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ABSTRACT

This Thesis présents a.review-of the repokted research on local sand-
bed scour around bridge piers, describes-the‘mechanics of local scour wifh
particular reference to the horseshoe vortex, describes-expekiments on thé
effect of the vertical velocity distribution of the approach flow on local
- scour, and reborts the results of these experiments.

| The'review of the previous research on locél scour shows that thé pier
size is the most {mportant paramefer affécting=the equilibrium depth of
local scour, while the pier shape is of secondary importance. Two flow
parameters‘aré found to be importaht: the flow velocity anduthe flow depth,
althqughvtheir.re1a£TVe importance depends on the regjme of'the-f]ow being
considered. ;v.
The primary scouring agent]isvseeh'to’be?the?horSeShoé?VOrtex*system,

which:is a system?of”1inked‘vorticéS'that arises out‘of the vorticity always



present in shear f]oﬂs;'due to the interaction of the pier and the flow.

The experiments’ that were doné’ consisted of'obsefvations-and
‘measurements of vertf¢a1“ve10city distributions; scour depths, and vortex
patterns; for a circular cylinder in a laboratory flume. -These experiments
shoWéd"that the vert1¢a1 ve1ocity-distribution of,fhé boUndary Tayer flow
approaching the pTer'affects the structure of the horéeshoe.vortex system
and the equi]ibrium depth of scoqf at'the pier nose.

The Thesis concludes with a Summary and Conclusions, including

- recommendations for further research.
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CHAPTER I

JINTRODUCTION

- The suécessfu] foundation desfgn of a structure founded in the sahd-
bed of a flowing stréam, in order to safe-guard against excessive loss of
bearing caﬁaéity, must include reasonably accurate methods for predicting
the total amount of bed degradation at the foundations.

Degradation of'the bed of aAétream at a particular cross-section
can occur due to_changés in the genefal sediment-transport capacity of
the flow at that section. For exampie; an increase in the velocity df
the flow, due to increased discharge or réduéed channe]l widfh, increases
the capacity of the flow to carry sediment, and degradation results.
Simf]ar]y, trapping or removing some of the sediment'1oad of the flow
(eg. by a dam) causes the stream to recover its full sediment load by

scouring of the bed.



In addition to general degradation of the bed at a channel
section, local bed—]evél changes can occur due to:

(1) meandering of the main flow channel (thalweg) between the banks

of the stream,

(2) the downstream movement of bed dunes,

(3) 1local scour.

Local scour is the scour of the stream bed in the immediate vicinity of a
structure (such as a groyne, training.wall, wharf, bridge pier, or
abutment) founded in that bed. It is primarily caused by the flow
disturbance generated by such a sfructure.

It was the purpose of this thesis to investigate some of the aépects
of.thé local scour phenomenon, with the aim of improving our understanding
of the mechanics of the scour process and thus provide a sounder basis for
predicting bed changes due to local scour.

The literature on local scour was reviewed fairly comprehensively,
and is summarized in Chapter II. This review outlines the historical
development of, and provides a basis for, the understanding of the local
scour phenomenon. Although all of the references in the Bibliography
were examined, only the more important and representative studies and
findings are reported in the review.

Chapter III describes the mechanics of local scour of a sand-bed at
a verticé] cylinder, based on the findings summarized in Chapter II and on
obseryations reported in the field of f]uid‘dynamics. The origin and
characteriétics of the horseshoe vortex are discussed, particularly the

various flow parameters that influence the strength of the horseshoe



vortex system.

After considering all of the ayailable information on local scour
developed in Chapters II and IIl, it was decided to investigate the
influence of the approach flow velocity distribution. An outline of the
experimental work done, and a description of the equipment and metnods
which were used, is giveh in Chapter IV. The experiments consisted of
observatiohs and measurements of velocity distributions, scour depths,
and flow patterns in a laboratory flume.

Chaptef V presents the results of fhe experimental work, and Chapter
VI gives the summary and conclusions.

Symbo]s are defined where they first appear in the text, and also in
the List of Symbols, p.xiii. Bibliographical references are indicated by
raised, bracketed numerals. Footnotes are indicated by raised, unbracketed
numerals, and are located at the end of each chapter.

The author was first encouraged to engage in studies in the field of
local river-bed scour by his thesis supervisor, Professor E.S. Pretious,
who had previously, in a consulting capacity, carried out private
inyestigations of river-bed scour at bridge piers. These investigations
were mainly concernea'with finding tﬁe'most adverse scour'patternsAthat
could occur at the piers of actual proposed or existing bridges in
British Columbia. These included bridges over the Columbia River at
Trail, the Columbia River at Kinnaird, the Kootenay River near Creston,
the Fraser River at Agassiz, the Fraser'Rivér at Oak Street (Vancouver),
and.Morey Channel at Sea Island (Richmond).

The procedure used in these private investigations was to carry out a



hydraulic 1aborafory study using scale model piers and a moveable sand-
bed, and to compare the results thus obtained with scour depths
predicted by various formulas. It was found that often the predicted
scour and the laboratory test results did not agree very well. It was
this lack of a quick, rational, and safe method fbr predicting river-bed

scour around flow obstructions, that motivated the present study.



CHAPTER II

LITERATURE REYIEW

A. ~ EARLY INVESTIGATORS

The first reportedl'model studies involving bridge piers were
~ carried out in Germany in the 1890's by H. Engels at the Technical
| (31]

University of Dresden These studies showed that the maximum scour
of the bed occurs at the upstream end or hose of‘the pier. They also
showed that riprap shdu]d be placed around the bier flush with the

normal bed level, rather than on top of the bed. No other model studies .
were reported until the early 1920's, when T.H. Rehbock at the Technical
University of Karlsruhe did some tests and found that the maximum depth
of scour (which occurred‘at the pier nose) varied with flow velocity, bed

materials, pier shape; and duration of flow, but the ﬁature of these

variations was not reported in detail(gs). The influence of the depth of
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flow was apparently not investigated. The scour at the pier nose was

attributed to cross-currents set up there,.

B.  TISON AND ISHIHARA
The first attempt at a theoretical approach to local scour was
made by L.J. Tison in 19372, His work has subsequently been republished

(128, 130, 131) ko considered the flow near the Front

in various places
of an obstruction in an open channel to be analogous to the flow of an
irrotational vortex. On this basis he obtained an expression for a
difference in piezometric head between the surface and the bottom of the

flow close to the front of the obstruction:

20 _p, T 2" . p"A
€ Ao + __f‘_(i - ( A, + -9 =
Y Y
) Bl l2 B" ||2
% [I? uo g - J ° U 45ty (1)
ALY Ay r

where z = the elevation head, p = the static pressure, y = the specific
weight of water, g = the acceleration of gravity, u = the local approach
flow velocity, r = the radius qf curvature of the flow streamlines, ds =
an element of length taken along an orthogonal to the flow streamlines
from Aoto Bo,Aorepresents poinfs on a vertical near the front of the
obstruction, B represents points on a vertical in the flow which remains
uninfluenced by the obstruction, single-primed symbols are for the flow
at the surface, and double-primed symbols are for the flow at the bottom

(see Figure 1).
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For the case of an obstruction of uniform cross-section, r
and ds' = ds". If, as commonly occurs in streams and laboratory flumes,
the flow is not uniform, but a velocity gradient exists on the vertical
plane, the surface velocity u' will be greater than the bottom velocity
u", and the right-hand side of equation (1) will Be positive. Thus there
will be a pressure difference between surface and bottom, and as a
result the flow will acquiré a downward component in front of the pier
and attack the bed, causing scour. Tison concluded that the greater the
difference between u' and uf, the greater would be the scour. In
addition, smaller yvalues of r' would also increase the scour. Tison
verified each of these conclusions with Tlaboratory tests. He used pier
shapes ranging from square to lenticular, and obtained decreasing values
of scour depth as the pier shape became more streamlined and permitted a
more gentle curvature of the flow. By using a very coarse material for
the upstream,bed; he was able to change the velocity distribution so that
uf became Tess and u' became greater, thus increasing the difference
between u' and u?, and obtained a greater scour hole depth. However, his
results are only qualitative in nature and he did not present any specific
relationship involving the depth of scour.

2. Ishihara

Shortly after Tison first published his work, Ishihara performed

(4a)

an extensive series of tests of scour at bridge piers It was found
that the scour depth at the nose was mainly governed by the shape of the
nose - a sharper nose producing less scour - and not at all by the shape

of the pier tail or the length of the pier, for piers aligned with the



flow direction. The scour depth was found to increase with increased
skewness of the piers; the more so for a sharper pier nose. The effect
of‘constriction of the flow, expressed in terms of the ratio of stream
width W to pier width b, was found to be small, for values of W/b from
about 6 to 10, and nil for values of W/b greater than about 15. It was
observed thét_scour decreased with decreasing flow depth, but that the
rate of this decrease deﬁended on the characteristics of the sand, the
pier shape and the pier size.

In addition to his experimental work, Ishihara developed a theory
for local scour at piers by assuming the flow near a pier to be similar
to the flow in the bend of a river. He obtained an expression for the
secondary downward flow component in a river bend by considering the main

“flow there to be analogous to the flow of an irrotational vortex, much
after the manner of Tison (see above). By assuming that the "scour force"
was proportional to the value of the downward flow component, and applying
the results for the riyer bend directly to the case of f]bw around an

obstruction, he obtained the expression:
A

2

_ UH .

s, = ¢, f-?— ds o (2)
) |

o

where SF = the scour force at the pier nose, Cl = an experimental constant,
C2 = 3 parameter which increases with increasing channel roughness and
decreasing value of H/u', U = the average velocity of the approach flow,
and H = the flow depth. This expression is substantially similar to that

of Tiéon (equation (1)).



C. INGLIS AND REGIME THEORY ADHERENTS

1. Inglis
The first relationship explicitly involying the depth of scour

at a bridge pier was formulated by Sir Claude Inglis (with A.R. Thomas
and D.V. Joglekar] in 19393, On the basis of model studies, using

round-nosed piers of similar geometry but differing size, he obtained:

D 2/3 ,
S c 78 . (3)
5 = 1.70 B 3 0.728 ...
where DS = the total scoured depth measured from the water surface (in
feet), b = the pier width (in feet), and q, = the central approach-flow

discharge per unit width (in square feet per second).
Inglis in 1949 presented a second relationship, this time on the
basis of a considerable number of field data as well as the experimental

data mentioned above. He obtained:

DS = ZDL . S el (4)

where DS is_the total scoured depth as defined above, and DL is the Lacey

regime depth:

- Q. 1/3 .
DL 0.47 I?ﬂﬁ ..... (5)
L

where Q = the maximum flood discharge in cubic feet per second, and fL =

the Lacey silt factor.

2. Blench
(11) .
» in 1957, reported the results of a plot, by
1/3
Andru, using data of Inglis, Laursen, and others, of Dst VS. q,

Later, Blench



10.

without any attempt to differentiate between different types of
obstructions. This data included scour at bridge piers, guide banks,
spur noses, downstream of bridges, etc., and produced a "best fit" line
of: |

1/3.
_ 0.74
DSFb = 1.35 q e (6)

where D = the total scour depth below the water surface (in feet), Fp =

the Blench bed-factor = U2/H (U = ayerage approach flow velocity in feet .

per second, H>= approach flow depth in feet), and q = the approach flow
discharge per unit width (in square feet per second).

In the same work, Blench proposes a relationship for maximum scour
at bridge piers which is the same as equation (4) of Inglis, excépt that
instead of the Lacey depth, DL’ Blench propbses a "zero_f]ood depth,”
dfo’ which is supposed to represent the required regime depth of a canal
having a bed factor corresponding to zero charge (ie. bed-load charge is
zero: Fb = Fbo = q2/ df03), with the discharge at the maximum, and

using the reduced obstructed widtha.

3. Varzeliotis

In 1960, Varzeliotis did a laboratory study of local scour at

(134).

bridge piers Using arguments based on regime theory to arrange

his data, he obtained:

EE. = 1.7 [9_3____1% L (7)

Dc Dcho
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1/3).

where DC = the critical depth of flow (= [qz/g] Although a better

"fit" to the data is obtained using an index of 0.28, Varzeliotis used

% in the belief that natural laws usually follow simple indices.

