878 0.814 1.000 0.826
M3R20{ 0.211 0.257 0.362 0.780 0.807 0.898 0.852 0.784 0.988 0.795
M3R21{ 0.216 0.260 0.392 0.778 0.805 0.912 0.849 0.781 0.987 0.792
M3R22{ 0.222 0.263 0.389 0.775 0.801 0.911 0.846 0.777 0.986 0.787
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TABLE 7—4 : SUMMARY OF THE PREDICTED SIDE SLOPE

SAFETY FACTORS FOR MODEL NO.(4)

CALCULATED SIDE SLOPE SAFETY FACTOR

RUN FLOW HATER
NO RATE DEPTH METHOD| METHOD| METHOD| METHOD|{ METHOD| METHOD| METHOD} METHOD
(m373) (m) (1) (2) (3 (4) (5) (6} (7) (8)

M4R 1§ 0.061 0.102 0.655 0.774 0.795 0.962 0.838 0.768 0.983 0.777
M4R 2§ 0.063 0.103 0.644 0.766 0.787 0.960 0.829 0.758 0.979 0.766
M4R 3} 0.065 0.107 0.620 0.779 0.800 0.956 0.845 0.775 0.985 0.784
M4R 4| 0.066 0.109 0.610 0,775 0.798 0.954 0.841 0.772 0.984 0.781
M4R 5f 0.073 0.112 0.597 0.747 0.771 0.952 0.810 0.735 0.970 0.743
M4R 6{ 0.077 0.116 0.573 0.747 0.772 0.947 0.810 0.736 0.971 0.744
M4R 7} 0.080 0.119 0.560 0.745 0.771 0.944 0.809 0.735 0.970 0.743
M4R 8{ 0.081 0.122 0.548 0.752 g.778 0.941 0.817 0.744 0.974 0.752
M4R 9¢ 0.084 0.125 0.535 0.754 0.780 0.938 0.820 0.747 0.975 0.756
M4R10| 0.090 0.127 0.527 0.728 0.756 0.936 0.790 0.713 0.962 0.720
M4R11{ 0.091 0.129 0.517 0.737 0.765 0.934 0.802 0.726 0.967 0.734
M4R12| 0.096 0.134 0.498 0.736 0.764 0.929 0.801 0.725 0.967 0.733
M4R13] 0.102 0.137 0.488 0.719 0.749 0.927 0.781 0.703 0.958 0.710
M4R14] 0.103 0.142 0.474 0.743 0.772 0.922 0.810 0.736 0.971 0.744
M4R1S| 0.104 0.139 0.482 0.718 0.747 0.925 0.780 0.701 0.958 0.708
M4R16( 0.110 0.146 0.459 0.730 0.759 0.918 0.795 0.718 0.964 0.726
M4R17] 0.116 0.150 0.447 0.724 0.754 0.914 0.789 0.711 0.961 0.719
M4R1B] 0.121 0.153 0.439 0.712 0.743 0.911 0.774 0.695 0.955 0.702
M4R19} 0.125 0.156 0.432 0.710 0.742 0.909 0.773 0.693 0.955 0.700
M4R20| 0.132 0.159 0.423 0.694 0.726 | 0.906 0.752 0.669 0.946 0.676
M4R211 0.135 0.161 0.417 0.692 0.725 0.904 0.751 0.668 0.945 0.674
M4R22| 0.142 0.165 0.410 0.681 0.715 0.901 0.737 0.652 0.939 0.658
M4R23| 0.144 0.167 0.403 0.687 0.721 0.898 0.745 0.661 0.943 0.667
M4R24} 0.148 0.170 0.396 0.688 0.722 0.896 0.748 0.662 0.943 0.669
M4R25| 0.149 0.172 0.393 0.690 0.724 0.895 0.749 0.666 0.945 0.672
M4R26] 0.153 0.172 0.393 0.677 0.711 0.89S 0.732 0.646 0.937 0.652
M4R27] 0.153 0.174 0.389 0.683 0.717 0.893 0.739 0.655 0.940 0.661
M4R28| 0.156 0.175 0.386 0.676 0.711 0.892 0.731 0.645 0.937 0.651
M4R29] 0.158 0.177 0.383 0.678 0.712 0.890 0.733 0.647 0.938 0.653
M4R30¢{ 0.161 0.179 0.377 0.679 0.714 0.888 0.735 0.650 0.939 0.656
M4R31)] 0.168 0.184 0.368 0.681 4,716 0.884 0.738 0.653 0.940 0.659
M4R32} 0.176 0.189 0.359 0.674 0.709 0.880 0.729 0.643 0.936 0.649
M4R33! 0.179 0.191 0.355 0.673 0.709 0.878 0.729 0.642 0.936 0.648
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TABLE 7-5 SUMMARY OF THE PREDICTED SIDE SLOPE
SAFETY FACTORS FOR MODEL NO. (S5}
RUN FLOW | WATER CALCULATED SIDE SLOPE SAFETY FACTOR
NO RATE | DEPTH | METHOD{ METHOD| METHOD| METHOD{ METHOD| METHOD| METHOD| METHOD
(m3/8) (a) (1) (2) (3) (4) (S) (6) (7) (8)

MSR 11 0.012 0.035 1.894 0.891 0.870 1.048 |} 0.920 0.863 1.018 0.871
MSR 2§ 0.013 0.037 1.790 0.893 0.874 1.045 | 0.925 0.869 1.020 0.877
M5R 3] 0.019 0.050 1.329 0.874 0.869 1.026 | 0.919 0.862 1.018 0.870
MSR 4| 0.022 0.054 1.242 0.861 0.859 1.021 0.909 0.851 1.013 0.858
MSR 5] 0.023 0.056 1.200 0.854 0.854 1.018 0.903 0.844 1.011 0.851
MSR 6| 0.024 0.057 1.165 0.844 0.84S 1.016 0.894 0.833 1.007 0.840
MS5R 7} 0.025 0.058 1.146 0.839 0.841 1.015 0.890 0.828 1.005 0.835
MS5R 8| 0.02% 0.064 1.036 0.829 0.834 1.007 | 0.882 0.819 » 1.002 0.826
MS5R 9] 0.036 0.074 0.903 0.825 0.836 0.995 | 0.884 0.821 1.002 0.828
M5R10| 0.037 0.076 0.883 0.815 0.827 0.993 0.874 0.810 0.998 0.816
MSR11}] 0.043 0.081 0.823 0.796 0.810 0.986 0.856 0.788 0.990 0.795
MSR12] 0.044 0.083 0.801 0.797 0.812 0.983 0.858 0.790 0.991 0.797
MS5R13} 0.045 0.084 0.792 0.794 0.810 0.982 0.855 0.788 0.990 0.794
MSR14] 0.047 0.085 0.782 0.782 0.798 0.981 0.842 0.772 0.984 0.778
MS5R15}] 0.051 0.091 0,731 0.788 0.806 0.974 0.851 0.783 0.988 0.789
MSR16] 0.054 0.094 0.710 0.779 0.798 0.571 0.842 0.772 0.984 0.778
MSR17} 0.057 0.099 0.676 0.784 0.804 0.966 0.848 0.780 0.987 0.786
MSR18] 0.060 0.100 0.671 0.764 6.785 0.965 0.826 0.755 0.978 0.760
M5R18] 0.066 0.108 0.618 0.771 0.794 0.956 0.837 0.766 0.982 0.772
MS5R20§ 0.063 0.110 0.605 0.763 0.786 0.953 0.828 0.756 0.978 0.761
MS5R21} ©.077 0.118 0.563 0.763 0.788 0.945 0.830 0.759 0.979 0.764
MSR22}1 0.081 0.120 0.555 0.748 0.773 ] 0.943 0.812 0.738 0.972 0.743
MSR23] 0.084 0.125 0.533 0.754 0.780 0.938 0.821 0.748 0.975 0.753
MS5R24{ 0.088 0.127 0.527 0.740 0.767 0.936 0.804 0.729 0.968 0.733
M5R25] 0.094 0.131 0.508 0.734 0.762 0.932 0.797 0.721 0.965 0.726
MSR26| 0.099 0.136 0.491 0.730 0.75% 0.927 0.794 0.717 0.964 0.722
MS5R27] 0.106 0.142 0.47¢ 0.727 0.756 0.921 0.791 0.714 0.963 0.718
M5R28] 0.112 0.146 0.458 0.723 0.753 0.917 0.787 0.709 0.961 0.713
M5R29{ 0.117 0.151 0.444 0.720 0.751 0.913 0.785 0.706 0.960 0.710
M5R30{ 0.122 0.153 0.438 0.711 Q.743 0.911 0.774 0.694 0.955 0.698
MSR31] 0.126 0.157 0.429 0.707 0.739 0.908 0.769 0.688 0.953 0.692
M5R32[ 0.130 0.159 0.424 0.703 0.735 0.906 0.764 0.683 0.951 0.686
MSR33| 0.133 0.160 0.421 0.695 0.728 0.905 0.754 0.671 0.947 0.674
MSR34| 0.136 0.162 0.415 0.694 0.727 0.903 0.752 0.670 0.946 0.673
MS5R35| 0.140 0.164 0.412 0.684 0.718 0.902 0.740 0.656 0.941 0.658
MS5R36| 0.142 0.165 0.408 0.683 0.717 0.900 0.739 0.654 0.941 0.657
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TABLE 7- 6 : SUMMARY OF THE PREDICTED SIDE SLOPE

SAFETY FACTORS FOR MODEL NO. (6}

RUN FLOW WATER CALCULATED SIDE SLOPE SAFETY FACTOR
NO RATE DEPTH METHOD| METHOD| METHOD| METHOD| METHOD| METHOD{ METHOD| METHOD
(m3/s) (m) (1) (2) (3) (4) (5) (6) (7) (8)

M6R 1{ 0.011 0.036 2.291 0.973 0.953 1.095 1.011 0.961 1.048 0.767
M6R 2} 0.014 0.041 2.008 0.938 0.922 1.085 0.981 0.926 1.036 0.729
M6R 3} 0.019 0.051 1.620 0.924 0.919 1.066 0.578 0.922 1.045 0.758
M6R 4| 0.023 0.057 1.445 0.908 0.908 1.054 0.967 0.910 1.044 0.753
M6R 5| 0.027 0.064 1.297 0.895 0.300 1.043 0.959 0.900 1.043 0.750
M6R 6] 0.035 0.072 1.133 0.852 0.862 1.027 0.918 0.854 1.025 0.693
M6R 7| 0.047 0.087 0.948 0.824 0.841 1.005 0.894 0.826 1.018 0.670
M6R 8| 0.063 0.106 0.776 0.814 0.838 0.976 0.890 0.822 1.021 0.680
M6R 9| 0.069 0.108 0.760 0.775 0.801 0.973 0.846 0.772 1.000 0.610
M6R10] 0.073 0.116 0.706 0.800 0.826 0.962 0.877 0.807 1.017 0.666
M6R11| 0.080 0.121 0.675 0.784 0.812 0.954 0.859 0.787 1.009 0.641
MG6R12} 0.083 0.122 0.671 0.766 0.795 0.953 0.838 0.763 0.995 0.607
M6R13| 0.087 0.127 0.645 0.776 0.805 0.947 0.851 0.777 1.006 0.631
M6R14| 0,083 0.133 0.615 0.775 0.805 0.939 0.851 0.778 1.007 0.634
M6R15| 0.100 0.138 0.594 0.759 0.791 0.933 0.833 0.757 0.999 0.608
M6R16| 0.104 0.140 0.587 0.748 0.780 0.931 0.819 0.742 0.993 0.588
M6R17| 0.107 0.144 0.574 0.750 0.783 0.927 0.823 0.746 0.995 0.595
M6R18{ 0.110 0.146 0.563 0.754 0.786 0.923 0.827 0.751 0.997 0.603
M6R19| 0.115 0.148 0.557 0.735 0.768 0.921 0.804 0.725 0.987 0.568
M6R20| 0.119 0.153 0.540 0.743 0.776 0.915 0.815 0.737 0.992 0.586
M6R21| 0.124 0.156 0.5390 0.738 0.772 0.911 0.809 0.730 0.990 0.578
M6R22} 0.130 0.158 0.523 0.719 0.754 0.909 0.786 0.704 0.979 0.544
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TABLE 7-~7 : SUMMARY OF SIDE SLOPE PROBABILITY

OF ADEQUACY PREDICTED FOR MODEL NO. (1)

RUN FLOW WATER PREDICTED PROBABILITY OF ADEQUACY
NO RATE DEPTH METHOD METHOD METHOD METHOD
(m3/s) (m) (1) (2) (3} (4)

