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1. Introduction

1.1 General

During the last decades many research projects, directed to the phenomena
of local scour, have been realised in the Netherlands. Now The Dutch Public
Works Department wishes to summarise the main results of all these research
projects in a local scour manual, which should contain guidelines to solve
problems related to local scour in engineering practise. Finally all these

results will implemented in a software information system SCOUR.

DELFT HYDRAULICS is commissioned by Dutch Public Works Department, Locks
and Weirs Department in letter BSW/WB 89-4136, dated August 17th, 1989.
Specially for the incorporation of local scour near bridge piers in this
report DELFT HYDRAULICS is commissioned by the Locks and Weirs Department
in letter BSW 90-4656, dated July 17th, 1990.

This project has been realised in the period October 1989 to September
1990.

The author of this draft manual is M. van der Wal, project engineer of
Delft Hydraulics, in cooperation with Mr R. Jorissen of the Road and
Hydraulic Department of the Dutch Public Works Department.

1.2 Scope of this manual

The treatment of the local scour phenomena in this manual is classified by
different types of structures. Each structure type is necessarily
schematized to a simple, basic lay-out, which is applied frequently in The
Netherlands. Some characteristic lay-outs of each structure type are
considered in this manual. The choice of the structures is based on a
representative selection of the hydraulic structures in The Netherlands.
The following types of structures have been included in this report:
sills or bars (chapter 2), spurdikes and abutments (chapter 3), bridge
piers (chapter 4), outlets (chapter 5), jets (chapter 6), scour by waves
(chapter 7) and scour of cohesive soils (chapter 8).
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A brief description is given of the main parameters of a structure and of
the main parts of the flow pattern near a structure. Detailed and
theoretical descriptions of the flow phenomena are not included, because at
this stage the consequences of these descriptions for engineering practice
are minimal.

The available theory of scour phenomena is not complete to match each scour
problem, therefore some approximations are proposed. The mainly one-
dimensional theory, which is presented in this manual, can be applied
directly in engineering practice. The semi-empirical theory for the
developing phase of a scour hole can be considered as a continuation and an
expansion of the approach of Breusers, lit.[l1.2]. With this approach a lot
of experience has been gained mainly in the Netherlands, but also abroad,
during last decades.

For the maximum scour depth in the equilibrium phase some preliminary
formulas are given.

Complex two-dimensional computer models are developed now to calculate a
scour hole depth, but these models will not be available for engineering

practice in the near future.

The scope of this scour manual is to provide the civil engineer with
practical calculation methods for the dimensions of scour holes and an
introduction to the most relevant literature. The main aspects are the
determination of the maximum scour depth and the initial slopes of a scour
hole.If such calculation methods are not available for a certain situation,

probably a possible future research topic can be identified.

A complete review of all the available references on local scour is out of
the scope of this manual. For a more general introduction to local scour we
refer for example to the monograph no A8 ’Scouring” by Breusers and
Raudkivi, lit.[l.1].

In this draft version of the manual insufficient attention is paid to the
validity ranges and limitations of the formulas, and the information about
the accuracy of the calculated parameters (mainly scour depth and initial
slope of the scour hole) is complete. The methods to prevent local scour

are only mentioned in the chapter about bridge piers.

In a specific, complex situation we recommend a physical scale model
investigation for the most detailed information about the development of a

scour hole.
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1.3 Summary and conclusions

Sills

A sill with a broad or a sharp crest and a sill with and without a bed
protection are distinguished in this manual. Normally the flow above a sill
is subcritical, but depending on the downstream waterlevel the flow can
become also supercritical.

For a broad crested sill with a bed protection the maximum scour depth can
be calculated with the formulas of Breusers and Dietz. The differences
between these formulas have been described. For the coefficient a as a
function of the height of the sill and the length of the bed protection a
new expression has been derived and compared with the measurements of
systematic test series. As an alternative for these expressions a promising
formula for a as a function of the relative turbulence intensity has been

given by de Graauw and Jorissen.

The supply of sediment from upstream reduces the maximum scour depth, which
is measured in clear water tests. An approximate calculation method is
described. A method to adjust the calculation method for unsteady flow,
especially tidal flow, is given. These methods have been applied
successfully during the design of the Eastern Scheldt Storm Surge barrier.

The formulas to determine the equilibrium scour depths according to Dietz
and Zanke have been confirmed by some tests of Delft Hydraulics. The
complete formula of Zanke is considered to be too complicated for
prediction purposes. A further examination of these formulas is

recommended.

The time dependent development of a scour hole behind a broad crested sill
without a bed protection can be calculated with the formulas of Bormann. He
studied a sill with supercritical flow downstream of the sill. The
structure of these formulas show a good similarity with the Breusers
formula. Also for this case a further examination and development of

Bormann s formulas is recommended,
The time dependent development of the maximum scour depth downstream of an

hydraulic jump has been studied by Fahroudi, Smith and Popova. The formulas
of Fahroudi and Smith show some similarity with the Breusers method.
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For the 1initial slope of a two-dimensional scour hole some values are

recommended.

If the scour hole has a three dimensional shape, the initial slope needs a

more extensive description.

Spurdikes and abutments

After a description of the geometry of a spurdike, the flow pattern around
a spurdike and some remarks about the failure mechanism of a spurdike, the

calculation of the maximum scour depth is treated more in detail.

In the developing phase of a scour hole the maximum scour depth can be
calculated with the Breusers method also. The coefficient a can be
determined as a function of the constriction of the flow by the spurdike,
the length of the bed protection and the slope of the head of the spur
dike. The coefficient y as a function of the maximum scour depth has been
confirmed roughly by the results published by da Cunha.

For the situation of a spurdike combined with a sill and a constant
constriction of 10% a special formula for the calculation of the value of a

is given as a function of sill height and the length of the bed protection.

In the equilibrium phase of a scour hole the maximum scour depth can be
estimated by a number of semi-empirical formulas. These formulas are

compared globally and a general applicable expression is proposed.

It is recommended to extend the Breusers method in such a way that the
development of the maximum scour depth can be predicted during a design

flood or an extreme flood in a river.

The analysis of the semi-empirical formulas for the maximum scour depth in
the equilibrium phase can be completed with more data and more formulas
from the literature.

As further extensions are proposed to include the initial slope of a scour

hole and rules for spurdike spacing and for the height of the crest.

The total depth of a scour hole near an abutment follows from the
superposition of general river bed degradation, constriction scour and
local scour. In principle the dimensions of a local scour hole can be

estimated with the formulas for spurdikes. General river bed degradation
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and constriction scour can be calculated with the results of a mathematical
flood routing model. As an alternative for such a mathematical model the
manual can be extended with some formulas to approximate the constriction
scour depth. The soil mechanical aspects of the stability of wing walls

near a scour hole need more attention.

Bridge piers

The geometry of a bridge pier can differ considerably, but most studies on
local scour around bridge piers have been focussed on a prismatic bridge
pier, which has a circular cross section and which has been placed into a
non-cohesive bed. The description of the flow pattern around a bridge pier
is restricted to a global description of the main parts of that flow
pattern.

The methods to prevent bridge pier scour have been reviewed and some design
rules for the length of a riprap protection have been mentioned.

In the developing phase of a scour hole around a bridge pier the Breusers
method can be used also. In this three dimensional scour hole the exponent
y depends also on the maximum scour depth and for a first approach a
formula has been given to determine the value of the coefficient ¥y. In this
formula the two states of clear water scour and live bed scour are
distinguished.

The ratio bridge pier width and water depth determines if the maximum scour
depth depends on the bridge pier width or on the water depth.

A start has been made to adjust the formula for the reference time t. in

the two-dimensional scour holes, to the bridge pier scour holes. It1 is
recommended to complete this analysis of an adjusted formula for tl'
Some rather high values of the coefficient a (up to 7.8) have been
determined from the measurements in a scale model of a bridge pier without

a bed protection.

In the equilibrium phase of a scour hole around a bridge pier a general
formula has been proposed as a combination of three existing formulas.

In this formula the influence of the shape of the pier, the direction of
the flow, the gradation of the bed material and a goup of piers have been

presented in K-factors.
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In this manual only local scour near a bridge pier is treated. In general,
bridge pier scour is the result of the superposition of constriction scour,
general bed degradation and local scour. It is recommended to include

constriction scour also in this manual.

Further recommendations for a completion of this chapter concern the
aspects of slopes of the scour hole, the influence of ice, waves and the

combination of wave and currents.

Outlets

The scour hole downstream of an outlet with a rectangular cross section, a
horizontal or gentle sloped bed protection and diverging wing walls is
considered in this manual.

In the developing phase of a scour hole the Breusers method can be used
also for scour holes downstream of an outlet. For a first estimation of the
coefficient a as a function of the length of the bed protection a special
formula has been derived, based on the results of several scale model

tests.

Jets

Flow over, wunder and through hydraulic structures can result in submerged
or free jets. Both types of jets can be a circular (three dimensional) or
plane (two dimensional) jet, while also a distinction can be made into
horizontal or vertical jets.

For design purpose it suffices to calculate with the equilibrium scour
depth, because the developing phase of the scour hole requires only a few
hours. Generally applicable calculation methods are hardly available. These
methods are based on the efflux velocity and the efflux opening, however,
most of the methods are derived from small-scale experiments. Because of
the lack of calculation methods it is recommended to carry out detailed
studies for each particular design.

Waves
The orbital velocities as a result of the wave conditions near a hydraulic
structure can result in scour holes. Important parameters that influence

the scour depth are the geometry of the structure, local water depth and

wave reflection by the structure. Up to now hardly any quantitative

SCOUR MANUAL 6



prediction formulas are available. Nevertheless, some simple equations are
presented in order to enable for design purpose to determine approximately

the maximum scour depth for pipelines, piles, seawalls, breakwaters and

submerged structures.
Cohesive soils

Quantitative information about scour in cohesive sediments is scarce,
because the erosion characteristics of cohesive sediments are not fully
understand at the moment. This is due to the physico-chemical and
mechanical properties of these sediments, of which probably the cohesion
and the size of the particle diameter appear to be the most significant
features. In addition, salinity, cation exchange capacity, pH-level, sodium
adsorption ratio and the sand concentration also play a role.

Two approaches are presented which can be applied for design purpose
although they result in indicative scour depth values only. Detailed
designs require the determination of the scour resistance by laboratory or
full-scale tests.

One calculation method is based on permissible nonscouring velocities which
can be substituted in the scour formulas for noncohesive sediments. The
other method enables to calculate the critical velocity using an equivalent

particle diameter.

1.4 References

1.1 H.N.C. BREUSERS, AND A.J. RAUDKIVI
Scouring, Hydr. Structures design manual no. 8,
Published by the International Association for Hydraulic Research
A.A. Balkema, Rotterdam, 1991

1.2 H.N.C. BREUSERS
The time scale of two dimensional local scour

Proc. 12th IAHR Congress, Fort Collins, United States, 3 pp. 275 -
28, 1967
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2. Sills

2.1 Introduction

In an estuary or a river a sill is often a part of a closure dam, which has
to be founded on a bed of alluvial material. Sometimes a sill is also used
to reduce mixing of different types of water in an estuary. In an estuary a
sill has to be designed for flow in two directions: flood flow and ebb
flow. In a river the flow over a sill is mostly unidirectional. And in
rivers for example a sill can be used to maintain a minimum water level
upstream of the sill, or to protect a pipe line crossing, or to protect the
foundation of a bridge.

The geometry of a sill can be schematized to some basic types of layout:
broad and sharp-crested sills, with and without a bed protection (section
2.2). In a general description of the different flow patterns subcritical
and supercritical flow have been distinguished (section 2.3). The failure
mechanism induced by local scour near a sill is treated in section 2.4. The
one-dimensional calculation formulas of the maximum scour depths are
summarised in section 2.5, which section has different subsections. The
initial slope of a scour hole is treated also in that section. The
dimensions of the scour hole depend on the soil type (in calculation
methods mostly the soil is supposed to be non-cohesive), the density G
the characteristic diameter DSO and the gradation of the bed material,
mostly sand. Other parameters are the contents of a scour hole and the
downstream slope and the side slopes of a scour hole.

The sedimentation area downstream of a scour hole has not been dealt with

in this manual.

The review and the analysis of the available formulas for the maximum scour
depth and the initial slope have demonstrated some basic situations, which
are not covered by these formulas. Such situations are identified as future
research topics, section 2.6. In the final section a list of references is

given, section 2.7.
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2.2 Characteristic geometric parameters

A structure of a sill or a bar on a more or less horizontal bed in a canal,

river or tidal channel can be characterised by the following geometric

parameters (see figures 2.1 and 2.2):

- The height of the sill, Yp is the vertical distance between the
(horizontal) crest and the bed level.

. The width of the sill, L, measured at the base of the sill, at the
elevation of the adjacent bed level.

- The slope ﬂsof the downstream side slope of the sill; sometimes the
downstream face is divided in sections with different slopes.

- The surface roughness of the sill is represented by the equivalent
Nikuradse sand-roughness, ks.

In principle, the height yp can vary along the axis of the sill. This

variation is not treated in this manual.

The downstream, horizontal bed-protection is characterised by

- the length Lp, and

- the Nikuradse roughness ks of the surface of the bed protection.

- the edge of the bed protection:
a constant or increased permeability at an edge, the edge
perpendicular to the main flow direction or a more complex edge, and
the flexibility of the edge of the bed protection. The edge of the bed
protection can be equipped with reinforcements in estuaries to prevent

the mattress of the bed protection to flap.

In general, an upstream bed protection does not have any influence on the
local scour downstream of the sill, except if in a tidal region the

direction of the flow changes regularly.

The following types of sills are distinguished, see figures 2.1 and 2.2:
- short-crested or broad-crested sills, and

- sills with or without a downstream bed protection.

In this manual schematized constructions will be considered with the axis
of the sill perpendicular to the main flow direction, and the sill or bar
is supposed to be impermeable. For the sake of simplicity only sills with a
constant height along the sill axis will be considered, so the flow pattern
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is basically two dimensional. The downstream bed protection is supposed to
be schematized to a horizontal layer, if not specified. In a scale model
this bed protection is often a rigid plate and in the prototype a flexible

layer.

2.3 Characteristic flow pattern

The two-dimensional flow above a sill or a bar is characterised by an acce-
leration from upstream to a cross-section somewhere above the sill. First,
the case is considered that the flow is still subcritical after this
acceleration. Downstream this cross-section the flow will decelerate.
Normally, the downstream side slope of a sill or dam is so steep that the
flow separates and a bottom eddy will be generated. At the reattachment
point the flow near the bottom is dominated by high turbulence intensities.
From the reattachment point the flow approaches the normal uniform flow
gradually.

If the sill is rather high relative to the upstream water-depth the flow
can become supercritical just downstream of the sill. The supercritical
flow will decelerate with an hydraulic jump. In an hydraulic jump very high
relative turbulence intensities can be observed. However, downstream of a
hydraulic jump the relative turbulence intensity near the bottom can be
lower than in steady and uniform flow, (less than 5 ¥ compared with 5 to
10 X in uniform and steady flow) according to Resh and Leutheusser
1it.[2.28]. The hydraulic jump can be drowned just downstream of the sill.
In that case normally a stilling basin is applied.

In general, a subcritical main flow induces in a two-dimensional scour hole
a flow field, which is generally similar to that of a highly turbulent
mixing zone. A weak return current is formed in an eddy near the bed in the
most wupstream part of the scour hole, this return current ends at a
reattachment point, in general this point is also the point of maximum
scour depth. In this region the flow is very turbulent, and large vortices
erode and transport bed material intermittently.

Downstream of the deepest point of the scour hole the flow accelerates, the
vertical velocity profiles return slowly to normal and the turbulence de-
creases (Breusers [2.4], Raudkivi [2.27], Pilarczyk [2.24]).
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2.4 Failure mechanism

If the upstream slope of the scour hole exceeds a critical value, and if
the depth of the scour hole and the volume of the scour hole have developed
well, the risk for a soil mechanical failure becomes high. The following
types of soil mechanical phenomena can be distinguished in the situation of
a sill with an adjacent bed protection and a scour hole downstream of this
bed protection:

- sliding

= flow slide

By sliding or flow slide a part of the bed protection will be lost, in an
worse case even the stability of the sill will be endangered,
(serviceability 1limit state) and a complete collapse of the structure can
result: the ultimate limit state of the structure has been reached. In a
sliding a coherent volume of the soil moves downward into the scour hole,
along a sliding plane. In a flow slide a big volume of the non-cohesive

soil ‘verweekt and flows like a density current into the scour hole.

The susceptibility to a soil mechanical instability depends on the type of
soil and on the groundwater flow, and an important parameter for these
phenomena is the slope of the sliding plane [2.20]. Some examples of types
of soils are:

- homogeneous fine sand,

- layers of fine, consolidated sand covered by a layer of

coarse, unconsolidated sand.

From a detailed analysis of around 200 soil mechanical instabilities by
sliding or flow slide in the fore shores in The Netherlands the criteria in
table 2.1 have been deduced by Silvis [2.20]. From these 200 instabilities

the locations with a rather homogeneous sand have been selected for the

analysis.
bulk density critical initial phenomena
of fine sand slope of scour hole
very loose 1 = 2:25 flow slide
loose 1 & 2.00 flow slide
dense 1 3 1.75 sliding
very dense 1 ¢ 1.50 sliding

Table 2.1 Critical initial slopes of a scour hole for soil mechanical

instabilities.
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The criteria in table 2.1 are probably on the safe side. For the
maintenance of the coastal protection system of dikes and dunes in The
Netherlands the rule to strenghten the protection of the scour hole, if the
initial slope becomes steeper than 1 : 3 has been applied successfully to
prevent flow slide or sliding. The average width of the mentioned 200 soil
mechanical instabilities is about 100 m.

In engineering practise the risk of a soil mechanical instability near the
edge of a bed protection is taken into account in the design of a hydraulic

structure, if the maximum scour depth is expected to become more than 5 m.

Measures to prevent a sliding or flow slide:

- densification of the subsoil to prevent flow slides, but this measure
is very expensive,

- to increase the lenght of the bed protection by protecting the adjacent
part of the scour hole,

- to end the bed protection with a falling apron of an imperfect filter
construction,

- filling the scour holes with rubble to prevent soil sliding,

The load by the weight of the sill can create unfavourable sliding planes
if the lenght of the bed protection is less than the height of the sill,
1it.[2.20]. In general, the length of the bed protection is much more than
the height of the sill, and therefore these sliding planes are in general

not decisive for the design of a hydraulic structure.

The length of expected damage of the bed protection by a slide can be
determined with a standard calculation method, as developed for example by
Bishop, Fellenius or Spencer, lit.[2.20].

The length of the expected damage of the bed protection by a flow slide can
be estimated by the following formula, see for more details Silvis [2.20]:

- Two dimensional schematization in which the length of the scour hole and

forms no limitation in storage capacity for a flow slide, see figure 2.3:

Ls- 0.5 y { 16.3 - cotg B } - 4.35 (2.1

s,max’
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in which:

Ls = length of expected damage from the edge of the bed protection (m)

P = initial slope of scour hole, see section 2.5.7 (degrees)
Ys,max = maximum scour depth (m)

This simple formula has been obtained by substituting default values for
the parameters in the complete formula.

Formula (2.1) underestimates Ls if flow slide has a more three dimensional

character, e.g. flows sideways into the scour hole.

-Three dimensional schematization in which the length of the scour hole
forms no limitation in storage capacity for a flow slide, figure 2.4,
Silvis gives a formula for the calculation of Ls, but in that formula not
all parameters are well defined. He has used the approach of Wilderom and
this approach should be elaborated in more detail.

If the shape of the scour hole limits the storage capacity of the flow
slide then the following formula has been developed by Silvis and also by

} de Graauw:

—e_ + [ &2+ (16.3 - cotg p - 2.6).0.5.{ 1.09 + e_} 1°°°

Ls = 16.3 - cotg B - 2. e, : ys,max'
2.(16.3 - cotg B) - 5.45 y_ . (2.2)

in which

e 4.42 . sin(p - 3.5) . sin(B + 3) . [ sin p2] (2.3)

Formulas (2.2) and (2.3) are obtained by substituting default values into
the general formula. A same type of formula has been derived by de Graauw
based on a less accurate schematization [ 2.10]. If the same default values

are used, he found a very simple formula:

Ls- A8 ys,max
In engineering practise this criterion is only applied if the soil consists
of fine, unconsolidated sand, and the storage capacity of the scour hole is

| unlimited. If this capacity is limited then Ls- 10 y for very deep

s,max

scour holes and L = 8 ys,max for rather shallow scour holes ( ys,max < 40
m).
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If the soil is inhomogeneous no general rules or formulas are available for

estimating the length of damage at the bed protection.

2.5 Calculation methods

2.5.1 Introduction

The development of a scour hole is a time dependent process, which results
in an equilibrium scour hole after some time. This time dependent
development of a scour hole is characterised by an increasing scour depth
as a function of time (section 2.5.2). Some types of sills and flow
patterns are sketched in figures 2.1 and 2.2.

A broad-crested sill with a horizontal bed protection:

The following conditions for the development of the maximum scour depth can
be distinguished:

- clear-water scour of a non-cohesive sediment in a steady, subcritical

flow, without supply of sediment (section 2.5.2),

- extension with upstream supply of sediment, u, > 2 u*,cr’
(section 2.5.3),

- extension with a non-steady flow, for example tidal flow
(section 2.5.4),

- equilibrium maximum scour depth, (section 2.5.5).

A broad-crested sill without a bed protection and supercritical flow:
- equilibrium maximum scour depth (Bormann), (section 2.5.6) with clear
water scour of a non-cohesive sediment in a steady, supercritical

flow, a submerged jet and without upstream supply of sediment.

A short-crested spillway with a bed protection and supercritical flow:

- clear-water scour of a non-cohesive sediment in a steady flow
downstream of a hydraulic jump, (Fahroudi and Smith, and Popova),
(section 2.5.7).

Most attention has been paid to scour holes in non-cohesive sediments. 1In
general, these scour holes have a bigger size than scour holes in

consolidated cohesive sediments.
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The initial upstream slope of the scour hole is treated in section 2.5.7.
In this section a sill with a horizontal bed protection and subcritical

flow is considered.

2.5.2 A broad-crested sill with bed protection, maximum scour depth

2.5.2.1  Breusers approach

The time development of a scour hole can be divided into the following
phases:

1 initiation of the scour hole,

2 development of the scour hole,

3 stabilization of the scour hole, and

4 equilibrium shape of the scour hole.

The maximum scour depth in these 4 phases has been sketched in figure 2.5
(see Pilarzcyk 1984, 1it.[2.24]).

In this section the formulas for the time dependent maximum scour depth are
restricted to the development phase. Formulas for an approximation of the

maximum scour depth in the equilibrium phase are treated in section 2.5.5.