D.  LAURSEN

It was not until the early 1950's that experimental work directed
towards fhe establishment of a design relation for local scour at bridge
piers was started on a significant scale, by E.M. Laursen(sg’ 60, 61).
‘Laursen also formulated a number of concepts with respect to local scour

which are dsefu] in establishing a fraﬁework for the understanding of the

| local scour pfob]em. These concepts can be enumerated as follows:

(a) The rate of scour equals the difference between the sediment

transport fate into the scour hole and the sediment transport rate out

of the scour hole. Symbolically:

dv  _
@& - % out- Q sn e (8)

where d¥ _ the time rate of change of volume of the scour hole, QU out =
dt
the time rate at which sediment is carried out of the scour hole (in

cubic feet per second), and Q = the time rdte at which sediment is

s in
transported into the scour hole (in cubic feet per second)s.

(b) The rate at which the volume of the scour hole increases will
decrease as the hole gets bigger.

(c) There will be some limiting size of scour hole (for any given

geometry and flow condition). When this occurs the scour depth is said

to be at equilibrium, and QS out = QS in i



12.

(d) This limiting size will be approached asymptotically.

On the basis of the first concept, Laursen distinguished between
three different scour cases:

(a) No scour. This condition occurs when the velocity of the flow
is too Tow to cause any local scour, and initial conditions are
Q in = O out = O
(b} "Clear-water" scour®. The flow disturbance due to the
obstruction is strong enough to cause some scour, but sediment transport -

by the undisturbed approach flow does not occur. The initial conditions

are;

=0, Qg oyt 0.

Qs in

(c] Scour with general sediment motion. The initial conditions are

Qs out Qs in > 0.

All of Laursen's earlier work was done with flows which were Eapab]e
of general sediment transport (case (c) above). He investigated the
effects of bed sediment size, average velocity of the approach flow, and
flow depth, on the equilibrium depth of scour at a pier. Although his
data showed some scatter, he found no effect of bed sediment size or
average flow velocity, and only the flow depth was found to have an
effect on the equilibrium scour depth. He was able to present the
influence of the flow depth in terms of a graph, using co-ordinates
non-dimensionalized on the basis of the pier width (see Figure 2)(61).
Laursen (as had Posey(93) before him) observed that the basic

scouring agent was a roller or vortex, with a horizontal axis, which

formed in front of the pier nose. In order to explain the observed
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effects of the ayerage flow velocity, flow depth, and sediment size,
Laursen reasoned along the following 1ines(59’ 61).

At any given equilibrium scour condition in the general sediment
trahsport region (case (c) above), the rate at which the roller moves
sediment out of the hole is just balanced by the rate at which the
approach flow moyeé sediment into the hole. If the average flow
velocity is increased, the angular velocity of the roller could be

expected to increase in a proportional way, and thus Qs 0 would

ut
increase. Howeyver, the velocity of the approach flow near the bed
would also increase, and the net effect would be no change in the

difference Q Similarly, if the sediment size would be

s out = s in’
increased, the transport rates into and out of the scour hole would
decrease, but in the same proportidn, so that there would be no change
in the equilibrium scour depth.

When the flow depth is increased, however, the angular yvelocity of
the roller is presumed to remain the same as long as the average flow

yelocity remains constant; thus Q does not increase. However, the

s out
yelocity of the'approach flow near the bed would be decreased somewhat,
so that QS in would decrease, and the net result would be an increase in
the equilibrium scour depth,

Laursen concluded from his studies that the equilibrium depth of
;scour; for flows below the critical (Froude number < 1) and capable of
general bed-load transport, depends only on the flow depth, pier size,
pier shape, and the angle of attack of the approach flow. This dependence

(61)

was presented in the form of design curves and tables These design
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criteria can be reduced to the expression:

d
se  _ . H,0.3
T = KSKO[ 38 1-50 [B'J ..... (9)
where dse = the equilibrium depth of scour below normal bed level, KS is

a factor for pier shape, and Ko is a factor for angle of attack. For a
circular cylindrical pier,.equétion (9) reduces to:

0.3 |
_%S - 1.35 [%ﬂ S (10)

~Laursen later tried to incorporate local bed scour at bridge piers,
for both the “clear-water” case and the case of general sedimentxtransport,
into a general theory of scour at bridge crossings(62’ 63, 64, 65, 66, 67).

He did this by first developing an equation for the depth of scour

in a long contraction, based on the Manning formula, his own sediment-
concentration formula, and considerations of continuity of both tﬁe flow
and the sediment discharges. Laursen then related the depth of local
scour at a bridge pier to the general scour in a long contraction by
introducing a special coefficient to account for the local non-
uniformity of the flow in the former, and by assuming that the contracted
width could be represented by 2.75 dSe and the uncontracted width by
2.75 dse + 0.5b. Comparison of his theory to experimental data of Inglis
and Chabert and Engeldinger (refs. 65 and 191, respectively, in Karaki
(51, '

gnd Haynie » showed qualitative agreement only.

E. CHABERT AND ENGELDINGER -

In 1956 Chabert and Engeldinger, in France, reported a large series

of tests of local scour at bridge pier$7. Their study involved scour in
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both the region of "clear-water" scour and the region of general sediment
transport. Their main contribution was that they found the equilibrium
scour depth to increase rougnly linearly with the bed shear stress
throughout the region of fc]ear-waterf scour, and that the maximum
equilibrium depth of scour occurred in the transition region between
"clear-water" scour and scour with general sediment transport - ie. when
the average flow velocity is at about the critical for general bed-load
transport (see Figure 3}).

Chabert and Engeldinger also tested different sizes of bed material.
They obseryed that the maximum equilibrium scour depth for a givén pier
increased with increasing sediment size, for median grain diameters8 of
0.26 mm, 0.52 mm, and 1.50 mm. Howeyver, for a sand of median diameter
= 3.00 mm, the maximum equilibrium scour depth was less than that for
the 1.50 mm sand’, .

Later, Larras obtained a relation for logal scour based on the data

0

of Chabert and Engeldinger, as well as field datal®:

d__ = 1.42 k275 O (1)

sem

where dSem is the maximum equilibrium depth of scour below normal bed

level, in feet, and K is a factor to account for pier shape: K = 1.0 for
circular piers, K = 1.4 for rectangular piers. The pier width b is

measured in feet.
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F. BATA AND KNEZEVIC

1. Bata:
In 1960 Bata reported a study of the problem of local scour at
bridge'piefs using field measurements, laboratory tests, and theoretical

7).

analysis ‘He applied potential flow ana]ysis'to an assumed
logarithmic velotity distribution of the flow approaching a circular
pier. This analysis showed that vertically downward velocity components
are present in front of the pier, and have a magnitude appfoximate]y
one—ﬁa]f of the magnitude of'the average approach flow velocity, for the
region which extends upstream about three or four pier radii in front
of the pier. These vertical velocity components were thought to be the
main cause of local scour.

Bata‘plotted his laboratory and field data as dse/H versus U2/gH
(the flow Froude number), and obtained a linear relationship. This was
noted to be similar to the formula of Jaroslavcey (Jaroslavtsiev) which

has dSe dUZ (this formula is discussed below in connection with the

work of Maza and Sanchez).

2. Knezevic
Knezevic in 1960 also reported a study of the local scour

(53)

problem The releyant aspects of his study involved attempts to
determine the conditions required for the start of local scour, the

equilibrium depth of scour, and the influence of several methods of

reducing the maximum depth of scour.

The results of the investigation into the conditions required for

Tocalscour were presented in terms of the critical discharge QC just
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large enough to start local scour. It appears that QC was determined
by extrapolation, to dse = 0, of plots of dSe versus discharge Q, for
various water depths. Although the data are not sufficient to provide
accurate values for Qc, they do indicate that QC is slightly less for a
pier with a square nose than for a pier with a round nose. The data
also show a definite increase in Qc with increasing sand-grain size, for
the sands used}(.d90 = 0.285 mm., 2.4 nm., and 4.5 mm).

Knezeyic arranged his data for equilibrium depth of scour to obtain
a relation of the form;

de = ¢ (9372

574 g 374
- where C = a constant. The value of C is supposed to vary only with the
' pier shape, but'actually there was scatter with respect to both sand-grain
size and flow depth. Ayerage va]ués were, for the circular nose, C =
8.7; for the rectangular nose, C = 9.8.
| Knezevic conceiyed the scour-causing vortex at the base of the pier

to be due to the vertically downward velocity components in front of the
pier, as suggested by Tison (see above). On this basis two methods of
reducing scour occurred to him. One method consisted of aspirating the
downward flow in front of the pier by means of a horizontal hole or slot
cut through the pier in the direction of the main flow. A definite
reduction in the equilibrium depth of scour was observed, ranging from
about 27% to 76%, depending on the shape of the pier and the size of the
bed sand~grains. The size, shape, and location of the slot were not given.

A second method consisted of placing a series of bands around the
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pier at various levels, in order to deflect and retard the downward flow
just in front of the pier. Using three bands of steel plate 15 mm. wide
and 2 mm. thick, placed around a pier 10 cm. wide, reductions of the

order of 30% to 40% in the equilibrium scour depth were obtained.

G. = TARAPORE:
Tarapore in 1962 completed a Doctoral Thesis in which he reported
laboratory measurements and presented a theoretical method for determin-

(119, 120). In his theoretical

ing the Tocal scour at an obstruction
investigation he assumed that the initial flow pattern was given by

| potential flow theory. As the scour hole developed, it was assumed that
the free stream diffused into the scour hole in a manner analogous to

that of a mixing layer situation, and the velocity distribution was

given by:
a(z) = w-g)e X@® (13)
where u(z) = the local velocity at depth z, in the x-direction, u(-g) =

the potential velocity, £ = the distance that the effects of the scour
hole have penetrated into the main flow, 1 = djstance along a streamline,
starting at the scour hole edge, and k = a coefficient representing the
rate of velocity diffusion into the scour hole (see Figure 4). The rate

of bed load transport was assumed to follow Straub's expression (1935):

q a = ot - TC) ..... (14)

which, for high rates of transport (r>>fc), can be simplified to:

Tk (15)
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where qs = the rate of transport of bed load (in cubic feet per hour per
foot width), ¢ = Straub's transportation characteristic, y = the specific
weight of water, 1 % the bed shear stress, T, = the critical bed shear
stress. The assdmption for the.bed shear stress was:

T ap Tumll? L (16)
where u(n) = the value of the (diffused) velocity at the boundary, and

p = the density of water. When the scour hole is at the equilibrium

condition, it was assumed that the réte of transport into the hole equaled
the rate of transport out of the hole, thus the transport rate between

the streamline on the plane of symmetry of the approach flow, by and

the streamline passing through the point P on the edge of the scour

hole, wP, was constant (see Figure 5). In terms of an equation:

v ¥
LPP qdy = J‘P ady (17)

o - - Y, '
(x=0) (x= )
where the x and y coordinates are as shown in Figure 5. Substitution

of equations (15) and (16) yields:

b v
Lot [P oty - Lo JP vy (18)
Y v Y v

(o)
(x=0]) (x=-0)

Further substitution of equation (13), with u(n) = u(z), and additional

0

assumptions and manipulation, yields an integral equation which can be
solyed by numerical methods to yield the position of the point P (see
Figure 5). The depth of scour can then be determined, if the shape of

the scour hole is known. In addition, the values of k and /1 have to be
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estimated in advance from experimental data. Since &/1 represents the
rate at which the influence of the scour hole is propagated towards the
surface of the flow, this term is determined by plotting the experimental
data as dse/b versus H/b, and noting where dse/b is no longer affected by
the depth of flow. The value of k is obtained by solying the equation
for a know experimental result.

Tarapore‘s plots of dse/b ys. H/b show considerable disagreement
between his own data and that of others which he included in his plot,
and his selection of H/b = 1.15, as the value abovye which flow depth no
Tonger influences scour depth, seems arbitrary. Tarapore calculated the
depth of scour at an elliptical cylinder, according to the method
outlined above, and obtained results which were about 10% to 15% less
than the experimental results. The difference is explained as due to
improper estimation of the scour hole shape. In addition, Tarapore
Conc]uded that the maximum depth of scour (below normal bed leyel) at a

circular cylinder, for large depths of flow, is equal to 1.35 b.