MIR 1 0.0167 0.0979 0.7468 0.9976 1.0000 0.9999
M1R 2 0.0215 0.1066 0.7160 0.9451 1.0000 0.9888
M1R 3 0.0268 0.1155 0.6869 0.7874 1.0000 0.8999
M1R 4 0.0331 0.1243 0.6585 0.5708 1.0000 0.6984
MIR S 0.0354 0.1321 0.6473 0.6282 1.0000 0.7585
MIR & 0.0392 0.1371 0.6332 0.5259 1.0000 0.6486
M1R 7 0.0449 0.1461 0.6133 0.4428 1.0000 0.5511
MIR 8 0.0480 0.1533 0.6033 0.4591 1.0000 0.5707
M1R 9 0.0564 0.1604 0.5805 0,2988 0.9993 0.3697
M1R10 0.0607 0.1653 0.5698 0.2607 0.9979 0.3200
M1R11 0.0642 0.1679 0.5614 0.2204 0.9941 0.2672
M1R12 0.0673 0.1745 0.5544 0.2361 0.9961 0.2878
M1R13 0.0722 0.1789 0.5441 0.2014 0.9903 0.2423
M1R14 0.0760 0.1870 0.5369 0.2224 0.9943 0.2697
M1R1S 0.0811 0.1912 0.5274 0.1908 0.9872 0.2283
M1R16 0.0853 0.1956 0.5200 0.1775 0.9819 0.2110
M1R17 0.0885 0.2005 0.5148 0.1795 0.9828 0.2136
M1R18 0.0925 0.2038 0.5084 0.1646 0.9748 0,1941
M1R19 0.0985 0.2095 0.4992 0.1490 0.9624 0.1738
M1R20 0.1065 0.2157 0.4876 0.1%74 0.9346 0.1460
M1lR21 0.1092 0.2191 0.4841 0.1273 0.9345 0.1459
M1R22 0.1127 0.2210 0.4793 0.1166 0.9139 0.1322
M1R23 0.1188 0.2268 0.4718 0.1106 0.8999 0.1247
M1R24 0.1239 0.2316 0.4658 0.1063 0.8882 0.1193
M1R2S 0.1281 0.2333 G.4606 0.0955 0.8533 0.1058
M1R26 0.1344 0.2379 0.4535 0.0883 0.8239 0.0968
M1R27 0.1386 0.2423 0.4494 0.0882 0.8233 0.0966
M1R28 0.1437 0.2475 0.4445 0.0875 0.8204 0.0958
M1R29 0.1478 0.2525 0.4412 0.0900 0.8311 0.0989
M1R30 0.1555 0.2576 0.4338 0.0825 0.7964 0.0897
M1R31 0.1601 0.2622 0.4300 0.0824 00,7960 0.0896
M1R32 0.1667 0.2650 0.4237 0.0742 0,7497 0,0795
M1R33 0.1715 0.2681 0.4195 0.0709 0.7283 0.0755
M1R34 0.1771 0.2728 0.4153 0.0699 0.7219 0.0744
M1R35 0.1840 0.2774 0.4099 0.0665 0.6977 0.0703
M1R36 0.1886 0.2814 0.4069 0.0666 0.6979 0.0704
M1R37 0.1942 0.2856 0.4030 0.0652 0.6880 0.0688
M1R38 0.2020 0.2914 0.3978 0.0636 0.6750 0.0668
M1R39 0.2136 0.2945 0.3886 0.053% 0.5861 0.0549
M1R40 0.2191 0.2984 0.3853 0.0529 0.5799 0.0542
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TABLE 7-8: SUMMARY OF SIDE SLOPE PROBABILITY

OF ADEQUACY PREDICTED FOR MODEL NO.(2)

RUN FLOW WATER PREDICTED PROBABILITY OF ADEQUACY
NO RATE DEPTH METHOD METHOD METHOD METHOD
(m3/s) (m) (1) (2) (3) (4)

M2R 1 0.0572 0.1463 0.5810 0.1326 0.9425 0.1554
MZ2R 2 0.0725 0.1630 0.5441 0.0933 0.8441 0.10458
M?2R 3 0.0735 0.1635 0.5420 0.0892 0.8274 0.0995
M2R 4 0.0938 0.1844 0.5040 0.0689 0.7139 0.0742
M2R 5 0.1114 0.1988 0.4775 0.0543 0.5931 0.0566
M2R 6 0.1191 0.2080 0.4677 0.0559 0.6082 0.0585
M2R 7 0.1369 0.2208 0.4465 0.0463 0.5093 0.0472
M2R 8 0.1431 0.2258 0.4400 0.0448 0.4928 0.0456
M2R 9 0.14589 0.2294 0.4373 0.0460 0.5060 0.0469
M2R10 0.1558 0.2367 0.4277 0.0433 0.4749 0.0438
MZ2R11 0.1619 0.2391 0.4216 0.0396 0.4299 0.0396
M2R12 0.1669 0.2437 0.4175 0.0398 0.4321 0.0398
M2R13 0.1771 0.2488 0.4084 0.0359 0.3823 0.0354
M2R14 0.1843 0.255¢6 0.4031 0.0367 0.3919 0.0362
M2R15 0.1943 0.2629 0.3957 0.0354 0.3757 0.0349
M2R16 0.1987 0.2657 0.3926 0.0352 0.3723 0.0346
M2R17 0.2062 0.2714 0.3877 0.0350 0.3698 0.0344
M2R18 0.2146 0.2905 0.3864 0.0475 0.5232 0.0487
MZR19 0.2125 0.2785 0.3843 0.0368 0.3935 0.0364
M2R20 0.2174 0.2740 0.3790 0.0303 0.3054 0.0292
M2R21 0.2157 0.2730 0.3801 0.0305 ¢.3081 0.0294
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TABLE 7-9: SUMMARY OF SIDE SLOPE PROBABILITY

OF ADEQUACY PREDICTED FOR MODEL NO.(3)

RUN FLOH HATER PREDICTED PROBABILITY OF ADEQUACY
NO RATE DEPTH METHOD METHOD METHOD METHOD
(m37/s) (m) (L) (2) (3) (4)

M3R 1 0.0429 0.1082 0.6434 0.0804 0.7837 0.0906
M3R 2 0.0547 0.1255 0.5991 0.0723 0.7359 0.0803
M3R 3 0.0634 0.1340 0.5749 0.0579 0.6255 0.0623
M3R 4 0.0788 0.1530 0.5369 0.0536 0.5854 0.0571
M3R 5 0.0849 0.1618 0.5240 0.0563 0.6115 0.0604
M3R 6 0.0924 0.1661 0.5107 0.0466 0.5122 0.0486
M3R 7 0.0975 0.1715 0.5018 0.0456 0.5014 0.0475
M3R 8 0.1070 0.1795 0.4869 0.0417 0.4554 0.0429
M3R 9 0.1145 0.1879 0.4760 0.0425 0.4641 0.0437
M3R10 0.1275 0.1969 0.4590 0.0368 0.3931 0.0371
M3R11 0.1347 0.2032 0.4504 0.0360 0.3830 0.0362
M3R12 0.1389 0.2102 0.4461 0.03386 0.4292 0.0404
M3R13 0.1417 0.2122 0.4430 0.0388 0.4191 0.0395
M3R14 0.1509 0.2188 0.4334 0.0367 0.3916 0.0370
M3R15 0.1606 0.2230 0.4236 0.0325 0.3347 0.0321
M3R16 0.1714 0.2339 0.4143 0.0335 0.3497 0.0334
M3R17 0.1778 0.2369 0.4087 0.0319 0.3273 0.0315
M3R18 0.1919 0.2483 0.3979 0.0319 0.3269 0.0315
M3R19 0.1958 0.2532 0.3957 0.0334 0.3477 0.0332
M3R20 0.2108 0.2571 0.3837 0.0279 0.2706 0.0270
M3R21 0.2158 0.2602 0.3804 0.0275 0.2649 0.0266
M3R22 0.2216 0.2633 0.3765 0.0268 0.2558 0.0259
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TABLE 7-10: SUMMARY OF SIDE SLOPE PROBABILITY

OF ADEQUACY PREDICTED FOR MODEL NO.(4)

RUN FLOW WATER PREDICTED PROBABILITY OF ADEQUACY
NO RATE DEPTH METHOD METHOD METHOD METHOD
(m3/s) (m) (1) ‘ (2) (3) (4)

M4R 1 0.0610 0.1021 0.6159 0.0257 0.2400 0.0244
M4R 2 0.0631 0.1034 0.6099 0.0244 0.2210 0.0229
M4R 3 0.0647 0.1071 0.6019 0.0266 0.2535 0.0254
M4R 4 0.0664 0.1087 0.5967 0.0261 0.2464 0.0248
M4R S 0.0729 0.1118 0.5814 0.0220 0.1877 0.0204
M4R 6 0.0771 0.1164 0.5693 0.0221 0.1889 0.0205
M4R 7 0.0799 0.1192 0.5618 0.0219 0.1869 0.0204
M4R 8 0.0815 0.1218 0.5567 0.0229 0.2000 0.0214
M4R 9 0.0839 0.1247 0.5501 0.0232 0.2045 06.0217
M4R10 0.0898 0.1267 0.5395 0.0201 0.1606 0.0184
M4R11 0.0905 0.1289 0.5366 0.0212 0.1760 0.0196
M4R12 0.0961 0.1341 0.5247 0.0211 0.1747 0.0195
M4R13 0.1016 0.1367 0.5152 0.0193 0.1504 0.0176
M4R14 0.1026 0.1416 0.5109 0.0221 0.1890 0.0205
M4R15 0.1038 0.1385 0.5110 0.0192 0.1485 0.0175
M4R16 0.1099 0.1460 0.4987 0.0205 0.1668 0.0189
M4R17 0.1158 0.1504 0.4891 0.0198 0.1589 0.0183
M4R18 0.1210 0.1528 0.4816 0.0188 0.1428 0.0171
M4R19 0.1246 0.1557 0.4760 0.0186 0.1410 0.0169
M4R20 0.1319 0.1588 0.4665 0.0172 0.1220 0.0155
M4R21 0.1354 0.1615 0.4616 0.0171 0.1208 0.0154
M4R22 0.1420 0.1647 0.4534 0.0163 0.1100 0.0145
M4R23 0.1439 0.1672 0.4507 0.0167 0.1159 0.0150
M4R24 0.1475 0.1703 0.4461 0.0168 0.1170 0.0151
M4R25 0.1488 0.1717 0.4445 0.0170 0.1196 0.0153
M4R26 0.1528 0.1723 0.4402 0.0160 0.1065 0.0143
M4R27 0.1535 0.1738 0.4392 0.0164 0.1119 0.0147
M4R28 0.1564 0.1748 0.4361 0.0160 0.1061 0.0142
M4R29 0.1585 0.1766 0.4337 0.0161 0.1074 0.0143
M4R30 0.1614 0.1791 0.4304 0.0162 0.1088 0.0144
M4R31 0.1¢ ‘6 0.1840 0.4237 0.0163 0.1107 0.0146
M4R32 0.1760 0.1886 0.4155 0.0158 0.1045 0.0141
M4R33 0.1794 0.1909 0.4122 0.0158 0.1043 0.0141

- 251 -




TABLE 7-11: SUMMARY OF SIDE SLOPE PROBABILITY

OF ADEQUACY PREDICTED FOR MODEL NO.(5)

RUN FLOW WATER PREDICTED PROBABILITY OF ADEQUACY
NO RATE DEPTH METHOD METHOD METHOD METHOD
(m3/8) (m) (1) (2) (3) (4)

MSR 1 0.0117 0.0353 0.9505 0.0480 0.5301 0.0484
M5R 2 0.0125 0.0373 0.9389 0.0506 0.5568 0.0512
MSR 3 0.0191 0.0501 0.8596 0.0477 0.5262 0.0480
MSR 4 0.0215 0.0536 0.8377 0.0433 0.4754 0.0430
MS5R 5 0.0229 0.0556 0.8254 0.0410 0.448S 0.0405
MSR 6 0.0244 0.0573 0.8148 0.0379 0.4093 0.0370
M5R 7 0.0252 0.0582 0.8¢088 0.0365 0.3911 0.0355
M5R 8 0.0293 0.0643 0.7754 0.0345 0.3640 0.0333
M5R 9 0.0355 0.0738 0.7296 0.0349 0.3699 0.0338
MSR10 0.0374 0.0755 0.7205 0.0324 0.3354 0.0310
M5R11 0.0427 0.0811 0.6938 0.0286 0.2817 0.0269
MSR12 0.0442 0.0833 0.6853 0.0289 0.2865 0.0273
MSR13 0.0451 0.0843 0.6811 0.0284 0.2800 0.0268
MSR14 0.0470 0.0853 0.6747 0.0262 0.2475 0.0244
MSR15 0.0510 0.0913 0.6540 0.0277 0.2691 0.0260
M5R16 0.0539 0.0940 0.6430 0.0262 0.2477 0.0244
MSR17 0.0571 0.0986 0.6287 0.0273 0.2634 0.0256
M5R18 0.0600 0.0996 0.6217 0.0240 0.2166 0.0221
MSR19 0.0664 0.1080 0.5976 0.0254 0.2372 0.0236
M5R20 0.0694 0.1103 0.5895 0.0252 0.2192 0.0223
M5R21 0.0766 0.1184 0.5679 0.0245 0.2234 0.0226
M5R22 0.0806 0.1203 0.5597 0.0223 0.1921 0.0204
MSR23 0.0844 ,0.1253 0.5490 0.0233 0.2062 0.0214
MSR24 0.0880 0.1267 0.5422 0.0214 0.1797 0.0195
M5R25 0.0936 0.1313 0.5302 0.0208 0.1708 0.0188
M5R26 0.0989 0.1358 0.5195 0.0204 0.1662 0.0185
MSR27 0.1063 0.1423 0.5054 0.0202 0.1624 0.0182
MSR28 0.1115 0.1464 0.4964 0.0198 0.1571 0.0178
M5R29 0.1173 0.1512 0.4868 0.0196 0.1545 0.0176
MSR30 0.1216 0.1533 0.4806 0.0187 0.1424 0.0167
M5R31 0.1263 0.1565 0.4738 0.9183 0.1374 0.0l164
M5R32 0.1295 0.1585 0.4693 0.0180 0.1326 0.0160
MSR33 0.1329 0.1599 0.4649 0.0173 0.1237 0.0153
MSR34 0.1362 | 0.1623 0.4605 0.0172 0.1225 0.0153
M5R35 0.1400 0.1636 0.4559 0.0165 0.1127 0.0145
M5R36 0.1424 0.1653 0.4528 0.0164 0.1120 0.0145
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TABLE 7-12: SUMMARY OF SIDE SLOPE PROBABILITY

OF ADEQUACY PREDICTED FOR MODEL NO. (6)

RUN FLOW WATER PREDICTED PROBABILITY OF ADEQUACY
NO RATE DEPTH METHOD METHOD METHOD METHOD
(m3/s) (m) (1) (2) (3) (4)