In case of clear water scour observations in model investigations on two
dimensional scour holes in various bed materials, due to different flow
velocities, and different geometries of the sill and the bed protection,
showed that for a given geometry, similarity of scour hole shape was
satisfied by the functional relation according to Breusers [2.5]:

y (x,t)
s - f [ * ] (2.4)
Yo 1
in which
ys(x,t) = maximum scour depth of a scour hole, measured from the
original bed level (m)
5 = water depth just upstream from the scour hole (m)
t = time (hours)
t = time at which ys,max =¥ (hours)

In these model investigations sand, bakelite and polystyrene have been used
as bed material. The density Py of these materials had the following

values, see table 2.2:
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bed material density Py

sand 2650 kg/m?
brown coal or lignite 1370 kg/m?
bakelite 1350 kg/m?
polystyrene 1050 kg/m?*

Table 2.2 Density of bed materials

In other model studies many other non-cohesive materials were used, as
brown coal, see for example 1it.[2.16]. Up to now no proved formulas to
predict the maximum scour depths in cohesive materials are available. One
of the reasons is the insufficient understanding of the complex erosion

process of cohesive soils.

The maximum scour depth as a function of time was:

Y.

Yo

in which y = constant k=)

Formula (2.5) has been fitted to the results of about 250 tests, see figure
2.6: y = 0.38. Dietz, 1it.[2.16], analysed also the results of a
systematic scale model study and he found 0.34 < y < 0.38 with an average
value of 0.36. The difference between these values is so small that Dietz’s
results can be considered as a confirmation of the Breusers’s results. It
is recommended to use y = 0.38, and for engineering practice the value of
y is often rounded off to 0.4,

In all two-dimensional tests with clear water scour an equilibrium scour
hole was never observed accurately, because in these type of tests an
equilibrium is reached after a rather long time.

The characteristic time tl was expressed, on the basis of more than 250
tests with a hydraulic smooth, medium and rough bed protection, as analysed

by Breusers and others, see figure 2.7:

1.7 _ 2 e
tp =250 . 47y "L [aT-T ] | (2.6)

SCOUR MANUAL 16



in which:

tl = time at which ys,max of i (hours)
A = relative density,

(pg=p) / (p) ' (=)

r = density of bed material (kg/m?)

P = density of water (kg/m3)

a = a flow factor, which depends on the geometry or on the (-)

relative turbulence intensity

average velocity at end of bed protection (x = 0) (m/s)

(= =]
]

s = critical mean velocity evaluated from Shields” curve (m/s)
For geometries, which have an hydraulically rough bed protection, like the
bed protection of the Eastern Scheldt Storm Surge Barrier, the constant 250
can be replaced by 330. From the analysis of 150 to 200 tests in a scale
model the accuracy of the calculated t1 has been determined at a relative
standard deviation of 31 %., see de Graauw, 1it.[2.10]. The accuracy of the
calculated scour depth, which has been compared with the prototype scour
depth in the Eastern Scheldt Storm Surge barrier, is characterised by a
relative standard deviation of 10 %, see de Graauw, 1it[2.11] and Driegen,
1it.[2.14]. Most differences between the calculated and the measured scour
depths in the hindcast calculations can be explained by the assumed

critical flow velocity for the initiation of motion of clay layers.

The maximum flow velocity i = a . U in formula (2.6) determines the
emperical factor a. The value of this factor is a function of geometric
parameters, see section 2.5.2.3. In a more detailed approach this factor
seems to be a simple function of the relative turbulence intensity, see
section 2.5.2.4. In a next step it is supposed that this relative
turbulence intensity is a function of geometric parameters of the
structure. This relationship is under development now and for engineering

practise the formulas with the empirical a-coefficient are recommended.

2:5,2.2 The critical velocitz

The characteristic time t1 depends according to formula (2.6) also on a
critical velocity of the bed material. In this section the method to

calculate this critical velocity is described.
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The critical velocity of non-cohesive bed material is determined by the
Shields-parameter ¢, which depends on the Reynolds number Re,, see figure
2.8:

o 2 2
¥, = U, 2/{C* . A . D} (2.7}
in which
C = Chezy-coefficient (m°-%/s)
A = relative density of the bed material (=)
D = representative diameter of the bed material D50 (m)

The Reynolds number Re, is defined as:
Re, =1U, . D/v (2.8)

in which the shear stress velocity is defined as:

U, = (c/p)°-" (2.9)
and
u*,cr = critical shear stress velocity (m/s)

= density of water (kg/m?)

= kinematic viscosity (m2/s)

In the first phase of the systematic research on scouring by DHL the
initiation of movement of a bed material has been studied in detail, [2.8].
The initiation of movement has been described by seven qualitative
criteria. For the determination of Ucr a criterium has been selected, which
can be described as the grains move permanent and on every place of the

bed, see figure 2.8, dashed line number 5 and 6.

If D50 is known of the bed material, then from the Shields graph and
criterium 5 or 6 in figure 2.8 *cr can be determined. The critical velocity
can be calculated from (2.7) if the Chezy-coefficient has been determined
for example from the Colebrook-White formula:

C =18 log {

ks + 0.3 8 } (2.10)
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in which

ks = hydraulic roughness, according to Nikuradse (m)
sy = thickness of the viscous sublayer (m)
Ro “= hydraulic radius (m)

The thickness of the viscous sublayer can be estimated with:

Gy = 11.6 . v/U (2.11)

*
The hydraulic radius follows from the wetted cross-section divided by the

wetted perimeter.

An important assumption for hydraulic roughness of the bed is ks = D50 of a
rather uniform bed material. In the systematic research on scouring all
critical velocities have been determined with this assumption. In many
prototype situations the physical value of the critical flow velocity will
deviate from the calculated value, see appendix 2. Therefore the following
values are recommended:

ks = 2 D50 for a horizontal bed protection, build in a laboratory,

ks =3 D90 for a prototype bed protection.

Further, it 1is recommended to investigate the consequences of these

estimations of the hydraulic roughness on the critical flow velocity.

2.5.2.3  The factor a as a function of the geometry

The factor a is a function of the geometry of a sill, which is
characterized by the relative sill height parameter yd/yo and the
dimensionless length of the bed protection Lp/yo(yd = height of a sill, Yo™
water depth, and Lp- lenght of the bed protection). The results, which are
presented in graph 2.9, are based on tests in the systematic series [2.8])
with a moderate rough and rough bed protection and sill with ks = 0.025 Yo
and ks = 0.05 Yo From the graph in figure 2.9 the following relation has

been deduced:

a= 1.5+ 5 (y/y)% e 0:02 - (plyg) - (Lp/yg)t-® (2.12)
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This formula is valid if yD/y0 < 0.8, and a hydraulic rough bed protection.
If yD/yo> 0.8 formula (2.12) calculates a too high value of a, probably
because a very high sill causes a reduction of the discharge, which passes
the sill. .

If a sill is combined with a horizontal constriction Bs/B = 0.1 (Bs =
length of the abutment and B = width of the upstream flow) and a vertical
head ( or face) of this constriction, then a three dimensional scour hole
due to the induced vortex street will develop and a follows from (2.13).

1f yD/y0 < 0.8 and a hydraulic rough bed protection:

- 0.045 L /y, (2.13)

a= 1.5+ {2.6 +18.6 (yp/y)%} . e

Formulas (2.12) and (2.13) are both presented in figure 2.10, from which
follows that in a given situation of a s8ill with abutments the three
dimensional scour holes have much higher values of a than the value of a
for the twodimensional scour holes. It is mentioned that the formulas
(2.12) and (2.13) are based on an analysis in which y = 0.38.
It is recommended to compare (2.12) or (2.13) with the results, which have
been published by Dietz (1969) and with the results of DHL-report M1533
part III with a fixed and a flexible bed protection. It is also recommended
to reanalyse the threedimensional scour holes with a variable ¥, as has
been done in the analysis of the threedimensional scour holes near spur
dikes.

For a smooth sill, yD/yo > 0.1 and/or an hydraulic smooth bed protection
with ka very small, a according to (2.12) should be increased, see also
table 2.3:

%smooth " arough+ 0.3 (2.14)

in which aroughfollows from (2.12). For some background information

concerning an older formula refer is made to appendix 3.

For a two-dimensional scour hole indicative values for a including effects
of turbulence and velocity profile are listed in table 2.3, according to
Breusers and Raudkivi, 1it.[6]. These results have been based mainly on a

systematic investigation on scour holes.
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y L a
D P
e _ Bed protection
y y
o] o Smooth Rough
0 10 2.0 1.5
0.3 l to 15 2.5 2.0
0.6 3 3:2 3.0
0.6 10 2.9 2.5

Table 2.3 a as a function of the relative sill height and the length of
the bed protection and the roughness of the bed protection and
the sill.

Note: "rough" means that the roughness/depth ratios are greater than 0.02.
A rough bed protection reduces the rate of scouring by modifying the
velocity districbution at x = 0. Increasing the sill height results in
greater turbulence, a greater distortion of the velocity profile, and
consequently a greater value of a up to yD/yO = 0.7 to 0.8. It is mentioned
that some of the values of alfa in table 2.3 are somewhat lower than the
values of alfa, which are calculated with formula (2.12).

2.5.2.4 o as_a function of the turbulence

An alternative approach is to relate a to the relative turbulence intensity
of the main flow. In general the rate of turbulence is enlarged by an
hydraulic structure. Over the length of the bed protection this turbulence
is reduced by dissipation of turbulent energy.

For predicting scour downstream of a rough riprap type bed protection a was

related to the average relative turbulence intensity r.

Recently Jorissen and Vrijling [2.23] have analysed a relation between a
local value of a and the turbulence intensity. This relation has been
based on measurements in a two- and a three-dimensional flow pattern and in
this relation U has been replaced by Ul’ which is the local depth average

velocity at the downstream end of the bed protection. The relation between

a and ay is:
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U (2.15)

They found the following relation:

a, = 1:5 4% 5 5 P (2.16)

if r > 0.07 and ul > 1.8

In (2.16) the relative turbulence intensity, r, has been defined by:

r =u’ /U, (2.17)
in which
U = time averaged flow velocity (m/s)

u” = the depth average value of the root mean square value of the turbulent
velocity fluctuations in the main flow direction (m/s)

This velocity fluctuation is defined by:

u' = J(ux)z (2.18)

in which

u; = velocity fluctuation in the x-direction (m/s)

and U = Q/(y0 . B), which means that U is the depth averaged flow velocity
in the x-direction.

If a formula of this type (2.16) or one of the other formula, which are
treated in appendix 4, is accepted, then the next step should be the
determination of the turbulence intensity as a function of the main

geometric parameters.

2,5.2.5 The factor _a_along the width of the canal or river

The structures can be divided into temporarely structures, for example
during the closure of a river branch or a tidal channel, and permanent

structures.
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The main methods of a closure can be classified in three groups:

- A vertical constriction with an increasing sill height during the
construction period. The factor a can be estimated by the formulas for

a two-dimensional scour hole.

- A horizontal closure with increasing the lengths of a horizontal
constriction from both banks during the construction period. The factor
a of the local scour holes around the head of the horizontal
constriction can be estimated by the formulas for a three dimensional
scour hole near a spur dike, see chapter 3. If the width of the
horizontal constriction is considerable, then the constriction scour

can not be neglected in all cases.

- A combination of a vertical and a horizontal constriction. If Bs/B =
0.1 then the formula for estimating a near an abutment on a sill can be
applied. It is recommended to select by engineering judment the
dominant aspect (vertical or horizontal closure) and to apply the
formulas for this dominant aspect. It is recommended to develop also
formulas for estimating a in all combinations of a vertical and a

horizontal constriction.

A vertical closure with a sill is combined often with two abutments near
the existing banks of the channel or river. Without abutments the main flow
has no eddies with vertical axes and the factor a has a constant value

along the downstream end of the bed protection, see figure 2.12.

In a river bend the local scour holes should be combined with socalled bend

scour, which generates the typical river cross sections in a bend.

A vertical closure with abutments or a horizontal closure generates a flow
pattern with two vortex streets downstream of the separation point on the
head of the horizontal constriction, see figure 2.12 according to de
Graauw, 1it.[2.20]. The “extrusion’ of the vortex street, which depends on
the flow field, determines where along the downward edge of the bed
protection the highest values of a can be expected. A rough estimation of

angle of “extrusion” is:

low sill yD/y0 <.0.3 angle < 1:1 to 1:2
high sill 0.3 € yD/yo <0.6 < 0.6 angle = 1:1 to 1:2
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With spurdikes on one bank this angle can become negative also! More
detailed information about the flow field can be obtained from mathematical
or scale models.

In this section and the foregoing sections it is supposed that during all
construction stages of the closure the main flow is sub-critical, therefore
the Froude number is smaller than 1. In an estuary this will be often the

case, but in a closure of a river branch super critical flow is possible.

2.5.3 Supply of sediment from upstream

The theory in the foregoing sections has been based mainly on the results
of physical scale models, in which the upstream supply of sediment is
normally absent. However in the prototype a supply of sediment from
upstream of the scour hole can be observed in most cases. This supply of
sediment will reduce the development of a scour hole, because a part of the
sediment transport capacity of the flow has already been used for this
upstream supply and is not available for the transport of sediment from the
scour hole. An épproximate calculation method for this reduction is treated
in the following.

The contents of a scour hole can be expressed by:

= 2
I(t) b . ys,max(t) (2.19)
in which
I(t) = size of a scour hole below the original bed level
= and with a width of 1 m (m2)
= shape factor of the scour hole (-)
ys,max(t)- maximum scour depth (m)

The contents of a scour hole depends on the time from the beginning of the

development of a scour hole.
The upstream sediment supply, Qg is defined as the volume of the sediment
particles including the porosity per m width and per unit of time (hours,

or seconds). The contents of the scour hole is reduced by qg:

Ired(t) = I(t) - qq -t (2.20)
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in which

9, - sediment transport per m width (m*/(m.s) or m*/(m.hour))
t = time (s or hour)
Ired- reduced contents of a scour hole (m2)

If t is expressed in days then also q should be expressed in m®/(m.day).
The substitution of (2.19) in the latest formula (2.20) results in:

¥ = [Ypax(t)? - 9 - t/b]o-* (2.21)

max, red
This formula cannot be applied in case of an initial scour hole, which has
a content of I(0) and which has been developed earlier under different
flow conditions. Then the following approximation should be used, see DHL-
report M1657 by Driegen, 1lit.[2.13]:

,red)

= ) = 4q (2.22)

d I
dt s

d I
( d t
It is recommended to apply formula (2.22) at different moments with the
same content I of the scour hole. The advantage is that then the initial
scour hole has no influence on the calculation of the reduced scour hole.
As a consequence it is difficult to fix the absolute time of the scour

process with this formula, this is illustrated in figure 2.13.

The value of qs(t) can determined in different ways:

- calculations, based on sediment transport theories,

- direct prototype measurements, or

- from the substitution of Y oax which is measured in a model test
without sediment supply, and vy rod’ which 1is measured in the

max,
prototype, in (2.21), in an early construction phase.

The latest method has been applied succesfully during the construction of
the Eastern Scheldt Storm Surge Barrier, see 1lit. [2.14]. In this
application By has been calculated from (2.21) in different cross sections

in a closure gap, and it was necessary to determine a smoothed distribution
of q, along the end of the bed protection.

In the final stages of the construction of the Eastern Scheldt Storm Surge
Barrier (2.22) has been applied successfully.
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2.5.4 _Non-steady flow
In general, a scour hole will develop under non-steady flow conditions and
therefore, an extension has been elaborated of the treated formulas for

steady flow conditions to unsteady flow conditions.

Formula (2.3) can be written as:

ymax(t)
_;ETET_ -t (t/tl,unsteady) (2.23)
in which yo(O) = average original water depth (m)
And tl,unsteady is defined as:
pe L
tl,unsteady 250 . A 5 yo(O)/x (2.24)
in which
T
1 2 3
- — = ‘.,
x = [ (a. U(t) U, )42y (L) dt (2.25)
T
1
in which
period of unsteady flow (s,day)
'I'l begin of this period, at the moment a . U - Ucr changes
from positive to negative or opposite from negative to positive
(s,day)
T2 end of this period, at the moment a . U - Ucr changes from negative
to positive or opposite (s,day)

In formulas (2.24) and (2.25) yo(t) and U(t) are the only variables which
depend on the time. If yo(t) and U(t) are given as a function of time, then
tl,unsteady can be calculated by numerical integration. In tidal areas with
a dominant tidal period of 12 hours a time step of 0.5 hour is recommended

for the numerical integration.

In rather deep water the variations in yo(t) are limited as a percentage of

Yo However the variations in u(t) can be quite important.
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In tidal areas the following aspects should be studied:

- the frequency distribution of this tide-difference,
and the relation between tide-difference - average flow velocity L
during a tide,

or

- the frequency distribution of the discharge, and the relation between
discharge - average flow velocity,

- the effects of a series of tides on the development of a scour hole.

or

- the effect of one tide schematized with a constant flow velocity.

These relations have been tested in the prototype verification in the

Brouwersluis, see figure 2.14.

An example is given of a tidal motion in which the velocity wvaries as a

sine function:

U = Umax . 8in (@ . t) (2.26)
in which
w = 2 n/T (s-1)
Umax = maximum flow velocity during a tide (m/s)

Formula (2.26) has been substituted in a simple sediment transport formula:

s= a .U (2.27)
in which a, and bl are constants.
As a first estimation it is assumed bl = 4 to 5. This results in, as shown
by de Graauw, U = 0.8 Umax and U

scour
type of sediment transport formula.

—— almost independent from the

2:5.5 Equilibrium maximum scour depth

After some time a scour hole will reach an equilibrium shape and the
maximum scour depth will obtain a constant value. In terms of the
classification of different phases in the development of a scour hole, see
section 2.5.2, this equilibrium defines phase 4, see figure 2.5. In scale
model tests with alluvial sand and clear water scour it will take sometimes

a long time before this equilibrium is reached, see for example figure
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2.15. Therefore, the definition of equilibrium maximum scour depth is not
always clear in the reports of scale model tests with clear water scour. In
general, in a prototype some upstream supply of sediment, Qg exists, by
which this equilibrium will be reached in a relatively short time.

In case of clear water scour a first estimation of the equilibrium scour
depth in a scour hole near a sill with a bed protection can be obtained
with (according to Dietz, [2.16], see also figure 2.16):

y
max,e _ _
—;E—L— {Umax Ucr]/Ucr (2.28)
in which U =c.a.U
max
c = coefficient (-)

It can be concluded from appendix 5 that c is also a function of time:
during the development phase of the scouring process: ¢ = 0.4 to 0.5 and
in the final phase of equilibrium scour depth: c =1,

The first applications of (2.28) on prototype situations indicate that
(2.28) gives reasonable results if a is relatively small, as first
estimation a < 3.

In case of upstream supply of sediment (2.28) calculates too deep
equilibrium scour depths. No proved calculation method is available for
this situation. A tentative formula has been suggested by de Graauw, see

appendix 5.

Broad-crested sill without a bed protection, supercritical flow, submerged

jet

For a sill without a bed protection, as can be observed many times with
grade control structures, the equilibrium scour depth can be calculated
with the formulas of Bormann, [2.1] and [2.2]. The flow downstream of the
sill is like a diving submerged jet with a drowned hydraulic jump. At the
edge of the sill the main flow separates from the downstream face of the
sill, where a small eddy is generated.

The path of the jet through the tailwater is characterized by the angle of
impingement, angle B°, at the sediment boundary in case of a submerged jet.
For a free jet angle B ° is considered to be equal to the angle the jet
makes with the tailwater surface. The angle B°, can be calculated with
(2.29), see definition sketch in figure 2.17 or 2.2.
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B° = 0.15 . 1ln {(yD + Yt)/Yt} +0.13 . 1In [YolYt]

+0.136 . sin (A\) - 0.05 . I1n (U, /(g . ¥,)0] (2.29)
in which
Yp = height of the sill, or vertical distance between the crest
of the 8ill to the original bed level in the tailwater (m)
¥, = water depth at the tailwater (m)
Yt = local water depth at the downstream crest of the sill (m)
Ut = average flow velocity at the downstream end of the crest of the
sill (m/s)
' B’ = angle a free jet makes with tailwater surface, measured
' from the horizontal (radians)
A = angle of the downstream face of the sill, measured downward from
horizontal (degrees, or radians))

The prediction of angle p° for a submerged jet is made with a mean square
error of approximately 5 degrees.

The maximum scour depth is calculated with (2.30):

-1 -1 -1 2 ¥ 0.5 -1.5 sin B°. tan A
Cee K e @ o B B .2 X e s

t t b

Ys,max =~ 2 ~ ¥p (2.30)
in which:
Cd = diffusion constant for inlet conditions (=)

= coefficient, K = 2.3 (~)
¢ = angle of repose of a submerged sediment particle (degrees)

Some recommended values of C are:

d
condition Cd
flow over a crest 1.8
an average nozzle 2.0
a well formed nozzle 2.3
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Bormann wused ¢ = 25 degrees for all cases in the verification of these

formulas. Therefore this value is recommended.

The calculated scour depths have been compared with the some measurements
published by Tarapore, Rajaratnam, Yuen and Akashi and Saitou, in total
more then 200 test-results have been used. The results show deviations up
to + 100 Z and - 90 % from the calculated values, which vary between 0.03
to 2.5 m, see figure 2.18. In around 30 % of the test negative scour depths
have been calculated. Because this is impossible, the results of these
tests were omitted in the final verification. In these tests a maximum
scour depth has been observed up to 2.5 m, which is almost a prototype
value. Therefore with the application of this formula no severe scale
effects should be expected.

It is recommended to estimate the equilibrium scour depth by a submerged
jet with the formulas of Bormann, if Umax >> Uc, else the formula (2.28) of
Dietz should be considered as a first approximation.

2.5.6 Short-crested spillway/sill, with bed protection

The scouring process downstream of a hydraulic jump has been studied by
Fahroudi and Smith,[2.17 [2.18]. The hydraulic jump was created by a flow
directed over a standard ogee crest and then down a glacis on to a
horizontal apron. The crest can be considered as a special case of a sharp
crested sill. The length of the apron was about equal to the length of the
hydraulic jump. A plain apron without appurtenances was used, see the
sketch in figure 2.19. Three tailwater categories were tested: a drowned
hydraulic jump, a balanced hydraulic jump and a downstream moved hydraulic
jump.

The formula, which was tested to determine the maximum scour depth, is the

same as Breusers had used:

y
yﬂ,mx/y0 = (t /tl) (2.5)

From the measurements the value of the exponent y in formula (2.2) has been
determined: y = 0.19 rounded off to 0.2, see figure 2.19. This value was
scarcely affected by the tailwater conditions.