H.  MOORE AND MASCH

In 1963 Moore and Masch published a paper in which they attempted to
achieve an understanding of the secondary flow caused by the presence of

(80)

a pier in an otherwise undisturbed flow Their analysis is largely
based on the fact that a pressure gradient exists along the stagnation

1ine formed by the intersection of the plane of symmetry of the approach
flow and the pier surface, if the approach flow velocity is not uniform

(see Figure 6). If the flow is two-dimensional, then the stagnation
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pressure head, p/y, at any location on the stagnation line, is just
equal to the velocity head of the approach at that level, u2/29. Thus,
if u = u(y), p = p(y}, where y is the vertical coordinate. Since the sum
of static pressure head and elevation head remains a constant, a net
pressure gradient exists along the stagnation line. This pressure
gradient induces an acceleration of the nearby fluid from the point of
maximum pressure towards the regions of lower pressure. If viscous
effects are neglected and one considers a stream]iné running downward
along the stagnation line, the conservation of energy principle yields,
for the secondary vertical flow at any point, a velocity head v2/29,
which is just equal to the difference between the pressure head at that

point and the maximum pressure head. Thus:

V2 Bmax. | By)
2g Y Y
umax.? u(y)? A (19)
29 29
or;
v(y)2 = umax.? - u (y)2 . .....(20)

Moore and Masch contended that the above concept provides the basis
for the mechanism producing a strong vertically downward flow just in
front of the pier and thus accounts for the fact that the maximum depth
of scour occurs at the nose of the pier rather than at the point of
maximum breadth, as would be expected if only the two-dimensional
potential flow pattern were considered. This downward flow was thought

to significantly contribute to the formation and maintenance of the
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spiral vortex in the scour hole.

On the basis of their understanding of the scour process, Moore and
Masch briefly discussed four methods of reducing scour. One method
consists of placing horizontal discs around the pier, below or above
normal bed level, with possibly a vertical lip around the outside edge
to deflect the secondary fiows upward away from the bed'!. Another
previously proposed method consists of placing an auxiliary pier br pile
upstream of the piervto be protectedlz. Masch and Moore thought that
such a pile would "destroyf the velocity grédient of - the approach flow.
The reduction in scour depths achieved by sharpening the pie} nose is
‘explained in terms of the reduction in the size and strength of the
downward flow component effected by such a nose. A final method suggested
by Moore and Masch consists of a swept-back leading edge, possibly
required only near the bed, in order fbr the deflected flow component
which theﬁ deyelops to counteract the downward flow induced by the

velocity gradient of the approach flow.

I. BREUSERS; DELFT HYDRAULICS LABORATORY ,

1. 'Oosterschelde Bridge Model Studfes
~In 1964, Delft Hydraulics Laboratory published a report of a
model study of scour around the piers of the Oosterschelde Bridge, under

(16)

the direction of H.N.C. Breusers Experiments were carried out using
circular cylindrical piers in order to investigate the influence of the
average approach flow yvelocity, flow depth, pier diameter, and bed

material. It was observed that with a bed sand of d50 = 0.20 mm.
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(U = 0.25 m./sec. = 0.81 ft./sec.), maximum scour occurred vhen

crit.

u/u reached a value of 1.4, and did not increase for greater

crit.

velocities (U is defined as the value of U at which general bed

/b

decreased somewhat with increasing pier diameter, having a value of 1.5

crit.
load transport is initiated). It was found that the ratio d

sem
for b = 11 cm. and 1.6 for b = 5 cm. (see Table I). This result was
obtained for a ffow depth H, for the 5 cm. pier, of 0.25 m. and a flow
depth for the 11 cm. pier of 0.50 m., in the understanding that
similarity would be better approximated using similar values of H/b
rather than just H alone. The flume width was 0.95 m.

The influence of the flow depth on_the equilibrium depth of scour
(below normal bed level) wés tested using the 11 cm. pier and flow depths

of 0.15 m., 0.25 m., and 0.50 m., at the condition U/U = 1.4, There

crit.
was no significant difference in the equilibrium scour depths for the two
larger flow depths, while for the smallest flow Aepth, the equilibrium
scour depth was somewhat less. It is interesting to note that at the
initial stages of scour, at a time t = 15 min. from the start of scour,
the smallest flow depth produced a larger scour depth than the two
larger flow depths.

Tests were also run with a bed material of po]ystyrene spheres

(density = 1050 kg/m3) of diameter 1.5 mm. (U = 0.09 m/sec.) in a

crit.
flume 3.5 m. wide. For the 11 cm. pier, maximum scour depth correspond-

ing to d b = 1.7 was reached, at U/U = 1.2. The ratio dse/b

sem’ crit,
reached a steady value of 1.65 at U/U_ ., > 1.4 (see Table I).
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2. Scour around Drilling Platforms

In 1965, Breusers reported the results of a private study of

(17)

scour around drilling platforms He obtéined:‘

dSem =146 (21)

J.  MAZA AND SANCHEZ

Maza and Sanchez reported a study of local scour at bridge piers in
1964(79). They reviewed the literature available to them and found that
there were basically two different relations. The first of these was
proposed by Laursen and is given above. EssentiaT]y it was dSe = f(b,
H/b, pier shape, angle of attack). The second relationship is due to
Jaroslavtsiev, and can be formulated as dSe = f(Uz, H/bl, Uz/gbl, pier
shape, d50’ type of flow), where b1 represents the width of the pier
projected onto a plane perpendicular to the approach flow direction.
The restriction on Laursen's relationship is that it is valid only for
u> Ucrit.’ whereas Jafos]avtsiev's relationship is valid only for H/b >
1.5, and in addition d50 is included only if it exceeds 5 mm. In terms

of a design equation, Jaroslavtsiev's relation can be expressed as:

2
] T
de = Kekyla+ Ky) g 3 dg, IR (22)

Here KH is a function of H/b1 and decreases with increasing H/bl up to a

value of H/b, =5 (see Table IT). In the interval 1.5 < H/b, <6, the

y=7/4

relation can be approximated by KH = (H/bl The parameter a

1
varies from 0.6 for a pier in a main flow channel to 1.0 for a pier on a

flood plain. The term KU is a function of the pier Froude number Uz/gbl,
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and can be expressed as K, .0}53(U2/gb1)— 0.32 " 1he pier:shape
coefficient varies from Kf = 10 for circular piers to Kf = 12.4 for
rectangular piers. All units are in meters except for d50 which is in
millimeters.

Maza and Sanchez carried out a number of experiments and compared
their data to the two scour relations. They found that their data fitted
the relation of Jaroslavtsiey Quite well for values of H/b > 1.5. Ninety
percent of their data fell below Laursen's relation, and none exceeded

it. On the basis of their results, Maza and Sanchez prbposed a

modified version of Jaroslaytsiev's equation, in the form:

d . .3 d
“se _ U 59
5, - wow, - w0 e (23)

with d50 in millimeters and all other lengths in meters. The parameter
KHU is primarily a function of U2/gb1, and secondarily of H/bl’ but the
1étter has 1ittle influence except for values of'UZ/gbl < 0.10 (see
Figure 7). For purposes of design, Maza and Sanchez recommend that the
smaller of the values given by equation (23) and Laursen's relation,
equation (9), be used, with the restriction that equation (23) is valid
only for H/b1»> 1.5, and the term with d50 be fnc]uded only if

d50 > 5 mm.
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K.  SHEN et al.: COLORADO STATE UNIVERSITY

1. ‘Introduction

Since 1962, workers at Colorado State University, largely
under the direction of H.H. Shen and S.S. Karaki, under a contract with
the United States Bureau of Public Roads, have investigated the problem

of local bed scour at bridge piersclog’llo’lll’llz»113).

Experimental
work has involved the study of the variation of the depth of scour with
time, the dependence of the equilibrium depth of scour on the hydraulic
parameters, the yelocity patterns of the flow in and around the pier and
scour hole, and the effectiveness of various methods of reducing scour.
Theoretical work was aimed mainly at trying to understand the mechanics
of the local scour phenomenon, especially with respect to the vortex at
the pier base, and thus provide a conceptual framework for functionally
relating the equi]ibrium scour depth to the important hydraulic and

other parameters of the problem.

2. Description of the Mechanics of Local Scour

Shen, et. al. gave a preliminary description of the local scour

phenomenon, using a circular cylinder as a convenient examp]e(llo). Th

e
cylinder, by the pressure field it induces, apprehends the vorticity
normally present in the flow as it is swept towards the cylinder, and
concentrates it near its leading surface. This process can also be
described as vortex tubes collecting in front of the cylinder, and being
bent and stretched around the cylinder. This process reaches a state of

approximate equilibrium when the rate of dissipation of vorticity at the

boundaries (the cylinder surface and neighbouring bed) equals the rate at
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which vorticity enters the region.

The primary flow structure associated with this concentration of
vorticity is the horseshoe vortex or horizontal roller which forms at
the base of the pier, and it is the basic scouring agent. If the
adverse pressure gradient induced by the pier is sufficiently strong, it
causes separation of the three-dimensional boundary layer upstream of
the pier. This separated boundary layer rolls up to form the horseshoe
vortex system (see Figure 8). In addition, due to the mechanism
described by Moore and Masch (see above), a danward flow exists near
the cylinder leading surface.

The horseshoe vortex system is in general grossly unsteady, and can
include a secondary vortex in addition to the primary vortex. It is the
latter however which is mainly responsible for the scouring action.
Scouring begins when the shear stresses at the periphery of the primary
vortex reach the critical for sediment transport. Scouring is actually
initiated somewhat downstream of the leading edge of the cylinder, in the
region where the free stream velocity imposed dn the vortex action is
high.

‘Shen, et al. proposed a division of the local scour phenomenon into,
two basic cases: scour at blunt-nosed piers and scour at sharp-nosed
piers. A blunt-nosed pier is defined as one which induces an adverse
pressure gradient strong enough to cause the upstream boundary layer to
.separate and roll up to form the horseshoe vortex. A sharp-nosed pier is

defined as one which lacks this property.



28.

3. Theoretical Analysis

The theoretical treatment of the horseshoe vortex was done

mainly by A.T. Roper, and is outlined be]ow(llo’ll3).

Consider a contrel
volume (of small thickness) ABCD situated on the plane of symmétry‘
(stagnation plane)in front of a circular cylinder in a uniform, steady
flow in an open channel, as shown in Figure 9. The flow in this control
yolume is supposed to be two-dimensional.

The circulation, ', about the control voTume ABCD is defined to be:

r-='§\'/fa's‘ ..... (24)

where V = the total velocity vector, and ds = an infinitesimal element
of length along the boundary of ABCD. For the flow right at the solid .
boundaries AD and CD, the fno—s]ip" condition applies, ie. the flow
velocity there is zero. Therefore the product V - HE'along'these
boundaries is zero. Further, Roper specified that AB is far upstream of
the pier in the region where the flow is not affected by the presence of
the pier. Consequently, the vectors V and ds are at right angles to one
another, and their dot product is zero. This leaves only one term

remaining, and we get:

This simplification is possible regardless of the shape of the bed,
thus, expression (25) is yalid even if a large scour hole is present.
The right-hand-side of equation (25) can be evaluated if u is known along

BC. The latter requirement can be satisfied if BC is specified to be
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situated above. the region where the velocity varies with depth (the
shear layer), and also well below the free surface. The value of u
along BC is given by potential flow theory for flow around a circular

cylinder (with co-ordinates as shown in Figure 9) as:

W) = cu [1- | ... (26)
0 (a+x)2

where -u, = the free stream velocity at point B, and a = the cylinder
radius. Substituting this expression for u into the right-hand-side of

equation (25), and evaluating the integral, we get:

c [ X=6 )
J udx = I -u 1 - ] dx

2
B X= (a+x)
0o
. 2
=uX o o-u [a - a+xo] ..... (27)

Substituting this back into equation (25), and re-arranging:
' ax_

T = ux - U (28)

oo a+x o
o

If AB is specified to be far upstream of the pier, so that X, >>a,

then (a + xo) = X and:

ax
]

u = au
atx o} o
o

so that equation (28) becomes;

r = ux - au (29)



30.

Therefore, the net effect of the pier is to reduce the circulation by

an amount:

AT pier = -au_ L (30)

Roper assumed that the reduction in circulation due to the pier is
proportional to the strength'of the horseshoe vortex core. Roper further
assumed that the horseshoe yortex core rotates as a rigid body, and that
its strength can be represented by the term usAc where w is the angular
velocity, and Acthe area, of the vortex core. Expressing these

assumptions in the form of an equation:

au o QuAgcore ..... (31)

Roper argued that since flow separation is a viscous effect, the
kinematic viscosity of the fluid, v, was an important variable.
Incorporating this into equation (31), and replacing the pier radius, a,

by the pier diameter, b, a non-dimensional relation is obtained:

. .. bu
wA _ o .
- = f I=1 (32)

The term on the right-hand-side of the equation is the Reynolds number

based on the pier width, Rb’ so that:

‘wA.
== f IR . (33)

Now, since the horseshoe vortex is supposed to be the primary agent
causing scour, the depth of scour should be related to the strength of

the vortex core. Thus;

dg e = fRYL (34)
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where Rb = the pier Reynolds number, and dSe = the equilibrium depth of
scour below normal bed level.