M6R 1 0.0107 0.0358 0.9491 0.0784 0.8470 0.0704
MBR 2 0.0139 0.0409 0.9175 0.0560 0.6997 0.0491
M6R 3 0.0189 0.0506 0.8577 0.0541 0.6860 0.0477
M6R ¢ 0.0226 0.0567 0.8213 0.0489 0.6342 0.0429
M6R S 0.0271 0.0636 0.7830 0.0453 0.5940 0.0396
M6R 6 0.0350 0.0725 0.7349 0.0334 0.4305 0.0286
M6R 7 0.0468 0.0866 0.6723 0.0288 0.3564 0.0244
M6R 8 0.0626 0.1058 0.6074 0.0281 0.3470 0.0239
M6R 9 0.0687 0.1079 0.5938 0.0225 0.2485 0.0188
M6R10 0.0731 0.1162 0.5761 0.0261 0.3134 0.0221
M6RI11 0.0799 0.1214 0.5596 0.0240 0.2755 0.0202
M6R12 0.0832 0.1223 0.5534 0.0217 0.2353 0.0181
M6R13 0.0866 0.1272 0.5439 0.0230 0.2585 0.0193
M6R14 0.0926 0.1332 0.5304 0.0230 0.2589 0.0193
MBR1S 0.1000 0.1380 0.5166 0.0212 0.2274 0.0177
M6R16 0.1038 0.1399 6.5101 0.0201 0.2073 0.0167
M6R17 0.1073 0.1436 0.5033 0.0204 0.2122 0.0170
M6R18 0.1098 0.1464 0.4986 0.0207 0.2191 0.0173
M6R19 0.1150 0.1481 0.4911 0.0189 0.1874 0.0157
M6R20 0.1192 0.1530 0.4837 0.0197 0.2011 0.0164
M6R21 0.1235 0.1560 0.4773 (. 0193 0.1936 0.0160
0.1296 0.1580 0.4694 0.0177 0.1663 0.0146

M6R272
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TABLE7 —13:SUMMARY OF RESULTS OBTAINED FROM MODEL NO.{(1)

RUN Y So Su Se Re Fr n f c

NO | (m3ss]] (m) x10° x103 x10° x198 {s/mb (m%/s)
MIR 1] 02.017 +.098 5.00 4.93 4.94 0.075 0.368 5.039 ©.292 16.490
M1R 2} 0.9021 2.107 5.%0 5.43 5.36 0.0932 0.410 0.237 0.255 17.55
MIR 2| °.927 D.115 .00 .35 5.28 0.111 0.448 0.024 0.211 19.20
MIR 4] 0.033 0.124 5.90 5.54 5.41 0.132 9.487 9.022 0.183 20.71
MIR 5] 2.0235 0.122 5.00 5.50 5.29 0.137 Q. 4€3 0,034 0.196 20,400
MIR 5} ¢.02¢ 2.127 S.00 5.58 S.44 0.148 0.487 0.0332 9.183 20.68
M1R 7 0.545 3.146 5.00 5.73 5.54 0.164 0,500 0,022 0,177 21.04
M1R 8] 02.048 2.153 5.00 5.28 5.22 0.171 9.491 9.022 0.173 21.21
MIR 2] 2.058 9.160 S.00 5.59 S.42 0.195 9,832 0.030 0.153 22.65
M1R19} 9.061 0,185 5.00 5.31 5.22 0.206 0.544 0.02° 0.141 23.56
M1R11{ 9.064 0.168 5.0Q0 5.53 5.36 0.217 0.560 0.029 9.137 23.94
M1R12}] 0.067 2.174 5.00 5.48 5.33 0.222 5.548 0.030 0,142 23.50
M1R13| 0.9072 2.179 5.00 5.47 5.32 0.224 0,5€2 0,029 0.135 24.14
M1R14] 0.076 0.187 5.00 5.59 5.41 0.240 9.547 2.030 0.145 23.26
M1R1S] 0.081 9.191 5.00 5.30 5.21 0.253 0.500 9.029 0.133 24.32
M1R16} 0.085 J.196 5.00 4.74 4.82 0.262 9.5€% 9.028 0.121 25.50
M1R17] 0.08¢° 9.200 5.00 4.95 4.97 0.268 2.501 0.028 0.126 24.95
M1R18} 0.0%2 9.204 5.00 .96 4.87 0.276 0.569 0.028 0.123 25.126
M1IR19] 0.09°8 9.209 5.00 .92 4.95 0.28¢ 0.57¢€ 02.028 9,119 25.67
M1R20] 0.106 4.216 S.00 5.36 5.24 0.307 2.591 0.028 0.120 25.56
M1R21} 9.10° 0.219 5.90 5.1¢ 5.12 9,312 2,589 0.028 2.118 25.76
M1R22} 2.112 0,221 5.00 5.72 5.47 90.32¢0 0.598 0.028 0.122 25.33
M1R23] 0.11¢9 2,227 5.00 31.86 4.91 0.331 N.801 0.027 9.10° 26.85
M1R241 0.124 0.222 S5.00 S.14 S.09 0.341 0.603 0.027 0.112 26.47
M1R25] 0.128 0.233 5.00 4.89 4.93 0.350 0.815 0.026 0.104 27.43
M1R26]| 0.134 0.228 5.00 .10 5.06 0.363 n.8622 2.026 0.105 27.3¢
M1R27] 0.13¢° 9.242 5.20 4,85 4.91 0.36¢9 0.620 0.026 5.102 27.72
M1R28| 0.144 0.247 5.00 5.05 5.03 0.378 2.e18 0,627 0.105 27.29
M1R29{ 0.148 9.253 5.00 4,95 4.97 0.383 0.612 0.027 0.106 27.1¢
M1R30{ 0.155 9.258 5.00 5.26 5.16 0.3¢97 2.620 0.027 9.107 27.03
M1R31} 0.1890 0.262 5.00 4.97 4.98 0.404 n.618 0.027 0.10¢ 27.41
M1R32] 0.1€7 0.265 5.00 5.46 5.28 0.418 0.63¢ 0.027 0.10€ 27.15
M1R33| 0.172 2.268 5.90 5.10 5.06 Q0.426 0.634 0.026 0.101 27.93
M1R34}) 0.177 0.273 5.900 5.11 5.07 0.435 0.634 2.026 0.101 27.88
M1R35] 0.184 0.277 5.00 4.390 4.94 0.447 0.628 0.026 0.097 28.44
M1R36] 0.182 0.281 5.99 4.85 4£.91 0.453 9.636 9.026 0,097 28.43
M1R37| 0.194 0.286 5.00 4.95 4.97 0.462 0.637 0.026 0.098 28.29
M1R38] 0.202 0.291 5.00 4.°1 4.95 0.473 9,837 2.026 0.097 28.39
M1R39] 0.214 0.2%4 5.00 5.73 S.41 0.497 0.661 0.026 0.099 28.13
M1R40] 0.219 0.298 5.00 5.60 5.34 0.505 0.660 0.026 0.098 28.30
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TABLE7-14: SUMMARY OF RESULTS OBTAINED FROM MODEL NO.(2)

RUN 0 ¥ so | sw Se Re Fr n £ c

NO | (m3/s)] (m) x103 x10% x103 x168 (s/m4) | - (m%/s)
M2R 1| 0.057 | 0.146 | 8.00 | 7.84 | 7.90 | 0.198 | 0.635 | 0.030 | 0.157 | 22.36
M2R 2] 0.072 0.163 8.00 8.18 8.10 0.235 0.666 0.030 0.146 23.18
M2R 3] 0.074 0.163 8.00 7.36 7.65 0.238 0.672 0.029 0.136 24.05
M2R 4§ 0.0%4 0.184 8.00 8.24 8.13 0.283 0.692 0.029 0.136 24.03
M2R 5| 0.111 0.199 8.00 8.42 8.20 0.320 0.717 0.029 0.128 24.80
M2R 6| 0.112 | 0.208 | 8.00 [ 8.38 | 8.19 | 0.332 | 0.706 | 0.029 | 0.132 | 24.43
M2R 7| 0.137 | 0.221 | 8.00 | 8.83 | 8.39 | 0.368 | 0.728 | 0.029 | 0.127 | 24.88
M2R 8| 0.143 | 0.226 | 8.00 | 8.88 | 8.41 | 0.379 | 0.730 | 0.029 | 0.126 | 24.92
M2R 9] 0.146 0.229 8.00 8.45 8.22 0.382 0.723 0.029 0.126 24.98
M2R10} 0.156 0.237 8.00 12.03 9.89 0.400 0.728 0.032 0.149 22.93
M2R11}- 0.162 0.239 8.00 7.78 7.90 0.412 0.742 0.028 0.115 26.16
M2R12| 0.167 0.244 8.00 11.50 9.59 0.419 0.739 0.021 0.141 23.62
M2R13| 0.177 0.249 8.00 10.40 2.04 0.439 0.754 0.0129 0.127 24.85
M2R14} 0.184 9.256 8.00 9.66 8.74 0.448 0.746 0.023 0.126 24.99
M2R15| 0.194 0.262 8.00 8.59 8.26 0.464 0.748 0.028 D.118 25.77
M2R16) 0.199 0.266 8.00 8.72 8.32 0.470 0.747 0.029 0.119 25.66
M2R17| 0.206 0.271 8.00 8.52 8.23 0.481 0.745 0.029 0.119 25.71
M2R18| 0.215 0.291 8.00 6.37 7.13 0.477 0.681 0.029 0.1i3 25.26
M2R19 0.213 0.278 8.00 9.16 8.54 0.487 0.731 0.030 0.128 24.78
M2R20| 0.217 0.274 8.00 11.62 9.46 6.504 0.772 0.030 0.127 24.85
M2R21. 0.216 0.273 8.00 11.77 9.53 0.501 0.771 0.030 0.128 24.74
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TABLE 7-15: SUMMARY OF RESULTS OBTAINED FROM MODEL NO. (3)

Q So Sw Se Re F n f c

NO | (m3/s)| (m ) x10° x10° x10° x16° ' (s/m% ) (m3/s )
M3R 1| 0.043 0.108 8.00 9.57 8.71 0.152 0.741 0.026 0.127 24.87
M3R 2] 0.055 0.125 8.00 2.56 8.72 0.180 0.736 0.027 0.129 24.70
M3R 3| 0.063 0.134 8.00 8.33 8.14 0.202 0.762 0.025 0.112 26.47
M3R 4] 0.079 0.153 8.00 9.11 8.48 0.234 0.75s 0.027 9.119 25.70
M3R S| 0.085 0.162 8.00 9.13 8.52 0.244 0.738 0.028 0.125 25.06
M3R 6}. 0.092 0.166 8.00 8.69 B.éBA 0.262 0.767 0.026 0.113 26.39
M3R 7§ 0.098 0.171 8.00 9.52 8.63 0.271 0.766 0.027 0.118 25.82
M3R 8{ 0.107 0.180 8.00 8.82 8.33 0.290 0.77s8 0.026 0.111 26.59
M3R 9] 0.114 0.188 8.00 8.40 8.17 0.302 0.764 0.027 0.112 26.49
M3R10{ v.128 0.197 8.00 8.47 8.18 0.327 0.784 0.026 0.106 27.15
M3R11} 0.135 0.203 8.00 9.21~} B8.47 0.339 0.783 0.027 0.111 26.65
M3R12| 0.139 0.210 8.00 9.55 8.66 0.342 0.759 0.028 0.120 25.56
M3R13| 0.142 0.212 8.00 9.55 B.65 0.347 0.761 0.028 0.11¢9 25.64
M3R14| 0.151 0.219 8.00 9.18 8.49 0.362 0.767 0.028 0.115 26.08
M3R15| 0.161 0.223 8.00 8.04 8.3¢ 0.381 0.788 0.027  0.108 26.95
M3R16] 0.171 0.233 8.00 9.17 8.47 0.395 0.774 0.027 0.113 26.34
M3R17| 0.178 0.237 8.00 9.30 8.50 0.405 0.782 0.027 0.111 26.55
M3R18| 0.192 0.248 8.00 9.42 8.57 0.424 0.774 0.028 0.114 26.18
M3R19| 0.196 0.253 8.00 9.80 8.76 0.427 0.761 0.029 0.121 25.48
M3R20} 0.211 0.257 8.00 11.67 9.34 0.455 0.79%6 0.028 0.118 25.80
M3R21{ 0.216 0.260 8.00 9.51 8.55 0.462 0.798 0.027 0.108 27.02
M3R22§ 0.222 0.263 8.00 9.43 8.51 0.471 0.801 0.027 0.106 27.18




TABLE7—16:SUMKARY OF RESULTS OBTAINED FROM MODEL NO.(4)