1.4 0.9

t, = 110 . A . Fr o ) = ¥

] -3
max cr

(2.31)
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in which

A = relative density (-)
Fr = Froude number based on U, y and g
just upstream of the hydraulic jump ()
Umax - C, (1L +3 . r) Uave (2.32)
in which
L = emperical velocity distribution coefficient (-)
r’ = mean relative turbulence intensity (-)
Uave = mean velocity at the end of the protective apron (m/s)

This formula for tl shows some similarity with the formula (2.6) of
Breusers, in which however Yo is replaced by a Froude number. The value of
the constant, 110, has been estimated from the published graphs in
1it.[2.17]. This formula can be applied for the situation with a balanced
tailwater. No information is given about the value of Gt and therefore as
a first approximation c, = 1l is recommended.

The presentation of the results in the papers by Fahroudi and Smith
suggests that these formulas (2.31) and (2.32) should be considered as

preliminary results, which need further confirmation.

For the prediction of the time dependent development of the maximum scour
depth in medium or fine sands just under an hydraulic jump or a relatively
short bed protection Popova, 1it.[2.25], proposed an empirical formula:

Umax ycr Umax t
ys,max- _—— {0.33 log —y - 11 (2.33)
cr
in which
Unax “Vyve * 3 =« % (m/s)
¥or = critical water depth (m)
y = maximum scour depth (m)
s,max
r = relative turbulence intensity (=)

The critical flow velocity, U'cr’ should be calculated with Goncharov’s

formula:

8.8 . h
s

Ujer = { 1.14 . g . delta . D50 ]0'5. log { D
50

(2.34)
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Formula (2.33) is valid for:

4 < t < 200 hours, 30,000 < Uan t/y € 3,000,000

0.05 € r/Uu<0.5 0.05<U. U/(g. y) €0.31

Blazejewski, 1it.[2.3], has presented the results of the verification of

(2.33) on the data of Dabkowski, Skibinski and Zbikowski of 1local scour

50 = 0.400 mm.
In this verification (2.33) underestimated the measured scour depth 0 to 30

depth under an hydraulic jump and in non-cohesive sand with D

%Z. It is recommended to test the new formula of Blazejewski, because that
formula performs good in this verification.

Below an hydraulic jump the Breusers formula underestimates the maximum
scour depth (the calculated scour depth is only 10 to 30 % of the measured

scour depth), therefore Popova s formula can be recommended in these
situations.

257 Initial slope of a scour hole

The initial slope of a scour hole is a characteristic parameter, which
determines also the stability of the upstream part of the scour hole and
the adjacent part of the structure, that is the bed protection, see section
2.4 on the soil mechanical stability.

The results of the measured initial slope B according to the definition in
figure 2.20 in the systematic tests of DELFT HYDRAULICS, [2.9] are
presented as a function of the geometric parameters Lp/yo and the sill
height yD/yo, see figures 2.21 and 2.22. From these figures it seems that
in a mainly two-dimensional flow along a sill with a bed protection:

2.4 < cot p<4.0 if L /y. > 4 and
if yg/yo > 0.4,
4.0 < cot B < 7.5 if L /yo < 4 and

if yg/yo < 0.4.

- These values can be compared with the results of Dietz [2.16]:

3.8 <cot B < 4.4 if L /yo > 8 and
if yg/yo > 0.4,

4.0 < cot B £ 5.2 if L /yo < 8 and
if yg/yo < 0.4
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With a bed protection which is inclined in the direction of the flow:
(Dietz, [2.16]):
| 3.8 < cot B < 5.0 Iif Lp/yO > 8
Therefore, an inclined bed protection has no significant influence on
the initial slope, if compared with a horizontal bed protection.
These results of Dietz confirm the mentioned general tendency, which is

‘ observed in the systematic test serie of Delft Hydraulics.

- In case of clear water scour the angle B of the most upstream slope of
the scour hole with a horizontal, can be estimated with a tentative
relationship (de Graauw, [2.20]):

cot p=2.3+ (a-1.3"1 fora>i1.5 (2.36)
in which
B = initial slope of a scour hole, measured with the horizontal, see
figure 2.20 (degrees)
a = a flow parameter to in Breusers scour formula, to determine the
maximum flow velocity (-)
6 4

If 5.100° < W .D<1.2. 100" withW = fall velocity of the sediment
particles (m/s) and D = mean diameter of bottom material (m), then the
accuracy of B calculated with (2.36) is expressed in a relative standard
deviation of 202 from the comparison with the measured slopes in the
systematic test series [2.9].

A smooth bed protection results in a steeper initial uptream slope because
the higher velocities near the bed have more momentum and cause a more ra-

pid expansion of the flow in the scour hole. This tendency is illustrated

by Dietz, who presented a graph with cot B as a function of ks/y0 in which
ks is the roughness according to Nikuradse, see figure 2.23 [2.16]: if
ks/yo > 0.01 then cot B does not depend on ks.

If only a very short section downstream of the sill is protected, the
strong eddy generated by the sill structure transports material back
towards the sill and a flatter slope results. Intermediate values of Lp/yo
are associated with steeper slopes because the protection ends
approximately where the eddy terminates, and consequently large scale

turbulence attacks the first part of the scour hole.
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Equation (2.36) is a simplification from the original formula: which should
be applied if W.D < 5.107°
scour [2.11][2.24]:

and W.D > 1.2 . 10-4 and in case of clear water

cot B = 5.5 . W/D . {A,:,]°'33 [2.5 + 0.75/(a - 1.32)]
(2.37)
in which
D mean diameter of bottom material (m)
v kinematic viscosity (m2/s)
A relative density (=)
g acceleration due to gravity (m/s2)
w fall velocity of bottom material (m/s)

The accuracy of the initial slope calculated with (2.37) is expressed in a
relative standard deviation of 19 7 from the comparison with the measured
slopes in the systematic test series 1it. [2.8].

1f 510 <w.p<1.2. 107 then w/(D . 24°°%7) = 90 . This constant value
has been substituted in formula (2.37) to derive (2.36).

For a first approximation, if no data about alfa is available, or in a
situation with considerable supply of sediment from upstream, the following

schematized values can be used, see de Graauw, 1lit.[2.20]:

situation initial slope downstream slope
of a scour hole of a scour hole

clear water scour 1 : 2 l1:8

supply of sediment 1 : 4 1 : 40
from upstream

If required for a special project, these estimations of the initial and
downstream slopes can be improved with the results of a scale model

investigation.
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Three dimensional case:

Initial slopes in three-dimensional situations are generally much steeper,
than calculated with (2.36) and (2.37), as has been measured in a prototype
test in the Brouwerssluis, see figure 2.24 [2.12]. A problem for a good
comparison of the initial slopes in the scale model and in the prototype is
the fixed bed protection, which does not represent in a scale model the
flexible bed protection, which can follow settlements of the subsoil in the
prototype.

A formula for the calculation of B in a three-dimensional case is missing.
Only measurements in a scale model are available.

Initial slopes measured along a flow line through the point of maximum
scour depth are generally steeper than for the two-dimensional case due to

the erosive action of vortices with vertical axis.

2.6 Research needs

Review of the distinguished cases covered by the presented formulas:

broad-crested weir - with bed protection - subcritical flow.
The time dependent development (with and without sediment supply) of
the maximum scour depth can be calcutated with the Breusers approach.
The equilibrium scour depths can be estimated with the formulas of
Dietz and Zanke.

broad-crested weir - without bed protection - subcritical flow

The Breusers method can be applied.

sharp-crested weir - with bed protection - supercritical flow.
The maximum time dependent scour depth can be calculated with the
Fahroudi and Smith formulas, and the Popova formule..

sharp-crested weir - without bed protection - supercritical flow
equilibrium scour depths, without upstream sediment supply,

Bormann formula. The maximum equilibrium scour depth can be calculated

with the Bormann-formula.

missing: time development of geometric maximum scour depth
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A general description of specific research needs:

al

a2

2.7

2.1

2.2

2.3

the relation between the scour depth and sediment transport formula
especially in case of upstream supply of sediment, improvement of the

reduction method.

equilibrium formulas of Bormann can be extended with upstream supply of

sediment

extension of the formula a as a function of the relative turbulence

intensity to a hydraulic jump

extension of the Bormann formulas for equilibrium scour depth to the
two dimensional case with and without a sill and with a bed protection

(Breusers formula)-and comparison with the formula of Dietz and Zanke.

extension of the formula for the initial slope for the case of three-
dimensional flow.
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3. Spurdikes and abutments

3.1 Introduction

Spurdikes
The geometry of a spurdike in rivers or estuaries can be schematized to

some basic types of geometries, which are described in section 3.2.1. For
example in scale models a spurdike is sometimes schematized to a vertical
plate with a vertical head. Such a geometry will be found in the prototype
only in exceptional cases. A short description of the flow pattern around a
spurdike is given in section 3.2.2. A scour hole just downstream of the
head of the spurdike can endanger the stability of the structure, see
section 3.2.3. In the Netherlands a lot of experience is obtained with
additional protection of the scourhole to prevent too deep scouring and
undermining of the spurdikes along the rivers Rhine, Meuse and IJssel. The
methods to calculate the maximum scour depth near a spurdike are treated in
section 3.2.4. The scour depth near one, isolated spurdike with a flow
attack due to a more or less uniform and steady approach flow, is
considered in this chapter. This means that the possible interaction
between a number of spurdikes in a row along a bank on the development of
scour holes, 1is not treated. In section 3.2.5 some suggestions to expand

this chapter are given.

Abutments

The definition of an abutment is important because in some situations an
abutment is comparable with a spurdike or a local constriction of the cross
section of the waterway (section 3.3.1).

In the flow pattern one or two separation points can be distinguished. From
these points vortex streets start which can cause serious scour holes in
the bed (section 3.3.2).

The stability of the wing walls and the head of an abutment can be
endangered by scour holes near the abutment. In section 3.3.3 a detailed
description of an abutment failure is given.

The principle of the calculation of the maximum scour depth is described in
section 3.3.4. Some general tendencies for the maximum scour depth can be
found in section 3.3.5. Finally some research topics are mentioned (section
3.:3.6):

The references for this chapter are listed in section 3.4.
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3.2 Spurdikes

3.2l Characteristic geometric parameters

The geometry and the shape of a straight spurdike can be characterised by

the following geometric parameters, see the definition sketch in figure

3.1:

- length 1, or the dimensionless reduction of the flow width Bs/Bc

- width at the water level b (b is measured in the main flow direction)

- angle (ul) between the axis of the spurdike and the bank,

- side slope (angle Bl) and the slope of the head of the spurdike
(angle B,),

- height of the crest, and the slope of the crest along the spur axis.

In general a straight spurdike is characterised by:

- the ratio length/width: 1/b > 2,

- angles Bl and B2: in general between 1:10 and 1:0 (vertical).

If this length/width ratio is smaller than | to 2 then the structure can be
schematized to an abutment, see section 3.3. If these angles are smaller
than 1:10 the local constriction scour will dominate the scour due to the

vortex street downstream of the separation point.

The crest of the spurdike in a river has a gentle slope of 1:100 to 1:200
along the spur axis to divert the overflowing flow from the bank to the
centre of the flow. In an estuary however a horizontal crest has been

applied often.

The foundation of a spurdike can be strengthened by a bed protection to
prevent the formation of a scour hole in the direct vicinity of the
spurdike. However in that situation a reduced scour hole will be generated

just downstream of the bed protection.

More complicated shapes of a spurdike are:

- a spurdike with a T-head,

- a spurdike with a L-head,

- a curved spurdike with a shape like a hockey-stick, or an inverted hockey
stick,

- a permeable spurdike,

- a submerged spurdike.
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If a strong flow attack on the head is expected, then the head of a

spurdike is strengthened with extra size.

In this manual no attention is paid to these more complicated shapes. In
general the scour near these complicated spurdikes should be investigated

in a scale model.

3.2.2 Characteristic flow pattern

The flow field around a spurdike is characterised by an acceleration from
upstream to the most contracted cross section somewhere in or just down-
stream of the head of the spurdike, followed by a deceleration of the flow.
A separation point of the flow is located at the head of the spurdike.
Downstream of the spur dike the main flow is separated from a large eddy by
a vortex street. Downstream of the reattachment point normal flow will be
established again.

In an extreme situation (depending on angle al) just upstream from the spur
dike a separation point and a small eddy can exist. Then on the upstream
side of the spurdike there is a reattachment point.

The down flow at the spurdike with vertical walls can generate a strong
spiral motion near the bed.

If a spurdike is submerged then a rather complex three dimensional flow
pattern can be observed, sometimes with a hydraulic jump just downstream of

the spurdike, see figure 3.1.

3.2.3 Failure mechanism

In general the stability of the not-submerged spurdike is endangered by a
scourhole due to the strong vortices just downstream of the separation
point at the head of the spurdike. A too steep scour hole can induce a
sliding of a part of the head into the scour hole or undermining of this
head.

The crest of a submerged spurdike can be damaged by a supercritical flow
and a hydraulic jump. In that situation special attention has to be paid to
the design of a crest protection.

The soil mechanical aspects of a failure by a too steep scour hole, and the

consequent damage to the structure, are treated by Silvis, lit.[3.11].

SCOUR MANUAL 43



3.2.4 Calculation methods

3.2.4.1  Introduction

The formulas for the estimation of the maximum scour depth are treated in
two sections. During the developing phase of a scour hole the time
dependent maximum scour depth can be calculated with the Breusers approach
in some basic geometries, section 3.2.4.2. In the equilibrium phase the
maximum scour depth can be estimated with a number of semi-empirical
formulas. A selection of this type of formulas is given in section 3.2.4.3.
A start has been made with the determination of a formula, which has a more

general validity.

The initial slope of a scour hole near a spurdike cannot be estimated with
the aid of some formulas up to now. Data of the measured initial slope in
scale model tests are available however, for example from the systematic
research tests, see DHL-report M847, 1it.[3.4], and also from DHL-report
Q935, 1it.[3.7]). Therefore it is recommended to analyse these data and to
derive some formulas for the estimation of the initial slope of a scour
hole.

3.2.4.2 Breusers formula

The Breusers method has been treated in chapter 2 about sills, therefore in
this section only the value of the factors a and y in the Breusers formula
are described. The method has been developed for a cohesionless bed
material with a uniform gradation. Therefore it is recommended to extend
this method for bed material as graded sands and cohesive materials

(clays).
a factor:

Consider a, - Uc in which Uc is the average velocity in the contraction due
to the spurdike:

U, =Q/ {yy - (B - B} (3.1)

SCOUR MANUAL 44



From the results of a scale model investigation Q935, 1it.[3.7], with Lp/y0
= 0 and Lp/y0 = 5 the following relation between a, BB/B and Lp/y0 has been

determined, see figure 3.2:
a, = 1.5+ {2.7+18 (3, /B)?}.e 1L/ Yo (3.2)
Formula (3.2) can be applied if

Bs/B <0.7,
- the spurdike is not combined with a sill,

the spurdike has a vertical head and

the bed protection is rough, that means ks > 0.025 Yo

If BS/B > 0.7 the extrapolation of formula (3.2) calculates a further
increase of the wvalue of L which is not realistic because through the
reduced opening, left by the spurdike, the discharge will be reduced
strongly. This 1is observed in a few tests of the systematic research on
scouring of DHL, for example DHL-report M1533, part III, [3.6]

If the bed protection is smooth, a, which is calculated with (3.2), will

increase from 0 to 0.5 (see also chapter 2 about sills).

If the head of the spurdike has a slope then the combination of the
formulas (3.2) and (3.3) can be estimated with an extension according to
Muromov and Papasvili (1it.[3.20] and [3.21]).

]1.? -0.? A-O.Gﬂ.y _?'Bt 0.4

. 0

y /y0 = {1 - 0.285 52}.{a U - Ucr

S,max
(3.3)

in which 52 = slope of the head of the spurdike 1:[52 (=)

A preliminary verification of this factor is the comparison of test T7, Bz-
0, with test Tl1, 52 = 1.5, of a scale model research Q935, 1it.[3.7]:

ys,max /yo {T11} calculated with (3.3): measured:
Iy {17} 0.57 0.46 to 0.51
ys,max 0
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This is an acceptable result of a first, preliminary verification.
The reduction factor {1-0.285 le is valid if 0 < Bz < 2.5. It 52 > 3.5
this reduction factor becomes negative which is physically impossible.

Therefore, the reduction factor can be approximated by:

1-0.285 B, , -0.4 B,

This factor is probably wvalid for 0 < 52< 7, see figure 3.3. A more
extensive verification of this factor is recommended. For example, the
results of the scale model M1533 part III, 1it.[3.6], for a combination
with a sill can be used for this verification. According to the Breusers
method a more consistent result should be obtained if the influence of the
slope of the head of the spurdike can be expressed directly in the value of
a, which is the geometric parameter. An alternative is to express the
influence in the relative turbulence intensity and to consider a as a
function of this relative turbulence intensity, see Jorissen 1ic.[3:15].

An expression for the influence of the side slopes of the spurdike on
y is missing. Probably this influence is of secondary importance.

s,max

y-factor

By Driegen 1it.[3.5] and Jorissen 1it.[3.15] a formula has been deduced to
represent the variation of y during the development of a scour hole, see

also figure 3.4.

(p .y Yo + V)
y = 10 ME 70 (3.4)
in which
p = constant )
v = constant (-)

In case of a spurdike without a bed protection p = -0.30 and
with a bed protection p = -0.10.
In both cases v = -0.30, see DHL-report Q935, 1lit.[3.7].

In a publication at the IAHR Congress of 1975 L.V. Cunha, 1it.[3.3], paid
some attention to the time evolution of local scour near vertically headed
spurdikes or groynes.

From his figures can be concluded:
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Yo max! Yo < 0-5 tol y > 0.2, probably near 0.4

ys,max/ Yo > 0.5 to 1l : y =0.16

up to equilibrium scour depth

This result confirms the variation in y according to (3.4) and figure 3.5

with different values of y.
The combination of a spurdike with a sill

A first estimation of the value of a has been obtained from an analysis of
the test results of the systematic research of DHL on local scour
downstream of a combination of a spurdike and a sill, see DHL-report M847

lit.[3.4] and van der Meulen and Vinje, 1it.[3.19, p 7]:

vertical constriction y_/y a
D70
0 3.0
0.3 4.0 to 4.7
0.6 6.5 to 8.2.

Table 3.1: Value of a as a fucntion of the vertical constriction.

This first estimation can be refined with the following formula, if the bed

protection is hydraulically rough and Bs/B = 0.1:

9 - 0,045 . Lp/y0

a=1.5+( 2.6 + 18.6 { yD/yo} ) e (3.5)
In this formula a is related to the cross section averaged upstream flow
velocity. If yD/yo = 0 then a with (3.5) can be compared with a, with (3.2)
and Bs/B = 0.1, see figure 3.6. The differences in the values of a and a
are partly due to different definitions of a and Ay that is the average
upstream flow velocity and the average flow velocity in the constriction.
The calculated a according to (3.5) have been compared with the values of
a, which are determined from the tests of the systematic research on
scouring, see figure 3.7 which is based on figure 42 of DHL-report M847
part III, lit.[3.4]. It is mentioned that the vertical scale in that figure
should be multiplied with 2 to correct an error in the original figure.
From figure 3.6. it can be concluded that formula (3.5) fits very well to

the test results for a rough bed protection.
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The comparison of (3.5) with (3.2) shows that the influence of a width
reduction, Bs/B, on a is almost the same as the influence of a sill height
reduction, yD/yo, on a,. Probably this can be explained by the conclusion
that a horizontal or a vertical constriction has almost the same influence
on the generation of the turbulence, which forms an important contribution

to the development of the downstream scourhole.

3.2.4.3  Equilibrium scour depth
A review of some selected semi-empirical formulas to estimate the maximum

equilibrium scour depth is given in the following.

Inglis (1949), 1it.[3.12], analysed field data on the maxium scour depth
observed near spurdikes and the noses of guide banks in India and Pakistan.
He compared the total scoured depth (yo + ys) with the three-dimensional
Lacey regime depth Y3r which can be obtained from the equation
y5,=0.47(q/£)°-33.

-0.33 _0.33 0.33.. 0.33
Yo ¥ ¥y = 0:47 + K . £ . B - Yo - U0 (3.6)
in which
f = silt factor equal to 1.76 |d (3
D = diameter of bed material (m)
K = factor for flow and geometric conditions (=)

Formula (3.6) can be compared with a general expression for the maximum
scour depth:

Vo * Vs =€ - (33

s Yo - Yo (3.7)

in which
€l = 0.47 .k . g0-33
X = 0.33
y = 0.33
= 0.33

Field data gave a value of 1.6 to 3.9 for the ratio (y0+ys)/y3r. The

recommended values for K are:
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Scour at straight spurs facing upstream, with K
steeply sloping (-)
heads ( 1.5 V : 1 H) 3.8
Same with long sloping heads (1 V : 20 H) 2.:25
Scour at noses of large-radius guidebanks 2.75
Scour at spurs along river banks, depending

on severity of attack 1.7 - 3.8

Table 3.2 Value of k as a function of the hydraulic and geometric condi-

tions

Ahmad (1953), 1it.[3.1], performed scouring studies on single spurs in
vertically sided channels. He used as a basis for the total scoured depth
(yo + ys). It is mentioned that this formula is similar to the formula for
the dimensional Lacey regime depth:

2/3

Yo * ¥y =K (a)) . q (3.8)
Formula (3.8) can be written as:
Yo +¥g =€, . (B/(B-B ). y, 7. uy® (3.7)
with
Cl = K(ul)
X = 0.67
y = 0.67
z = 0.67
cl units 30° 45° 60° 90° 120° 150°
K(al) metric 1.8 2.0 2:.15 2.25 2.4 2.45

Table 3.3 Values of K as a function of spur angle a,

An a-symmetry in the velocity distribution due to a bend was found to in-
crease the total scoured depth roughly in proportion to the ratio of the
velocity in the river section adjacent to the spur and the average velo-

city. Ahmad recommends the following values for K (metric units).
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Spur geometry K (metric units)

Spur below a bend on the concave side

with swirl behind the bend 3.0 - 3.35
Spur in moderate bend no swirl 2.2 - 2.6
Spur in straight channel a, = 30° - 90° 1.8 - 2.2
Same a;, = 90* - 150° 2.2 - 2.6

1

Table 3.4 K as a function of the spur geometry

Ahmad detected no influence of grain size but his tests were limited to d =
0.35 and 0.70 mm. Tests with the finer sand attained equilibrium more
quickly. The shape of the end of the spur ( T-shape, hockey spur) only

affected (yo + ys) moderately; less than 10% variation in the result was
attributable to this.