This analysis implies that the pier actually reduces the vorticity
in the control volume. Further, the concentration of vortfcity in the
horseshoe vortex means that vorticity is reduced elsewhere. Such a
reduction is in fact observed in the region between the separation line
and the horseshoe yortex itself, where the flow is relatively quiescent.

4. Experimental Results

The experimental work carried out at Colorado State University
confirmed the findings of previous studies in that the shape of the scour
hole arouﬁd a blunt-nosed pier approximates the frustum of an inverted
cohe, with its sides at about the angle of repose, and that the maximum
depth occurs at the upsfream edge of the pier. For sharp-nosed piers
aligned with the flow direction, it was found that the haximum depth of
scour occurred at the downstream end of the pier.

A qualitative representafion of the flow patterns observed in the

0(109‘110). The velocity profiles are

scour hole is shown in Figure 1
proportional to the measured values. The dashed lines indicate the
‘dominant flow features, which are in general not fixed but unsteady in
nature. |

Shen and his co-workers examined all the data available to them from
the literature, but considered as useabfe only the data of Chabert and
Engeldinger, besides their own, as all other data were either incomplete

or were obtained from experimental arrangements and methods which

differed in their significant details. These other data were however
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used for purposes of comparison.

Shen plotted the useable data, for sands with dSO < 0.52 mm., in
terms of the equilibrium scour depth (long-term average value), degs
versus the pier Reynolds number, Rb,'as shown in Figure 11(113). vThis
plot produced the relation: -

_ 0.619
dse = 0.00073 Rb ..... (35)

which forms an approximate envelope for all the data. This relationship
is supported by the other data mentioned above.

The scatter of the data arises not only from the differences between
the various experimental arrangements and methods used, and. inherent errors
therin, but is due to the shortcoming§ of the analysis itself, as
enumerated by Shen in the fo]]owihg points.

(a) For a given pier geometry and sand size, the curve of dSe versus
Rb rises rapidly to some maximum, beyond which it falls off somewhat, as
shown in Figure 12.

(b) The curve described in (a) differs for each pier, as shown in
Figure 12. |

(¢) A differen£ sand size also gives a different curve; even if
the pier geometry is constant, as shown in Figure 13.

Shen et al. therefore recommended that equation (35) be used to
estimate the equilibrium depth of scour for the "clear-water" scour case
only. The result will be on the safe side. A cayeat was added, nhowever,
in that the laboratory results haye to be extrapolated several orders of
magnitude in order to apply to the much higher pier Reynolds numbers of

prototype conditions. For the case of scour where there is general
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bedload transport, Shen et al. recommended that either the relation

proposed by Breusers:

dSem = 1.40b e (21)

or the one of Larras:

- 0.75
degp = 1-42Kb R (11)

be used to determine the maximum equilibrium depth of scour below normal

bed level.

5. Reconciliation of Diyergent Concepts-

The pier Reynolds number relation (eduation 35) was further
analyzed, and it was found that by assuming a uniform flow relation of
the type:

U = K'H® E (36)
where K' and € are constants, equation (35) could be transformed to an

expression of a form similar to Laursen's equation (9), or an expression

of the form:

d _
_%S = C [F2 (%)3 1™ S, (37)

where C and m are constants, and F is the f]owAFroude number, U/vgh.
Shen therefore concluded that arguments about whether the depth of flow
or the average approach ve]ocity of the flow is more important are of no
great consequence, since the two parameters are related according to

equation (36)(110).
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6. Methods of Reducing Scour

Shen and his co-workers also carried out a number of experiments:
(apparently in the bed-load transport range only) to test various methods
of reducing the depth of Tocal scour around bridge piers, the results of
which can be summarized as follows:

(a) Sharp-nosed piers were made by fastening noses, of included
angie's = 15° and 8 = 30°, onto a standard rectangular pier. The
location, shape, and size of the scour hole were quite variable and no
vcorre]ation with any of the usual parameters was evident, except that
some of the variation seemed to be due to slight angles of attack
effected by bed forms near the nose of the pier. For somé runs, in which |
the upper regime plane-bed conditionvobtained, no scour at all occurred.

(b) Rectangular piers on a protruding, flat, pile-supported footing
situated beiow normal bed level afforded reductions of between 0% and 55%,
the higher values being achieved with higher velocities.

(c) vAn arrangement similar to (b) but with a vertical lip around
the edge of the footing yielded reductions of the order of 40%-50%. When
the footing and 1ip are situated low enough, the arrangement presumably
traps the horseshoe vortex and prevents it from affecting the erodible
bed.

(d) A rectangular pier with roughness elements attached to the
front did not give any signiffcant reductions in the scour depth; the
vortex system seems to be merely displaced slightly upstream. The
roughness elements may have been too close together to retard any down-

ward flow in front of the pier.
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(e) A cylinder of one-half the width of the rectangular pier was
placed in front of the latter, and a maximum reduction of about 60% was
achieved when the cylinder waé placed a distance of about two cylinder
diameters upstream of the rectangular pier.

(f) A cylinder split in the direction of flow (ie. half cylinders
separated by a distance of from 1/3 to 2/3 the cylinder radius) gave
reductfons of the order of 25% to 40%. It was obseryed that the horse-
shoe yortex, although still present, was weaker than for the solid

cylinder.

L.~ CARSTENS
Carstens attacked the local scour problem by separating the fluid, -
sediment, andvflow parameters from the geometric variab]es(zo). A
theoretical analysis of the forces acting on a typical bed particle,
assuming a negligibly thin boundary layer, yielded a ratio of disturbing

force, FM’ to retarding force, FR’ of :

. F
Fﬂ' = f (sediment particle geometry) N 2 e (38)
R s
where NS SR — , the “"sediment number." 1In the later, s = the
/(s-1)g dg

sediment specific gravity, and dg = the characteristic sediment grain

diameter. For the case of clear water scour (Q = 0), the rate of

s in

sediment transport out of the scour area, Q t» Was assumed to be a

s ou
function of the force ratio and the geometry of the situation. Thus a

non-dimensional sediment transport function was hypothesized:
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Qs out

~ 2 2,. d .
U—W;H;' = f[(NS - N ), E§_, obstruction geometry,
sediment particle geometryl — ..... (39)

where Ns = the scour hole width, L = a characteristic length of the
obstruction, NSC = the critical sediment number at which local scour is
initiated, u = a reference velocity, and dS = the scour depth below
normal bed level.

Approximating the scour hole shape at a circular cylinder of
diameter b by the frustum of an inverted cone of base diameter b and

side slope equal to the angle of repose, ¢, Carstens rewrites equation

(8) as:

_ d¥ T d
Uout = d& = Tand tan¢ + b, (ds) ..... (40)

Selecting the data of run 204 from Chabert and Engeldinger, and defining
= U, the average appfoach flow velocity, L = b, the pier diameter, and

NS =b + 2(ds/tan¢), Carstens constructs a plot of:

2 d A
s out/U(b tan@f d vs ds
. b 9
2 2y 5/2
(Ns - Nge )

the index 5/2 of the term (NS2 - NSCZ) having been obtained from
experiments of Le Feuvre, who studied sediment transport rates out of a

rigid-boundary depression in a closed conduit. This plot gave:

Qs out

- -5y 2 2v/2 s
1.3 107 (N2 ~ N P/ (5313 ..... (a1)

2 d
. U(b + d

fan@’



37.

Equation (41) can be substituted into (40}, and the result integrated,
to yield an expression for scour depth with time. This expression shows
that the scour depth increases continually with time, and although the

rate of increase decreases, an equilibrium scour depth is never attained.

M.  TANAKA AND YANO, AND THOMAS

1. Tanaka and Yano

Tanaka and Yano report a laboratory study involying the effect,
on local scour, of various deyices and modifications in conjunction with

a circular cy]inder(lle).

They considered that the horseshoe vortex is
generated by a combination of main flow separation upstream of the
cylinder and the secondary downward flow along the front of the
cylinder, and that the magnitude of local scour depended on the stréngth
and size of the vortex.

The experimental arrangement consisted of a 30 cm. wide flume, with
a bed sand of d50 = 0.4 mm. and a f]ow depth of 10 cm. Flow conditions
were arranged to just obtain slight ripples on the bed, and were the same
for all tests. The velocity diétribution was measured at the test
location and is shown in Figure 14. The basic.pier used was a circular
cylinder of 3 cm. diameier. The different types tested are listed below
and are also illustrated shcematically in Figure 15.

(a) Type I: a normal cylinder extending to aboye the water surface.

(b) Type II: a cylinder with a hole 1 cm. square or 2 cm. square

cut in the direction of the main flow.
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(c) Type IIT; a cylinder fitted with a circular disc of diameter

Bd = 9 cm., 12 cm., or 18 cm.

(d) Type IV: a cylinder submerged below the water surface.

(e} Type V: a cylinder floating above the normal bed surface.

The positions of the modifications of the type Il and type III piers,’
and the top of the type IV, and bottom of the type V piers, were varied.
The experimental results are summarized in Figure 16.

Tanaka and Yano noted that the effect of the discs was pronounced
only within the boundary layer (8 = 5 cm.), and that the size of the disc
(when placed at bed level] required to completely eliminate scour was of
the order of the boundary layer thickness. They therefore concluded
that the size of the vortex is related to the boundary layer thickness,
especially since the vortex is a boundary layer effect. Thus, they
argued that the effect of the pier modifications can be validly
represented in terms of an expression of the form:

scour hole size = f (%) ..... (42)

where h = the height of the modification above normal bed level, and & =
-the boundary layer thickness.

Tanaka and Yano considered the yertical downflow in front of the
pier to have little effect on local scour, for their experimental
conditions.

2. Thomas

Thomas reports a study of the effect of a disc fitted around a

I(lzaj'

circular cylinder, similar to Tanaka and Yano's type II He used

discs of 10 cm. and 15 cm. diameters around a 5 cm. diameter pier, placed
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in a flume 35.cm. wide. His results, shown in Figure 17, are not
strictly comparable because he used a scour depth equal to the arith-
metical average of the scour at the cylinder quarter points: front,
back, and two sides. Further, no information is given with respect to
the flow conditions, and the scour depth for the normal cylinder is not

stated.

N.  SCHNEIDER
Schneider, one of Shen's co-workers at Colorado State University,
recently completed a doctoral dissertation on the mechanics of local

scour (106).

In it, he gives a description of the mechanics of local
scour, based on the accumulated information of previous studies, as
well as an outline of the more important concepts and relations proposed
by previous investigators. His own theoretical work wés mainly directed
towards formulating a relation for local scour based on the sediment
continuity equation (equation (8)), and his experimental work consisted
1afge1y of‘determining sediment transport rates out of the scour hole.
Other considerations included the effect of constriction of the flow,
unsteadiness of the horseshoe vortex, design criteria, and safety
factors. | _

Making the same éssumption as Carstens with respéct to the scour
hole shape (see above}, but transforming the rate of change of scour hole

yolume to the rate at which solids are removed, an expression similar to

equation (40) is obtained;
) ﬂ(l*?\)pg dS . d
& = —mnr— lmas * b dgE @) . (43)
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where QS' = the rate at which the scour hole is deepened, in terms of
weight of solids remoyed per unit time, A = the void ratio of the
sediment in the scour hole, and o, = the sediment density. Equation (8)
can then be expressed as: \
v , .
dt a ‘-%)psg N Qs bos Qs out ~ Qs.in """ (44)
where QS out
(by weight), and QS'in = the time rate of sediment transport into the

= the time rate of sediment transport out of the scour hole

scour hole (by weight).
Schneider assumed that the value of Q; could be sufficiently well

described by an exponential decay function of the initial value, Qsi':

Q' = q, ' et/ I, (45)

S1

where t.=a time constant. Schneider further thought that Qs'in’
rather than have it vary with scour hole size, couid best be represented
by the constant value given by the rate of transport coming in across a
width equal to the pier width, ie. Q' .= 9% 0 b.  Equation (45) is
thus divided by the pier width and then substituted into equation (43),

which, when integrated, yields:

d d
2 + 3 (D7 tanp =x e L (46)
- 3Q i € tan2¢
where X = 5L < . As time becomes large (ie. t >> t_ ) equation

m(1-3)p 9 b>
(46) becomes:

- se

d4_ 3 3 2 |
(£ + 3 (B ot = x (47)

n
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This equation implies that for a given pier size and given sediment
characteristics, the equilibrium scour depth depends only on the time
constant and the initial rate of removal of sediment from the scour
hole. The time constant is determined by combining equations (47) and
(46) for t = t.» and was found to be the time required for the ratio
dS/dSe to reach a value from 0.796 to 0.858, depending on the relative
importance of dse/b and tan¢. The value of tC can thus be estimated

from dS versus t curves. Schneider decided to determine Qsi' by

measuring QS out

in the laboratory and relating the former to the latter
by means of equations (44) and (45). Since these measurements were made
for the initial flat-bed condition, the exponential time term reduces to
unity, and the value of tc is not required in order to obtain Qsi"
Values of Qslin were obtained from existing data for sediment transport

in flumes. -

hneider's measurements of
Schnei m rements QS out

yielded a relation:

Q.'.
Sb"“t - o.o754(u-uc)3 ..... (48)

where Uc = the average approach flow velocity at which local scour is
just initiated. This velocity was estimated to be equal to about 0.4
ft./sec., based on Knezevic'; data (see above). The data did not display
any systematic scatter with respect to sediment size, pier width, or .
position of sediment feeding deyice. Values of q's ip Were obseryed to
be about one order of magnitude lower than values of Q '  ./b (at the

initial flat-bed condition), for most flow conditions tested (ie. low

velocities]).
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The time constant tC was determined from data of Chabert and

Engeldinger, and Shen, g},‘él:,(llB)

and plotted as graphs of J/tC
versus U. Significant correlation with pier diameter is also evident,
although the influence of sediment size is not clear. A comparison of
measured values of t. with values calculated from the known data, using
equations (48), (44), (45), and (47), shows fair agreement, although a
definite scatter is evident for higher values of tc, with the calculated

values being mostly lower than the actual measured values. Predicted

scour depths based on the calculated values would thus tend to be greater

than those that would actually occur.