RUN Q Y So Su Se Re Ey n f C

NO | (m3/3)] (=) <103 <103 103 16 S (s/m*) (m's/s)
M4R 1] 0.061 0.102 12.50 12.17 12.48 0.210 0.875 0.024 0.105 27.34
M4R 2| 0.063 0.103 12.50 13.41 12.52 0.216 0.288 0.024 0.103 27.65
M4R 3] 0.065 0.107 12.50 13.19 12.56 0.218 0.956 0.9025 0.119 26.72
M4R 4§ 0.066 3.109 12.50 13.70 12.60 0.222 0.959 0.025 0.110 26.75
M4R S| 0.073 0.112 12.50 13.10 12.50 0.241 1.002 0.024 0.099 28.09
M4R 6] 0.077 0.116 12.50 13.04 12.51 0.251 0.994 0.024 0.101 27.83
H4R 7] 0.080 0.11¢ 12.50 12.79 12.51 0.257 0.991 0.024 0.102 27.75
H4R 8] 0.081 0.122 22.50 12.67 12.5) 0.260 0.974 0.025 0.105 27.28
M4R 9} 0.084 0.125 12.50 12.83 12.50 0.265 0.966 0.025 0.107 27.05
M4R10} 0.0S0 0.127 12.50 12.34 12.50 0.281 1.007 0.024 0.09%9 28.20
M4R11} 0.091 0.129 12.50 12,93 12.51 0.281 0.986 0.024 0.103 27.62
M4R12] 0.096 | 0.134 12.50 12.50 12.50 0.293 0.980 0.025 0.104 27.45
M4R13§ 0.102 9.137 12.50 12.51 12.50 0.307 1,003 0.024 0.099 28.11
M4R14] 0.103 0.142 12.50 12,190 12.46 0.30S 9.955 0.026 0.109 26.79
M4R15) 0.104 0.13% 12.50 12.48 12.50 0.312 1.003 0.024 0.099 28.10
M4R16] 0.110 0.146 12.50 12.25 ié.49 0.322 0.271 0.025 0.106 27.22
M4R17] 0.116 0.150 12.50 12.12 12.48 0.33iv 0.974 0.025 0.105 27.31
M4R18) 0.121 0.152 12.50 12.53 12.50 0.246 0.990 0.025 0.102 27.74
M4R19§ 0.125 0.156 12.50 12.08 12.49 0.353 0.98¢ 0.025 0.102 27.71
M4R20} 0.132 0.15¢9 12.59 11.294 12.51 0.370 1.012 ¢.024 0.098 28.33
M4R21} 0.135 0.1s1 12.50 12.64 12.50 0.377 1.01¢ 0.025 [-0.098 28.30
M4R22¢ 0.142 0.16S 12.50 13.01 12.48 0.391 1.024 0.024 0.095 28.71
M4R23] 0.144 0.167 12.50 11.93 12.51 0.393 1.011 0.025 0.098 28.30
M4R24| 0.148 0.170 12.50 12.43 12.50 0.399 1.005 0.025 0.099 28.15
H4R25] 0.149 0.172 12,50 12.95 12.50 0.401 0.999 0.025 0.100 27.99
M4R26| 0.153 0.172 12.50 13.32 12.47 0.411 1.021 0.024 0.0%6 28.63
H4R27] 0.153 0.174 12.50 13.07 12.49 0.411 1.009 0.025 0.09¢8 T%.28
M4R28] 0.156 0.175 12.50 12.51 12.50 0.418 1.018 0.025 0.096 28.52
M4R29) 0.158 0.177 12.50 12.61 12.50 0.421 1.014 0.025 0.097 28.40
M4R30] 0.161 0.179 12.50 12.35 12.50 0.425 1.008 0.025 0.098 28.24
M4R31| 0.168 0.184 12.50 12.60 12.50 0.435 0.999 0.025 0.100 27.99
M4R32] 0.176 0.189 12.50 12.45 12.50 0.451 1.005 0.025 0.099 28.15
M4R33] 0.179 0.191 12.50 12.47 12.50 0.456 1.003 6.025 0.099 28.09
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TABLE 7—17:SUMMARY OF RESULTS OBTAINED

FROM MCDEL NO.(5)

RUN Q 7 So Sw Se Re F n £ c

NO | (mirz)} (m) x103 x103 x103 x168 {s/m’s) (m%/s)
MSR 1] 9.212 | 0.035 | 12.50 | 12.80 | 12.50 | 0.061 | 0.399 | 0.020 | 0.100 | 27.99
MSR 2| 0.913 | 0.937 | 12.50 | 12.66 | 12.51 | 0.065 | 0.380 | 2.021 | 2.104 | 27.44
Msk 2| 9.019 | ¢.250 | 12.50 | 12.9¢ | 12.54 | 0.092 | 0.348 | c.022 | 0.112 } 26.51
MsR 4| 0.922 | 2.054 | 12.50 | 13.03 [ 12,54 | 0,102 | a.953 | 2,922 | 0.109 | 26.82
Msk S| 0.022 | 0.05¢ | 12.50 | 12.67 | 12.51 | 0.108 | 0.%65 | 92.922 | 0.107 | 27.23
MSR 6] 0.024 | 0.057 | 12.50 | 12.71 | 12.51 | 0.114 | 2.579 | 0.222 | 0.104 | 27.41
MSR 7| 0.025 [ 0.058 | 12.50 | 12.61 | 12.50 | 9.117 | 0.%8% | 9.022 | 2.103 | 27.60
Msk 8| 0.029 [ 0.064 | 12.50 | 12.27 | 12.53 | 0.132 | 0.982 | 0.022 | 0.104 | 27.49
MsR o] 0.03¢ | 0.074 | 12.50 | 12.71 | 12.52 | 0.153 | 0.9%5 | 0.023 | 0.110 | 25.73
MSRIO| 0.027 | 2.076 | 12.50 | 12.68 | 12.51 | 0.160 | 0.963 | 0.022 | 0.106 | 27.15
MSR11| 0.042 | 0.081 | 12.50 | 12.69 | 12.50 | 0.179 | 0.989 | 0.023 | 9.102 | 27.71
{MsR12| 0.044 | 0.083 | 12.50 | 12.63 | 12.50 | 0.183 | 0.981 | 0.022 | 0.104 | 27.48
Msr13| 0.045 | 0.084 | 12.50 | 12.59 | 12.50 | 0.186 | 2.283 | 0.023 | 0.103 | 27.55
Msr14| 0.047 | 2.085 | 12.50 | 12.50 | 12.50 | 0.193 | 1.004 | 0.023 | 9.099 | 28.12
MSR1S| 0.051 | ¢.291 | 12.50 | 12.70 | 12.51 204 | 0.976 | a.024 | 9.105 | 27.33
Msk1s| 0.954 | 0.004 | 12.50 | 12.66 | 12.50 | 0.214 | 0.986 [ 0.922 | 0.103 | 27.61
usk17| 0.057 | o.009 | 12.50 [ 12.70 | 12.51 | 0.222 | 0.%65 | 2.024 | 0.107 | 27.02
MSK18| ¢.062 | 0.100 | 12.52 | 12.74 | 12.50 | 0.233 | 0.599 | 0.922 | 0.100 | 28.00
Msri2| 0.066 | 0.108 | 12.50 | 12.60 | 12.51 | 0.249 | 0.%67 | 2.024 | 0.107 | 27.08
MSR29| 0.069 | 0.110 | 12.50 | 12.81 | 12n50 | 0.258 | 2.977 | ©.024.| 0.105 | 27.38
usr21] #.077 | 9.118 | 12.50 | 12.67 | 12.51 | 0.276 | 0.269 | 2.025 | 2.109 | 26.89
MsrR22| 2.081 | 0.120 | 12.50 | 12.71 | 12.51 | o0.288 | 9.284 | 0.024 | 0.103 | 27.57
Msr23| 0.084 | 0.125 | 12.50 | 12.¢5 | 12.51 [ 0.297 | 0.364 | ©.925 | 0.108 | 26.99
MSR24| 0.088 | 9.127 | 12.50 | 12.61 | 12.50 | 0.308 | 0.286 | 0.024 | 0.103 | 27.63
MsR25| 0.094 | 0.131 | 12.50 | 12.59 | 12.50 | 0.322 | 0.988 | 0.024 | 0.102 | 27.69
MSR26| 2.999 | 0.136 | 12.50 | 12.é5 | 12.50 | 0.335 | ©.287 | 2.225 | 0.102 [ 27.64
MSR27| 0.106 | 0.142 | 12.50 | 12.61 | 12.50 | 0.352 | 2.%82 | 0.925 | ¢.104 [ 27.49
usk2e| 0.112 | o.146 | 12,50 | 12.60 | 12.50 | 0.364 | c.292 | 0.025 | 0.104 | 27.50
msrze| 2.117 | o.191 | 12.50 | 12.57 | 12.50 | 0.377 | 2.278 | 4.025 | 0.104 | 27.41
MSRIG| #.122 | 6.153 | 12.50 | 12.50 | 12.50 | 0.388 | 0.%3¢ | ©.7:5 | 0.102 | 27.75
MSR21| ©.126 | 0.157 | 12.50 | 12.84 | 12.50 | 0.299 | 2.923 | 2.025 | 2.121 | 27.81
Msgza| 0.120 | 2.15% | 12.5¢ | 12.80 | 12.50 | 0.407 | 0.337 | ©.025 | 0.101 } 127.32
Msr23| o0.133 | a.1¢¢ | 12.50 | 12.63 | 12.50 | 0.a15 | 1.008 | 0.¢25 | 0.098 | 28.24
MER34| 0.136 | 2.162 | 12.52 | 12.5¢ | 12.50 | 0.422 | 1.907 | 2.025 | 2.099 | 28.20
MSR35| 0.140 | 2.184 | 12.50 | 12.55 | 12.50 | 0.422 | 1.021 | 0.924 | 0.0% | 28.60
MSR26| 0.142 | 0.1€5 | 12.50 | 12.65 | 12.42 | 0.437 | 1.020 | 2.024 | 2.0%6 | 28.58
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TABLE 7-18: SUMMARY OF RESULTS OBTAINED FROM MODEL NO.(6)

RUN Q Y So Sw, Se Re F n f .

NO | (m3/s)|  (m) x10® | x10° | x10® | x10° T lsm% (m%/5)
M6R 1| 0.011 | 0.036 | 12.50 | 12.62 | 12.52 | 0.055 | 0.907 | 0.022 | 0.122 | 25.39
MR 2| 0.014 | 0.041 | 12.50 | 12.41 | 12.49 | 0.069 | 0.956 | 0.021 | 0.109 | 26.78
MR 3| 0.019 | 0.051 | 12.50 | 12.59 | 12.51 | 0.089 | 0.931 | 0.023 | 0.116 | 26.06
MeR 4| 0.023 | 0,057 | 12.50 | 12.65 | 12.52 | 0.104 | 0.934 | 0.023 | 0.115 | 26.15
MR 5| 0.027 | 0.064 | 12.50 | 11.93 | 12.42 | 0.120 | 0.932 | 0.023 | 0.114 | 26.18
MR 6| 0.035 | 0.072 | 12.50 | 12.35 | 12.49 | 0.149 | 0.981 | 0.023 | 0.104 | 27.48
MeR 7] 0.047 | 0.087 | 12.50 | 11.83 | 12.48 | 0.188 | 0.987 | 0.023 | 0.103 | 27.66
M6R 8| 0.063 | 0.106 | 12.50 | 12.32 | 12.48 | 0.232 | 0.955 | 0.025 | 0.110 | 26.77
M6R 9| 0.069 | 0.108 | 12.50 | 11.99 | 12.52 | 0.253 | 1.014 | 0.023 | 0.097 | 28.40
M6R10| 0.073 | 0.116 | 12.50 | 12.53 | 12.50 | 0.261 | 0.957 | 0.025 | 0.109 | 26.79
M6R11| 0.080 | 0.121 | 12.50 | 12.76 | 12.52 | 0.279 | 0.972 | 0.025 | 0.106 | 27.22
M6R12| 0.083 | 0.122 | 12.50 | 12.83 | 12.50 | 0.290 | 1.000 | 0.024 | 0.100 | 28.01
M6R13| 0.087 | 0.127 | 12.50 | 12.31 | 12.49 | 0.296 | 0.975 | 0.025 | 0.105 | 27.32
M6R14| 0.093 | 0.133 | 12.50 | 12.90 | 12.53 | 0.310 | 0.966 | 0.025 | 0.107 | 27.02
MeR1S| 0.100 | 0.138 | 12.50 | 13.06 | 12.52 | 0.329 | 0.982 | 0.025 | 0.104 | 27.50
M6R16| 0.104 | 0.140 | 12.50 | 12.60 | 12.50 | 0.340 | 0.997 | 0.024 | 0.101 | 27.92
M6R17| 0.107 | 0.144 | 12.50 | 11.89 | 12.48 | 0.347 | 0.987 | 0.025 | 0.102 | 27.67
M6R18| 0.110 | 0.146 | 12.50 | 12.36 | 12.49 | 0.352 | 0.978 | 0.025 | 0.105 | 27.39
M6R19| 0.115 | 0.148 | 12.50 | 12.56 | 12.50 | 0.366 | 1.004 | 0.024 | 0.099 | 28.12
M6R20| 0.119 | 0.153 | 12.50 | 11.96 | 12.48 | 0.373 | 0.984 | 0.025 | 0.103 | 27.59
M6R21| 0.124 | 0.156 | 12.50 | 12.53 | 12.50 | 0.383 | 0.987 | 0.025 | 0.103 | 27.66
MeR22| 0.130 | 0.158 | 12.50 | 12.33 | 12.50 | 0.399 | 1.013 | 0.024 | 0.098 | 28.36
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Plate (7-1) Some photos ot the tailures

occurring in Model no. (4)
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Plate (7-2) General views of the

slope failure in Model no. (4)




Plate (7-3) Slope failures 1in Model no.(5)
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Plate (7-4) Slope failure in Model no. (6)
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Plate

(7-6)

The coloured compartments

before and after test
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Plate (7-7) Local instability of filter cloth

due to sliding in Model no. (6)




CHAPTER EIGHT

RESULTS OF THE FORCE MEASUREMENTS

8.1 INTRODUCTION

So far, it has been shown in the previous chapters that the
side slope safety factor and probability of adequacy, predicted by
various deterministic and probabilistic approaches, cannot be said
to be in accordance with the results from the experimental measure-
ments. This is mainly due to the basis on which these approaches
have been established, and also due to the dubious assumptions in
some of them. Additionally, to the best of the Author's knowledge,
no method was based on laboratory or field measurements of the

forces acting on the side slope protective layer.