Liu, Chang and Skinner (1961) 1it [3.18] performed extensive
investigations on vertical wall-type spurs and some abutments in two
flumes, with B = 4.2 and 2.4 m and with sands d50 = 0,56 mm and 0.65 mm.

Tests with spurdikes having vertical heads (boards having virtually =zero
thickness) and flow velocities above the critical were used to derive

an empirical relation:
y
28 . a.15 [—’] 0k gpbid (3.9)

in which Fr is the Froude number:
Fr =Uy/ (g.yy)"°
The analysis of field data from spurs along the Mississippi River confirmed
(3.9) and shows an wupper limit of Ba/yO' according to Richardson et al.
(1975), 11it.[3.22]:

Bs/yo < 25 formula (3.9)

Bs/y0 > 25 formula (3.9) wi;?ags/yo = 25:

yse/yo = 7.8 Fr

Formula (3.9) can be written as:

¥ = C1 . Bs - Yo - U0 (3.10)
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with

Cl - 92.15 . 8-0.167
X = 0.4

y = 0.44

z = 0.33

For conditions with dunes, ¥ fluctuates around the average value of Faa

The maximum value y__ is found by adding 0.3 y_to y_ .
sm o se

The resulting expression according to Laursen, 1it.[3.16, 3.17], for
sediment transporting flow (U > Uc) can be approximated for 2 < Bs/y0< 100
by:

y B
—5 o 1.8 [—s] 0 4 (3.11)
y0 yo
Formula (3.10) can also be written as:
_ p 4 y z
¥y C1 4 Bs - Yo U0 (3.10)
with
C1 = 1.6
X = 0.47
y = 0.53
z = 0

These relationships are not supported by experiments!

C.V. da Cunha (1971), 1it.[3.2], performed a large number of tests with
various vertical sided headed groynes, and water depths in the range 0.04
to 0.14 m. Velocities were varied from 1.0 to 1.4 Uc.

Maximum scour depths around the head of the groyne follow from:

s b 0:3 h 0.95 w 0.15
— = 1.65 —_ R ——— (3.12)
Yo [ Yo ] [ Yo ] [ U, ]
in which
w = fall velocity of a grain of the bed material (m/s)
u, = shear velocity (m/s)
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Formula (3.12) can be wused if Bs/yo = 1.5 to 12 and a = 90°, and this

formula can be written as:

- X y z

Vs C1 . Bs - Yo o Uy (3.13)
with

.15 0.95

C1 = 1.65 . (h /yo)
X = 0.3
y = 0.7
z = -0.15

where h is the height of the groyne relative to the original bed level. The

shear velocity u, was not systematically varied, this explains the

deviating negative value of the exponent of u,.

The relations derived from the different investigations on spur dike (or

groyne) scour models can be subdivided into three groups :

a) those for which U°> Uc , and which give yg as a function of the geometry
of the obstruction

b) relations giving yg as a function of flow velocity as well as the
geometry of the obstruction,

c) relations considering the discharge intensity in the contracted flow

section as well as geometrical properties.

Type a) and b) relations have the disadvantage that they are derived from
small-scale experiments; extrapolation to practical conditions has a conse-
quent risk.
Type c) relations, however, have been shown to be applicable in natural
conditions.

A general expression for yo + ys:

X y z
- Uy (3.10)

0.33 to 0.8
0.33 to 0.7
0.33 to 0.75

< M
n n

N
]
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This wvariation in the value of the exponents is illustrated in figure 3.8,
from this graph it can be concluded that

- in a scale model with Yo < 1 and U0 < 1 the difference between yg or Ug

with different values of the exponent is relatively small,

- in the prototype with Yo >l and U0 >l the difference between yoyor U;

with different values of the exponent is increasing.

This explains the difference between . calculated with different formulas
for prototype conditions. Consequently, the best estimation for maximum
scour depth is given by:

0.6 0.6 0.6 0.67
(g + ¥g) = K. (B/(B-B))""" . y5 ' . U, - K. q (3.14)

in which B B/(B—Bs) ¢« ¥ w U

0 0

¥y = equilibrium scour depth of the deepest point of a scour hole (m)

K = coefficient (=)
g, = specific discharge in the constriction (m2/s)
9, =Q/ (B-B)) =y, . U, £3.15)

This coefficient K depends on many different influences. Some K values are
given in table 3.5 for a first estimation of Yqr

Structure and location K
Groynes in straight channels a, = 90° 1.8 - 2.4
Spur in moderated bend ; no swirl 2.2 - 2.4
Spur below a bend on the concave side
with swirl behind the bend 3.0 - 3.3

Table 3.5 Factor K as a function of different structures

The equilibrium maximum scour depth can be estimated with the Dietz

formula:
Ys,max Cs A Yo
~y m = 1 (3.16)
o cr
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in which

c = coefficient

The verification of (3.16) with physical model tests, see lit. [3.7]
resulted in C = 0.6 to 0.7. The accuracy of the formula is about 30%. This
accuracy is better than the accuracy of the foregoing formules, and

therefore (3.16) is recommended.

3:.2:5 Research needs

For abutments and spurdikes with moderate slopes a reduction of scour depth
of up to 20% may be applied. Therefore it is expected that K depends on the
slope of the head of the spurdike; and also that K depends on the
50° It is
recommended to analyse the available information to determine a design

erodibility of the bed material, for example expressed in w or D
formula for a relation between K and these parameters.

It is also recommended to include in this review of formulas for the
calculation of the maximum scour depth the formulas of Garde [3.9], Izzard
and Bradley, and other investigators, such as Blench, Straub-Gill, Kennedy.
It is recommended to include the results of Sastry, see Gill 1it.[3.10],
who published a relation between the angle of the spurdike with the bank
and the reduction in scour depth, expressed in ys(angle degrees)/ ys(90
degrees).

This chapter should be completed with design rules for the spacing of spur
dikes and the elevation of spurdikes along rivers. Some information about

these aspects has been given by Richardson et al. 1lit.[3.22].

3.3 Abutments

3:3.1 Characteristic geometric parameters

An abutment along a bank of a canal, a river or a tidal channel can be

characterised by the following geometric parameters:

- length 1, width b, the angles of the wing walls a, and a,, see for
thr definition of these angles figure 3.9,

- the slope of the side wall B and the slope of the wing walls,
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- the form of the edges between the side wall and the wing wall can be
sharp or rounded, see figure 3.9. A special case is an abutment with

a completely rounded head.

In general an abutment can be distinguished from other structures by:

- the ratio length/width; 1 / b > 1 to 2, and

- the angles a and a, > about 10 degrees.

If this length/width ratio is smaller than 1l to 2, then the structure can
be schematised to a spurdike. And if these angles are smaller than 10
degrees the structure can be schematized to a local constriction. An
abutment can be placed on one bank or symmetrically on both banks of a
canal. The bed between two abutments 1is supposed to be horizontal. In

practice, a combination of abutments with a sill is designed frequently.

An abutment can be protected by an adjacent bed protection; however in this
chapter only abutments without a bed protection are considered. A scour
hole downstream of a bed protection is comparable with a scour hole

downstream of a bed protection near a spurdike, see section 3.2.

3.3.2 Characteristic flow pattern

The pattern of the flow through an abutment is characterised by an accele-
ration from upstream to a cross section somewhere in the constriction of
the abutment, followed by a deceleration of the flow.

This pattern can be more detailed by the number and the position of the
separation points of the flow, see figure 3.9. Two situations can be
distinguished:

- one separation point in cross section 2,

- two separation points; one in cross section 2 and one in cross

section 4.

If angle o is near 90 degrees also just upstream of cross section 2 a
separation point can exist with small vortices in the corner between the
bank and the wing wall, see figure 3.9. Near this corner a surface roller
can be generated. A vortex street forms the separation between the main
flow and one or more eddies (depending on the geometry). A vortex street is
an important part of the flow pattern because a vortex street can cause

serious scour holes in the bed.
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33.3 Failure mechanism

The stability of the side wall of an abutment without an adjacent bed
protection is endangered by the scour hole due to general acceleration of
the flow and the vortex street downstream of separation point, see figure
3.10. Especially in the case the side wall consists of a vertical sheet
piling this scour hole can have a considerable depth. This depth will be
reduced by a sloped side wall of an abutment. A bed protection can prevent

such a scour hole.

A frequent mode of abutment failure is outflanking, i.e., erosion of the
causeway while the abutment structure remains intact. This results from the
causeway material sliding into the scour hole and thus creating a cove in
the causeway behind the abutment. Progressively an eddy develops in that
recess, which draws the interface to the stagnation region back from the
head of the abutment, more of the flow impinges, downflow strength increa-
ses and the scour depth increases. The final result can be a breakthrough
behind the abutment head.

In exceptional cases the scour hole due to the vortex street downstream of
cross section 4 and the deceleration of the flow can endanger the stability
of the downstream wing wall. This scour hole can be prevented by an
extended bed protection, or by an increase of angle ay- Or the stability of
the wing wall can be guaranteed by an increase of the foundation depth of
this wing wall. Further the undermining of wing walls can be repaired with

the same measures as mentioned in the chapter about bridge piers.

3.3.4 Calculation methods

The maximum depth of the scour hole near the side wall can be calculated by
the superposition of the scour depth due to the acceleration of the flow
and the scour depth due to the vortex street downstream of the separation
point in cross section 2, see figure 3.10.

In the same way the maximum depth of the scour hole near the downstream
wing wall can be calculated by superposition of the scour depth due to the
deceleration of the flow and the scour depth due to the vortex street down-

stream of the separation point in cross section 4.

The scour depth due to the acceleration and the deceleration of the flow

can be estimated by a one-dimensional model. In most cases the scour depth
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due to the vortex street can be estimated with the Breusers method in which
the factor a should have a value for three dimensional flow, see section

3.2 about spurdikes.

3.3:5 General tendencies and data

If the water depth is much smaller than the width b, then the scour depth
depends mainly on this width. This follows also from a model for general
constriction scour.

If the length of an abutment increases also the maximum scour depth will
increase, because normally abutments are rather short. Also this tendency
can be simulated with a model for general constriction scour.

Near abutments relatively large scour depths, of the order of 2 to 5 times
the water depth or 1.0 to 1.5 times the abutment length have to be expected

as an upper limit for the maximum scour depth.

3.3.6 Research needs

This chapter should be extended with some formulas for the maximum scour
depth due to constriction scour. These formulas are an alternative for a

more complex mathematical model of a flood routing model.

For an estimation of the stability of wing walls more attention should be
paid to the soil mechanical aspects.

Data and formulas for the slopes of a scour hole near an abutment are
missing in this draft version of the manual. Kwan, 1it.[3.14], gives

some data, but most data of his report is related to the maximum scour
depth. Therefore a continued search in the literature or some tests in a

physical scale model are recommended.
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4, Bridge piers
4.1 Introduction

The local scour around bridge piers depends strongly on the geometry of the
pier. The characteristic geometric parameters are described in section 4.2.
Secondly a complicated interaction exists between this local scour and the
flow pattern around a pier. A summary of the main parts of this flow
| pattern can be found in section 4.3. Different failure mechanisms of bridge
| piers are illustrated with a few experiences from practise ( section 4.4 )
l and also some methods to prevent local scour are mentioned (section 4.5).
i In general, the local scour around a bridge pier is a relatively rapid
process, therefore, most investigators are interested in the maximum scour
depth in the equilibrium phase of this scour process (section 4.6.3).
Similar to the other chapters some aspects of the time dependent
development phase of this scour process have been treated in detail,
section 4.6.2, with the purpose to extend the applicability of the Breusers
method. The schematized shape of a local scour is determined by the maximum
scour depth and the side slopes of the scour hole, section 4.6.4. Specially
about the local scour near bridge piers many publications are available. It
is out of the scope of this manual to give a more or less complete review
of all these publications.
Finally some research needs are mentioned in section 4.7 and a list of

references is given in section 4.8.
4.2 Characteristic geometric parameters

The process of local scour is influenced by some geometric parameters of a

bridge pier. These parameters are listed below, see the definition sketch

in figure 4.1:

* Bp- the pier projected width, this width includes the alignment that
is characterised by the angle of attack,

Yo= flow depth upstream of the pier,

‘ * shape in a horizontal cross section:
i - circular, squared, rectangular, elliptic, and other shapes,
|
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* shape in a vertical cross section:
- in elevation a constant shape (prismatic pier),
- 1in elevation tapered piers,
- or piers with a increased width at the base,
* piers composed of different elements:
- a pier with a ringlike footing to prevent scouring,
- a pier based on a foundation cap or a footing, which is supported
by foundation piles,
- a caisson with a flat bottom based directly on the subsoil,
- a caisson without a bottom, penetrated into the subsoil.

* a group of separated piers, without a footing.

Most studies have been focused to local scour near one circular prismatic
pier in a non-cohesive sand bed. The local scour is caused by a constant

uniform flow. This situation is a reference case for other geometries.

The foundation of a prismatic pier is normally a continuation of the pier
for at least a few pier diameters into the subsoil. If the pier has a large
diameter compared with the height of the pier then the pier can be founded

as a caisson.
4.3 Characteristic flow pattern

The flow pattern near a pier is in detail rather complicated, see figure
4.2. The main parts are the wake vortices and the horse shoe vortices
combined with the downflow. For the local scour near a bridge pier the
interaction between the wake vortices is important, see table 4.1, in which
Yo is the undisturbed water depth (m) and Bp the width of the bridge pier
(m), and figure 4.3:

pier geometry interaction

B/ Yo < 0.5 a strong interaction, intermittantly

P vortices are generated from a separation
point at the left and the right side of
the cylinder

0.5 < Bp / Yo < 1.5 a weak interaction

B / Yo > 1.5 no interaction, the vortices are

P generated independently from a point at
the left and the right side of a
cylinder

Table 4.1 Flow characteristics around a circular pier
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The most simple flow pattern is generated by a steady, uniform approach

flow, which is characterized by the following parameters:
U depth averaged flow velocity,

U, shear stress velocity,

*
v kinematic viscosity, which represents the influence of the
temperature of the water,

and additionally the relative turbulence intensity, which varies

from place to place in the flow field around the pier.

Some special conditions for the flow pattern can be mentioned:

- An accelerated flow of a local contraction or a river bend with well
developed bend flow,

- Supercritical flow, (normally the flow is subcritical),

- In an unsteady flow as in a tidal estuary, a scour hole will be
generated by each main flow direction.

- An ice cover can divert the flow to the bed near the pier and
therefore an ice cover can cause additional increase of local scour.

In this report only some information is given about local scour in a tidal

flow. Furthermore subcritical flow is considered in this report, if not

mentioned differently.

The complex flow pattern in the scour hole has been described in detail by
several authors, for example by Dargahi, 1it.[4.9], or the IAHR-manual on
Scouring,lit.[4.6]. The waterdepth reduces the local scour depth if the
surface roller on the upstream side of the pier interferes with the horse-

shoe vortices near the bottom.

4.4 Failure mechanism

The scour near bridge piers in rivers can be considered as a composition of

bed scour by different processes, like:

- general bed scour occurring from the natural changes in the stream,
- constriction scour caused by the narrowing of the waterway at the
bridge site,

- local scour near the pier, that results from flow disturbances

introduced by the presence of the bridge pier.
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As a first estimation the scour, which is caused by each process
separately, may be added linearly to obtain the resulting scour. In this
report only the local scour near bridge piers is treated. In a report of a
field survey to bridge pier scour which is executed by the West Virginia
University, lit.[4.27], it is concluded that the most significant
contribution to total scour at a bridge pier comes from general scour or
contraction scour, and probably local scour accounts for less than 20 % of

the total scour depth.

The local scour process depends on the following properties of the bed

material:

- a representative diameter of the bed material: DSO’ D84’Dl6’ and the
gradation of the bed material, which determines the formation of
an armour layer,

- the density and the relative density of the bed material.

In most studies the 1local scour of non-cohesive bed material has been

tested, therefore D50 > 100 micron.

Some additional properties of the bed material are:

= shape of the grains,

- surface packing of the grains,

- homogeneity of the bed material,

- multi layers of different bed materials.

The influence of these additional properties on the scour hole is of

secondary importance and these properties are not treated in this manual.

Also the local scour through damaged bed protection layers around a pier is

not treated in detail.

The local scour hole is characterised by

- maximum scour depth (sections 4.6.2 and 4.6.3),

- volume of the scour hole(section 4.6.4),

- initial slope, and side slopes of the scour hole (section 4.6.4).

The slope of a scour hole around a bridge pier can be divided in three
regions, see sketch in figure 4.1 (according to Dargahi, 1lit.[4.9]): upper

and lower region and in the deepest part of a scour hole a concave region.

The maximum scour depth of a scour hole is decisive for a failure of a
bridge pier. The volume and the initial slope of a scour hole have no

direct influence on the stability of 2 bridge pier.

SCOUR MANUAL 64




In general the design of wall-type bridge piers is based on the assumption
that the length axis of a wall-type pier is parallel to the direction of
the flow. Over time, a meandering river can cause a change in the angle of
attack of the flow on the pier. If the direction of the flow is not
parallel to the pier axis, then the 1local scour depth can increase
considerably. To prevent such an increase in the scour depth it is advised
to design circular piers, where the local scour depth is insensitive for
the angle of attack, see Davis, Case histories of scour problems at
bridges, lit.[4.11].

Davis concludes that in general it is cost effective to protect foundations
from scour for events with greater recurrence intervals than are wused in
the design of the waterway openings. Then damage to bridge and road
elements (e.g. spurdikes, riprap protection, roadway approaches) from rare
flood events can wusually be repaired rather quickly as long as the

structure itself is not damaged.

Based on practical experience Blodgett, lit.[4.3], advises as a general
guideline that no bridge maintenance problems associated with general
scour and lateral erosion should be expected as long as the bridge piers
occupy less than 5 % of the wet cross section of the original waterway.
Although the local scour process around bridge piers is a rapid process,
the constriction scour and the general scour process may continue for
decades, see the case of a bridge crossing the Sacramento River, Blodgett,
lit.[4.3].

With a summary of some case histories in Canada some measures to prevent
the failure of a bridge pier due to scour, have been described by Neill and
Morris, 1it.[4.23]. The railway bridges of these cases were constructed in
1913 and are located in the Thompson River Valley in Canada.

One pier had a concrete footing directly placed on hard clay with
sufficient bearing capacity, but sensitive to erosion by the river. Two
piers were strengthened by foundation piles to support the original
footing. At the same time a guiding dike and a riprap protection for two

piers were constructed.
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A few decades later the erosive action of the river had been shifted to
another pier of this bridge, where the angle of attack was around 20
degrees. The rather high water level differences near this pier during
floods induce pressure differences in the alluvium sublayers. The river bed
scour near this pier could be caused by piping through voids in the
alluvium. To strenghten this pier the following measures were considered:

- further placement of riprap as in the past,

- more closely controlled local scour protection,

- river training works,

- structural upgrading of the foundations by sheet piling.

The first mentioned measure was executed by placing a layer of rip rap on
the existing bed 1level. This protection requires regular inspection and
maintenance.

Another wvariant to place the riprap in a dredged trench below the actual

bed level was rejected for reason of costs.

The failure of a pier in another bridge has been due to

- the high angle of attack up to about 40 degrees wunder certain flow
conditions,

- and a foundation of the concrete footing on a 5 to 6 m thick layer of
gravel.

To prevent a failure of this pier in the future a hydraulic scale model

study has been executed and the following measures were considered:

- sheet piling around the existing foundation block,

- closely spaced steel pipe piling around the existing foundation block
and grouting of the material under the foundation block,

- load-bearing pipe piles connected to the existing foundation block
(for this connection three alternatives were studied),

- a scour protection apron around the nose and the exposed side of the
pier.

The last mentioned measure was the cheapest solution, with on top a mat of

interlinked concrete blocks from 1.1 m width, 1.1 m length and 0.8 m

height.

These descriptions of case histories of bridge pier failures are a good

introduction to the measures to prevent local scour near bridge piers.
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4.5 Measures to prevent local scour

The measures to prevent or to reduce the local scour around a bridge pier

can be summarised as follows:

-a riprap protection around a bridge pier,

-b a mattress protection around a bridge pier,

-c a horizontal deflector fixed to a pier at the bed level,

-d a separated horizontal deflector around a pier,

-e a vertical deflector ring around a pier,

-f stone bags fixed to the footing or grouted gravel or hinged plates
with riprap,

-g guide vanes,

-h group of smaller piles upstream of the main piers.

Some of these measures are described more in detail in the following.
Rip rap protection around a bridge pier

The size of the rip rap can be calculated with stability criteria as Isbash
or Shields, if the maximum decisive flow velocity is known. With a
potential flow theory the maximum shear stress and the maximum flow
velocity near a cylinder type pier can be calculated: G ™

A% undisturbed and Umax e Uundisturbed’

In this calculation the increase in turbulence intensity around a pier is

not included.

The minimum layer thickness is 2 D50l but often a larger thickness will be
advantageous. Especially the connection between the riprap layer and the
footing of the pier needs extra attention. Some qualitative information is
given in Ettema (1980), 1it.[4.8].

For the length of the protection layer (or the diameter of the protection
layer) some preliminary design rules are available from the literature:
Bonasoundas, 1lit.[4.4], gives the length of bed protection Lp = 2.5 Bp
upstream and Lp = 4 Bp downstream a circular pile in a uniform current and
Hjorth, 1lit.[4.16], gives Lp = 0.75 Bp upstream and Lp =5 Bp downstream
for the region with strong wake vortices.

Carstens, lit.[4.7], found that Lp not only depends on Bp but also on Yo'

hypothetically:

Lp =c_. ys,max / tan(¢) (4.1)
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in which

cg = sgafety factor (-)
¥ s = maximum scour depth measured from the original bed level (m)
¢ = angle of repose (degrees)

The angle of repose depends on the type of soil and the compaction of the
soil, therefore the angle of repose varies between 20 < ¢ < 50 degrees;
assume ¢ = 35 degrees as an average value, and g = 1.5 then:

1.p = 2.1 Y (4.2)

x
More information about the shape of a local scour hole can be found in
section 4.6.4. If one assumes an upper limit of ys,max = 3 Bp then Lp = 6.3
Bp and this confirms the protection length or protection diameter according
to Bonasoundas and Hjorth. It is mentioned that if waves cause a scour hole
the slope of the scour hole is less than the angle of repose and therefore
a larger bed protection is needed then compared with scour by a current

only.
Mattress protection around a bridge pier

For a local protection around a big, circular pier in a bed of fine sand an
artificial protection has been proposed as a new concept. This protection
consists of numerous bundles of polyester filaments which can be suspended
under a frame cantilevered from a pier. A first prototype test shows
promising results, see Carstens, lit.[4.7]. In general special attention
has to be given to a tight connection between the mattress and the pier,
because through a small gap the downflow can induce severe erosion, which

extends under the mattress.
A fixed horizontal defelctor of the downflow or collar

The downflow near the pier can be deflected by a deflector, see Carstens ,
1it.[4.7], and Dargahi, 1it.[4.9].