One of the more interesting results of Schneider's work involves the
well-known observation that in the region of scour with general bed-load
transport, the equilibrium scouf depth is independent of the velocity U
(see Figure 3). A constant scour depth implies a constant value of the
prbduct (QSiI . tc), by equation (46). However, it has been noted that
at initial conditions, at least for velocities of about two feet per

second or less, Q = Qslout’ since Qs'in'§ 10% of Q_' Thus

s out”’
(due to changes in velacity) are

si
i e egs .
changes in initial values of QS out
almost completely balanced by changes in tc’ and the actual incoming
sediment supply has only a small effect on the equilibrium scour depth.
The development of general sediment transport is thus not the true basis

for the flattening of the dS yersus U curye; rather, it seems to be

e
based on the mechanics of the yortex itself.
Schneider therefore proposed a separation of the local scour

phenomenon into two regions. The first region, where the equilibrium
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scour depth increases with velocity, he called the "yortex-bed-
interaction-limited depth of scour region?, since the equilibrium scour
depth is limited by thé shear stress that the vortex can exert on the
bed. The flat region of the curve he called the "vortex-mechanics-
limited depth of scour region", since the equilibrium scour depth is
1imited by the inherent inability of the vortex to penetrate below a
certain depth. The equilibrium scour depth in this latter region can be
affected somewhat by the incoming sediment transport. The two scour
regions are shown schematically in Figure 18. This finding modifies the

result of Chabert and Engeldinger as giyen in Figure 3.

0. COLEWAN
Coleman reports'the results of analyzing laboratory data of H.W.

pl2sl,

Shen and of himsel He obtained several groups of variables by

dimensional analysis, and then used the experimental data to obtain a
relationship between them. He gotan expression for equilibrium depth
of scour as follows:

2 1/10 '
d = 1.49 p%/10 (Y en.(49)
Se 29
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NOTES TO CHAPTER II

Timonoff(126] vefers to studies by Minard (1856) and Durand-Claye

(1873}, but cites no specific works for these.

(51}
(s1)

Reported in Karaki and Haynie

Reported in Karaki and Haynie Some presentation of this work

by Inglis can be found (inter alia) in Arunacha]am,(4) Chita]e(23),

Ing]is(azj, Joglekar(46) (121).

» and Thomas
This condition corresponds to the condition of "clear-water" scour
just below the threshold of general sediment transport, as outlined
by Laursen.

Sediment transport rates areiheré defined in terms of volume, in

.order to make the equation dimensionally homogeneous. Void ratios

would have to be allowed for.

 The term "clear-water" does not imply that visibility is good, but

indicates only that there is no transport of bed sediment.
Reported in Karaki and Haynie, ref. 191.

Median gréin diameter = d50 = the grain size such that 50% of the
material (by weight) is finer.

Reported by Shen, 23_213(113).

Reported by Shen, gﬁ_gl.(113), and Nei]1(83).

This idea had already been tested by Schneible, as reported in
Laursen and Tocthl).

Tison seems to haye been the first to suggest and test this

method. He understood the auxiliary pile to reduce the curvature

of the flow and thus reduce scour.



45.

CHAPTER IIT

THE MECHANICS OF LOCAL SCOUR

A.  INTRODUCTION

Thé purpose of this chapter is to arrive at an understanding of the
mechanics of local scour, based on observations and findings of previous
investigations and experiments as summarized in Chapter II, and on the
results of othér studies, notably those in the field of fluid dynamics.
Such an understanding should then proyide some basis for assessing the
validity of the various hypotheses and methods of analysis of the local

scour -phenomenon, and also suggest some guidelines for further study.
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B.  THE BASIC VORTEX MECHANISM

There can be 1ittle doubt that thebbasic mechanism of local scour is
the horizontal roller or vortex, shaped 1ike a horseshoe in plan, that
forms on the bed directly in front of a pier. This vortex, due to the
high velocity at which it rotates, exerts shear stresses on the bed that
are greater than the critical shear stress for transport of the bed-sand.
Consequently, bed sand is moved away from the pier, and a scour hole
develops.

The horseshoe yortex has been obseryed and reported by many

(93, 95) (59, 61)

inyestigators, including Posey , Laursen , Moore and Masch

(80), Maza and Sanchez(yg), Shen g};gl:(log’ 110, 113), Tanaka and Yano(llaz

and Schneider(106).

Shen, Schneider, and Tanaka and Yano in particular,
~have recognized the importance of the vortex, and in their analyses have
considered the vortex mechanism.

Any attempt to understand or explain local scour without taking into
account this basié vortex mechanism is doomed to fail from the very outset.
‘Thus, an approach like that of Tarapore (see section II. G above), which
is based on potential flow theory and a concept of the free Stream flow
diffusing into the scour hole, can never lead to a proper understanding of
the local scour phenomenon (although his experimental results remain

valid in themselyes). Similarly, the theoretical analyses of Tison and

Ishihara {section II. B) and Carstens (section II. L) are misleading.
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C. ORIGIN OF THE HORSESHOE VORTEX

1. Vorticity
Basically, the horseshoe vortex originates out of the vorticity
which is always present in shear f]ows; that is; flows in which a velocity
gradient exists;

. A shear flow may be visualized as consisting'of thin layers of f]uid,
with each layer moying at a slightly different velocity than the adjacent
layers. This differential movement results in the sliding or shearing of
adjacent layers oyer each other, and in so doing causes a rotation of the
fluid particles on the plane of sliding. Vorticity represents the rate of
rotation or the angular velocity of these fluid particfes.

A line qrawn through the fluid so that it everywhere corresponds to
the local axis of rotation of the fluid particles is called a vortex line.
CIf adgacent vortex lines are joined together to form a surface, the
result is a vortex tube. The fluid within this tube is called a vortex
tube or filament, or simply a vortex.

Mathematically, vorticity is a vector, and is expressed as:

§ = Uxv «...(50)

Expressed in terms of orthogonal components, this becomes:

oy dy

= z - R A
Q 5y 57 ....(51)
v oy "
szy = 33 - T ....(52)
) ) .9y . .
Q N A =X ....(53)
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A theorem (due‘to Helmholtz and Ke]Qin) states that for any given
vortex, the product of the vorticity and the cross-sectional area of the
vortex must remain constant. An important consequence of this theorem is
that vortex lines cannot begin or end anywhere within the fluid itself,
but must either form closed loops or terminate at the flow boundaries.
Another theorem states that vortex lines move with the fluid. An
excellent description of the characteristics of vorticity has been
presented by Lighthi11(71).

2. Vorticity in the Flow near a Cylinder

Consider the case of a uniform steady flow in an open channel,
past a vertical cylinder located in the middle of the channel, with the
x-direction in the direction of flow, the y-direction across the direction
of flow, and the z-direction along the vertical.

(a)  The Approach Flow

Consider first the approach flow upstream of the cylinder in the
central part of the channel, where neither the cylinder itself nor the
side walls have any effect (ie. a twb-dimensiona] flow). The velocity of
this flow has an x-component only (v X). Also, a velocity gradient exists
only in the vertical or z-direction, due to the frictional drag of the
bed of the channel. The total vorticity of the flow, as expressed by

equations 51 to.53, is therefore reduced to a single term:

Q = oy < | ....(54)
y pz

(

The vorticity appears in the flow as yortex tubes or filaments, with

axes of rotation aligned in the y-direction, all parallel to one another.
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The yvortex tubes are concentrated at the bottom of the flow, near the
bed, in the region where the velocity gradient is high. Since the flow
being considered is steady and_uniform; the distribution of the vorticity
within the flow (the vorticity field) does not change in the downstream
direction,‘and the_rate at which vorticity is being produced is just
equalled by the rate at which it is being dissipated.

(b)"Fioﬁ'hear tHeICylinder

As the flow from upstream approaches the cylinder it divides to
pass around it, and each vortex tube,'being carried downstream by the flow,
is stretched as the streamlines diverge. This stretching begins somewhat
upstream of the nose of the cylinder due to the cylinder-induced pressure
field (blunt-nosed cylinders inducing‘a stronger pressure field and thus
affecting the flow farther upstream, than sharp-nosed ones). This
stretching reduces the cross-section of each vortex tube so that the
vorticity increases.

As the flow passes around the cylinder, the vortex tubes are also
bent around the cylinder, and actually become trapped or caught in front
of the cylinder, since vortex tubes cannot be cut even by a sharp front.
Thus not only do the vortex tubes continue to stretch and increase in
vorticity, but new ones are constantly being added from upstream. This
process results in intense vorticity and vortex motion at the front and
sides of the cylinder. Howeyer, the vorticity does not increase without
limit, since viscous and turbulence effects cause the diffusion and
convection of vorticity to take p]ace(99'110),

The process of vorticity intensification by stretching and accumula-

tion, together with viscous and turbulence effects, accounts for the origin
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and formation of the horseshoe yortex system, and, as such, accounts
qualitatively for all scour at cylinder noses, since no other mechanism

exists for the transport of sediment in this region.

D. ° CHARACTERISTICS OF THE HORSESHOE VORTEX

1. Structure
The horseshoe vortex is not just a simple and solitary horizontal
vortex that forms at the nose of a cylinder or pier in open-channel flow,
but actually consists of a number of iinked vortices that operate together
to scour the bed around the pier.
Shen gg;gl:(llol obseryed a secondary "counter" yortex as shown in

(125) presents a photograph of an experiment by

Figures 8 and 10. Thwaites
Gregory and Walker, of a cylinder in a laminar boundary layer, which
shows at least three‘vortices. This has been sketched in Figure 19.
Rainbird ?E.?l; report the same structure as this, but with still another

(96), Roper(lol)

vortex upstream of the_other three reports three vortices,
as does Thwaites, above, although his proposed sequence of vortex formation
and shedding is in error.

‘2. Formation

The actual formation of the horseshoe vortex system occurs as

follows. The adverse pressure gradient generated by the cylinder causes
the approach flow to slow down and, due to the yelocity gradient in the
vertical direction, to acquire a downward component in front of the
cylinder. Qualitatively, this is the mechanism described by Bata

(section II. F) and Moore and Masch (section II. H), although their
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quantitative analyses, based on two-dimensional inyiscid flow, are not
valid. |

This downward flow in turn induces a flow in the upstream direction
along the bed in front of the pier nose, with subsequent flow separation
upstream of the pier. A large horizontal vortex is thus induced, which,
by viscous interaction with the boundaries and the approach flow, generates
yet other vortices.

Another way of describing what happens is to say that the adverse
pressure gradient induced by the pier causes the separation and ro]]ing?
up of the boundary layer in front of the pier to form the horseshoe vortex
system. The horseshoe yortex systém is thus also seen to be the area of
concentration of the vorticity present in the boundary layer of the

(125) and Bolcs(lé)

approach flow. This is'supported by Thwaites » who
both state that the horseshoe vortex system is constantly being replenish-
ed by fluid from upstream.

3. Strength

The action of local scour at a bridge pier can be divided into

two parts:

(a) the resistance of the channel bed to scour.