Furthermore, according to the previous investigations
reviewed in Chapter Two, it was proved that a particle, lying either
on the bed or side slope of an open channel in turbulent flow,
experiences several kinds of forces which are not constant, but
varying with the time at frequencies of the same order as the
turbulent veloecity fluctuations. This principally means that
replacement of any particle will depgnd not only on the temporal
mean values of the local drag and 1ift forces, but also on their
instantaneous values and their statistical distribution. In the
light of these considerations as well as the need to develop a
design method based on experimental work, the following procedures

were adopted.

In order to make direct measurements of the instantaneous
values of 1lift and drag forces, a special force measuring device was
designed. The experime tal arrangement was devised as a result of

the following studies:

1 - Location of the depth of maximum wall shear for various flow

conditions.
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2 - Determination of the best size of the instrumented spheriecal

particle.

3 - Design of suitable instrumentation for accurately measuring

the forces.

4y The devising of a suitable means of converting the signals

measured into 1ift and drag forces.

The preceding studies as well as the calibration of the load
cell were discussed in Chapter Six, whilst the results obtained from
force measurements on spherical and non-spherical particles are

presented in this chapter.

8.2 ANALYSTIS OF RANDOM SIGNALS

One of the most significant purposes in any study is to
characterize the topic under investigation. Typically, there is no
unique description and, as the investigations develop, alternatives
appear that prove more useful in some applications. Data represent-
ing a random physical phenomenon cannot be described explicitly
because each discrete observation will be unique. In other words,
any given observation will represen% only one of many possible
results which might have occurred. Therefore to extract information
from the measured hydrodynamic 1lift and drag forces that direct
observation may not reveal, certain statistical parameters can be
worked out such as; (1) the mean and mean square values to obtain
the probabilistic description of the instantéheous values of the
data; (2) the probability density function to define the relative
frequency; (3) the correlation function to give information about
the influence of physical data at any time and (4) the frequency
spectrum which describes the frequency composition of the data.

These functions may be estimated as follows:-

8.2.1 Mean and Mean Square Values

For any finite set of stationary random signals x(i) where i
= 19253,.044N, the properties of the phenomenon can be
hypothetically described by computing the mean value which is simply
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the average of all values. 1In equation form, the mean value U, can

be obtained as

x(1i) (8.1)

s x2(1) (8.2)

Eq (8.2) , gives indication about the average energy of the
signal. Substitute the mean value for the data set and apply the

previous procedure, the signal variance can be obtained as:

2 e (x(1) - n)? (8.3)

& =

N~ 2

i=1
For a large number of observations (N>30), the variance can

be defined with (N-1), replacing N, and Eq. (8.4) can be written as

£ . L

S - (x(1) - 1)? (8.4)

1
.

The square root of the signal variance is called the standard

N~

1

deviation which represents the average of the signal fluctuations

around the mean.

8.2.2 Probability Density Function

The probability density function for random data describes
the probability that the data will assume a value within some
definite range at any instant of time, in other tords, the prob-
ability density function provides information concerning the

properties of the data in the amplitude domain.

Following Bendat, J.S. and Piersol, A.G. (1966), the prob-
ability that the instantaneous value x(t) assumes a value within the
range between x and (x+Ax) may be obtained by taking the ratio of

TX/T, where Tx is the total amount of time that x(t) falls inside

the range (x,x%+Ax) during an observation time T.
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In addition, to establish the frequency distribution for any
observations, the data range can be distributed into equal class
intervals and the number of observations within each c¢lass can be
determined; then the relative frequency of any class would be equal
to the frequency of the class divided by the total frequencies of
all classes. Thereby, to determine the probability at any class
interval, the corresponding cumulative frequency should be divided

by the total number of observations.

On the practical side, it is usually required to know whether
the observed frequencies differ significantly from the expected. In
this case a measure of discrepancy existing between observed and
expected frequencies may be established by applying the Chi-Squared

test as

(8.5)

in which

01,02,03, ... Oy are the observed frequencies

€15€2,€35 «.. €y are the corresponding expected frequencies
v

where, if the total frequency is equal to K,
Z 0; = Ze; =K (8.6)

As a result of this test, if ) = 0, it means that both
observed and theoretical frequencies are exactly in agreement, while

the opposite is true if X2>O.

Therefor :y, applying Eq. (8.5), the observed frequency
distribution can be tested versus all the standard distributions and
the larger the value of X2, the greater is the discrepancy between
observed and expected. This, in other words, means that the
frequency distribution fitted to the observed data will be that

which gives minimum value of x2,
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8.2.3 Correlation Functions

Considering two different sets of random signals x(i) and
y(i), the dependence of value at any time on the value at another
time can be described by the autocorrelation function, whilst the
cross-correlation function describes the dependency of the values of
one set of data on the other. These functions can be summarized as

follows:

8.2.3.1 Autocorrelation function

For a given set of random data x(i), where i = 1,2,3,...N,
the mathematical expression for the autocorrelation function can be

written as

~t
x(i). x(i+t) A (8.7)

™M=

=
T N-t,
i

Ry (t)
1

in which t

0,1,25...,M,

i 153,35004,N3

and M is the number of lag times.
The normalized autocorrelation function may be defined as
RN(t) = R,(t)/R,(0) (8.8)

8.2.3.2 Cross—-correlation function

Considering two sets of random signals x(i) and y(i), the
mathematical expression for the c¢ross-correlation funection ny(t)

may be expressed as
N
Ry (t) = — = =x(i).y(i+t) (8.9)

The normalized cross-correlation function BRNxy(t) may then be

defined as

R ()
(t) = Xy (8.10)

(Rg(0))2.(Ry(0))2

Rny
Eq. (8.10) satisfies all values of t including t = 0, and also the

condition
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=1 & RNy (8)  + 1 (8.11)

When RNXy(t) = 0,.1it means there is no dependency between
x(1i) and y(i). But when RNyX(t) = 1, it means both sets are
completely related and these roles are alsoc applicable in the case

of RN(t) given by Eq. (8.8).

8.2.4 Frequency Spectrum

To establish the frequency composition of the data, the
Fourier Transform should be computed, which converts the data from
time domain to the frequency domain. The finite range, discrete
time, Fourier Transform X(K); for the Kth frequency; for real time
histories x(i) is

N-1- =

I x(i) exp
=1

(-j.2riK/N) (8.12)

1

X(K) = T
in which

K= 0,1,2, «u4 s, N/2 for N even
0,1,2, «us , (N-1)/2 for N odd

y-

and the corresponding frequency is

where
T is the sampling interval;
3 is the square root of (-1);
N is the number of x data values;
and P is the record length.

The Fourier Transform at specific frequency is a complex

number and is often described in terms of polar coordinates as:

- 297 ~



[x(0] = 182 (x(x) + 12 (X(K)IP (8.14)

where R,(X(K)) and I,(X(K)) are the real and imaginary parts of the

Fourier Transform respectively and can be defined as:

N-
Ry(X(K)) = T Z x(i) cos (2TiK/N) (8.15)
i=1
N-1
I,(X(K)) = -T I x(i) sin (27iK/N) (8.16)

1=1

To establish the frequency spectrum of the data measured, a
computer programme was developed which included a Fast Fourier
Transform Subroutine written by Otnes, R.K. and Enochson, L.D.

(1978).

8.3 DATA SAMPLING

A major consideration in any data analysis is the extraction
of the maximum amount of information from the minimum amount of
data. In other words, selection of an appropriate sampling scheme
can usually decrease the volume of data required to define the
parameter of interest with the desired precision.

.

On the practical side, two vital factors should be determined
before carrying out any measurements, and these are the record
length and sampling interval. In fact, both parameters are influ-
enced by numerous factors, obviously the major ones being the amount
of statistical information desired and the limited storage capacity

of the available computer system.

8.3.1 Record Length

To establish the record length, a preliminary run was made,
in which the 1lift and drag forces were recorded for thirty seconds
at a rate of 250 readings per second. Then the data was analysed
from the beginning of the record for different record lengths. For
each case, the mean and standard deviation were determined and found

nearly constant.
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These results revealed that the process is stationary random
and accordingly a sample period of 7 seconds was successfully
recorded for each run of the measurements. This means for each run
a record length of 1750 data values for both 1ift and drag forces

was acquired.

8.3.2 Sampling Interval

Sampling for the digital data is usually performed at equally
spaced intervals fo The problem then is to determine the
appropriate sampling interval. Sampling at points which are too
close will yield correlated and highly redundant data and thus an
unnecessary increase in the computation time. Also sampling at
points which are too far apart will lead to confusion between the
low and high frequency- components in the original data, called

"aliasing".

In order to select the appropriate sampling interval, the
frequency spectrum of the preceding test run was established which
showed the concentration of the signal power in the low frequency
range between 0 and 20 Hz. For reasons of safety, a cut off
frequency of 125 Hz was found sufficient to prevent the aliasing
error and also to satisfy the condition reported by Bendat, J.S.,

and Piersal, A.G. (1966), as

Fg = 1/(2.£,) (8.17)

in which'

F is the cutoff frequency equal to 125 Hz.

Applying Eq. (8.17), it is obvious that a sampling interval
f, equal to 0.004 seconds is satisfactory. The speed of the data
recording (the sampling rate) was regulated by means of a calibrated
time delay 1loop which was included within a specially written

subroutine for acquiring the force measurements.
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8.4 CALTBRATION TESTS

The load beam was calibrated in the manner described in
Section (6.5), and both the record length and sampling interval
discussed previously were adopted. The following tests were carried

out to examine the whole system.

8.4.1 In Still Water

To examine the measuring system as well as the computer
programme, the flume was partially filled with water, then both ends
of the flume were blocked so as to maintain still water conditions.
The movable board containing the instrumented particle was fixed on
the embedded cavity so as to submerge the instrumented spherical
particle in the still water. The measuring technique summarized in

Section (6.6) was then carried out.

The mean values of 1ift and drag forces obtained from this
test were almost zero. This result revealed that the computer
programme was working successfully and also the zero datum readings
obtained from the signal conditioner did not alter during the course

of the measuring.

8.4.2 Under Steady Flow Conditions

The hydrodynamic forces acting on any particle, regard-
less either of its position or orientation, are entirely dependent
on the flow condition, so that the forces acting on any one particle
will follow a certain behaviour as long as no movement occurs and
there is no change in the flow condition. This was employed to

specify the characteristics of the measured forces in more detail as

follows .

An arbitrary run was obtained, then the flow uniformity
established. Three samples were recorded for the forces at a
sampling rate of 250 readings per second for a period of two seconds

at an interval of ten minutes between one record and another.
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The data recorded are plotted in Fig. (8.1), which shows that
both 1lift and drag forces signals are randomly fluctuating around a
mean value. Also the mean was the same for the three data sets

which indicated that the fluctuation process was stationary random.

8.5 THE TESTING PROCEDURE

Twelve runs covering a wide range of flows and named MF1 to
MF12, were performed. For each run the hydrodynamic lift and drag
forces acting on a simulated spherical particle were recorded, as
explained in Section (6.6). During the experimental work, for all
runs, the drag and 1lift forces as well as the necessary information
of the flow condition were recorded on a floppy disk and the
statistical parameters were calculated and displayed on the VDU
screen and also recorded on the disk. These data were transferred,
via the BBC computer system, to the mainframe (VAX) computer at the
Civil Engineering Department, for carrying out the necessary

evaluation and analysis.

In order to ascertain the effect of particle shape and
orientation, the drag and 1lift forces were measured on each of the
four non-spherical particles as described in Section (6.4.3.2).
Since the test was principally estéblished for the purpose of
comparison, the investigation was conducted, for all particles, only
in one flow condition. In each case the instantaneous values of

1ift and drag forces were simultaneously recorded for four seconds.

8.6 DATA ANALYSIS AND RESULTS

8.6.1 Spherical Particle

8.6.1.1 Statistical parameters

For all runs, the mean, standard deviation ( SD), skewness
coefficient and the coefficient of variation (intensity), which is
equal to SD/mean, for both 1lift and drag forces were determined.

Then in order to carry out a frequency analysis, the data acquired
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were regrouped 1into histogram class intervals and the technique
explained in Section (8.2.2), was applied in order to estimate the
theoretical density function  that was appropriate to the

observations.

Using the aforementioned technique, it was concluded that for
all runs, the probability densities of the fluctuating 1ift and drag
forces in this investigation were normally distributed. The
fluctuations and the probability distributions of the forces
acquired are shown in Figs. (8.2) to (8.13), whilst a summary of the

results obtained for all runs is listed in Table (8.1).

8.6.1.2 Correlation functions and frequency spectrum

Applying the procedure explained in Section (8.2.3), the
correlation coefficients for 1ift and drag and between both of them
were calculated and plotted for all runs as shown in Figs. (8.14) to

(8.25).

All the autocorrelation plots show a rapid decline from unity
at zero time lag to zero at a delay time about a value of 0.15
seconds in the case of drag forces, 'and 0.01 in the case of 1lift
forces, then a periodic oscillation about the line of zero correl-
ation. This result proves that the signals are randomly fluctuating

with low correlation.

Similarly, the cross-—correlation plots indicated that the
correlation coefficient between lift and drag at zero time lag was
almost zero for all runs, then oscillated periodically within a
range of *0.05. This reveals that the cross-correlation was not
significant and could be ignored ‘hich leads to the conclusion that

the drag and 1ift signals are uncorrelated and they are

statistically independent.
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In order to establish the frequency composition of the data
acquired, the frequency spectrum for all runs was evaluated by using
the procedure explained in Section (8.2.4). The results obtained
were depicted on a decibel scale against the frequency in Hz (CPS)
for all runs in Figs. (8.26) to (8.31). It can be seen from these
figures that the frequency displays the same characteristics as the
autocorrelation function. Where there is high content of energy in
the low frequency range 0 up to about 20 Hz, the contribution to the
total energy of frequencies higher than 20 Hz is small and becomes

almost negligible.