For the determination of the width and the height of the deflector, which
is fixed to the pier, no design rules are available. Carstens published
some results for the height of the deflector in only one situation.

Dargahi investigated the shape of the collar and the position of the collar
relative to the original bed level.
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The shape varied from circular collars to so called Joukowski collars (egg-
shaped). No significant difference in the maximum scour depth was found
between these two shapes. A collar at or just below the original bed 1level
gives the highest reduction of the maximum scour depth and a slower

development of the scour hole.

A separated horizontal deflector of the downflow

For a preliminary design of the piers of the Eastern Scheldt Storm Surge
Barrier the effectiveness of a separated deflector around a prismatic pier
has been studied in a scale model, see DHL-report M1402, 1lit.[4.14]. With a
open space of 0.3 m between the deflector and the pier the maximum scour
depth was reduced by about 25 %.

A separated vertical deflector of the approach current

As an alternative in the preliminary design stage of the Eastern Schaldt
Storm Surge barrrier the effectiveness of a separated vertical deflector
around a prismatic pier has also been tested in a scale model, see DHL-
report M1402, 1lit.[4.14]. This deflector has been placed on the bed
protection mattress. The distance between deflector and pier was around 4 m
and the gap between the mattress and the pier was around 0.3 m. Other data
are Bp = 18 m and Yo = 15 m. This deflector did not reduce the erosion
depth noticeable.

Stone bags around a pier

This type of protection guarantees a flexible connaction of the riprap with
the pier and therefore good results have been obtained with this type of
protection (Eastern Scheldt Storm Surge Barrier and Ekofisk offshore
construction).

Grouted gravel or sand has been used as a repair method for scour under the

bottom of a caisson.
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4.6 Calculation methods

4.6.1 Introduction

The local scour process around a bridge pier is divided into several

phases:

1 initiation of the scour process,
2 developing phase,

3 equilibrium phase.

The time dependent growth of the maximum depth of a scour hole in the
developing phase is described with the Breusers method, section 4.6.2.

In the equilibrium phase the shape and the maximum depth of a scour hole
are constant and do not depend on time. For the maximum scour depth in the
equilibrium phase many semi-empirical formulas have been published, see
section 4.6.3. For a first estimation of the shape of a schematized scour
hole some information is given in section 4.6.4.

Local scour around a bridge pier is a relatively rapid process, therefore

mainly formulas for the equilibrium phase have been developed.

4.6.2 Time dependent maximum scour depth

4.6.2.1 Introduction

The Breusers method has been developed first for sills with a bed
protection, see chapter 4. Recently some successfull attempts to apply
these same approach to the scour process around a bridge pier have been
published. In this section the results of these efforts are summarised. The

dimensionless scour depth is an empirical power-function of time:

y t
Sl o 14 (4.3)
Yo 1

in which

time dependent maximum scour depth in the scour hole around the

pier (m)

Yo = original water depth just upstream of the pier (m)

t = time (s)

t = time at which Y = 7o (s)

y = empirical constant (-)
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The exponent in formula 4.3 is analysed in section 4.6.2.2. In section

4,.6.2.3 the formulas to estimate the time tl in (4.3) are analysed.
4.6.2.2 The exponent y

The time dependent development of the maximum scour depth near a bridge
pier can be described in analogy of the Breusers method with formula (4.3).

For a rectangular pier Nakawaga et al, 1it.[4.21], measured ymax at a
corner of this pier. The type of scour is probably clear water scour
because the upstream bed consists of fixed sand layer, see fig 7 of
lit.[4.21]. Also from the data in publications from Davies, Ninomiya and
Delft Hydraulics it was possible to determine a value for . For a squared
pier Ninomiya et al, 1it.[4.24], measured the results for clear water

scour, shown in table 4.2.

5 !/ ¥4 Ymax’ Y0 Y author
1 0.002 to 0.15 0.8 Nakawaga et al.
0.15 to 0.55 0.22 Nakawaga et al.
0.4 0.02 to 0.10 0.8 Nakawaga et al.
0.10 to 0.60 0.22 Nakawaga et al.
0.3 to 0.5| 0.2 to 0.8 0.1 Davies et al.
0.8 0.04 to 0.7 0.36 Ninomiya et al.
1.2 to 1.9] 0.6 ‘to 1.5 0.23 DHL-report M1841

Table 4.2 The exponent y for different bridge piers

From these references it seems to be that the exponent is not sensitive
to the angle between the main direction of the approach flow and the

longest axis of the rectangular pier.

Davies et al, 1it.[4.10] determined y = 0.10, but this result needs
further verification, because of viscosity effects in the scouring around
the small circular piers where Bp = 0.016, 0.019 and 0.025 m and Yo = 0.05

m.

Dargahi, 1it.[4.9], determined from one detailed scour test, y = 0.38,
This test concerns a circular cylinder with Bp = 0.15 m, Yo = 0.20 m and

Yonax ® 0. 12 'm.
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Dargahi used a formula, which is similar to formula (4.3):

y
max -c, . { : ]Y (4.4)
ymax,e e
in which
T equilibrium scour depth which is the local maximum (m)
’
te = time after which the equilibrium scour depth is reached (s,
days)
N = coefficient, approximately equal to 1 (-)
Formula (4.4) can be written as:
y b/ t
max _ ‘max,e _1.y Lty
B 5 . {t | Cy - {t } (4.5)
P P = 1

In a two dimensional flow pattern, for example at the edge of a bed
protection the maximum scour depth follows from (4.3) with y = constant,
0.38. Laboratory tests with groynes and abutments showed that in a strongly
three-dimensional flow field the scour process cannot be described by y =

constant, but with a variable exponent according to (4.6):

P Yoo/ Yo 29
y =10 (4.6)
in which
p = empirical constant k=)
v = empirical constant (-)

From the results of a test in a scale model of a pier of a preliminary
design of the Eastern Scheldt Storm Surge Barrier, with BPIYO = 1.2 and
ymax/y0 = 0.3 to 2.0 (see DHL-report MI1385, 1lit [4.13]), the following
values of p and v have been determined, see DHL-report Q647, 1it.[6.16]: p
= -0.34, v = -0.10 (see also figure 4.4). These values apply to clear water
scour.

In case of live bed scour a lower value of will be obtained if ymax/y >1.

0
The results of a test in a scale model of a circular caisson of an offshore
construction with y = 0.23, see DHL-report M1841, 1lit.[4.15], imply that p
=0 and v = -0.64.
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All these results have been plotted in the graph with y as a function of
ymaxlyo’ see figure 4.4. In the initiation phase of the scour process
rather high values of y = 0.8 have been measured.

In the development phase the results show a considerable scatter, which is
partly caused by the influence of the water depth. In the equilibrium phase
the water depth reduces the maximum scour depth, if Bp/y0 > 0.3, according
to Melville and Sutherland, lit.[4.20]. In the present report the limit is
choosen to be Bp/y0 > 1 for a first estimation. The scatter in figure 4.4

can be reduced by the following refinement, see figure 4.5:

B /¥, 2 1 then:

max _ { t }y (4.3)

y t

P t1

1Y (4.7)

It seems reasonable that if Bp < Yo the maximum scour depth is more
determined by Bp than by Yo+ The remaining scatter 1is caused by the
different geometries and possibly by the difference between live bed scour
and clear water scour. The analysis of more published results of scale

model tests is recommended.

For a very first estimation the following values can be recommended, see
figure 4.5:
- clear water scour : p=-0.3 and v = -0.1
= live bed scour
if ymaxly0 <1.5 : p=-0.3 and v = -0.3
else y = 0.2

The most important differences between . - / Yo according to these values

b
of y can be observed in the first part of the developing phase as t/t1 <
0.5. For the maximum scour depth in the last part of the developing phase,

as t >t these differences are rather small.

ll
Clear water scour starts slowly relative to live bed scour, but after t >
tl clear water scour reaches a deeper scour depth than live bed scour, see
figure 4.6. This 1is confirmed by figure 5.1 of the Scouring-manual,

lit.[4.6], see figure 4.7.

SCOUR MANUAL 73




4.6.2.3 The reference time tl

Nakawaga and Suzuki, 1it.[4.21], used a slightly different definition of
(4.3), y, has been replaced by Bp as in (4.7). Then they found from the
experimental results:

2:9 0
t, = 37.5 . Bp . Yo - (a . U0 —i i ) (4.8)

in which a = 1.4

From theoretical considerations Nakawaga et al supposed that the constant
37.5 should also depend on the relative density A of the bed material:
37,5 = 29.2 4 03

in which A = (pa - p)lp.

The relative density of sand is 1.65 as an average value.

In the test program only sand has been used as bed material, and therefore
no verification of their theoretical consideration has been obtained.

It is mentioned that in their experiments Bp/yo = | and 0.4, therefore it
can be concluded that if Bp/yo < 1 then t1 does not depend on Yo but on Bp.

From tests with a squared pier Ninomiya et al, 1lit.[4.24], found 1in the
developing phase of the scouring process, if
0.1 € ymax/YO < 0.5:

2 -3
t,=C.g.y," . U (4.9)
in which
Cc = constant (=)

In the tests Bp/yo = 0.8 and Bp/yo is smaller than 1, therefore, it should
be preferred to replace Yo in (4.9) by Bp. In all their tests they kept
Bp/y0 = 0.8, therefore, this replacement affects only the constant C.

The formula (4.8) and (4.9) can be compared with the Breusers formula for

tl:

t, = 250 . gt 2. la.u -u 1" (4.10)
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The exponent -4.3 in (4.10) has been confirmed in a scale model study of a
pier for the Eastern Scheldt Storm Surge Barrier, lit.[4.13]. Nakawaga et
al found -3 instead of -4.3. This result of the study of Nakawaga has been
confirmed by Ninomiya (only if U > Ucr)'

The geometry factor a has the following values:

pier geometry flow Bp/yo study a
rectangular pier current | 0.4 to 1 Nakawaga 1.4
elongated pier current 1.2 DHL-M1385| 7.15
cylindrical pier current 1.2 to 1.9 DHL-M1841| 7.8

waves DHL-M1841| 5.8 to 6.3

Table 4.3 Parameter a as a function of the geometry

The difference between a rectangular pier and an elongated or circular pier

can probably be explained by the value of Bp/yo.

Finally the following tendency for the reference time tl is recommended for

the scour around bridge piers in the developing phase:

- B <1
o/%0 . ,
tl = Bp [a. U - Ucr | (4.11)
with

x= 2to 2.9
y = -3 to -4.3

a depends on the geometry, see table 4.3.
= Bp/yo > 1 then BP in (4.11) should be replaced by Yo

The presented formules for t1 can be summarized in the following general

expression:

t, =c.AY p* . (avu - Ucr)y (4.12)

1
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with
P = Bp if Bp/yo <1
P =y, if Bp/y0 21
2<x< 2.9
-3 <y < -4.3
and a according to table 4.3

4.6.3 Equilibrium maximum scour depth

The maximum scour depth can be written as a dimensionless parameter
ys,max/np or ys,max / Yor in which Bp is the width of the pier and Yo is
the waterdepth. In case of a single cylindrical pier, which is placed in an
uniform approach flow and an uniform sand, this parameter is a function of:
- the waterdept: Bp / Yo expressed in factor Kyo;
- the approach flow velocity, either is divided by the critical flow

velocity for the initiation of motion: U / Ucr or expressed in a

dimensionless Froude number, Fr = U / (g . y0)°'5. Normally only subcri-

tical flow is considered, therefore Fr < 1.

This most simple case has been used as a reference for all other cases and
the deviations with respect to this simple case are expressed in socalled
K-factors:

- pier shape, which is expressed in factor Ks;

- the orientation of the pier to the flow, which is expressed in the

factor K ;
W

- the distance between the piers: a separated pier with no influence of
the other piers, or a group of piers close to each other with some
interference of the water motion and the local scour holes, factor Kgr;

- the gradation of the bed material, which is expressed in the factor Kg;

- the grain diameter and the density of the material, which are expressed

in the critical flow velocity for the initiation of sediment motion.
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The influence of the flow velocity can be described as follows:

- if U/Ucr > 1 then socalled live bed scour occurs; which means that
sediment motion upstream of the pier results in a supply of sediment in
the 1local scour hole. An decrease of the approach flow velocity will
result in a modest increase or even a reduction of the maximum scour
depth, because of the sharp increase of the sediment supply from
upstream.

- if U/Ucr < 1 then socalled clear water scour occurs; which means that
the local scour hole is not filled with sediment from upstream of the
pier. The maximum scour depth strongly increases with an increase of

the flow velocity.

The critical flow velocity Ucr can be determined as follows:

= from the Shields graph, for the upstream approach conditions,
Ucr = C. u*,cr
the constant ¢ depends on the vertical velocity profile,

and u*,cr / {g A DSO} = constant
- eventually from the formula of Hincu for sand.

For sand near a pier the critical flow velocity is about 0.5 of the
critical flow velocity in the upstream approach conditions.

ripple forming (coarse material) and non-ripple forming (fine material)

The influence of different factors on the maximum scour depth is treated in
the following by comparing this influence relative to the case of a
circular cylinder founded in uniform sand as bed material.

As a general formula for the maximum depth of the local scour hole around a
bridge pier a combination of the formula of Breusers, lit.[4.5], the
formula of the IAHR-manual on scouring, lit.[4.6], and the formula of Shen,
lit.[4.6], is proposed.

With Breusers formula (1977) the maximum scour depth around a single
cylindrical pier in a uniform flow and placed on a bed of uniform sand can

be calculated:

s,max

B

= 1.5 . f(U/Ucr) . tanh(y /BO) . (4.13)
P

The f(U/Ucr) is defined as:
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if U/Ucr < 0.5 no local scour: f(U/Ucr) =0
0.5 < U/Ucr € 1.0 clear water scour: E(U/Ucr) =2 . U/Ucr -1

U/Ucr > 1.0 1live bed scour: f(U/Ucr) = ]
The constant 1.5 gives the best fit with measured scour depths. However, if
(4.13) is applied as a design formula, then 1.5 should be replaced by 2.0,
which means a safety factor of 1.3 with respect to the maximum measured
scour depths. This gives an impression of the accuracy of (4.13), and the
standard deviation of the normal distribution is estimated at 0.1 Y, max/Bp
For other situations than a single cylindrical pier in a uniform flow and

placed in a uniform sand formula (4.13) can be extended to a more general

form:
ys,max
Bp = }.5 . f(U/Ucr) a tanh(yopr) o KB " Ku . Kg . Kgr Ksize (4.14)

in which
Ks = factor for the influence of the pier shape (-)
Kw = factor for the influence of the alignment of the pier

to the flow (-)
Kg = factor for the influence of the gradation of the bed

material (=)
Kgr = factor for the influence of a group of piers instead of

a single pier (-)
Ksize = factor for the influence of the relative size of the pier

and the sediment (-)

It is remarked that in (6.13) tanh (yOIBp) is the factor for the influence
of the water depth.

In the basic situation of one single pier which has a cylinder-shape and
has been placed into uniform bed material: Ks =1, Ku =1, Kg = | and K
= 1.

34

For a first order estimate of the local scour depth formula (4.15) is given
in the IAHR-manual on Scouring (1991):
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Tsimax o5 x K LK LK. KK (4.15)
Bp s W g gr y0 “'size

In practice, 1live bed scour is far more important than clear water scour,

therefore formula (4.15) is based on live bed scour. This formula can be

compared with formula (4.14) and the main difference is the value of the

constant 2.6 instead of 2.0 (when applied as a design formula). That means

that (4.15) can be used as a design formula with a safety factor of 1.30

with respect to the maximum measured scour depths.

This formula shows some similarity with the design formula of Melville and
Sutherland, lit.[4.20], for live bed scour. They replaced the constant 2.6
by 2.4 and for wuniform sediments this design formula with constant 2.3
includes a safety factor of 1.15 to 1.30.

In the United States Shen (1969), lit.[4.6], has developed the socalled

Colorado State University formula:

y
s,max _ (2.2 to 3.4) Fr0.43 to 0.67 1 YO/Bp} 0.33 to 0.35

B
P

(4.16)

in which:

Fr = U / {(g. yq)

The influence of the flow velocity in (4.15) can be compared with this
influence in (4.13).

It is remarked that in (4.15) KyO = { yopr
the influence of the water depth.

]0'33 et is the factor for
This relation has been confirmed by A-Han Chen, 1lit.[4.17] only with some
minor changes in the constant and the exponents. In his report he includes
also tables with data from his tests, which concern a circular pier in two

bed materials, one uniform and one graded.
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Water depth

The water depth does not influence the maximum scour depth if
Yo / Bp > 2.6. However if 0.5 < yOIBp < 2.6 then this influence follows
from, see Melville and Sutherland, lit.[4.20]:

0.255
K =0.78 4.17
1 ( 79/B,) (4.17)

This formula gives the minimum reduction compared with the data. For the

extreme case with yo £ 0.5 Bp no data are available.

Pier shape

The influence of the shape of a horizontal cross section of the pier has
been investigated by Laursen and Toch (1956), 1lit.[4.19], Neill (1973),
1it.[4.22] and Dietz (1972), 1lit.[4.12]. These results confirm each other,

therefore one table with recommended values of Ka can be composed:

form of horizontal cross- section Ks
(-)

lenticular 0.7 to 0.8
elliptic 0.61 to 0.83
circular 1.0
rectangular 1.0 to 1.2
rectangular with semi-circular nose 0.90
rectangular with chamferred corners 1.01
rectangular nose with wedge-shaped tail 0.86
rectangular with sharp nose 1:2 to l:4 0.65 to 0.76

Table 4.4  Shape factor Ks for the influence of the shape of a horizontal
cross section of the pier.

The shape of a vertical cross section can also be expressed in the value of
Ks. The basic case is a pier with a prismatic shape and Ks a0 ™ 1.0.

’
A pier with a circular horizontal cross section and in elevation tapered:

form of vertical cross section Ko (=)
pyramid like (upwards narrowing) 0.76
pyramid up-side down (upwards broadening) 1.2

Table 4.5 Shape factor Ks - for the influence of the shape of a vertical

’
cross section of the pier.
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For piers with a foundation footing or a pile-cap no data for the shape

factor were found in the mentioned references.
Alignment of the pier to the flow

For cylindrical piers no influence of the angle of flow attack on the
maximum equilibrium scour depth has to be considered, if the spacing

between the piers is more than 3 Bpto 11 Bp

For piers with a rectangular horizontal cross section this influence has
been studied by Laursen and Toch, 1lit.[4.19]. If the angle of attack is
zero (that means the angle between the main axis of the horizontal cross
section of the pier with the direction of the approach flow) then Kﬂ = 1.
Their empirical relationship in figure 4.8 has been confirmed roughly by
data of Chabert and Engeldinger and Varzeliotis.

Nakagawa and Suzuki, 1it.[4.21], have presented some results of scour
around a rectangular cross section with Ls/Bp = 1.75 and the angle of
attack w = 0, 30 and 45 degrees. They found that the final scour for 30
degrees is almost equal to that for 45 degrees, but it is much larger than
that for zero degrees: Ku = 1.3 to 1.8. This confirms the graph of Laursen
and Toch roughly.

Frohlich has given a formula for Ku which confirms also this graph roughly.

Gradation of bed material

The gradation of bed material can be characterised by the geometric
standard deviation o » see Vanoni, lit.[4.26]:

}0.5

g = { D84 / D16 (4.18)

s
For illustration of this parameter some values of os/D50 are given:
natural river sand o /D.. = 0.8

s’ 750

uniform sand aB/D50 = 0,3
In the basic case the bed material consists of uniform sand with Kg = 1.

The effect of the grain size distribution on Vs max “2% reported by
»

Raudkivi and Ettema, lit.[..]. The relation between Kg and UB/D50 is given

in figure 4.9. These results are only valid if u, = Figure 4.9 |is

u -

*,cr
replotted in figure 4.10 showing K_as a function of o .
o g
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A more general method to determine the effect of the gradation has been
published by Melville and Sutherland, 1it.[4.20]. This method is summarised
below with some adjustments.
They wused an approximation of the geometric standard deviation of the
particle size distribution:

og ~ Dgy, / Dgy
natural river sand as = around 1.3
uniform sand o. < 1.3

s
If 9 < 1.3 no effect of the gradation, therefore Kg = 1,

If 9 > 1.3 a representative diameter of the armour layer is calculated
with:

- 0.55 . 032'23 . D (4.19)

D 50

50,a

The critical flow velocities for D50 and D50 a can be calculated with the
»

Shields graph and the modification of this graph according to van Rijn:

2 ]0.33

D, = D50 [ a.g /v (4.20)

2 10,33
v © ]

x,a " Dsg,a & -8/ (4.21)

The Shields parameter Bcr follows from:

D, <4 e =0.24D, "

4 <p <10 @ =0.14D, 06
10 <p, <20 @, =0.040,7 010
20 <D, <150 @ _=o0.01300%

D, 2 150  ©__ = 0.055

If in the above formulas D* is replaced by D* J then ec a is calculated
»

with these formulas. The critical shear velocity follows from the
definition of the Shields parameter:

=|6e _. A.g Dy (4.22)

Uy cr,a "V Oz s 8- 8Dg (4.23)
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With the assumed logarithmic velocity distribution the critical approach

flow velocities can be calculated:

12Y

0

Ucr = 5,75 u*,cr . log [ 3.D50 + 7% ] (4.24)
12Yo

Ucr,a = 3.75 Yk cr,a log | 3.D50 + 8/4 ] (4.25)

,a

in which § is the thickness of the sublayer:

§ = 11.6 / u*,cr (4.26)

or § = 11.6 / u*,cr,a

If U< Ucr : Ua = Ucr,a (4.27)

IfFU>U : U =0.810T

cr a cr,a

I£ U < T then Melville and Sutherland recommend U = U
a cr a cr

as a first approximation.

U= (Ua -U_ )

U= (U Y0 ‘

cr
< -
If 5 $1 then K = 2.4 T
cr cr
U- (U, -Uu)
If 21 then K = 2.4
U g
cr

In general this method is on the safe side and in the publication of

Melville and Sutherland this method has been tested on quite a few measured

data.
|
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Group of piers
As the most simple case a group of only 2 piers is considered:

- 2 piers, with a circular cross section, in a line parallel to the flow
direction:
The maximum scour depth around the front pier will increase by a
maximum 15 % if the pier spacing is 2 to 3 Bp. The influence of the
second pier on the front pier scour disappears if the pier spacing > 15
Bb The maximum scour depth of the rear pier is reduced by 10 to 20 %.
This reduction is almost independent of the pier spacing.