(b) the scouring strength or power of the vortex.
For non-cohesive material, the bed resistance depends only on the grain
characteristics of the bed sediment, and thus constitutes a minor part of
the éna]ysis. The major part in understanding local scour has to do with

discovering the factors that influence the vortex. Any procedure that

attempts to relate flow parameters directly to scour depth, without
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considering the intermediary role of the yortex, can at best give only
a partial understanding of the scouring process; even though it may .
yield a relationship valid for the conditions for which it was derived.
The works of Inglis, Blench, Varze]iotis,'Knezevic, Breusers, and
Coleman (see Chapter II) all fall into this category. |

The strength of the horseshoe'vortex system will be influenced by
the parameters that govern the generation of vorticity in the approach
flow, the concentration and distribution of yorticity around the pier,
the dissipation of vorticity at the flow boundaries, and its convection
downstream past the pier. These parameters, for the case of a single
pier in a wide channel, can be listed as follows:

(a) The average velocity of the approach flow.

(b) The velocity gradient of the approach flow.

(c) The pier geometry (size and shape).

(d) The scour hole geometry.

(e) The kinematic viscosity of the fluid.

The influences of most of these parameters on the maximum depth of
scour have been studied by previous investigators.

The influence of the approach flow velocity has been studied by

(60'61), and Chabert and Engeldinger

various researchers, notably Laursen
(see section II. E above).

The influence of pier size has been studied by most researchers in
the field. Again, Laursen is one of the chief contributors in this area,
having also studied the effect of the shape of the pier. Hawthorne(Bg)

has shown analytically that the shape of the pier is significant.
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The ‘scour hole geometry affects only the instantaneous vortex
strength, and not the final maximum scour depth; As scour progresses,
the scour hole becomes larger and.deeper, and the horseshoe vortex
system, expanding with the scour hole, becomes weaker. This process
continues until the yortex strength fa]Ts to a level such that the rate
of sediment transport out of the scour hole is just equal to the rate of
“sediment transport into the scour hole, and a limiting equilibrium depth

of scour is reached.
The kinematic viscosity of the fluid is of importance in the

generation and dissipation of yorticity and in determining the maghitude
of shear stresses in the flow. It is governed by the temperature of the
fluid. Shen g;;él, recorded the temperature in their test runs(lll) and
inc]uded viscosity as an implicit yariable in their analysis(llo).

With the exception of Tison (see following paragraph), the vertical
velocity gradient of the approach flow has, to the author's knowledge
never been explicitly studied in connection with local scour at bridge
piers., It must, however, have some influence, because it is important in
the generation of vorticity and the formation of the horseshoe vortex
system. Vinjé has suggested(136) that the velocity distribution of the
approach flow is important, as has Ahmad(z).

Tison did some experiments in which he varied the velocity distri-
bution by changing the bed roughness (see section II. B above). However
‘he did not recognize the horseshoe vortex mechanism, and his results have
qualitative value only. |

| Depth of flow has not been listed explicitly as a parameter influen-

L4

cing the vortex strength, because this is included in the velocity
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disfribution of the flow. Various researchers have studied the

influence of flow depth on the maximum depth of scour, Laursen again
being foremost among them. The overall result of these investigations is
that the depth of flow is not important except for small depths. This
suggests that the flow depth is not important except when it affects the
velocity profile in the boundary layer of the approach flow.

Shen et 'al. have attempted to derive an expression for the horseshoe
yortex strength based on the concept of vorticity (see section II. K
above). They postulated that two-dimensional flow analysis-is valid for
the flow in the plane of symmetry in front of the cylinder. However, this
must be considered as questionablé, since, as Johnson points out(so), this

plane of symmetry is entirely immersed in a three-dimensional flow field.

E.  SUGGESTED RESEARCH

From the foregoing discussion, it is evident that there has been
little investigation of the ipf]uence of the vertical velocity distribu-
tion of the approach flow on the mechanics of local scour, although a
definite connection can be shown to exist, from basic principles of fluid
dynamics. It was therefore decided to investigate this connection, in a

preliminary and qualitative way.
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CHAPTER IV

EXPERIMENTAL WORK

A.  PURPOSE AND SCOPE

The main purpose of the experimental work was to investigate, in a
preliminary and qualitative way, the influence of the velocity distribution
of the appfdach flow on the local scour around a cylinder, particularly
the horseshoe vortex system and the equilibrium scour depth.

The experiments consisted of observations and measurements of flow
velocities, scour depths, and flow patterns.

In these tests, the only parameters which were deliberately varied
were the velocity profile of the approach flow and the average flow
ve]ocity; The other parameters, such as sand size; pier size, pier shape

and so on; were held constant; except the flow depth, which varied
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slightly with the average flow velocity, and the water temperature which

varied from 56°F to 68°F.

B.  EQUIPMENT AND EXPERIMENTAL ARRANGEMENT

1. General Arrangement
The experimenta] work was carried out in a forty-foot-long steel
and glass flume in the Civil Engineering Hydraulics Laboratory at the
University of British Columbia. The flume was three feet deep and twb
and one-half feet wide, and consisted of basically three sections: - a
fifteen-foot steel approach section, a fifteen-foot giass-wa]]ed test
section, and a ten-foot steel end section (see Figure 20).

Inflows to the flume were provided by a recirculating system in which
water from a sump was pumbed up to a constant-head supply tank. Discharges
from the tank were controlled by a valve in the flume inlet line, and were
measured by a mercury manometer connected across an orifice plate located
upstream of the valve. The discharge calibration curve for the orifice
plate was obtained and checked using two large weighing tanks (20,000 1bs.
.each) in which the flume discharge, over a given time interval, could be
collected and weighed.

The water depth in the flume was regulated by an adjustable vertical
overflow gate at the downstream end of the flume;

In the approach section were placed two sets of double metal-grid
screens and a set of vanes to straighten the flow, as well as a platform

float to suppress waye action and surface disturbances.
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2. Sand Bed
A sand bed twelve inches deep was placed over the entire fifteen-

foot length of the glass-walled section of the flume. Bed transition
sections were constructed out of plywood and sheet metal to provide
smooth, gradual transitions between the flume bofiom and the surface of
the sand bed at each end (see figure 20). 1In this way the flow was
guided parallel to the sand bed without unnecessary and undesirable
turbulence.

The same ;and was used for a]].the tests, and had a grain size distri-
bution as shown in Figure 21. The median grain size was 0.215 mm. The

standard deviation o, defined by:

d d
_ 1 84 50
c = 3 (__.d + I ) ....(55)

50 16
was equal to 1.33.

The sand was obtained from stockpiles of material dredged froﬁ the
Fraser River, B.C. Occasional pebbles and fragments of wood had to be
screened out before placement in the flume.

3. Test Pier

- The pier used in the tests was a hollow circular cylinder of glear
plexiglass, of four inches outside diameter, which extended from the bottom
‘to the top bf the flume. The pier was positioned in the center of the flume
as shown in Figure 20, and midway between the two sides. Its bottom end
was preyented from shifting by sliding it onto a circular disc fixed to the

flume bottom. The top end fitted into a V-shaped notch in a board which
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was secured across the top of the flume, preventing movement of the pier
in the downstream direction. This arrangement also permitted rotation of
the pier.

The scour depth below local bed Tevel could be read at any time by
a scale, graduated in hundredths of a foot, which was attached to the
inside surface of the pier. A 150-watt floodlamp shining through the
glass wall of the flume was used to illuminate the scour hole area, and
facilitated reading of the scale.

4, Velocity-Distribution Control Gate

A velocity-distribution control gate was placed 2% feet upstream
of the nose of the pier. This gate consisted of spaced 3/8-inch-diameter
a]uminium rods extending horizqnta]]y across the flume, and secured at
. each end between two narrow aluminum bars, one of which had a rubbér
strip attached to its inside surface to prevent slippage. These bars
could be either tightened, to clamp the rods in place, or loosened, to
allow the spacing of the rods to be easily changed. Figure 22 shows a
view of the control gate from a pésition downstream of the pier (the
image of the gate is reflected by the glass walls of the flume). |

5. Current Flowmeter

Velocity measurements were made with an Armstrong-Whitworth
Miniature Current Flowmeter (Type 176/1). The measuring head, located at
the end of an 18-~inch probe, had a protective cage 1.5 cm. in diameter,
and basically consisted of a five-bladed plastic rotor mounted on a hard
stainless steel spindle. The spindle terminated in fine burnished conical

pivots which ran in jewels mounted in an open steel frame. The pivots and
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jewels were shrouded to reduce the possibility of foﬁling. The
revolutions of the rotor were counted on three Dekatron counters over a
periodvof 8.33 seconds. The count was displayed for 6.67 seconds, and
1.67.seconds were required after that for a new count to begin. The
velocity was read from a calibration curve which related the count to the
local flow velocity. _

A traversing mechanism enaB]ed the measuring head to be positioned
anywhere in the flow.

Since the flowmeter required a conducting liquid in order to
function properly, a small amount of sodium silicate solution was added
td the 1abofatory water supply. |

6;‘ Dye Injector

A simple dye injector was made by bending the lower four inches
of a section of thin glass tubing at right angles to the main stem to form
a horizontal leg. This leg was then stretched at the tip, using a
Buntzen burner, to form a fine nozzle. The nozzle could be positioned
anywhere in the flow, and aligned in any direction, by a simple

traversing mechanism built out of wood.

C. EXPERIMENTAL METHODS AND PROCEDURES

1. Starting-up
With the_}lume initially dry, the sand bed was carefully
levelled. Then, with the desired depth set by the vertical overflow
gate at the end of the flume, the flume was slowly filled from both ends

so that the sand bed would not be disturbed. The flume inlet valve was
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then'opened rapidly to the desired discharge, and the stop-watch started.
This procedure resulted in a rapid but smooth rise to the desired
discharge; and did not produce any irregular disturbing waves.

2. Generation of Vertical Velocity Profiles

Different vertical velocity profiles were generated by the
velocity-distribution control gate, by varying the number and spacing of
the individual bars of the gate. The gate setting for each velocity
profile used fn the test runs was determined in pre]imfnary tests by
trial and error.

The velocity-distribution control gate was located 2% feet upstream
of the front face of the test pie;. This distance was selected as a
compromise between two conflicting considerations. On the one hand, the
“gate had to be placed far enough upstream so that the 1qca1 disturbance
in the flow, caused by the individual bars of the gate, would be
dissipated, and, on the other hand, the gate had to be p1aced‘near‘enough
S0 that_the velocity profile created by the gate would not decay
apbreciab]y before it reached the pier.

The head drop across the gate was quite small, being of the order of
a hundredth of a foot or less.

3. Velocity Measurements

Velocity measurements were made with the Armstrong-Whitworth
Miniature Current Flowmeter. Its calibration was carefully checked with
a miniature Ott propeller meter which had just been factory-calibrated.

A1l velacity measurements were made on the centerline of the flume. In
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general, measurements were made at 0.05-foot intervals vertically oyer
the entire depth, except that the measurement nearest the bed was made
0.02 feet above the bed. Each measurement consisted of taking the
average of five consecutive readings of the flowmeter, each reading itself
being integrated over 8.33 seconds, with 8.33 seconds elapsing between
each reading, as described in Section B.5 above.

A horizontal traverse across the flume two feet upstream of the pier
was made to determine the ﬁorizonta] ve]ocity profile. |

In Qenerél, for each test, the vertical velocity profile was measured
in the first hour or so of the test run, at a distance of 1.5 feet upstream
of the pier face. After all the test runs had.been completed and the pier
removed, the velocity profile for each test series was measured at the
location of the pier centerline in order to check the stability of the
profile.

4. Flow Patterns

Flow patterns in the scour hole and around the pier were studied
with the aid of dye, which was introduced into the flow at the desired
location with the dye injector. The discharge of the dye was controlled
so that it did not disturb the flow.

The flow patterns so observed were recorded by making on-the-spot
freéhand sketches. Photographs of the flow patterns wefe not made,
partly due to oversight on the part of the author in the early stages of

the work, and partly due to technical diff{culties which arose subsequently.



62.

5. Scour Hole Deve]opmeﬁt and Equilibrium Depth of Scour
The depth of scour below the bed level could be measured at any
time‘by the graduated scale attached to the insidé of the pier (which
could be rotated in any directioni; Scour depths were recorded for each
test run; at regular intervals, so that the scour‘ho]e development with
time, of different tests, could be compared.

Each reported test run was continued until there was no longer any
increase of scour depth with time, and this final scour depth was taken
to be the equilibrium scour depth for the conditions of that test run.

As the scour hole deyeloped, it was observed that occasional
coarser particles were left behind in the scour hole to produce an
armouring effect. When this occurred, the flow was momentarily stopped
and the offending particles carefully removed.