8.6.1.3 Drag and 1ift coefficients

According to the prior investigation presented in Section
(2.2), the hydrodynamic drag and 1lift forces acting on a typical

particle were expressed as:

Cpo u2p2/2 (8.18)

o]
o
i

Cpo ulpé/2 (8.19)

11}

in which
.
Fb and fL are the mean drag and 1ift forces; respectively;
Cp and C;, are the drag and 1lift coefficients, respectively;
u 1is some characteristic velocity;
D is the representative diameter of the particle;

and p is the mass density of the water.

Since the present force measurements were conducted on a side
slope particle located at various levels which were dependent ¢ the
flow depth, and because of the irregularity of the particles
comprising the riprap layer, it was concluded that none of the local
velocities at any location above the particle could be adequately
used as a characteristic velocity in Eqs. (8.18) and (8.19). So
this value was evaluated for each run from the measured discharge

and water cross-section area.
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It is also worth mentioning that Noori, B.M. (1985) in his
study of the stability of block protected weirs, reached the same
conclusion and used the average flow velocity as a characteristic

velocity throughout his study.

As a result of the preceding discussion, u in Egs. (8.18) and

(8.19) will be replaced by the mean flow velocity u to obtain:

Fp = CppusD?/2 (8.20)

F, = coudn?/e (8.21)

rxi
[
1

The above equations were used to determine the drag

coefficient (CD), and 1ift coefficient (CL) for the experimental

measurements in all runs.

In order to derive the relationships required for the
stability analysis, the variation of CD and CL with the relative
depth (R/DSO), and Reynolds number (R,), was studied. The results
obtained are shown in Figs. (8.32) to (8.35), and found to be

defined by a simple power equation of the following form:

Cp = 0.01074 (R/D50>'°'268 ’ (8.22)

with correlation coefficient of 0.964 and standard error of estimate

of 0.0067, and
¢, = 0.063 (R/D50)'°‘557 (8.23)

with correlation coefficient of 0.996 and standard error of estimate

of 0.0045, and
-0.171
Cp = 0.0624 (Rr,) (8.24)

with correlation coefficient of 0.970 and standard error of estimate

of 0.0061, and

-0.355
C;, = 2.3816 (Ry) (8.25)
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with correlation coefficient of 0.998 and standard error of estimate

of 0.0035.

8.6.1.4 Lift to drag ratio

As can be concluded from Eqs. (8.20) and (8.21), the 1lift and
drag forces are dependent on the same variables; therefore, the
ratio of the mean values of these two forces should also be

dependent on the same variables. This yields,

g = F/Fy = C./Cp (8.26)

™
i

in which B is the ratio of mean 1lift to mean drag.

Actually, as it has been shown through Chapter Two, many
attempts have been made to establish this ratio to be used in the
sizing approaches. Ruh-Ming, L. et al. (1976) recommended the use
of a constant value of B = 0.85 for the design of riprap for bank
protection. Later Ruh-Ming, L. and Simons, D.B. (1979),
recommended the use of B8 = 2.85 for, the design of riprap. This
value was based on the analysis presented by Samad, M.A. (1978), in
which the curve shown in Fig. (3.10), for the approximate relation

between the ratio and the boundary Reynolds number was developed.

Using the results obtained of 1ift and drag measurements, the
ratio B was plotted against (R/D5O) and (Rg), as shown in Fig.
(8.36). These relations yield:

B = 5.861 (R/DSO)—0.289 (8.28)

with correlation coefficient 0.992 and standard error of estimate of

0.0033, and

B = 38.19 (R,)=0-183 (8.29)
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with correlation coefficient of 0.990 and standard error of estimate

of 0.0038.

In addition, the ratio of 1lift to drag for each run was
determined separately and listed within Table (8.1). Therefore,
according to the preceding results, one may conclude that recommend-
ing a constant value for this ratio for various flow conditions was

not in agreement with the results obtained from the current study.

8.6.1.5 Drag and 1lift relative intensities

During the course of the investigation, the standard
deviatiocn of the force fluctuations, o , was calculated as a measure
of wvariability of the hydrodynamic¢ force in the turbulent flow.
But, in order to represent the force characteristics in more detail,

another dimensionless term was formulated as the relative intensity

of 1ift or drag defined as:

DI = op /?D (8.30)

where

DI and LI are the drag and 1lift intensities, respectively;

and % and o, are the drag and lift standard deviation, respectively.

The two preceding equations were applied to obtain DI and LI
for all runs, and the results achieved are listed in Table (8.1).
In order to study the variation of these intensities with (R/DSO)
and (Re), the experiment:l results were plotted in Figs. (8.37) and
(8.38). These figures show that the relative intensity of the 1lift
and drag forces are independent of the relative roughness and the

flow Reynolds number, and can be determined as constant values.
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In fact, these are in accordance with the findings of results
which have been confirmed by some investigators. As a result of the
laboratory studies of hydrodynamic forces on a rough wall conducted
by Einstein, H.A. and E1 Samni, E.A. (1949), the 1ift intensity was
found to be of constant value equal to 0.37. Also the relative
intensity of the 1ift force was studied by Cheng, E.D. and Clyde,
C.G. (1972), and found to be independent of depth of flow and slope

of channel bed, and had a constant value equal to 0.18.

To determine DI and LI, the standard deviation for all runs
was plotted against the corresponding mean values. Then the
relative intensity was determined as the slope of the fitted 1line.

This test was conducted separately for the drag and 1lift forces as

indicated in Fig. (8.39), and the results obtained yield:

DI = 0.168 (8.32)

with correlation coefficient of 0.922 and standard error of estimate

of 0.126E~4, and

LI = 0.554 (8.33)

with correlation coefficient of 0.9522 and standard error of

estimate of 0.986E-4.

8.6.2 Non-Spherical Particles

Furthermore, in order to assess the desirability of employing
a spherical particle for measuring the acting hydrodynamic forces,
four non-spherical particles with different shapes were made as
explained in Section (6.4.2.2). Applying the measuring technique
used previously with the spherical particle, the /{orces acting on

all of these particles were recorded.

- 307 -



In fact this study was also planned to investigate the effect
of the particle shape and orientation on the measured lift and drag
forces. For this reason, the study was conducted in only one run
(i.e. one discharge) for all the particles, in which the data forces
were acquired for four seconds with the same sampling interval used

previously.

The results obtained from these measurements, which are shown
in Fig. (8.40), reveal the diversity of the results, which is
undoubtedly due to the difference between the projection area of the
particle subjected to drag and that subjected to 1lift force.
Additionally, to establish more specifically the difference between
the acquired results, the projected areas to the 1ift and drag were
assumed equal and equivalent to that of the representative spherical
particle. Then the various parameters determined previously were

worked out for all the particles as listed in Table (8.1).

8.7 DISCUSSION

The detailed experimental work performed on the spherical

particle suggests the following:

1
1 - It is obvious from Fig. (8.1) that the hydrodynamic 1ift and

drag forces are randomly fluctuating around mean values.

2 - The probability distributions of the fluctuating forces in this
study are found to be approximately normal distributions as

shown in Figs. (8.2) to (8.13).

3 - The cross-correlation analysis for the measured 1ift and drag
instantaneous values, as shown in Figs. (8.14) to (8.25),
reveal that they are not correlated. This means each force

is randomly fluctuating without being dependent on the other.
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The relationships developed either for the variation of the
1lift and drag coefficients or the ratio of lift to drag, as
depicted in Figs. (8.32) to (8.36), proved the correlation
between these coefficients and the values of both (R/DSO) and
(Ry) which are represented by Eqs. (8.22) to (8.29).

The relative intensity of the 1ift and drag forces as defined
in this study by Egs. (8.30) and (8.31), were found to be
independent of (R/DSO) and (R,) as shown in Figs. (8.37) and
(8.38), and had constant values which from Fig. (8.39) are
seen to be equal to 0.168 in the case of drag and 0.554 in

the case of 1lift force.

For the case of non-spherical particles, one may conclude the

following:

The comparison between the results obtained for all particles
for the same flow condition revealed that the magnitude of
the forces exerted by the flow is entirely dependent on the
projected area of the particle. Accordingly, the stability
of any particle will be dependent on the particle shape and
orientation which varied widely from one particle to another.
.
In the Author's opinion, using non-spherical particle for
measuring the acting hydrodynamic forces, is inappropriate.
This is obviously due to the difference between the projected

areas of the particle in perpendicular directionsto the 1lift

and drag forces.

Using non-spherical particles for deriving stability
criteria, will be misleading. This is simply because the

apprrach applied can only represent one of the particle

shapes.
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TABLE 8-1:SUMMARY OF RESULTS OBTAINED FROM

THE FORCE MEASUREMENTS

RUN | FLOW | FLOW | TEMP. | DRAG FORCE FD LIFT FORCE FL FL/FD
NO RATE | DEPTH MEAN |ST. DV.| INT. | COEFF.| MEAN (ST. DV.| INT. | COEFF.| RATIO
. " CONPY BT TR | 4| i )
m3/s)|  (m) c X 10| X 10 % X100 x 10| X 10 % X 10
MF 1 [ 0.036 [ 0.073 f 13.20 || 0.979 | 0.229 | 23.38 | 8.016 || 4.218 | 2.140 | 50.74 | 3.452 | 431
MF 2 | 0.050 | 0.090 | 13.80 || 1.092 | 0.215 | 19.69 | 7.706 | 4.537 | 2.290 | 50.48 | 3.202 | .16
MF 3 | 0.058 | 0.099 | 13.20 || 1.148 | 0.239 | 20.82 | 7.54a | 4.626 2.500 | 54.01 | 3.042 || 4.03
MF 4 | 0.065 | 0.107 | 12.70 || 1.209 | 0.229 | 18.95 | 7.494 || 4.793 | 2.460 | 51.33 | 2.972 || 3.9
MF 5 | 0.070 | 0.111 | 13.20 || 1.269 | 0.247.| 19.46 | 7.630 4.910 | 2.620 | 53.36 | 2.952 | 3.87
MF 6 | 0.078 | 0.119 | 13.50 || 1.289 | 0.260 | 20.17 | 7.305 | 4.947 | 2.520 | 50.0a 2.803 || 3.84
MF 7 | 0.089 | 0.128 | 14.10 || 1.353 | 0.274 | 20.26 | 7.186 || 5.123 | 2.890 | 56.41 | 2.722 || 3.75
MF 8 | 0.100 | 0.137 | 14.30 | 1.421 | 0.296 | 20.84 | 7.066 || 5.292 | 2.620 | 49.51 | 2.632 || 3.73
MF 9 | 0.107 | 0.143 | 13.70 " 1.471 | 0.286 | 19.44 | 7.016 || 5.459 | 2.790 | 51.11 | 2.603 || 3.71
MF10 | 0.120 | 0.152 | 14.10 || 1.495 | 0.303 | 20.26 | 6.683 || 5.531 | 2.890 | 52.25 | 2.472 || 3.70
MF11l | 0.132 | 0.159 | 14.10 || 1.622 | 0.359 | 22.14 | 6.865 || 5.815 | 3.090 | 53.14 | 2.462 | 3.59
MF12 | 0.143 | 0.167 | 13.50 || 1.683 | 0.257 | 15.27 | 6.814 || 5.965 | 3.150 | 52.81 | 2.414 || 3.54
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TABLE 8-2:RESULTS OF FORCE MEASUREMENTS

ON NON-SPHERICAL PARTICLES

PARTICLE NO.
DESCRIPTION
(1) (2) (3) (4)
5 MEAN FD ,(N X 10°) 2.647 | 2.069 | 1.754 | 1.835
g;_ STANDARD DEVIATION X 10° 0.443 | 0.359 | 0.226 | 0.214
- DRAG INTENSITY (DI) ,% 16.76 | 17.35 | 12.91 | 11.67
§ FD(NON-SPHERE) / FD(SPHERE) 2.181 | 1.705 | 1.445 | 1.512
f:) MEAN FL (N X 10°) 6.794 | 4.067 | a.a23 | 5.272
o STANDARL DEVIATION X 10° 2.910 | 2.390 | 2.570 | 2.600
= LIFT INTENSITY (LI) ,% 42.80 | 58.71 | 58.19 | 49.35
3 FL(NON-SPHERE) / FL(SPHERE) 1.422 | 0.851 | 0.926 | 1.103
LIFT TO DRAG RATIO 2.56 | 1.96 | 2.52 | 2.87
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CHAPTER NINE

STABILITY ANALYSIS AND RESULTS

9.1 INTRODUCTION

It was concluded through the comparison analysis conducted in
Chapter Seven, that neither the deterministic methods nor the
probabilistic methods predicted the side slope stability in
accordance with that obtained during the experimental tests. 1In the
Author's opinion, this discrepancy was mainly due to the lack of
experimental measurements as a basis for the analytical stability

criteria.

Although the rock protection usually consists of some thick-
ness of fragmeng}particles, its stability and accordingly that of
the whole structure, must be ultimately dependent on the stability
of an individual particle. However, the experiments conducted
during the current study revealed that movement of one particle does
not usually cause the failure. This contradiction made it necessary
to differentiate between two kinds of particle movement:

.
1 - Movement due to the initial wunbalanced position of the
particles, which usually occurs at low rates of flow to some

of the less well supported particles and limited in such a

way as not to cause failure. This movement is not only due

to the acting hydrodynamic forces but alsc due to a

particle's local unstable position.

2 - Movement due to the applied hydrodynamic forces, which
usually increase rapidly in proportion to the increase in the

fI »w rate, and accordingly cause progressive failure.

As a result of the preceding clarification, one may conclude
that the derivation of a design criterion on the basis of the
stability of a single particle can be achieved as long as the result

is confirmed experimentally.
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The relationships derived in the previous chapter will be
utilized to formulate two different approaches for sizing riprap.

These approaches can be summarized as:

1 - Deterministic approach to predict the mean safety factor by

considering the mean values of 1lift and drag forces.