- 2 piers, with a circular cross section, in a line perpendicular to the
flow direction:
The mutual influence of both piers on the maximum scour depth
disappears if the pier spacing > 10 Bp.
If the pier spacing is very small < 1.5 Bp both piers have almost the
same effect as one pier with a diameter of 2 Bp of a single pier.

Therefore, the maximum increase in maximum scour depth is 100 Z%.

- 2 piers, with a circular cross section, with a variable angle w between
the line through the piers and the flow direction (angle of attack)
If the pier spacing is 5 Bp, then the maximum scour depth around the
upstream pier (the front pier) is not sensitive for the angle of
attack: the maximum increase is 15 7% at an angle of attack of 45
degrees.
The maximum scour depth around the downstream pier (the rear pier) is
sensitive for the angle of attack: the maximum increase is 20 ¥ at an

angle of attack of 45 degrees.

SCOUR MANUAL 84




These results for 2 circular piers are summarised in table 4.6:

angle of pier front pier rear pier
attack spacing Kgr Kgr
(degrees) (B) (-) =)
0 1 1.0 0.9
0 2 to 3 1.15 0.9
0 # 15 1.0 0.8
45 1 1.9 1.9
45 5 1.15 1.2
45 > 8 1.0 1.0
90 1 1.9 1.9
90 2 to 3 1.2 1.2
90 > 8 1.0 1.0

Table 4.6 The factor Kgr for a group of 2 circular piers

The results for 2 piers in table 4.6 are a confirmation of the general rule
that the resulting scour hole of a group of piers can be considered as the

superposition of the separated scour holes of the individual piers.
4.6.4 Shape of a local scour hole

The shape, the slopes of a scour hole and the maximum scour depth determine
the volume of a scour hole, and the minimum extend of a bed protection to
prevent a local scour. First the shape of a local scour hole around a
cylindrical pier is treated and next the local scour hole around all other
types of piers.

A single cylindrical pier

The reference case of a single pier in a uniform flow and founded into a
uniform bed material has been studied in detail. For example, Dargahi,
lit.[4.9], gives a detailed description of the development of the side
slopes of a local scour hole around a single cylindrical pier during the
scouring process, see figure..

For that situation the shape of local scour hole in a horizontal cross
section has been schematized into a half circle at the upstream side; and
at the downstream side this half circle is connected with the half of an
elongated ellipse. Bonasoundas, lit. [4.4], used this schematization for
the bed protection around a cylindrical pier.
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The upstream part of the scour hole has an upper part slope and a slope for
the deepest part of the scour hole. This slope in deepest part of the scour
hole is gouverned by the horseshoe vortex. For simplicity these two slopes,
which differ only two degrees in the experiments of Dargahi, are averaged
into one side slope of 0.90 of the angle of internal friction or the angle
of the natural slope €.

In the same way the downstream part has a steeper lower part slope than
the upper slope of a scour hole. The difference between these slopes is
about 4 degrees. Therefore both are averaged into a slope of 0.47 €.

These side slopes are expressed in the angle of repose because the
angle of repose is an upper limit for the side slope in a two dimensional
geometry. In a local scour hole the concave three dimensional surface can
result in some sideway support by which a steeper stable slope can be
obtained than the angle of repose. However this effect has been observed
only in sand with some cohesion by clay particles, for example in the
prototype tests in the Brouwerssluice, but not in pure non-cohesive sand,
for example in laboratory tests.

The angle of repose depends on the type of soil and also on the

compaction of the soil, see table 4.7 for some characteristic values.
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soil type angle of repose
(degrees)
coarse sand, compact 45
sand and gravel firm 38
loose 32
medium sand compact 40
firm 34
loose 30
fine sand compact 34
firm 30
loose 28
fine silty sand compact 32
sandy silt firm 30
loose 28
fine uniform silt compact 30
firm 28
loose 26
day (saturated) med ium 10-20
soft 0-20

Table 4.7 The angle of repose for different soils.

The schematized shape of a local scour hole is a function of the side
slopes, the radius of the upstream half circle and the length of the axis
of the downstream half ellipse.
The top radius of a local scour hole is measured from the center of the
cilindrical pier, see figure...:

upstream : radius of a circle 2B

downstream: longest axis of an ellipse 5B

shortest axis of an ellipse 2 Bp

The downstream value is not a radius, but the half length of the longest
axis of the ellipse, and the length of the shortest axis is equal to two
times the upstream radius. The radius of the bottom of a local scour hole
is measured also from the center of a cylindrical pier:

upstream : radius of a cirle 0.6 B

downstream : longest axis of an ellipse 0.8 B

shortest axis of an ellipse 0.6 Bp
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With these data of slopes and widths of the schematized scour hole the
volume and the minimum extend of a bed protection, to prevent a local scour
hole, can be determined, if the water depth > 3 Bp. It is remarked that no
difference is observed between the shape of the local scour hole in clear
water scour or in 1live bed scour. The gradation can have some minor
influence on the shape of a scour hole, because by segragation in the scour

hole the coarse fraction will form a layer on the bottom of the scour hole.
Other types of piers

With respect to the shape of local scour holes around non-cylindrical piers
in a non uniform flow no systematic data about this shape have been found
in the used references. By combining some data from different sources
average values have been assessed.

The characteristic wvalues of the side slopes of a local scour hole have
been measured from graphs and figures from different publications, see
table 4.8 1In all these publications no information about the angle of
repose has been included, therefore this angle has been estimated. For
these estimations it 1is assumed that in laboratory tests the sand had a
loose compaction and that in prototype situations the soil had a firm
compaction after many years of consolidation.

In some situations the water depth is less than 3 Bp, therefore the water
depth reduces the maximum scour depth to some extend, but it is supposed

that this influence does not affect the shape of the scour hole.

side slopes
research / author pier flow € upstream | downstream
€ €
Dargahi 1 a 32 0.90 0.47
Nakawaga / 1 b 35 0.07 0.03
Suzuki
Delft Hydr. M1841 1 a 30 0.92 -
Delft Hydr. 1+1 a 35 0.90 0.45
Nakawaga/ 2 a 32 0.80 to 0.70
Suzuki 0.90
Delft Hydr. M1385 3 a 28 0.95 0.50
3 b 28 0.78 0.30
Average values a 0.90 0.50
b 0.70 0.25
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pier: 1 = cylindrical pier
2 = rectangular pier

3 = rectangular pier with circular nose

flow: a = unidirectional flow

b = tidal flow

Table 4.8 Side slopes in a local scour holes of different piers.

From table 4.8 the following conclusions can be formulated:
- The shape of the pier has probably no influence on the maximum upstream
side slope of the local scour hole.

- In an estuary tidal flow will reduce the side slopes of a local scour

hole:
upstream side downstream side
unidirectional flow 0.9 € 0.5 €
tidal flow 0.7 € 0.25 e

In case of tidal flow the upstream side of a pier or the downstream
side is defined relative to the highest flow velocity during ebb or
flood flow.

These conclusions are based on a limited number of references and need
further confirmation from other studies. This holds also for the assumption
regarding the neglectable influence of the water depth on the shape of the
scour hole. The influence of gradation of the subsoil and the flow
direction w relative to the pier axis on this side slope of a local scour

hole can not be assessed from this limited number of references.

4.7 Research needs

In this section not only research needs are described, but also aspects,
which are missing in this draft version of the manual and which are

proposed to be included in a final version.

In this draft version of the manual only the local scour near a bridge pier
is treated, and it is recommended to include the constriction scour. Also
some general aspects of the influence of bridge piers and bridge abutments

on the flow pattern and the morphology of a river should be included.
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In the developing phase of a scour hole the preliminary expression for tl

needs further confirmation and development.

The methods, which are mentioned in this manual to prevent bridge pier
scour, are not complete. Specially the effectiveness of these methods to
reduce the maximum scour depth should be included in this manual.

The interaction between an ice cover and a bridge pier scour hole is not
treated in this manual. Ice can increase the effective size of a pier and
therefore the local scour. It is recommended to expand the manual with this

interaction.

The influence of waves and the combination of waves and currents on bridge
pier scour is not included in this manual. It is recommended to include

this influence.

For the equilibrium phase of the scour process a general formula for the
maximum scour depth is missing. The proposed formula and the existing
formulas need more verification on data from scale models and from the
prototype. For verification purposes a representative and complete data

base of bridge pier scour measurements would be advantageous.
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5. Outlets

5.1 Introduction

In general, an outlet is positioned downstream of a hydraulic structure,
such as sluices, outlets of low head hydropower stations, weirs or the
outlet of cooling water of thermal power stations. Therefore many different
types of outlets exist, here only some types of outlets with rectangular
cross sections are considered. An important class of circular pipe outlets
is missing in this draft version of the manual. The main geometric
parameters of an outlet are defined in section 5.2.

The main features of the flow pattern in and downstream of an outlet are
treated in section 5.3. This flow pattern causes scour holes in the bed
downstream of the structure and these scour holes can induce a failure of
the structure, section 5.4.

Methods to calculate the main dimensions of these scour holes are treated
in section 5.5. Some data on scour holes downstream of outlets are
collected in section 5.6. Finally the most important research needs for the
calculation methods are summarised (section 5.7) and a list of references

is given in section 5.8.

5.2 Characteristic geometric dimensions

The shape of some types of outlets with a rectangular cross section can be
characterised by a horizontal or gentle sloped bed protection (hydraulic
rough or flat), which is bordered by two diverging wing walls. In most
cases the bed protection is longer than the length of the wing walls, see
figure 5.1. In general the rate of divergence of the wing walls is less
than 1:8 to prevent a separation of the flow. Such a separation will result
in an a-symmetric flow pattern at the downstream end of the bed protection,
and an increase in the size of the scour hole. With a sill, energy-
dissipaters or other devices, this separation can also be prevented and
then the slope of divergence can be increased to for example 1:4.

As a special case, the prototype tests in the Brouwersluis are considered
with a sill in the bed protection. These results have confirmed the results
of three-dimensional scour holes in a systematic model investigation in a

flume.

SCOUR MANUAL 95



The following characteristic dimensions are determined:

- the 1length of the bed protection Lp and the dimensionless parameter
L, /vq

- the sill height Yp and the dimensionless parameter Yp /yo,

- the length of the vertical constriction on the sill Bslc and the
dimensionless parameter Bs,c / Bs' in which Bs = width of the sill.

The length of the bed protection Lp is measured from the structure to the

nearest edge of the bed protection in the direction of the flow.

Some types of outlets with rectangular cross sections are not considered in
this chapter, because no information is available in the literature in
section 5.8 on these outlets, such as:

- an outlet without a bed protection,

- an outlet with non-symmetric wing walls, or with submerged wing walls,

- an outlet with the flow direction of the discharge not parallel to the
flow direction of the receiving river or estuary. This affects the shape of
the scour hole and can often be observed in outlets of cooling water

circulation systems of power plants.

5.3 Characteristic flow pattern

The type of structure determines the main flow pattern and the turbulence

intensity at the downstream edge of the bed protection.

After the most constricted cross section of the structure the flow
decelerates above a bed protection. Normally the flow is sub-critical with
a rather low turbulence intensity after an outfall with, for example, some
tubes, see figure 5.2. Downstream of some hydropower turbines a much higher
turbulence intensity should be expected. High turbulence intensities can be
expected if the flow is super-critical followed by a hydraulic jump above
the bed protection and sub-critical flow at the downstream end of the bed
protection. If the bed protection consists of a concrete plate, then in

general this bed protection is equipped with energy dissipaters.

The vortex street downstream of the separation point at the end of the wing
wall can be decisive for a three-dimensional scour hole. If this vortex
street is weak compared with the main discharge through the outlet, this

main discharge causes a more or less two-dimensional scour hole.
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If the direction of the discharge of the outlet is perpendicular to the
flow direction of the receiving river or estuary, the described flow
pattern is inclined to the direction of the flow in the river. This will

also influence the shape of the scour hole.

The detailed flow pattern in the scour hole has been described in chapter
2. If the flow characteristics at the end of the bed protection show a good
similarity with the flow characteristics at the end of a bed protection
near a sill or a spurdike, then the formulas and the theory given in the

chapters about sills and spurdikes can be applied.

5.4 Failure mechanism

The failure mechanism of the bed protection and the structure by too deep
scour holes with too steep initial slopes is almost the same as described
in the chapter about sills.

If the bed protection consists of a concrete plate with energy dissipaters
then undermining of this plate by the downstream scour hole should be
prevented.

An important difference is that in general the bed protection should be
continued some distance downstream of the end of the wing walls. The vortex
street downstream of the wing wall ending can cause a strong three
dimensional scour hole. This scour hole endangers the stability of the wing
wall. The soil mechanical aspects of the stability of the wing walls are
similar as mentioned in the chapter about abutments. It is recommended to

treat these aspects more in detail.

5.5 Calculation methods

5.5:1 Introduction

The following calculation methods of the maximum scour depth are treated:

The maximum scour depth during the development phase of the scour hole can
be calculated with the Breusers-formula, in which the coefficient a is
related to the geometry and the flow pattern of an outlet, (section 5.5.2).
An alternative approach should be a relation between a and the turbulence
intensity at the edge of the bed protection, see Jorissen and Vrijling,
1it.[5.10]; this is not treated here. It is recommended to develop such an
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approach, if sufficient data from scale models or from prototypes are

available, see chapter 2 about sills, section 2.5.2.4.

The maximum scour depth in the equilibrium phase is estimated with some

empirical formulas from Dietz and Zanke, see chapter 2.

For the initial slope of a scour hole no calculation method is included in
this draft version of the manual. In DHL-reports MI1533, 1lit.[5.3, 5.4,
5.5], some data about measured slopes in scale models and the prototype can

be found.

- Maximum scour depth according to the Breusers-formula

The maximum scour depth can be calculated with the Breusers-formula, see
chapter 2, if a fair estimation of the value of the coefficient a in that
formula can be made. In this section most attention is paid to the

determination of the value of a.

First the value of a depends on the definition of average flow velocity U.

The definition of U in the Breusers formula is in case of an outlet as

follows:
U=Q/ ( Yo - Bs,b) (5.1)
in which
Q = discharge (m*/s)
Bs 5" width of the bed protection between the

end of the wing walls (m)
Yo = water depth above the bed protection

between the end of the wing walls (m)
or

U=Q/ (yy - B (5.2)

in which

BB = width between the wing walls just upstream
of the sill on the bed protection (m)
Yo = water depth above the bed protection just
upstream of the sill (m)
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With three-dimensional scour holes the coefficient y is not constant (0.38
to 0.40) but varies, see chapter 3 about spurdikes. In the earliest
investigations a has been determined from the measurements, with the
supposition of a constant y. It is recommended to re-analyse these data
with a wvariable gamma. It is expected that the general relationship will
not change by this re-analysis, possibly only the equilibrium scour depth

will reduce.

The value of a is independent of the flexibility of the bed protection
(especially the downstream end of the bed protection), see DHL-report
M1533- part III, 1lit.[5.4]. The roughness of the bed protection has a
relatively small influence on the value of a, see also DHL-report M1533
part III.

The length of the bed protection

In a vortex street with a high turbulence level the coefficient a in the
Breusers-formula can be estimated as a function of the dimensionless length
of the bed protection Lp/yo, in a geometry with yD/yo = 0 with a formula
from chapter 5 about spurdikes:

a(Lp/yO) = 1.9 + (1.55 a,, -2.35) . e (5.3)

10

From figure 5.3 it is indicated that with formula (5.3) and %o ™ 3.5 to §
a fair estimation of a can be obtained.

Probably this formula can be used also if Lp/y0 < 5, because a short bed
protection will not cause a deviation in the flow pattern near the scour
hole as can be observed after sills, when a bottom eddy just behind the
sill can protect the scour hole, see also chapter 2 about sills.

In figure 5.3 the results of different investigations with complex
geometries are presented, therefore the value of Lp/yo is not wvery
accurate, see also table 5.1. However the general tendency according to
(5.3) is not sensitive for this inaccuracy. Also the calculation of a from
% ocal is not very accurate.

It is recommended to extend this figure with the results of the

Grevelingen-discharge structure, DHL-report M1321.
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This result which is presented in figure 5.3, means that the a of a scour

hole downstream of an outlet has the same value of a of

- a vertical constriction of yD/yO = 0.6 combined with a horizontal
constriction BS/B = 0.1, and U=Q/ (B . Yo ) in which Yo = water
depth upstream of the vertical constriction, or

- a horizontal constriction of BSIB = 0.1 to 0.5 only, y = variable, Lp/y0
=5and U=Q / (y0 . (Bs/Bs))' in which U 4is related to the most
constricted cross section, the socalled throat of the structure.

The scour hole due to a vortex street downstream of a wing wall is almost

the same as the scour hole due to a small spur dike.

These kind of comparisons are complicated by the different definitions of
the velocity and the length of the bed protection.

It is recommended to use the data of scale model tests in DHL-reports M1533
- I, 1II1 and 1V, 1it.[5.3, 5.4, 5.5], to investigate the interaction

between horizontal constrictions and vertical constrictions.

5:5.3 Equilibrium scour depth

The equilibrium scour depth can be approximated with the formula, which
Zanke 1it.[5.11] has published for a two-dimensional flow pattern:

c

2 4 4 4 2 2
T= 6. ys,max . w. © [{(Um i T <. - Ucr }
s,max
4 -7 4

DX, v . g - 10 ", ( Ub /. Um Yo fp4d (5.4)
in which
T = time in which the maximum scour will be realized (s)
w = fall velocity of bed material (m/s)
e = shape factor depending on the geometry (-)
Um = average velocity above the bed protection (m/s)
Ucr = critical, average velocity (m/s)
D* = diameter of the bed material, defined (9. ) (m)
D* = (A . g . v-2)°'33. D
U, = velocity at y = 0.05yO from the bottom (m/s)
p = | - porosity (-)
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It is necessary to determine the value of 0, c4 and c5 from a previous

measured development of a scour hole. The parameter c¢, depends on

4

Ya max/yo and therefore varies during one test. At this moment no
’
recommended values for theta, <, and cg are available for different

structures with a strong three dimensional flow pattern.

In MI1533 part III, 1lit.[5.4], this formula has been compared with the
measured equilibrium scour depth. This comparison showed a reasonable

result, see figure 5.5.

5.6 Data

The maximum scour depth downstream of an outlet has been determined in
different scale model investigations by DHL recently. In all these
investigations outlets with rectangular cross sections, diverging wing
walls and a bed protection of riprap were tested. From the measured scour
depths the value of a has been determined. In table 5.1 the geometric
parameters of the most important tests and the values of a are 1listed. 1In
the first column the number of the DHL-reports is given. This table can be

the start of a more extensive data-base of scale model data.

11E. L B B L B B a
10 oP z D 2% ¢ n® _p/yo ZD/yO _s,c/ s -
Q77 4,5| 270 0 0 0 60 0 0 2,4
0
M2110 4 70 0 0 0 17 0 0 2.9
4 130 0 0 0 32 0 0 3.2
4 70 0 0 0 17 0 0 3.4
Q243 5 140 0 0 0 28 0 0 2.9
Q965 18 200 0 0 0 11 0 0 locally
2.9-3.2
18 100 0 0 0 545 0 0 locally
3.1
estimation of a = 1.5 a a: 4.4-4.8
local
a: 4.6
M1533 10.8 65 5.4 5 50 6 0.5 0.1 6.1
part I [10.8 65 3.6 5 50 6 0.33 0.1 4.2

Table 5.1 Data of geometry parameters and a in a vortex street with a high

relative turbulence intensity
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5.7 Research needs

This chapter about outlets with a rectangular cross section and a low head
difference between the inflow and the outflow of the structure should be
extended with a review of pipe outlets with a circular cross section. The
scour holes due to these outlets with a relatively high head difference are

similar to the scour holes due to free falling jets.

It is recommended to investigate the relation according to Jorissen and
Vrijling between a and the relative turbulence intensity at the downstream
end of the bed protection, because in the outflow of the considered type of
outlet the turbulence intensities are rather high.

In addition of the outlets with a rectangular cross section the following
geometries should be included:

- an outlet without a bed protection,

- an outlet with non-symmetric wing walls, or with submerged wing walls

- an outlet with the flow direction of the discharge not parallel to the

flow direction of the receiving river or estuary.

The formula for the equilibrium scour depth should be tested on more scale
model data. Probably the formula of Zanke can be reduced to a more simple

formula.
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6. Jets

6.1 Introduction

Jets can occur as a result of flow wunder, through or over hydraulic
structures, such as reservoirs, weirs and culverts. In this chapter only
scour will be discussed as a result of jets occurring at high-head
structures. The jets can be divided in submerged and free ones. Scour
downstream of culvert outlets can be considered as a special case of
submerged jets and is discussed in chapter 5. The scour due to flow over
and under low-head structures such as gates, weirs and low dams can with
respect to the underflow situation be compared with the submerged jet to be
treated in this chapter, while refer is made to chapter 2 with respect to
the overflow situation.

The main geometric parameters of submerged and free jets are defined in
section 6.2. The flow pattern in a jet is discussed in section 6.3. The
failure mechanism will be treated in section 6.4. Section 6.5 summarizes
the available calculation methods which can be applied for design purposes.
Finally, the most important research needs and a 1list of references are

summarized in section 6.6 and 6.7 respectively.
6.2 Characteristic geometric parameters

A distortion has to be made between submerged and free or plunging jets.
Both jet types can be two dimensional (circular) or three dimensional
(plane). Furthermore, submerged jets can be divided into horizontal and
vertical jets and plunging jets into vertically or obliquely impinging
jets. In figure 6.1 examples of the different jet types are shown.

The important parameters with respect to jet scour (figure 7.2) are:

- the equilibrium scour depth Y. cix
H »

- the length Ls of the scour hole,

- the width Bs of the scour hole for two dimensional jets, and
- the length L of a fixed (protected) bed.

For design purposes it is not relevant to deal with the development of the
scour with time, because the final scour depth is attained in a few hours.

Stilling basins are sometimes applied as energy dissipation structure or
area in order to protect the region of intensive scour. Design methods for

these structures will not be presented in this chapter.
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6.3 Characteristic flow pattern

The parameters that determines submerged jet flow are (figure 6.3):

- the efflux velocity Uy

- the efflux parameters Du or 2 Bu for three dimensional (circular) or two
dimensional (plane) jets respectively,

- the distance x for the efflux opening, and

- the radial distance r to the centre line of the jet.

The submerged jet flow can be characterised by a linear increase in width
and a Gaussion velocity distribution in the fully developed part of the
jet. The first part of the jet, the flow establishment zone, has a core of
diminishing width and length Lk' In the core the velocity is equal to the
efflux velocity.