The yisibility in the test arrangement permitted a comp]ete]j
unobstructed view of the scouring process. The motion of the individual
sand grains out of the scour hole was especially noted, and sketches were

made to record these observations.
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CHAPTER V -
EXPERIMENTAL RESULTS

'GENERAL

The experimental results consist of the following data:

- Observations of scour depth at periodic intervals during the
development of the scour hole, and the final equilibrium scour depth,
for each of various average velocities and vertical velocity
distributions of the approach flow.

Observétions of the development of the scour hole, the scouring -
process,’and the motion of the individual sand grains in and out of
the scour hole,

Observations of the vortex patterns in the scour hole for yarious
stages of scour hole deyelopment.

These results are described and discussed below.
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B.  APPROACH FLOW VELOCITY PROFILES

Eight different vertical velocity profiles were tested: series 1,
2-A, 2-B, 2-C, 2—D; 3; 4; and 5. Series I was tested at three different
ayerage velocities; series 3 and 4 were each tested at two different
average velocities. Series 2-A was tested three different times at the
same avefage velocity. The velocity profiles for all the tests are shown
in Figures 23 to 27, inclusive.

There was some unsteadiness inherent in the appreach flow. Repeated-
- velocity measurements with the Armstrong-Whitworth flow meter at any one
spot in the flow usually gaye velocity variations of two or three per eent,
and somefimes as much as five per cent, especially near the bed.

The velocity profiles of series 1 were the ones which occurred
‘naturally in the fiume without the yelocity-distribution control gate,
while the profiles of the other seven test series were artificially
generated by the gate. All of the profiles generated by the gate tended
to decay into the natural profile of Series 1. It was not possible to
test very steep velocity gradients, as these were difficult to generate,
and moreover they decayed too rapidly while approaching the pier.-

Figure 28 shows the stability of the natural profile of series 1-A.

' The profile was measured at a location 1.5 feet upstream of the pier (with
the pier in place), and then at the pier center-line (with the pier
removed). The greatest difference between the two measurements is about
five per cent, which is within the range of unsteadiness of the approach

flow,
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Figure 29 shows the extent of the decay of the profile of series
2-A3, from 1.5 feet upstream of the pier, to the location of the pier
 center-line. The shift towards the natural (series 1) velocity profile
is quite evident, and is representative of the behaviour.of the other
yvelocity profiles tested. This instability preveﬁted any quéntitative
analysis of the influence of the approach flow velocity gradient from
beihg carried out. |

The experiments wére designed to run within the "clear-water" scour
range - ie. scour with no sediment transport of the sand bed in general
(see above, section II. D]. This was done so that the development of
the scour hole and the final equilibrium value of the scour depth would
not be obscured by general sediment transport with ripples or dunes
moving fhrough the scour hole. It also simplified the experimental
procedure. Therefore, the average velocities used for the various tests
weré all 1ess than the critical velocity for general sediment transport

crit.)'
The critical velocity for general sediment transport was determined

of the sand bed (U
to be about 0.90 ft/sec. At this velocity, small ripples started to form
on the sand bed of the flume. The actual velocities used in the experi-

ments varied from 0.65 ft./sec. to 0.89 ft./sec.

C. EQUILIBRIUM SCOUR DEPTH

1. ‘Introduction

The equilibrium scour depth, dse‘ is defined as the scour depth

at which, for given conditions of pier and channel geometry and flow
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conditions, the rate of sediment transport out of the scour hole equals
the rate of sediment transport into the scour ho]e; In the case of
fc]ear-waterf scour; both of these transport terms equal zero for the
equilibrium condition.

For each test run, the depth of scour was measured at regular
intervals, starting from the begfnning of each test at t = 0, until there
was no longer any increase of scour depth with time. This final value
was taken to be the equi]ibrfum scour depth, dse‘ The time at which this
depth was first reached is called toar The scour depth measurements have
been plotted in Figures 30 to 35, inclusive.

Occasionally, larger particles would become uncovered in the scour
hole as it deepened. When this happened the flow was momentarily stopped
~and the larger particles weré carefully removed to prevent armouring.
These occasions show up as uneyen segments in the plots of scour depth
versus time.

A comprehensive summary of the test data is given in Table III.

2. Results

The accuracy of the results is indicated by the results for the
three different runs of series 2-A (see Figures 24 and 31). Within the
limits of accuracy of the measuring equipment used, the flow conditions
for these runs were all the same. The resulting equilibrium scour depths,
however,, were measured to be 0.32, 0.36, and 0.38 feet, a variation of -
about 5 per cent. The‘inherent experimental error is therefore considered

to be at least 5 per cent.
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A comparison of the results for the yarious yertical yelocity

profiles and range of ayerage flow yelocities, tested, leads to the

following observations;

(a) For any given velocity profile, dse" increases with increasing

(b]

(c)

(d)

average flow velocity. This is clearly demonstrated by the results
fbr series 1, 3, and 4. In each of these series, a higher average
flow velocity resulted in a larger equilibrium scour depth.

The velocity of the lower part of the flow, near the bed, is more

important, in determining d then the velocity of the upper part

se’
of the flow. Series 3-B and 4-A both had an average flow velocity
of 0.77 ft./sec., and series 3-A had an average flow velocity of
0.85 ft./sec., yet the equilibrium scour depth for series 4-A was
greater than that for either series 3-A or 3-B. This is because

the velocity of the lower part of the flow was greater in series 4-A
than in either of series 3-A or 3-B, eyen though these last two had
higher flow yelocities in the upper part of‘the flow (Figure 26).
For similar vertical velocity profiles, the equilibrium scour depth
decreases with decreasing velocities in the lower part of the flow.

This is evident from the results of series 2. There was a continuous

reduction in dse as the yelocities in the lower parts of the flow

4 decreased, from series 2-A to 2-D.

The equilibrium scour depth tends to increase with an increase in
the vertical yelocity gradient. This is not a direct obseryation but
is implied by the test results of series 5 and 1-C, and series 1-A

and 2—A;
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Series 5 and series 1-C had about the same yalue of dse (within the
limits of accuracy of the experiment); Howeyer, series 5 had a
higher flow velocity near the bed; which; based on the previous
observations, should have resulted i; a larger value of dse‘ The
additional factor which needs to be considered is the velocity
gradient (the rate of change of velocity with depth) of the approach
flow, especially in the Tower part of the flow. For series 5, this
yelocity gradient was practically zero except right at the bed,
whereas in series 1-C, there was a definite velocity gradient up to
0.30 ft. aboye the bed. This lack of velocity gradient in the Tower
part of the flow in series 5 counter-acted the increase in velocity,
resulting in no net change in the equilibrium scour depth.

A similar effect was obseryed with series 1-A and 2-A. Again, the
equilibrium depth of scour was about the same for both series, even
though in series 2-A the velocity of the lower bart of the flow was
Tower. HSwever, the effect of this Tower velocity was counter-acted.
by the greater velocity gradient of series 2-A, resulting in the same

equilibrium scour depth as for series 1-A.

(e) The flow aboye a‘height above the equal to one pier diameter (0;33 ff)
has some influence on the equilibrium depth of scour. For series 3-A
and 4-B, the flow Ve]ocitiés up to a height of approximately 0.33 ft.
above the bed were about the same. Above this height, however, the
flow velocity for series 3-A was»greater, and the velocity gradient
was greater. This was reflected in an equilibrium scour depth which

was 0.05 ft. larger (0.21 ft.) than that of series 4-B (0.16 ft.).
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3. Comparison With Resu]ts:of'Otherév

The flow conditions for series 1-A (undisturbed velocity profile,

U=U ') were probably closer to the flow conditions of experiments

crit.
done by previous investigators; than those for any of the other test
series feported herein; The data for series 1-A are therefore used in
the following selected equations as proposed by different researchers in
the past. The equilibrium scour depth for series 1-A was 0.37 ft. below
normal bed 1eve1;
The symbols used in the following equations are defined in Chapter
[I where they first appear and in the List of Symbols.
(a) ‘Laursen (see section II. D)
Laufsen proposed a design curve for conditions of general sediment

- transport, which for a circular pier is given by:

d 0.
se _ H
+ = 13

For the conditions of series 1-A, this gives:

3

~

d 2.01b

se

0.67 ft.

This result is rather high. A check of Laursen's test data showed that
he only used flow depths in the range 0.2 ft. to 0.9 ft., with flow
velocities from 1;00 ft./sec. to 2.50 ft./sec.(6l).with these flow
conditions, the velocity probably varied throughout the entire depth of
flow (ie. boundary layer thickens = depth of flow], and Laursen's results
cannot be expected to hold for flow conditions where the flow depth is

considerably larger than the boundary layer thickness.
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(b) Tarapore (see section II. G)
Tarapore found that the flow depth had no appreciable influence
on dse beyond a value of H = 1;15 b. He proposed; for the case of a
circular pier with a large flow depth, and conditions of general sediment
transport: |

dSem = 1.35b

For the conditions of series 1-A, this giyes:

dsem = 0.45 ft.

(c) ‘Breusers (see section II. I)
Breusers reported the results of two studies:
(i) Model study of the piers of the bridge across the
Oosterschelde: Table I shows, for

Uu=1U = 0.81 ft./sec.(b = 0.36 ft., H = 1.64 ft):

crit.

dse

For»the conditions of series 1-A, this gives:

1.25 b

dSe = 0.42 ft.

(ii) Private study of scour éround drj]]ing platforms:

dsem = 1.4b

For the conditions of series 1-A, this gives:

dSem = 0.47 ft.

(d) Maza and-Sanchez (see section II. J)

Maza and Sanchez proposed a modified form of an equation by

Jaroslaytsiev, for the region of "clear-water" scour, subject to the

condition that H > 1.5 b:
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-dse-~= ¢ K -:UZI‘ _..3Id50
B 0 K% Gl - e
For the conditions of series J—A; this gives:

dse

0.85 b
©0.28 ft.

(e] ‘Larras (see section IT. EJ
Based on field data and the data of Chabert and Engeldinger,
Larras suggested a design equation:

= 3/4
dsem = 1.42 b

For the conditions of series 1-A, this gives:

dSem = 0.62 ft.

This result is rather-high. This is because Larras' equation
is dimensionally non-homogeneous; for small pier diameters it will predict
scour depths that are too large, and for large pier diameters, it will
predict scour depths that are too small. ’
(f) Shen et al. (see section II. K)
Shen and his co-workers at Colorado State University obtained
the relation:

_ 0.619
d,, = .00073 (R,)

For the conditions of series 1-A, Rb = 2.53 x 104, wnich gives:

-dSe = 0.39 ft.

(g) Coleman (see section II. 0}
Co]eman proposed the following relation for the equilibrium

depth of scour:
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For the conditions of series 1-A,
(w%/2g110% = (0.0122)Y/10 - 0.644, which gives:

dSe = 0.35 ft.

The equatiors oflnglis, Blench, and Varzeliotis were not used.
These equations apply to natural channels flowing at regime depths, and
thus could not be applied to the flume experiments reported hére, in which

flow depths were fixed arbitrarily.

D.  VORTEX PATTERNS AND SCOUR HOLE DEVELOPMENT

1. The Horseshoe Vortex System

The structure of the horseshoe vortex system, which forms the
basic mechanism of local scour around a cylinder, is shown in Figure 36.
" This pattern was observed for test series 2-C, before the start of scour,
at an average approach-f]ow‘velocity of 0.30 ft./sec.

Vortex 1 is the main or primary vortex, and it does most of the work
involved in the scouring process. It has been observed by investigators
in the field of fluid dynamics as well as investigators who spacifically"
studied the local.scour phenomenon (see Chapters II and III).

Vortices Z(a) and 2(b) are secondary vortices which are much weaker
than the primary vortex. They are deriyed mostly from the interaction of
the primary vortex with the rest of the flow and the flow boundaries.
These secondary yortices haye been observed by Shen'g;_‘gl:(los)(see also
Figures 8 and 10), and by various investigators in the field of fluid

dynamics(94’99’123l.
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Vortex 3, has, to the author's knowledge, not been reported
preyiously in the Titerature. It”was observed by the author on different
occasions for different test series; and for different stages of scour
hole development; This vortex, although undoubtedly influenced by the
primary vortex, nevertheless does not derive its energy from it, but is
maintained by the incoming flow from a level just above that which feeds
the primary vortex.

The whole yortex system is const;ntly being fed by the incoming flow
from upstream. It is quite unstable, and the individual vortices are
repeatedly swept away and being reformed. The turbulence generally present
in the approach flow is probably the main factor in this.