2 - Probabilistic approach to predict the chance of movement of
an individual particle of the side slope which accordingly
enables the designer to establish the stability of the whole

riprap layer.,

In addition, to establish the applicability of each approach,
the side slope safety factor and probability of adequacy will be
predicted utilizing the available laboratory data, and a sensitivity
analysis will be established between the various deterministic and
probabilistic approaches reviewed in Chapter Three, and the new

methods developed in this study.

9.2 STABILITY HYPOTHESIS

Referring to the detailed discussion presented in Chapters
Two, Three and Seven, and the resul'ts of the force measurements
presented in Chapter Eight, a physical model of various forces
acting on an individual particle of side slope is shown in Fig.

(9.1) as

1 - The resultant of the hydrodynamic drag force FD which acts

parallel to the flow direction.

2 - The resultant of the hydrodynamic 1ift force FL’ which acts

perpendicular to the side slope plane.

3 - The submerged weight of the particle W, acting vertically

downwards.
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Resolving these forces into their components, parallel to the
flow motion and perpendicular to the side slope plane, and
calculating the resultant forces in both directions, a stability
hypothesis can be established by considering a single particle on

- the side slope which is subjected to two groups of forces:

1 - Forces tending to dislodge the particle from its position,

which may be termed as driving force

2 - Forces resisting the movement of the particle, which may be

termed as resisting force.

The driving force FDR may be expressed as

1
Fpp = (Wesin g+ Fg)2 (9.1)
where
W =L pPpa(s -1) (9.2)
6 s
in which
v
Fp is the drag force (N);
W is the submerged weight of the particle (N);
8 is the angle of side slope of the channel;
g is the gravitational accelation (m/sece);
0 is the water density (Kg/m3);
Sg is the particle specific gravity;
and D is the representative diameter (m).
The resisting force FRE is given by
Fpp = (Weos® -F;)tang (9.3)
in which
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F;  is the lift force (N);

and ¢ is the angle of repose in degrees.

Therefore, the factor of safety against movement of a
particle may be defined as the ratio of the resisting force, Fre to
the driving force, Fpp on a representative particle size of the
riprap blanket. According to this definition, the factor of safety

FS of a riprap blanket can be expressed as

Substituting Fpp and Fpp values into Eq. (9.4), the factor of safety

can be obtained as

(Weose - FL)tan¢ (9.5)
(W2sin2o+ Fp2)2 ‘

SF =

When SF> 1, the particle is considered stable. If SF = 1 the
particle is considered in the state of incipient motion or at the

eritical condition, and if SF < 1, failure may be expected.

9.3  DETERMINISTIC APPROACH

The mean value of the safety factor given by Eq. (9.5), can
be obtained by considering the mean value of drag and 1ift forces
given in Egs. (9.1 and 9.3), as ‘Fb and 'FL. Thus the mean or

conventional safety factor is defined as

- (Weos6 - FL)tan¢
SF = — (9-6)
(Wesine+ FDz)%

When Eﬁ; = 1, the rock :rotection is considered to be at the critical
condition, and when SF > 1, the rock protection is safe, and if SF <

1; the rock protection is considered unsafe and failure may be

established.
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Consideration is now given to formulating a deterministic
method for establishing the conventional safety factor of the side

slope.
For the given values of D, R,$ ,6 , Ser P and SS
where

R is the hydraulic radius (m);

and Sg is the energy slope.
The following procedure is recommended:
Step 1: Use Eq. (9.2) to determine W

Step 2: Using the following equation, the shear velocity is

determined:

Ll* = 'gRSe (9'7)
Step 3: Eq.(7.16) is used to obtain the mean flow velocity u
from
T/ug = 8.4742 (r/p)0+0304 (9.8)
.
Step U4 Use Eqs. (8.22) and (8.20) to determine the value of Fb
from
Cp = 0.01074 (r/p)~0+268 (9.9)
Fy = Cppu?p?/2 (9.10)
Step 5: Using Eqs. (8.23)and (8.21)

Value of‘FL is determined from:

0.063(R/D)-0.557 (9.11)

g
"

CrP u2p2/, (9.12)
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Step 6:‘ Applying Eq. (9.6), the side slope safety factor may be

obtained.

9.4 PROBABILISTIC HYPOTHESIS -

As mentioned earlier in Chapters Two and Three, and according
to the detailed measurements and results presented in Chapter Eight,
both 1ift and drag forces acting on a side slope particle were found
to be randomly fluctuating as a function of time as shown in Figs.
(8.1) to (8.13), and both processes were also found to be stationary
random., Thus, the probability of adequacy of a riprap protection

can be determined as

P, = probability [Fpp > Fppl (9.13)
P, = P [Fgpg > Fpgl (9.14)
= f (FS) (9.15)

in which P[.] is the probability of the specified event.

According to the assumption established by Smith, K.V.H.

N
(1986), the drag force F, was considered to be proportional to the
boundary shear stress T, and the lift force Fi was considered to be

related to drag force FD, i.e.

and
F = Bfp = 8Bt (9.17)
where

8 is the proportionality parameter and has units L2

and B is the ratio 1ift to drag.
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Therefore, the conventional safety factor given by Eq. (9.5)

can be derived utilizing Egs. (9.16) and (9.17), to obtain

(Wecose -pdt)tang (9.18)

SF =
(W2sin20+ 6272)%

In order to evaluate the proportionality constant 6, the
expression

T = o uf (9.19)
is utilised. Then, from Egs. (9.10) and (9.16) we obtain

Fp = 8t = & ug = CDpu2D2/2 (9.20)
Eq. (9.20) can be regrouped into the following dimensionless form:

et

2, (é?h (9.21)

(=23
1
—
|=
-

The right hand side of Eq. (9.21) can be obtained by
utilising Eqs. (9.8) and (9.9) to develop another simple formula in

the form

__f. = f (R/D) (9.22)
D2

To establish this relation, the term (G/DZ), was plotted
against (R/D), for all runs as shown in Fig. (9.2), and the result

obtained was
§ = 0.3858 D2 (m/p)~0-207" (9.23)

This formula indicates that 6 , does not have a constant
value as suggested by Ruh-Ming, L. et al. (1976), and Ruh-Ming, L.
and Simons, D.B. (1979).

For an existing riprap structure, the rock size and
accordingly the submerged weight of a particle is known. Thus, the
critical shear stress for the failure can be determined by utilizing

Eq. (9.18) with T = T, when SF = 1, to obtain:
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(Weos 6 - BS7,) tand = (WPsin?0 + & ©2)2 (9.24)
in which T, is the critical shear stress.

Eq. (9.24) is a quadratic equation, and its solution in the

form quoted by Ruh-Ming, L. et al. (1976) is

2 2 1
: el -4 (9.25)
¢ - SeA> )
in which
Ay = BWcos® tan$ (9.26)
Ay = 1+ 8%tan? (9.27)
A3 = cos?0 tan$ - sin?e (9.28)

Due to the proportionality between the boundary shear stress
and the drag and 1lift forces, the value of SF in Eq. (9.18) will be
less than or equal to 1.0 when T is greater or equal to T,. Thus,

the probability of adequacy of riprap structure can be expressed as:

P, = probability [T, » T] (9.29)
P, = Plt, » 1] (9.30)
P, = f(Tc) (9.31)

In order to derive relationships between shear stress and the
applied hydrodvnamic forces, Eqs. (9.16) and (9.17) were utilized to

establish the following equations:

Fb = 8t (9.32)

F o= 08T (9.33)
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FCD = 6'1' (903“)

FCL = 6BTC (9.35)

in which

Fep and Fcp, are the drag and 1ift forces respectively at the case

of the critical shear stress.

Therefore, as the 1lift and drag forces are perpendicular to

each other, the mean and critical resultant can be obtained as

F = /F2+ T = 87 VB2 + 1 (9.36)

F,
/ 2 81,782 + 1 (9.37)

2
Fo = YFo” + Fep

in which

F  is the mean resultant force;

and FC is the critical resultant force.

As a result of the current invetigation, it was concluded
from Eq. (8.33) that the 1ift force is normally distributed with

relative intensity equal to

Oy,
LI = ===z 0.554 (9.38)
L
in which
oy, is the standard deviation of the lift force.

Substituting for F| into Eq. (9.38) the o vaiue becomes:
o, = 0.554 ¢ PueD?/2 (9.39)

Therefore, one can evaluate the quantile point q, as

q, = ==L (9.40)

- 357 -



and
£ (Fy) = £(7) = ¢(qy) (9.41)

in which ¢(.) is the cumulative distribution function for the
normalised distribution curve, and then the probability of adequacy

is

Py = ¢9(qp) (9.42)

9.5 PROBABILISTIC APPROACH

A11 the parameters necessary to establish the probability of
adequacy were derived in the previous chapter. It is thus possible

to determine the side slope probability of adequacy as follows:

For the given values of D,R,¢,G,Se,p and Se’ the following

procedure should be utilized.

Step 1: From Eq. (9.2) particle submerged weight W is
determined.
Step 2: The value of B is evaluated from Eq. (8.28) as
T
8 = 5.861 (r/D) 0+289 (9.43)
Step : § is determined from Eq. (9.23)

Step is determined from Eq. (9.25)

3

4
Step 5 T 1is determined from Eg. (9.19)
Step 6: F is determined from Eq. (9.36)
7
8

Step : F. is determined from Eq. (9.37)

Step
Step 9: o;, is determined from Eq. (9.39)

: Cy, is determined from Eq. (9.11)

Step 10: q, is determined from Eq. (9.40)
Step 11: The probability of adequacy ¢ (qn) is expressed as a
cumulative distribution function for the normalised

distribution curve which can be obtained from a standard

normal table.
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In this case, if P, = 50%, it means that F = F, and the
particle can then be considered in the state of incipient motion or
at the critical condition. If P, > 50%, the particle is said to be

stable, and if P, < 50% the particle will be displaced.

9.6 VERIFICATION

To establish the applicability of the two approaches
developed in this study, four different tests were established by
utilizing the results obtained in the laboratory experiments. Also
a comparison between each approach and the approaches of other

Authors was made. These analyses may be summarized as follows:

9.6.1 First Test

Despite the predictions obtained by various methods
indicating that the failure should occur in the first three models,
the 1laboratory tests conducted on these models revealed no
significant movement and accordingly no failure resulted. Using the
flow condition obtained for the three models as input data, the
predictions for side slope safety factor and probability of adequacy
were evaluated for all runs and the results are plotted in Fig.
(9.3), which revealed the follow1ng predictions at the maximum

attainable flow rates:

Model No. 1 2 3
FS 1.056 1.038 1.033
P, 98.0% 79.7% 78.3%

This principally confirms the results from the laboratory
investigations, in which despite the fact that the maximum discharge
for a day and night was applied, in the case of the three models, no
failure was observed. This means that up to the maximum flow rates
the effective shear force acting at the top of the protective layer

had not yet reached its critical value.
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9.6.2 Second Test

In this test, the two developed approaches were utilized to
predict the failure discharge for the case of Model 4, and the
corresponding probability of adequacy of the results obtained from

the failure tests, the results being as follows:

Test - Actual failure Predicted failure Py
No. flow (m3/s) flow (m3/s)

1 0.1794 0.1815 50.2
2 0.1825 0.1815 49.9
3 0.1853 0.1815 49,64
b 0.1769 0.1815 50.43

These results are in accord with the failure discharge in the
laboratory tests, and confirm the applicability of the developed

models.

9.6.3 Third Test
.

To achieve greater benefit from the current study as well as
to test the developed approaches, a comparison between these
approaches and all the aforementioned approaches was made utilizing
the available data of Model 4. This mathematical test was conducted
by considering the flow to be uniform with both energy and bed
slopes equal to 0.0125. The results of this test are plotted in
Figs. (9.4) and (9.5), whilst the variation of conventional safety

factor with the probability of adequacy is shown in Fig. (9.6).

The results obtained from this test allow a comparison to be
made between the predictions obtained by the new approaches and that
of all the aforementioned approaches. In addition, for a better
appreciation of the comparison, the root mean deviation RMS was

determined as
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/z(x,l _ X2)2

=) (9.44)

in which
X4 is the prediction obtained by the new approaches;
and X5 is the prediction obtained by any of the aforementioned

approaches.

This test was applied for each of the deterministiec and

probabilistic approaches and the results obtained were as follows:

A: The deterministic approaches
Method 1 2 3 i 5 6 7 8
No.

S |0.501 {0.302| 0.261| 0.098 | 0.290 | 0.378 | 0.080 | 0.373

B: The probabilistic approaches
'
Method No. 1 2 3 y
S 0.086 0.653 0.432 0.662

These results revealed that in the case of the deterministic
approaches, Method Nos. 4 and 7 give the closest results to the new
approach, whilst Method No. 1 gives the nearest results in the case
of the probabilistic approaches, and also these results are in

agreement with those concluded in Chapter 8.
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9.6.4% Fourth Test

During this test, the side slope factor of safety and
probabibility of adequacy were determined for various rock sizes
which varied in steps from 0.005m to 0.03m. Applying the flow
conditions obtained in Model 4, the results are plotted in Fig.
(9.7). These graphs indicate the relationship between the particle
size and the values predicted for all the flow cases. Clearly as
the particle size is increased, the protective layer should be more

stable.

In addition, the safety factors predicted for all particle
sizes are plotted against the corresponding probability of adequacy
as shown in Fig. (9.8). For the critical condition in both
deterministic and probabilistic approaches, the factor of safety is

one and the probability of adequacy is 50%.

9.7 DISCUSSION

Two methods for sizing riprap were developed on the grounds
of the relationships developed throughout the previous chapter. The
deterministic method of riprap design was developed on the basis of
stability of a single particle by condidering the mean value of 1lift
and drag forces, and the alternative probabilistic approach which
takes into account the randomness of the forces acting on the riprap
to enable the designer to interpret the likelihood of adequacy under

a certain deterministic design condition.