In the fully developed part of the jet the velocities can be calculated
with [6.1]:

U D

3D-jet and x > 6 D : U"‘ -6 — (6.1)

o

U r.2
T exp [—72(x) ] (6.2)
Um 12 Bu

3D-jet and x > 12 Bu: Uo = ( = )0.5 (6.3)
U vl
v exp [-56(;) ] (6.4)

Submerged vertical jets will offen strike the river bed perpendicularly. A
wall jet (figure 6.3) will be the result. Refer is made to [6.1] with
respect to the special velocity equations for this type as well as for more

details about the presented equations.

Plunging jet flow can be characterised by (figure 6.3):

- the efflux or overfall velocity “o or the specific discharge qo,

- the difference H in upstream and downstream water level,

- the velocity u;, dimension Du (or 2 Bu) and the angle f at the impact
location of the free jet with the tailwater level.
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The equations (6.1) up to (6.4) can be applied for determining the jet
velocity and dimensions if the values at the moment of impact are taken as

initial values. These values can be calculated with:

- q = q 6.5
b D0 T (FagyeBy0s (852
in which: q = specific discharge (mzls)
u = initial velocity (m/s)
L vertical component of jet velocity at entry point (m/s)
y = downstream energy height (m)
¢ = velocity coefficient (-)

For ¢ the following values can be applied:

y (m) [ 1 | 2 I 3 | 4 | 5 I
¢ (-) | 0.965 | 0.930 | 0.895 | 0.870 | 0.855 |

The angle 51 can be determined with:
By = {tan (v,/u )} = { tan (4(289)° >/u )} (6.6)

The depth of jet penetration may be taken as 20 Du for circular jets and 80
Bu for plane jets.
The jet velocity is during its flight in air affected by aeration. However,

it is recommended to ignore this influence for design purposes. [6.2]
6.4 Failure mechanism

The relative high velocities in jet flow together with the high turbulence
level will result in scouring of the river bed if no stilling basin is
provided. This holds particularly in the case of submerged vertical jets
and impinging plunging jets, which strike the bed perpendicularly or
obliquely. In that situation a stagnation zone with increased pressure is
formed (figure 6.3).
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The erosion process itself 1is quite complex and depends wupon the

interaction of hydraulic and morphological factors. Scouring can have the

following effects:

- The endangering of the stability of the structure itself by scour holes
with too steep initial slopes,

- The endangering of the stability of the downstream river bed and banks,

- The formation of a mound of eroded material which can raise the tailwater

level at high-head structures (only in the case of plunging jets).
If a stilling basin is applied, scour will occur downstream of this basin.
The scour depth depends on the length of the stilling basin. Information
about the design of stilling basins is presented in [6.3] and will not be
given in the report.

6.5 Calculation methods

6.5.1 Introduction

In general, the available calculation methods give an indication of scour
to be expected. For most situations the various methods result in rather
large differences in predicted scour dept. Therefore, it is recommended to
perform detailed physical model studies for each particular design. This
holds especially for plunging jets, but also for submerged jets.

In this section generally applicable calculation methods if available will
be presented for submerged horizontal and vertical jets (section 6.5.2) and
plunging jets (section 6.5.3). All methods will be related to the
equilibrium scour depth. An overview of the calculation methods is
presented in [6.3] and [6.4].

6.5.2 Submerged jets

The functional relationship for the equilibrium scour depth Ys —— for both
»

horizontal and vertical jets reads:

Ys,max = f(Du’ U0, U*c) §i=i)
in which:

D, = efflux opening (m)
U, = efflux velocity (m/s)
U*c = critical shear stress velocity for the given bed material (m/s)
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Note, that equation (6.7) is for circular (3D) jets. In the case of plane
(2D) jets, the parameter Du should be replaced by ZBu.

Furthermore, some experiments mentioned in 1literature give also other
parameters, such as the bed material diameter D, the upstream and
downstream water level difference H and the fall velocity w of bed
material. These parameters are not included is equation (6.5) because they

do not appear generally in the different methods.
The available experimental data have been replotted using the parameters in
equation (6.5). This resulted in the figures 6.4 and 6.5. From these figure

the following equations could be derived [6.4]:

submerged horizontal jet (figure 6.4):

Y U
circular jet:——ﬁg*géé— = 0.08 Uo (6.8)
u *c
Ys max Uo 2
plane jet: —5t—— = 0.008 (—) (6.9)
2B U
u *c
submerged vertical jet (figure 6.5):
Ys max Uo Uo
circular jet:——ﬁ—*———— = 0.75 for < 100 (6.10)
U U
u *c *c
Y U U
—51BEE L 0.35 (—° y2/3 for —2— > 100 (6.11)
u *c *c
S, max Uo 4/3
plane jet: ——t— = 0.05 (—) (6.12)
2Bu U*c

The length Ls of the scour hole due to a horizontal jet can be approximated
with:

La=7. Ys,max (6.13)

The diameter Dc of the scour hole due to a vertical jet can be approximated
with:
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D =5.Y (6.14)
c s,max

A remark should be made about Ys,max for the vertical jets. The value
resulting from the above given equations is the one related to the static
scour, viz. after the jet flow ceased. From the experiments it proved that
the dynamic scour depth can be 1.3 times larger. Some researchers even

found values up the two times the static scour depth.

6.5.3 Plungin ets

A general applicable calculation method for determining the scour depth due

the plunging jets is not available. Most equations are of the form:
Ys + Yo = f (q, H, D) (6.15)

In [6.3] a comparison is made between the various scour prediction
equations for a practical case. The results were that most relations
predict a scour depth in the right order, although the differences are
large (factor 1.5 compared to measured prototype scour depth).

One equation will be presented here because it is based on 47 model data
sets and 26 prototype data sets. This equation reads [6.5] [6.6]:

1

Y + Y =(6.42-3. 1H°"
S o

).qO.6-0.0033H_H0.05+0.005HY°0.15g-0.3

D..-0.1 (6.16)

50

The equation is based on the assumption of D50 = 0.25 m for the prototype

data. The accuracy of equation (6.16) is about 25%.

6.6 Research needs

Many of the available calculation methods are based on small-scale
experiments resulting in prediction equations that show great variation in
the form of the equations and the coefficients. Furthermore, the influence
of some parameters on the scour depth is not <clear, for instance the

distance H and the effect of aeration in the case of plunging jets.
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On the basis of the fore going, it is recommended to carry out research

onto the following subjects:

- the determination of the influence of the water level difference H,

- the influence of the bed material diameter D on scour depth and length of
the scour hole,

- the ratio between static and dynamic scour depth,

- the verification of the available methods with prototype data, and

- the influence of stilling basins on the scour downstream.
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7. Waves
7.1 Introduction

Wave (and current) velocities often increase in the neighbourhood of
coastal structures, which increases the scour near the structure. By
studying the influence of a structure on the local hydrodynamics, an
estimate can be made of the likelihood and possible extent of scour induced
by waves and currents. The main effects of a structure on the local
hydrodynamics are:

(i) The 1local peak orbital velocities in front of the structure are
increased, as a result of combined incident and reflected waves. The
increased orbital velocities and the induced scour can be related to a
reflection coefficient Cr of the structure.

(ii) Waves and tidal currents concentrate along or close to the structure.
Since these effects can not be accounted for as with (i), they should

be obtained from site-specific studies.

Simple prediction methods are available at present which relate the scour
depth to the incident wave conditions, the local water depth, the structure
geometry and/or the reflection coefficient. No effects of angled wave

attack, tidal or wave induced currents are accounted for.

This chapter deals with the scour induced by wave and current actions near

seawalls, breakwaters, pipelines, piles and submerged structures.

7.2 Pipelines
Fwdud Calculation methods

Scour around pipelines may be caused by currents and/or waves. In shallow
water storm waves can produce large velocities in both horizontal and
vertical directions. If the sea bed is composed of erodible materials, the
dynamic equilibrium of granular sediments may be disturbed and scouring
occurs. Kjeldsen et al [7.3]. Proposed the following relation for the
equilibrium scour depth, based on experiments with pipes with diameters of
0.06 to 0.50 m and sediment grain size of 0.074 mm:

0.2 D0.8

S = 0.972(U%/g) (7.1)
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where S = equilibrium scour depth below the bottom of the pipeline (m)

U = flow velocity (m2/s)
g = gravitational acceleration, g = 9.81 (m/sz)
D = pipe diameter (m)

The scour depth is not influenced if the ratio of water depth to pipe

diameter is greater than 3 to 5.

Chao and Hennessy provide an order-of-magnitude estimation of the maximum

scour depth under offshore pipelines due to currents.

Herbich [7.3] reports on experiments to study the effects of storm waves on
buried pipelines approaching the shoreline. A tentative conclusion of two-
and three-dimensional tests is that the presence of the pipe does not
appreciably affect the equilibrium beach profile.

There is a clear difference between pipes submerged in intermediate or deep
water, and pipes submerged in shallow water. In the latter situation the
wave-induced drag and lift forces on the pipe and the water particle
velocities are much higher than in intermediate or deep water. This results
in fundamentally different soil properties, whence different design

approaches and considerations apply for both situations.

122 Measures to mitigate scour

Protection of pipelines can be established by several methods. One method
is to bury pipelines by dumping rocks on them. A more expensive method uses
flexible mat-shaped membranes filled with mortar to cover pipelines. An
economic method is the use of longitudal sausage-shaped mats which are only
partly filled with mortar. Two of them are positioned on either side of the

pipeline and one on top of them.

7.3 Piles
T3 1 Calculation methods
Zanke [7.1] introduced the parameter A/b, where A=H/sin kh is the double

amplitude of the orbital motion of water at the bed and b is the diameter

or width of the structure. Steady flow conditions are approached for
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A/b > 100. With decreasing A/b the net local scour depth decreases rapidly
and the maximum depth moves to the flanks. With waves superimposed on a
current the net local scour depth approaches the values due to the current

only.

Currents

Turbulence is the main cause of scour near piles. The scouring force is
dominated by primary vortices developing in front of the pile.

Herbich [7.3] recognizes that up till now no satisfactory theoretical model
exists to predict scour around piles caused by currents. One has to resort
to results obtained from experiments in order to predict this phenomenon.
Ref. 7.3 describes two empirical models for prediction of scour induced by

currents.

Jain and Fischer derived the following relations from open-channel

experiments with uni-directional flow:

s, /D, = ¢ (n /D)% (Fr - Fr)®? (live bed)  (7.2)
and
Sp / Dp = C2 (h / Dp)o'3 Fr*o'25 (clear water) (7.3)
where Sp = gcour depth
Dp = pile diameter perpendicular to the flow
Fr = I;I/(gh)”2 (Froude number)

1/2 (critical Froude number)

Fr = U,/(gh)
U = mean flow velocity

U, = critical velocity for initiating sediment movement
h = mean flow depth

g = gravitational acceleration

The coefficients Cl and C2 in these formulas are 1.86 , respectively 1.4l.
However, for design purposes it is recommended to use 2.0 (if (Fr - Fr, >=

0.2), respectively 1.84.
Results for 1local scour around piles from several researchers are

summarized by Imberger, see fig. (7.1). He proposes the best fitting line

to predict scour:
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where

E £E R U w
o o

*c

K (u* / Uper ™ 0.374)

scour depth

pile diameter perpendicular to the flow
coefficient = 2.18

shear velocity

critical shear velocity

Probably the upper limit for the ratio Sp / Dp ia 2.5.

Waves

(7.4)

Laboratory and field studies of scour around cylindrical piles due to waves

show that
some bed
pile, but
resulting

the scour

initially scour develops at the sides of the pile. In this

phase

material is deposited at the upstream and downsteam sides of the

in the equilibrium phase these depositions are

and the

scour hole has the shape of an inverted cone. The side slopes of

hole are equal to the sediment’s angle of repose.

The parameters which are characteristic for the description of scour around

piles in wave action are:

=

=

50

c:moum-o-o'oo.r-:

o w0
=
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still water depth

wave length

wave height

wave period

median grain diameter
density of sand

density of water

angle of repose of sand particles
gravitational acceleration
pile diameter

span between piles

free stream velocity
ultimate scour depth

elapsed time

[m]

[m]

[m]

[s]

[m]
[kg/m]
[kg/m’]
[degrees]
[m/szl
[m]

[m]
[m/s]
[m]

[s]
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The functional relation between these variables for scour is:

s,/H = £(H/gT?, H/L, h/L, Ry, Sy S,/d, /T, ¢, D/C) (7.5)

where Rp UD/v  (pile Reynolds number)
= kinematic viscosity
U/ ((gg -1)gd)'/? (sediment number)

specific gravity of sand

a m wv
] ] n

grain diameter

Equation (7.5) is not further specified in the used references.

Studies for scour around structures with more than one pile indicate that
the formation of ripples is an important phenomenon. The wave height of the
ripples should be added to the local scour depth in order to obtain the

ultimate scour depth.
Waves and currents

Dimensional analysis gives the following functional relation for the scour

depth Su at a cylindrical pile due to the combined wave and current motion:

r

S,/D = £(h/L,H/L,UL(p -p) /W, (p-p) /P, U(p-p) [T,5,T ,Re,S)  (7.6)
where
Su = ultimate scour depth [m]
D = pile diameter [m]
h = water depth [m]
L = wave length [m]
H = wave height [m]
U = mean fluid velocity [m/s]
p, = density of sand [kg/m3]
p = density of water [kg/m3]
B =dynamic viscosity [Ns/m2]
t = time-averaged shear stress [N/m2]
t = dimensionless shear stress [-]
Ss = U/ ((gs -l)gcl)”2 (sediment number) [-]
N, = specific gravity of sand [-]
d = grain diameter [m]
g = gravitational acceleration [m/32]
S = 0.316/Re1/4 D/U [-]
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Re = UR/v  (Reynolds number) (-]
R = hydraulic radius [m]
v = kinematic viscosity [m2/s]

Equation (7.6) is not specified in the used references.

Experiments by Machemelh and Abad show that scour at a cylindrical pile due
to a combination of waves and currents is dominated by the effect of
currents. Eadie and Herbich conducted experiments to study the effects on
scour near a cylindrical pile due to combined random waves and currents.
Their main conclusions are:

- After an initially rapid scour development the scour rate decreased
until an equilibrium scour depth was reached,

= Scour development due to current-wave interaction is faster than the
development due to only steady current,

- The equilibrium scour depth due to current-wave interaction is about
10% geater than the depth due to only steady current, but the shapes
of the scour holes are identical,

- The type of wave train (mono-chromatic or random) appears to
insignificant for predicting the scour depth, but of importance for
predicting the geometry of the scour hole.

T:3:2 Large diameter piles

Table 7.1. shows the scour depth and the extent of the scour hole for
several piles with diameter Dp larger than a tenth of the wavelength in a

wave-current flow. These results are found by Rance during laboratory

experiments.
Pile shape Scour depth Scour extent
Circular 0.06D 0.75D
Hexagonal with side 0.07DP 1.000P
facing the flow P P
Hexagonal with corner 0.04D 1.00D
facing the flow P P
Square with side 0.13D 0.75D
facing the flow P P
Square with corner 0.18D 1.00D
facing the flow P P

Table 7.1. Scour depth and extent for several pile shapes
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7.4 Seawalls

Seawalls can be divided into two types: seawalls which reflect waves and
seawalls on which waves break. Seawalls which reflect waves as well break
waves will cause serious erosion of the seabed in front of the seawall. On
the other hand erosion has also been observed at locations where waves do

not break.

7.4.1 Calculation methods

Reference [7.2] suggests the following relation for scour near vertical or

steeply sloping structures, resulting from only wave action:
Sd = H (7.7)
with:

S = maximum scour depth relative to the initial bed level
= height of the maximum unbroken wave that can be
supported by the original water depth at the toe of the

structure

In some cases however, this relation may under-estimate scour.

Some general rules suggested by several studies are:

- for 0.02 < s < 0.04, the scour depth is approximately equal to the
incident unbroken wave height. s is a factor for the structure
geometry,

- maximum scour occurs when the structure is located around the plunge
point of breaking waves,

= the scour depth 1is proportional to the structure reflection

coefficient.

These methods apply for scour on sandy beaches; up till now little

attention is paid to scour on shingle beaches.

The following expression is given in [7.3] for the asymptotic value of the
scour depth:

S = (D-A/2) * [(1-C)u,[3/4Csp cote/(dly -y 1'% - 1) (7.8)
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where

S = ultimate scour depth [m]
D = still water level [m]
A =H +H [m]
H, = loop height [m]
H_ = node height [m]
Cr = reflection coefficient [-]
u, = local fluid velocity parallel to bottom [m/s]
Cd = drag coefficient [-]
8 = seawall angle [degr]
d = water depth [m]
specific sediment weight [-]
y = specific fluid weight [-]

Experiments to scour in front of seawalls due to waves and currents lead to

the following conclusions:

Soon after the start of the experiments a very regular, sinusoidal-
shaped pattern of ripples occurred.

There is a limit to the scour depth in front of seawalls which is
reached asymptotically; initially the scour depth develops rapidly.
The scour depth is mainly determined by the local velocity parallel
to the bottom.

Scouring of natural flat sand beaches occurs in a narrow range of the
ratio wave height H to water depth d. This range is between the
boundary limits of wave breaking and incipient sand movement.

For wave conditions in this range the scour depth initially increases
with increasing number of waves acting on the bed; after obtaining
its wultimate value the scour depth became independent of the number
of waves.

The scour wavelength (the distance between two crests) showed to be
equal to half the wavelength and the extent of scour eqaul to one-
fourth of the wavelength.

The ultimate scour depth depends on the reflection coefficient which,
of all seawalls studied, is lowest for 15o seawalls. The scour depth
increases with increasing reflection coefficient. For 450, 67.50 and
900 seawalls little difference is found between the reflection
coefficients, whence the measured relative ultimate scour depths were

almost the same.

SCOUR MANUAL 119




7.4.2 Measures to mitigate scour

Scour near coastal structures resulting from wave and current actions can

be reduced or even prevented by the following measures:

- reducing the wave reflections will reduce the forces. This can be
achieved by flattening the revetment slope by e.g. an energy-
dissipating revetment face, or an almost horizontal berm on the
revetment face,

- a scour control blanket may isolate the problem area close to the
structure,

- the bed foundation material may be reinforced by grouting.

In many cases large stones or pre-cast concrete units of different shapes
have been placed in front of seawalls. Although reflection of waves has not
decreased and erosion continued the depth of erosion has been limited.

Furthermore these units may serve as a foundation for additional units.

7.5 Breakwaters

For scour near breakwaters due to waves it is important whether waves
arrive normally or obliquely. In the first case standing or partially
standing waves are generated causing mounds and troughs at half,
respectively quarter wavelengths distances from the breakwater. Obliquely
arriving waves generate short-crested waves with complex orbital motions,
such as vortices. Oblique waves are reflected almost completely; at the
intersection of the incident and reflected waves island crests are formed.
The mass-transport within the short-crested waves exceeds the mass-
transport in the progressive incident waves and is maximal along the path
of the island crests. Erosion caused by obliquely arriving waves occurs
over a greater width of the bed than erosion by normally arriving waves; it
is most severe adjacent to the face of the breakwater.

The effects of scouring in case of spectral waves are less than those of

monochromatic waves.
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y 8L § Calculation methods

Flume tests described in [7.4] with bed slopes of 1:5 and 1:10 and with
normally approaching flow lead to the following relation:

s/d, = C (HL/dd )* (7.9)
where

S = scour depth [m]
d = water depth [m]
d = water depth adjacent to the wall [m]
H = wave height at d = 0.9 [m]
L = wave length at d = 0.9 [m]
C = 0.011 for the 1:10 slope f=1

0.033 for the 1:5 slope [-]

No relations are found for waves arriving obliquely.

! 7.5.2 Measures to mitigate scour

As with seawalls massive blocks can be positioned at the foot of
breakwaters. It was found that this solution prevents scour from extending

more than about 4 m.

7.6 Submerged structures

This section deals with offshore platforms and gravity structures. Little
literature is available on these topics, which highlights the need for a
continued research in this field.

7.6.1 Offshore platforms

Scour near an offshore platform can occur either in the form of local scour
around each leg, or more widely around the whole complex. Both types can be
caused by waves and/or currents. The scour hole due to currents alone takes
the shape of an inverted cone of whic!. the base is a few times the diameter

of a leg of the platform. A combination of waves and currents however leads
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to a scour hole with a width of one or two times the width of the whole
structure.

No methods for calculating scour was found in the used references.

7.6.2 Gravity structures

The shape of the structure is an important parameter influencing scour. At
the corners of square structure vortices may be formed due to waves or
currents, resulting in an increase of scour. Oblique waves can cause
trenches adjacent to the walls of the structure. Long-period effects may be
more important than short duration storm waves.

Although for a combination of waves and currents the rate of scour
development is faster than for only waves or only currents, the maximum

scour depth is equal to or less than scour due to currents alone.

7.6.2.1 Calculation methods

The following relation is suggested by Torsethangen:

S/D = 1.8(U/Ucr - 0.54)d/D (7.10)
where

S = scour depth [m]

D = structure diameter [m]

U = mean velocity [m/s]

Ucr = incipient sediment motion velocity [m/s]

d = water depth [m]

Other studies simply suggest:

S=1.5D

Breusers found ratios of S/D between 1.3 and 1.75, whereas other

researchers concluded that the size of the scour hole does not depend on

sediment size, erodability and transport rate.
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7.6.2.2  Measures to mitigate scour

Several methods exist for mitigating the effects of scour near gravity
structures, such as hinged concrete slabs, clusters of sand bags,
artificial seaweed and colcrete mats (flexible mats filled with mortar).
The latter solution seems to be most promising due to its ease of

installation.

7.7 TUncertainties in scour predictions

Several wuncertainties are involved in the prediction of scour due to waves
and currents. First it is difficult to obtain reliable information on soil
characteristics of a dynamically active area as the ocean bottom. Also wave
and current characteristics such as magnitude and frequency at a specific
site may be hard or expensive to obtain. Furthermore the interaction
(forces) between waves and a specific structure is very complicated and not
yet described adequately. Another uncertainty stems from the fact that most
results presented in this chapter are obtained from small-scale models in

laboratories and not from field tests.
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8. Cohesive soils

8.1 Introduction

The physico-chemical properties of cohesive sediments play a significant
role in the resistance of cohesive soils against currents and waves. these
properties depend strongly on the granulometric, mineralogical and chemical
characteristics of the sediment involved. Up to now, direct quantitative
relations between the physico-chemical properties and the erosion
resistance have not been established. Nevertheless, design engineers
require information to predict scour in cohesive soils, because these soils

are the most widely spread sedimentary deposits in nature.

This chapter will give a few approaches which enable to predict scour
depths as a first indication. The governing parameters of erosion of
cohesive soils will be discussed in section 8.2. The calculation methods in
section 8.3. Finally, the research needs will be summarized in section 8.4.

A list of references is presented in section 8.5.

8.2 Governing parameters

The initiation of motion and the transport of non-cohesive sediments are
both determined by the submerged weight of the particles. For cohesive
sediments relative large forces are necessary to break the aggregates
within the bed and relative small forces to transport the material.
Experiments [8.1] [8.2] have shown that the scour of clay soils with
natural structure (in a water saturated state) by water flows occurs in
several stages. In the initial stage, elementary dispersed loosened
particles and aggregates (separates) and those with weakened bonds are
washed away. This process leads to a rougher surface with increased drag
and 1lift forces on elements for further increase of flow velocity. Higher
pulsating drag and lift forces increase the vibration and dynamic action on
the protruding aggregates. As a result the bonds between aggregates are
destroyed little by little until the aggregate is instantaneously torn out
of the surface and carried away by the flow. Parameters that influence the

above mentioned scour process are [8.3]:
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- cohesion

- cation exchange capacity CEC
- salinity

- sodium adsorption ratio SAR
- pH-level of pore water

- temperature

- sand

- organic content

- porosity

In the following table the various effects on erosion are summarized. the

strength of a bed of cohesive sediments increases for an:

Pore water properties Sediment properties

increase in| decrease in increase in decrease in

bed density
sediment concentration
particle diameter
CEC (at high SAR)
CEC (at low SAR)

salinity
(<2-10 ppt)
SAR
pH
T

sand conc (at high SAR)
sand conc (at low SAR)
organic content

Table 8.1 Various effects on clay erosion

According to Mirtskhoulava [8.1] the cohesion at saturation water content
and the size of the particle diameter appear to be the most significant
features among the extensive complex of physico-mechanical and chemical
properties of cohesive soils. However, it does not suffice to rely on

averaged properties, also the inhomogeneity has to be considered.

8.3 Calculation methods

General applicable design equations for the depth of scour holes are not
available. Most equations in 1literature are related to one or two
particular parameters influencing the erosion of cohesive soils, moreover,

they are often related to a specific sediment. In this section two
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approaches will be presented enabling the determination of an indicative

value of the scour depth.

In many scour prediction equations a critical velocity Ucr is applied. For

instance, the Breusers-formula (see chapter 2):

Ys,max ~ £ (aU - Ucr) (8.1)

As a first estimation the following values may be used for cohesive soils:

- fairly compacted clay (voids ratio 0.50) : UCr = 0.80 m/s

- stiff clay (voids ratio 0.25) Ucr = 1.50 m/s

Mirtskhoulava presents also an equation to calculate the permissible

nonscouring mean velocity [8.1][8.2]:

8.8 h 0.5
U, = log( Doy B [0.0002.m[(ps-9)gD50+1.25 cf}] (8.2)
in which:
h = water depth (m)
D50 = sediment diameter (m)
m = coefficient
Cf = fatigue rupture strength of clay (Pa)
Py = density sediment (kg/mB)
p = density water (kg/ma)

The value of Cf can be approximated with:
Cf = 0.035 C (8.3)

in which:
C = cohesion (Pa)

In the following table values for C are given.
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type of clay

cohesion (10™. Pa)

5

low compactness 0.01
medium compactness 0.05
compact 0.15
very compact 0.30

Table 8.2 Cohesion of clay

The coefficient m accounts for the influence of different factors on

operation conditions. A safe approximation is to use m= 1.

Based on equation (8.2) Mirtskhoulava

nonscouring mean velocities(see [8.1]).

presented tables

canal

with permissible

Finally, a simplified procedure is recommended in only the
cohesion and the discharge is known. The equation reads:
U =k.Q"? for Q > 10 m>/s (8.4)

cr

Values for k can be found in table 8.3.

soil type cohgsion k
(107.Pa)

low density loamy 0.005-0.02 0.30-0.40

sand and clay 0.02 -0.04 0.40-0.50
0.04-0.075 0.50-0.70

medium density loamy clay 0.075-0.100 0.70-0.75
0.100-0.150 | 0.75-0.90

dense loamy clay and clay 0.150-0.200 0.90-1.00
0.200-0.300 1.00-1.10
0.300-0.400 1.10-1.40

very dense clay 0.400-0.500 1.40-1.60
0.500-0.600 1.60-1.70

Table 8.3 Values of k

More detailed information can be found by Mirtskhoulva [8.1][8.2], Randkivi
[8.4], Raudkivi and Tan [8.5] [8.6].

recommended to check the approximation with laboratory tests not only for

and Ven te Chow However it is

the value of U but also for y_.
cr s
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The second approach is based on substituting an equivalent particle
diameter into equations for determining the critical velocity (see section
2:5:2:2) ¢

..0.5
Ucr = C (YAD") (8.5)
in which:

0.5

C = Chezy-coefficient (m "~ /s)
¥ = critical value of the Shield parameter (-)
A = relative density (-)
D° = equivalent particle diameter (m)

The calculated value of Ucr can be used in equations to determine the scour

depth ys,max’ such as equation (8.1).

Changxi et al [8.7] present values of the equivalent particle diameter
originally presented by Mao in 1984. They are summarized in the following
table.

soil type equivalent particle
diameter [mm]
sand, gravel, cobble actual grain diameter
silt very fine sand 0.2 to 0.5
silty loam, loess loose 0.5 to 1.0
clayey silt tighter l to 2
much tighter 2 to 4
silty clay, loam with loose 2 to 4
sandy kernels tighter 4 to 8
much tighter 8 to 12
clay, silty clay with loose 8 to 12
sandy kernels tighter 12 to 20
much tighter 20 to 40
ultra clay with colloid, 30 to 50
weathered rock pieces

Table 8.4 Equivalent particle diameter cohesive soils
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The dry unit weight of loose, tight and much tighter soil in table 8.4 is
smaller than 1.3, 1.3 to 1.8 and larger than 1.8 respectively. The values
are based on literature data and prototype data.

Another possibility is to relate the equivalent particle diameter to the
cohesion C or the shear strength t. In [8.7] equations are presented, but
they do not have general applicability.

Changxi et al compared their results with a prototype scour hole and
concluded that the results agreed very well (within 20 % of the actual

measured scour depth).

8.4 Research needs

The erosion characteristics of cohesive soils are not fully understand wup
to now. For specific sediments at a given location quantitative information
is available about the erosion parameters. However, for most situations the

designer has to perform an erosion test.

The available knowledge up to now enables to predict indicative values of
scour depths wusing the permissible nonscouring velocities approach or the
equivalent particle diameter approach. The first method requires further
refinement to be more accurate. Particularly, the influence of the
stochastic behaviour of turbulence should be incorporated, because the
erosion process seems to be determined largely by bursts-induced
accelerations in the turbulent boundary layer. Furthermore, the influence

of the homogeneity of the riverbed has to be taken into account.

The second calculation method requires also more refinement. Furthermore,
it will be necessary to find a general relationship between the equivalent
particle diameter and the cohesion or the shear stress. In principle,

methods to determine the cohesion or the shear stress are available.

Finally, it is recommended to investigate whether both calculation methods
are related to each other. If this appears, then all the attention can be
focussed on the determination of a permissible scouring velocity either by
the derivation of a accurate formula or by the development of a simple

laboratory test method.
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Appendix A
Comparison of Dietz scour formula for tl with Breusers formula

The development of the maximum scour depth as a function of time is
characterized by time tl’ which is a function of the relative density, the
water depth, the flow velocity and the critical flow velocity according to
the analysis of more than 250 tests with a hydraulic smooth, medium and

rough bed protection, as analysed by Breusers and others:

4.3

t, = 250 . xb7, y°2 . [aﬁ-ﬁcr 1 (A.1)
in which:
t1 = time at which . it ™ yo(hours)
A = relative density,

(pg=p) / (p) (-)
. = density of bed material (kg/m?)
p = density of water (kg/m?)
a = a flow factor, which depends on the geometry or on the (-)
relative turbulence intensity

U = average velocity at the edge of bed protection (x = 0) (m/s)
ﬁcr = critical mean velocity evaluated from Shields  curve (m/s)

For geometries, which have an hydraulically rough bed protection, like the
bed protection of the Eastern Scheldt Storm Surge Barrier, the constant 250
can be replaced by 330.

The analysis by Dietz, 1it.[2.16], of systematic model tests on sills with

a horizontal bed protection have resulted in a similar formula for t1 as
(A.1):
1.75 1.5 -4
t1 = 48 . Yo O : (Umax - Uc) (A.2)
In case of an hydraulig rough bed protection:
U =(1l+3r )T (A.3)

max
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in which

U = depth averaged flow velocity at the edge of the bed protection (m/s)

r’ = relative turbulence intensity (=)

The relative turbulence intensity is defined by (A.4):

" - {(Au‘)210.5 (A.4)

In case of an hydraulic smooth bed protection:

Uiz ™ 15 (1 +3 s0') U (A.5)
The comparison of formula (A.2) with (A.l) is demonstrated for a rough bed
protection without a sill, see Dietz and Breusers for the used data:

a= 1.5 substituted in (A.1):

£, o:: 250 . 1.5°%3 (@)%3 L4317 (@43 (A.6)

and r" = 0.07 to 0.09 according to [2.16],
substituted in (A.3) and (A.2) and neglecting the influence of Uc:

-4 -4 = =4
by s 48 . (1.21 to 1.27 ) ", (U) = (22.4 to 18.5) .(U) (A.7)
From this example it is demonstrated that formula (A.2) confirms formula
(A.l), although t1 1

calculated with (A.l). The reason for this difference is not complete clear

calculated with (A.2) is about 2 times smaller than t

at this moment; possible reasons are:

- Different definitions of Ucr by Breusers and Dietz. These differences can
be caused by the assumed hydraulic roughness. In Dietz’s analysis of a
systematic research on scouring he has used the assumption k8 =D

of the bed material.

90
instead of ks =D

- A difference in 5She hydraulic roughness of the bed protection in both
researches.

- Small differences in the exponent of the water depth and the relative
density.

In one specific geometry the influence of the roughness of the bed

protection on the scour depth has been studied [2.12]. However, the results

of this study, a very limited influence, have no general validity.
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The general conclusion is that the formula of Dietz for the calculation of

tl confirms the formula of Breusers roughly. For engineering practice the

formula of Breusers is recommended.
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Appendix B

The determination of the influence of the hydraulic roughness on the
critical flow velocity.

The physical importance of the hydraulic roughness for the calculated
critical flow velocity is illustrated with the following remarks.

The assumption ks = D50 for the calculation of the critical flow wvelocity
in the Breusers scour formula is valid during the very first stage of the
initiation of movement of fine sands in a flat bed. It is recommended to
verify wether the assumption is consistent with the selected criteria for
the inititation of movement. Probably ks = 2 . D50 is a better
approximation for the hydraulic roughness if the grains move permanent and
at every location.

In prototype conditions a natural bed has, in general, a higher hydraulic
roughness, with an average value of ks =3 D90' see van Rijn [2.29]. This

increased hydraulic roughness can result in an increase of 3% of a.

At the place of a future scour hole downstream of a bed protection the
hydraulic roughness of the bed material just before the development of a
scour hole 1is completely determined by the roughness of the upstream bed
protection, [2.15]. In general this hydraulic roughness of the rip-rap is
much higher then the hydraulic roughness of the bed material (normally
sand). The physical critical velocity of the sand is probably determined by
this relatively high roughness of the rip-rap.

In some cases the value of a can be reduced by 15 to 20 % if ks = 3 D90
with D90 of the rip-rap of the bed-protection is used, instead of ks = D50
of the bed material (sand) as supposed by Breusers.
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Appendix C

Formulas for the estimation of factor a

The values of the factor a, which are presented in figure 2.9, are based
on tests in the systematic series [2.9]) with a moderate rough and rough
bed protection and sill with ks = 0.025 Yo and ks = 0.05 Yo From the graph
in figure C.1 the following relation has been deduced:

a=1.54+5 (yp/y)%. e 002 - (p/yg) - (Lp/yg)t- (c.1)

If a sill is combined with a horizontal constriction Bs/B = 0.1 and a
vertical head ( or face) of this constriction, then a three dimensional
scour hole due to the induced vortex street will develop and a follows

from:
a= 1.5+ (2.6 +18.6 (yp/y)?} . e 0045 Lp/¥g (c.2)

Formula (C.2) is an extension of the formula of de Graauw, [2.19] [2.20]
and figure C.3 with

2

%o = 3.2 + 12 (yD/yo) (C.3)
in which
a4 = value of alfa if Lp/y0 = 10 (-)

It is mentioned that here the most recent version of the formula of de
Graauw is wused which has been published in 1986. In earlier reports, a
different figure has been published, which results in a change in (C.3)
(see figure 6.4):

Formulas (C.l) and (C.2) are both represented in figure C.2, and this
figure replaces the earlier published figure C.5. The main tendencies in
figure C.2 correspond well with the main tendencies in figure C.5, but the
relationships in figure C.2 are more detailed and more uniquely defined
then in the old figure.
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It is recommended to compare (C.2) or (C.3) with the results, which have
been published by Dietz [2.16], and with the results of DHL-report MI1533
part III, lit. [2.12], with a fixed and a flexible bed protection.
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Appendix D

Factor a as a function of the turbulence intensity.

An alternative approach is to relate a to the relative turbulence intensity
of the main flow. In general, the rate of turbulence is enlarged by a
hydraulic structure. Over the length of the bed protection this turbulence
is reduced by dissipation of turbulent energy.

For predicting scour downstream of a rough riprap type bed protection a was
related to the average relative turbulence intensity r as shown in (D.1)

according to de Graauw, see 1it.[2.20]:

a=0.5+10.r (D.1)
in which
r =u’ /U,
U = time averaged flow velocity (m/s)

-

u = the depth average value of the root mean square value of the turbulent

velocity fluctuations in the main flow direction (m/s)

This velocity fluctuation is defined by:

u' = (T@D2)e.s

in which

W, - velocity fluctuation in the x-direction (m/s)

and U = Q/(y0 . B), which means that U is the depth averaged flow velocity
in the x-direction.

This relation is also valid for a low sill with a two dimensional flow
pattern, (so without abutments). For higher sills or a smooth bed
protection (e.g. a concrete apron) where distortion of the velocity
profile occurs, a correction factor must be employed, according to
Breusers, also mentioned by Dietz, 1lit.[2.16] (1969):

a=a, (1 +3 . r) (D.2)
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in which
a, = 1 for a hydraulic rough and horizontal bed protection

a, = 1.5 for a hydraulic smooth bed protection.

Recently Jorissen and Vrijling [2.23] have refined this relation (D.1)
based on more measurements in a two- and a three-dimensional flow pattern
and replaced U by U1 which is the local depth average velocity at the
downstream end of the bed protection. The relation between a and ay is:

a . Usa .U (D.3)
They found the following relation:

a =1.5+5.r (D.4)

if r > 0.07 and ay > 1.8

For a two dimensional flow U1 is approximately equal to U and then (D.4)
can be compared with (D.1), [2.20], see figure D.l. Both formulas show a
reasonable agreement with the measurements, so (D.4) can be considered as a
generalization of (D.1).

If a formula of type (D.2) or (D.4) is accepted, the next step should be
the determination of the turbulence intensity as a function of the main
geometric parameters. At this moment no formulas are available for the
relationship between the relative turbulence intensity and the geometric

parameters of an hydraulic structure.
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Appendix E

Equilibrium maximum scour depth

After some time a scour hole will reach an equilibrium shape and the
maximum scour depth will become a constant value. In terms of the
classification of different phases the development of a scour hole, see
section 2.5.2, this equilibrium defines phase 4, see figure 2.5. In scale
model tests with aluvial sand and clear water scour it will take sometimes
a long time before this equilibrium is reached, see for example figure
2.15. Therefore, the definition of equilibrium maximum scour depth is not
always clear in the reports of scale model tests with clear water scour. In
general, in a prototype some upstream supply of sediment, P exists, by

which this equilibrium will be reached in a relatively short time.

A first estimation of the equilibrium scour depth . in a scour hole
»
near a sill with a bed protection can be obtained with (according to Dietz,

[2.16]):

y

max,e _ ~
Yo {Umax Ucr}/Ucr (E. 1)

in which U =c.,.a. U
max
It can be concluded that ¢ is also a function of time:
during the development phase of the scouring process ¢ = 0.4 to 0.5 and in
the final phase of equilibrium scour depth ¢ = 1.

More specificly the test results were:

0.5 < ¢ <1 according to Dietz, [2.16] (see also figure 2.16) in two-
dimensional flow, and

0.5 < e¢ <1 according to Delft Hydraulics, [2.20], and

¢ = 0.4 to 0.5 in the systematic test series with respect to the
development phase of the scouring process in three-dimensional flow [2.10],
and

¢ =1 in the final equilibrium phase of the scouring process [2.12]

These values confirm the formula of Zanke, see 1it.[2.30] Ucr is determined

from the Shields curve.

SCOUR MANUAL E.l




The formula of Zanke, 1it.[2.30] reads:

1
2 4 4 2 2 2,2
T =6 Ymax = ¥ e . ey - [c2 UOm - Ucr,ave } (E.2)
in which
c, =B . w.y/lyy+vy 1} (E.3)
and
-7 4
e, =107 px*. v . a L (u/uf /1 - p) (E.4)
T = time from the start of the erosion process
to the moment at which the equilibrium scour is reached (s)
= fall velocity of bottom material (m/s)
e = shape factor, depending of the geometry and the flow
pattern (with and without an hydraulic jump) (-)
- = averaged flow velocity upstream of the scour hole (m/s)
Ucr ava ™ depth averaged flow velocity at the initiation of motion (m/s)
D* = gsedimentological diameter of bottom material (-)
p = porosity (-)
W = factor depending on ymax/yo (-)
B = factor depending on the geometry and the bed protection (-)
a, = factor depending on the relative turbulence intensity and
the sediment transport intensity (=)
L = flow velocity near the bottom (m/s)
uy = depth averaged flow velocity (m/s)

If T goes to infinity then (E.2) reduces to:

Ymax/¥o = B - @. U-U 1/u (E.5)

max cr,ave’’ “cr,ave

This formula is of the same type as the approximation of Dietz in (E.l)

if B . w =c . a, This seems to be not completely correct because f . w
seems to be a function of time.

These two expressions (E.5) and (E.l) can be compared with the results of a
scour-tests T5 and T6 in a scale model of the Brouwersluis, see 1lit.

[2.12]. As a function of time B . w = 1 to 2 and this can be compared with
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c. a ={0.5tol}. {1.9to2.1} =0.95to 2.1.

For the final stage of the scouring process w . B = 2 and therefore c = 1.
It can be concluded that c¢ is also a function of time:

during the development phase of the scouring process ¢ = 0.4 to 0.5 and in
the final phase of equilibrium scour depth ¢ = 1.

After a first application of the formula of Zanke in lit. [2.12] it was
concluded that the determination of the value of the different constants in
the formula of Zanke requires at least three tests in a scale model.
Therefore this formula was considered to be too complicated and further

applications were not recommended.

Now we recommend a further examination of the equilibrium formulas of Dietz
and Zanke, because more information about a and new test results are now
available. Probably the results of long lasting tests in scale models can

be used for a more detailed verification of these formulas.
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Appendix F

Analysis of the scour formulas of Bormann (equation 2.30)

The requirement that the calculated value of Dsd is more or less the same

as the wvalue of Dsa suggests to write both original formulas as one

equation:
2 1.5 to 1.6 0.45 to 0.6 -0.7 to -0.8 -0.8
c, = cd . U0 : YO . B « A
-0.3 to -0.4 0.65 to 1
D50 . sin B Dp (F.1)
s,max = %= ¥
and
2 0.12
o - Yt or (F.2a)
2 0.8
cy = 1.64 . [tan ¢/{cos B . (tan ¢ + tan B)}] (F.2b)

In these formulas the exponents have been rounded off to one decimal.

In general, 1 ft < Yt < 100 ft that means after substitution in (F.2a)

1 < 4 < 1.7
In general, 30 degrees < ¢ < 40 degrees and 0.3 < tan B < 1 and after
substitution in (F.2b):

0.95 < <, < 1.3
These ranges confirm that in general Dad is approximately equal to Dsa and
that these ranges are rather limited.
Next, we try to compare this formula for <, (F.1) with the formulas of the
Breusers method. The combination of the formulas (2.5) and (2.6) results
in:
-0.7 02 0.4

1.7
Y man 0.11 . A - Yo . (a U - Uc) it (F.3)
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The comparison of (F.3) with the combined formula (F.l) shows a rather good

agreement in the exponents:

(F.1) (F.3)
A -0.8 -0.7
Yo - 0.45 to 0.6 0.2
U0 or aU —Uc 1.5 to 1.6 1.7

However, the definition of Yo in both formulas is not the same! If we
suppose that Umax >> Uc then the difference between Uo and a . U - Uc can
be neglected in a rough comparison (UU is the average velocity above the
crest of the sill and U is the average velocity upstream of the sill).

From formulas (F.l) and (F.3) a rough estimation of t for the equilibrium
scour depth can be obtained:

ys.max 0.11 . to'4

-0.3 to -0.4 0.65 to 1

0.3 . (D_ +D) 8-0.7 to —0.8_ i . sin B

s P c D

4 *
(F.4)

Suppose: 0.001 ft < D50 < 0.0l ft, g = 32.2 ft/s2, 18 < B < 45 degrees
then

—Dy—s;‘lg-x— = (0.003 to 0.037). t°'%  (4.40) (F.5)
s P
Suppose ys,max/(ns + Dp) = 0.6 to 0.9 then t,equilibrium = 45 days to 200
years! These values, which are not unrealistic, are only tentative to
illustrate the considerable variation in the time, after which equilibrium
scour depth can be expected. Some results of the time dependent development
of the maximum scour depth are published by Colaric and others, see [2.7].
These results suggest that y = 0.4 should be reduced to y = 0.22. With this
value of y after very long times the equilibrium scour depth will be

reached.

The good similarity between the values of the exponents of the parameters

in the Breusers formula and the Bormann formula is of more importance.

Suggestion: investigate the possibility to extend the Bormann formulas by
replacing the parameter U0 by a . U - Uc in which a influence of different
geometries represent, and reducing y = 0.4 to y = 0.2 according to formula

(3.2) in the chapter about spurdikes.
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After a  strong simplification of formula (F.1) a formula with

dimensionless parameters can be obtained:

D D Y
s +°p " Fr1 5 { 0 }0.§ e 30.65 to 1 (F.6)
¥ 0.5 D 0.5 L A . Dg,
0 ° 750
in which
Fr = Froude number based on UO’ YO and g (-)

The structure of this formula is of the same type as the structure of some

formulas for bridge pier scour, see section 4.6.

The equilibrium depth can be estimated with the formulas of Bormann, if

Umax >> Uc’ else the formula of Dietz should be considered as a first

approximation.
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