A sensitivity analysis of the developed models was made in
which the available laboratory data was utilized, and the results
were very close to that obtained in the experimental work. Also a
similar analysis was conduc:ied to justify the applicability of the
new approaches in comparison to the others, and the test showed that
all the other methods were a little more conservative than the
approaches developed in this study. This in fact leads to the
conclusion that the Author's approaches are practical and more

economic than the other methods.
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CHAPTER TEN

CONCLUSIONS AND RECOMMENDATIONS

10.1 CONCLUSTIONS

The aim of this research was to obtain a greater insight into
the problem of the stability of riprap protected side slopes in open
channel flow, and more especially to establish a better understand-
ing of the failure process, the hydrodynamic forces acting on the
rock particles, the hydraulic resistance and flow characteristics of

large scale rough channels.

For the above purpose, six modelled channels, with side
slopes protected with a layer of rock armour have been designed,
constructed and tested in an outdoor flume and in an indoor tilting
flume, as explained 1in Chapter Five. Then for the purpose of
measuring the hydrodynamic forces acting on an individual represent-
ative spherical particle as well as on four non-spherical particles,

Model No. (5) was modified as explained in Chapter Six.

v
In the previous chapters there has been detailed discussion

of the various findings and the main conclusions are set out below:

A - Riprap stability

In the case of the first three models, the flume was operated
with various flow rate steps up to 0.22 m3/s, as shown in Table
(5.1). But although the maximum discharge was applied for a day and
night, and that most methods of sizing riprap predicted failure, in

fact no failure was observ:d. The implications are as follows:
1 - The effective shear force acting at the top of the protective

layer, at the maximum attainable flow rate, had not reached

its critical value.
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The deterministic and probabilistic methods for sizing riprap
are too conservative, and thus tend to be uneconomic. This
is obviously due to the manner in which these approaches have
been developed, namely very largely on the basis of
theoretical considerations and without the benefit of

verification by actual measurements.

In the case of the last three models, in which both uniform

and graded riprap materials, as well as both a conventional filter

and a sheet filter cloth were tested, increasing discharges were

applied in steps until failure occurred. The mode of failure was

assessed and, in one case, a more detailed examination was made with

the aid of coloured rock particles. From the results of the tests

on these models, the following conclusion can be drawn:

2 -

The visualization study of the failure process revealed that
no flow stage exists at which the riprap layer suddenly
collapses since movement of individual particles takes place
progressively over a wide range of applied shear stress, as

the flow velocity increases.

In describing the manner in which failure occurred in these

models, the following stages offailure can be identified:

Rearrangement movement

This movement usually occurs at relatively low flow
velocities to some of the less well supported particles and
limited in such a way as not to cause failure. It is worth
mentioning that this rearranging process is taking place not
only due to the acting hydrodynamic forces, but also due to a

particle's local unstable position.

Occasional movement

As the flow rate is increased, some particles, mainly from
the top protective layer at the lower part of the side slope
blanket, tend to vibrate under the effect of the fluctuating
hydrodynamic forces. The vibration leads to a new stage in

which occasional movement to some particles was observed. It
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was noticed during this stage that despite the particles
being moved on the side slopes, the protective layer as a
whole was working efficiently and withstood the applied

forces.

Threshold stage

This stage was characterised by a displacement of one
particle, which at the same place, would expose some
previously shielded particles to the flow current. As a
result of this, a new system was established which caused

some less well supported particles to move.

Failure stage

This last stage was reached when the rate of particle removal
was found to be approximately proportional to the increase in
flow rate; finally, the rate of removal became such that the
stability of the side slope, in some portions, was
endangered. Failure was deemed to occur when the riprap
lining was removed from small areas of the lower part of the
side slope. Generally, this resulted in a collapse of the
upper part of the side slope due to the removal of the
support afforded by the lower portions.
.

It was observed in all of the tests of failure that particle
movement originated in the lower part of the side slope.
This was obviously due to the 1location of maximum shear
which, as experimentally found, had a peak value within that

part of the side slope.

The stability of a side slope is influenced by the type of
filter layer. This is exemplified by the results of the
tests on Model Nos. (#) and (5) each having th= same riprap
lining. The failure discharge in the case of Model No. (4),
where there was a conventional filter consisting of two
aggregate layers 1.5 cm thick each, was 1.29 times that in

Model No. (5) where there was a synthetic filter layer.

This result was expected because unlike the properly designed
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conventional filter, which provides a rough foundation to the
riprap blanket and consequently enables the protective layer
to withstand the applied hydrodynamic forces, the filter
cloth has the tendency tQ facilitate the particle movement
immediately after the incipient motion has taken place. This
action reduces the time interval between the threshold of

movement and failure as well as inducing failure earlier.

The effect of rock grading on stability is illustrated by the
results of tests on Model Nos. (5) and (6). Model No. (5)
was protected with uniform rock particles of DSO = 20.7 mm
(Table 5.1) having a layer thickness of 1.5 x Dgg, whilst
Model No. (6) had a graded material with Dgy the same as in
Model No. (5) and with layer thickess (see Fig. 5.19) similar
to that in Model No. (5). Failure occurred in Model No. (6)
at a flow rate of 92% of that in Model No. (5).

This may be explained by the fact that, in the case of a
riprap blanket comprising a graded material, the large
particles provide shelter for the smaller ones. Thus the
resistance of the smaller particles to the applied forces is
enhanced whereas the resistance of the larger particles is
diminished. Overall, the effeet is that a graded material
will provide less stability than a uniform material of the

same median grain size.

There is currently some debate concerning the relative merits
of filter cloths and granular filters. The filter cloth is
more economical since, being less labour demanding, it is
quick and easy to install; it is normally resistant to
puncturing, but as it is a fairly recent innovation its dur-

ability is not yet proved. -

Certainly, it can be said that there was no indication of any
deterioration in the physical properties of the filter cloth
utilised in Model Nos. (5) and (6), although, of course,
their exposure to flow conditions was very short relative to

that which might be expected in a field installation.
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On the other hand, the relative roughness of the cloth, which
is necessary for stability on a side slope, was changed by
the exposure to the flow and became less than previously.
This reduction in resistance may be conducive to a particular
type of failure affecting the whole side slope, as occurred
during the tests conducted on Model No. (6). 1In this test,
as shown in Plate (7.7), the failure rapidly established
itself along the side slope which was obviously due to the

filter cloth sliding on the side slope face of the sand base.

This experience leads to the conclusion that a filter cloth
should be installed as far as the upper end of the side
slope, then steel rods or any available heavy materials could

be used as weights securing the filter along its upper edge.

Considering the quantitative study conducted on Model No.
(6), in which a more detailed examination was made with the
aid of coloured rock particles, the observations confirmed
that the maximum percentage transport occurred within the
upper part of the protective blanket. This was obviously due
to the slump induced within the upper part as a result of the
particles removed from the lower part of the side slope.
.

Moreover, from observations on the particle behaviour during
their displacement it was concluded that they were being
subjected to increasing drag force associated with the

increase in velocity with distance from the boundary.

B - Channel roughness and hydraulic resistance

Investigation of the hydraulic resistance and flow character-

isties of the large scale rough channels conducted in this study

revealed the following:

Tables (7.13) to (7.18) and Figs. (7.38), (7.40) and (7.42)
confirm that the Chezy resistance coefficient C is independ-
ent of the slope of the channel bed, and increases with the

increase in flow rate.
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2 - Manning's n was also confirmed to be independent of the slope
of the channel bed and decreased with the increase in flow
rate as shown in Tables (7.13) to (7.18) and Figs. (7.37),
(7.39) and (7.41).

3 - According to the Egs. (7.11) to (7.17) developed in this
study, it was concluded that the Darcy-Weisbach friction
factor parameter (1//f) is directly correlated with the
relative roughness parameter (R/DSO) by a power (monomial)

type formula as shown in Figs. (7.43) and (7.44).

C - Applicability of existing sizing methods

An investigation of the applicability of the approaches
developed for sizing riprap either deterministically or probabil-
istically has been comprehensively conducted in the 1light of the
results obtained from all the experimental tests. It was found that
the results differed materially from those predicted by the various
approaches, and that the predictions themselves covered a wide range
for all the experimental tests as demonstrated in Figs. (7.1) to
(7.24).

.

In addition, as shown in Chapter Seven, the comparison test
conducted for various deterministic approaches and for a wide range
of particle sizes showed that some of these methods always predict
failure results whatever the particle size as depicted in Figs.
(7.25) to (7.30), whilst the particle sizes recommended by the
remaining methods for the given flow conditions, are always greater
than these used in the experimental tests, in other words are too

conservative.

This wide variation in the prediction obtained by various
methods reflects the manner in which these approaches were
developed, that is to say principally based on theoretical consider-

ations and unconfirmed by real measurements.
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D - Location of maximum wall shear

It was found, from the experimental study conducted to locate
the point of maximum shear stress along the side slope for various
flow conditions, that the maximum wall shear, as shown in Table
(6.1) and Fig. (6.6), was located at between 0.29y and 0.35y, where
y is vertical height above the channel bed, which is in accordance

with the results obtained by Lane, E.W. (1955).

E - Lift and drag properties

For the purpose of formulating stability criteria for side
slopes, a specially fabricated measuring device was employed to
acquire simultaneous values of 1lift and drag forces for various flow
conditions. It comprised a spherical particle of diameter equal to
20.1 mm which has been determined experimentally. From the results

obtained, the main conclusions c¢an be summarized as follows:

1 - The probability densities of the fluctuating 1ift and drag
forces in this investigation were found to be approximately

normal distributions, as shown in Figs. (8.2) to (8.13).

2 - The cross-correlation analysis for the measured lift and drag
instantaneous values, as shown in Figs. (8.14) to (8.25),
revealed that they were not correlated. This means each
force is randomly fluctuating and is independent, one of

another.

3 - The relationships developed either for the variation of the
lift and drag coefficients, and the ratio of 1lift to drag, as
depicted in Figs. (8.32) to (8.36), confirmed the correlation
between these coefficients and the values of both the
relative roughness parameter (R/DSO) and Reynolds number

(Rg), as represented by Eqs. (8.22) to (8.29).

4 . The relative intensities of the 1lift and drag forces, as
defined in this study by Eqs. (8.30) and (8.31), were found
to be independent of (R/DSO) and (Re) as shown in Figs.
(8.37) and (8.38), and had constant values which from Fig.
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(8.39) are seen to be equal to 0.168 in the case of drag

force and 0.554 in the case of 1ift force.

F - Particle shape and orientation

Effect of particle shape and orientation was investigated
experimentally by measuring the forces acting on four different
shaped non-spherical particles as well as on the spherical particle.
This study revealed that the magnitude of the measured forces is
dependent on the projected area of the particle. Accordingly, the
stability of any particle will not only be influenced by the
hydrodynamic forces acting on it, but also is dependent on the
particle shape and orientation which may vary widely from one

particle to another.

G - Modified methods for sizing riprap

A sensitivity analysis of both the deterministic methods for
sizing riprap and the other auxiliary probabilistic methods derived
in this study was made, and the results were very close to those
obtained in the experimental work as shown in Figs. (9.3) to (9.8).
Also, a similar analysis was conducted to justify the applicability
of the new approaches in comparison to the others, and it was shown
that all the other methods are a little more conservative than the
approaches developed in this study as shown in Figs. (9.4) to (9.6).
This in fact leads to the conclusion that the approaches developed
in this study are practical and more economic than the other
methods, although it must be acknowledged that they are only based

on a limited range of conditions.

10.2  RECOMMENDATIONS FOR FUTURE INVESTIGATION

The experiments, although on models of fairly large
dimensions, of the order of 0.4 and 0.5m bed width and side slope
1V:1.5H, were necessarily somewhat limited in scope, bearing in mind
the many factors influencing the stability of channel side slopes.
A greater variety of channel geometry needs to be considered - ratio
bed width to flow depth, longitudinal bed slope, steepness of side

slope, and the variation in plan form, such as the effect of bends.
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The performance of different types of riprap lining merit
further investigation, for instance the effect of different grad-
ings, thicknesses and packing factors (consolidation levels in loose
tipping and purposeful placing). For instance, it might be
beneficial to armour to a higheh standard for the lower portion of
the side slope than the upper. Also, the nature of the bed must
have an effect on side slope stability and this requires further

study.

Filter design is an important issue. A great variety of
synthetic fabrics are available and their relative merits as well as
their comparison with conventional filter layers, require experi-

mental study.

The mechanics of the threshold of movement and subsequent
failure need to be investigated more intensively. Experiments aimed
at establishing in detail the sequence of events could be
beneficial. Tests could be conducted to establish the 1lift and drag
on different shaped particles in various environments, for example
in different 1locations on a side slope and with different

arrangements of neighbouring particles.

In the present study, a channel core consisting of medium
sand having D50 = 0.27 was adopted. But in some circumstances, as
in the case of the River Nile in Egypt, the banks usually comprise
either silt or silty clay materials having certain characteristics
different from that of sand. Therefore, it would be interesting to
investigate the effect, on the riprap stability, of using silt as a
channel core. It is expected, in this case, that the filter design

will be a dominant factor in the stability of the riprap layer.

The modified approach to riprap sizing proposed by the Author
requires further vertification in the 1light of the wvarious
influencing factors outlined above. The results of laboratory and
field trials on the 1lines indicated will give a much greater
confidence to the engineer when faced with the important design

problem of protecting the banks of rivers and artificial channels.
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It is understood that a very large riprap test facility has
recently been constructed at the U.S. Army Engineers of Waterways
Experiment Station -~ Vicksburg, and an extensive programme is

planned with the aim of improving design methods for sizing riprap.
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