2. Scour Hole Development: Beginning of Scour

The development of the scour hole with time is indicated by the
plots of Figures 30 to 35. In these figures, the plotted scour depth is
the dépth (below normal bed level) of the deepest part of the scour hole
at the time of measurement. |

Scour of the bed around the pier was observed to begin at symmetric-
ally-located points on both sides of the pier about 30° from the front
center of the pier face. The shear stresses on the bed are apparently
greatest at these spots, due to the superposition of the two-dimensional
free-stream flow on the horseshoe yortex action. These two scour spots
were observed to increase in size until they met at the front centre of
the pier. This occurred within the first minute of the test for almost

all the test series. However, the 30°- points still remained the points
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of deepest scour for some time - until the scour hole had developed to
such a size‘that the depth all around the front part of the pier,
including the 30° - points, was the same.

A.sketch 6f the vortex pattern and scour hole at the beginning of
1ts development, for test series 1-A, is shown in Figure 37. The stage
of scour shown is for time t = 12 minutes. The depth of scour at the
front center of the pier at this stage was 0.12 ft. below bed level, as
shown, whereas the maximum scour depth, at the 30° - points, was 0.15 ft.

The action of each yortex was observed to be quite distinct: vortex
1 scoured out the main part of the scour hole, while vortex 3 scoured the
bed area right at the pier face.

The length of time required for the scour hole around the front of
the pier to develop to a uniform depth must depend at least part]y on the
relative strengths of vortices 1 and 3, which in turn'debend on the shape
of the yelocity profile of the flow approaching the pier (see Section 3
below). This is demonstrated by the test results for series 1 and 2
(the only series for which scour depths at both 0° and 30° were measured).
The time required for the scour hole to develop to a uniform depth for
the series 1 tests was about two hours, while the time required for this
in the series 2 tests varied among the individual tests from 6 minutes to
30 minutes.

The development of scour at the 30° - points, and at the front

center of the pier, is shown graphically for series 1-A, in Figure 38.
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The plan-view vortex pattern is shown in Figure 39, for test series
2-C at time t = 20 minutes; The horseshoe yortices, which haye horizontal
axes, are swept around the cylinder by the main flow. The domain of the
main vortex is between the two dashed lines on the figure, while the
~domain of vortex 3 is between the dashed line nearest the pier and the
pier itself. |

Thé two-dimensional yortices shed from the sides of the pier due to
the action of the free stream flow around the pier, superimpose themselves
on vortex 3, and cause strong bursts of turbulent eddying which carry
sediment for a considerable distance downstream along the wake.

3. Approach Flow Velocity Profile and Vortex Structure

The connection between the approach flow vertical velocity profile
_and the étructure 6f the horseshoe vortex system is illustrated in Fiqures
40 and 41. A scour hole was developed by a. flow of U = 0.85 ft./sec., to
a depth of dS = 0.20 ft. The flow was then slowed to U = 0.45 ft./sec. to
observe the vortex patterns. The approach flow velocity profile is
plotted on the right hand side of the figure. |

Dyé was tarefu]]y injected into the flow just upstream of the scour
hole at various leyels above the bed, in the p]éne of symmetry of the

experimental arrangement. It was observed that each indiyidual vortex .
within the vortex system was maintained by or deriyed ffom a specific flow
leyel within the boundary layer (ie. within the depth range in which the

flow velocity varied).
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The boundary layer thickness of the obseryed flow was about 0.30 ft.,
as shown in Figure 40. From the bed up to a height of about 0.04 ft.,
the flow was very slow and went mostly into a very weak, type 2(b) vortex.
From 0.04 ft. to 0.15 ft., most of the flow went into the primary vortex,
with occasional surges into type 2(a) and type 3 yortices. From 0.15 ft.
to 0.22 ft., most of the flow went into vortex 3, with some going into
yortex 2(a), and occasionally into the main vortex. From 0.22 ft. to
0.29 ft., the flow went into vortex 3. Above a level of 0.29 ft. no‘flow‘
was obseryed moving down tewards the vortex system. This level corresponds
approximately with the leyel at which the velocity of the approach flow
becomes constant. The above observations are combined in a sketch in
Figure 41.

4. Transport out of the Scour Hole

The transport of sand out of the scour hole was observed for
various test series. The sand travels in basically two steps. First,
sand is moved along the slope of the scour ho]e‘to points A and B as shown
in Figure 42. Points A and B mark the locations of two "lines" or
"avenues" of sediment transport out of the hole and downstream, which lie
approximately at right angles to the slope. |

Three vortices are active in moving the sand towards points A and B.
Vortex 1 moves sand up the slope of the scour hole to point A. Vortex

2(a) moves sand down the slope, also to point A. Vortex 3 moves sand right

into the pier face to point B. Vortex 2(b) is too weak to haye any effect,
and the sand in this area simply slides down towards point A by the action

of gravity.
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Transport line A is located along the outside edge of vortex 1 (see
Figure 39], and line B is located right along the surface of the pier.
These lines are quite narrow at the front bf the scour hole, but widen
towards the rear.

The average slope of the scour hole was measured several times (see
for example Figure 41} and was found to be 30°. However, as can be seen
ffom the figures; the slope of the scour hole is not gonstant. The
steepest part of the slope is right under the main vortex, and is
partially maintained by the shear stresses exerted by the vortex. When
the flow is stopped, this part of the slope slumps down.

Seyeral photos of the fu]]y—deve]oped scour hole are shown in

Figures 43 and 44.
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CHAPTER VI

SUMMARY: AND CONCLUSIONS

A.  PREVIOUS INVESTIGATIONS

‘ | The reported study of local bed scour af bridge piers goes .back over
thé last eighty years or so. During this time, diffefent investigators
tried to understand how scour of an e;odible bed at a bridge pier or
other flow obstruction occurred, and,;oh the basis of their various ideas
and concepts; tried to estéb]ish re]étﬁonships bétween the depth of Tocal

scour and the other parameters of the‘problem,.usua11y by conducting
experiments on scale models in a hydraulic laboratory.
The parameters that were shown by these experiments to be most

important, can be divided into two groups - the parameters describing the
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pier geometry, and the parameteys describing the flow conditions.

The pier geometry is adequately described by two parameters. The
most important one is the pier size, expressed as the pier width, or
diameter; b. The second parameter is the pier shape, and is usually
expreésed as a constant coefficient and applied as a direct factor in
scour equations.

There are two main flow parameters which the various investigators
have found to be important. These are the flow velocity and the flow
depth. However, there is not universal agreement as to their relative
importance. Some investigators, especially Laursen, stressed the
importance qf the flow depth, while discounting the flow velocity. Others,
such as Shen et al., stressed the flow velocity as being more important.

The relative importance of these two flow parameters depends on the
regime of flow which is being considered. For a flow regime in which
there is no general transport of bed sediment, the flow velocity has a
definite effect on the equilibrium depth of scour, dse’ However, this
effect decreases rapidly once conditions of general sediment transport
are established (see Figures 3 and 18). If the flow regime is such that
the flow depth is smé]], and the velocity profile of the boundary layer
is affected by changes in flow depth, then the equilibrium depth of scour
will be affected also. However, if the depth of flow is large, and the

boundary layer yelocity profile is fully deyeloped, then variations in

flow depth will not affect the equilibrium depth of scour. This conclusion

is implied by the findings of Tarapore (p.20, above), Breusers (p. 23,
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above), and Maza and Sanchez (p. 25, above).

For any given pier in an erodible bed, the equilibrium depth of
scour (dse) increases with flow depth and flow velocity, only up to a
certain limiting value. Increasing.the flow depths and velocities beyond
this point will no longer éffect the depth of-scour. This limiting
yalue is known as the maximum equilibrium depth of scour (dsem)’ and is
governed only by the pier size and shape. This has been implicitly
recognized by a number of investigators who have proposed relationships

for maximum equilibrium scour depth (d

‘sem) based on]y on pier size and

shape (eg. Tarapore, Breusers).

B. ~ MECHANISM OF LOCAL SCOUR

The basic mechanism of local scour is the horseshoe vortex. The
horseshoe vortex is formed by the a;tion of the pier in apprehending the
vorticity normally present in the flow, and concentrating it near the
bed at the pier nose. The pier induces an adverse pressure gradient in
the flow, which causes it to acquire a downward component in front of the
pier. This in turn causes separation of the boundary layer in front of
the pier, which then rolls up to form a large vortex with a horizontal
axis and shaped Tike a horseshoe in plan. Interaction of this vortex with
the boundaries and the approach flow generates yet other vortices, S0 that
a system of linked yortices deyelops. This is called the horseshoe vortex
system.

Any attempt to understand or explain local scour without considering
the basic vortex mechanism cannot succeed. Thus, the analyses of Tison,
Ishihara, Tarapore; and Carstens, do more to confuse the situation than
they do to explain it; although their experimental results are valid in

themselves,
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C. EXPERIMENTAL RESULTS

1. Introduction

A consideration of the factors that influence the strength of
the horseshoe vortex led to the decision to investigate the effect of the
vertical velocity distribution of the approach flow on the equilibrium
depth of scour, and on the horseshoe vortex flow patterns. Experiments
were tHerefore carried out to do this. A flow regime with a large depth
of flow, and flow velocities below the critical for the beéinning of

general sediment transport, were used.

2. 'Equilibrium Depth of Scour

The main results of the experiments on the equilibrium depth of
scour can be summarized as follows.

(a) The equilibrium depth of scour increases with increasing

average approach flow velocity, for the range of flow velocities

used.

(b) The equilibrium depth of scour depends more on the velocity

of the lower part of the flow than on the velocity of the upper

part of the flow.

(c] The equilibrium depth of scour increases with an increase in

the gradient of the vertical yelocity profile of the approaCh

flow. _

The equilibrium depth of scour obtained for an undisturbed yelocity.

profile at an average yelocity slightly less than the critical velocity

“required for the beginning of general sediment transport (series 1-A), was
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equal to 0.37 ft. (1.12 b]. This yalue was compared to scour depths

calculated from various equations proposed by preyious investigators.
 The equations of Laursen (équation 10) and Larras (equation 11}

gave very high values for the equilibrium scour depth, and were considered

to be inapplicable, for the reasons stated in Chapter V. Equations of

Tarapore and Breusers, for the maximum equilibrium depth of scour, dsem
are also inapplicable, since these were derived for the most severe flow
conditions possible, with a state of general sediment transport, and
would include the effect of such faétors as dune troughs passing through
the scour hole.

The remaining équations, of Breusers, Maza and Sanchez, Shen et al.,
and Coleman, gave values for dse of 0.42 ft., 0.28 ft., 0.39 ft., and

0.35 ft., respectively. These four equations give an average of 0.36 ft.,

which compares well with the 0.37 ft. actually obtained.

3. Horseshoe Vortex Flow Patterns

The main results of the observations of flow patterns in the
horseshoe vortex system are as follows.

a) The horseshoe vortex system is a gystem of linked vortices,

and is made up of a primary vortex (voftex 1), several secondary

vorfices (vortices 2(a) and 2(b)), and a tertiary vortex (vortex |

3). This tertiary yortex has not been reported before.

b) The work of moying the sand grains out of the scour hole is

doné'mainly by the primary vortex; the secondary vortices do very
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Tittle work. Vortex 3 scours the region of the bed right next

to the pier face,

c¢) The whole yortex system is continually being fed by the
incoming flow from upstream. Approach flow turbulence is
therefore reflected in the alternate collapse and reformation of

the indiyidual vortices.

d) Each indiyidual yortex within the horseshoe vortex system
is derived from and maintained by a specific flow level within
the bouhdary layer, and the flow over the entire thickness of

the boundary layer is used to supply the horseshoe vortex system.

D.  RECOMMENDATIONS

1. Predicting Scour Depths

The present state of knowledge and understanding of local scour
at bridge piers is such that, in general, the scour depth for a given pier
geometry and flow regime cannot be predicted with confidence.

More experimental work has been done with circular cylindrical piers
than with any other type. However, even for these, the only relationship
that has been established with any confidence is the relationship for the

maximum depth of scour, d This .seems to be adequately defined by

sem’
Breusers' equation, d_,. =1.4D (equation 21).
For particular flow conditions, pier geometries, and bed sediment char-

acteristics be safely predicted only on the basis of hydraulic laboratory
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studies in which actual prototype conditions are accurately reproduced .
on a small scale. Further, models of several different scales should be
tested to check for scale effects. The experimental work reported

here indicates_that the vertical velocity distribution should also be
considgred as one of the flow characteristics that need to be properly
scaled; .

2. Further Research

The following areas are suggested as particularly in need of
further research and inyestigation.

(a) Experimental data covering a broad range of vertical velocity

distributions needs to be obtained, so that the influence of this

 flow parameter can be quantitati%ely determined.

(b) The effect of the depth of flow on the vertical velocity

gradient, and thus on the equilibrium scour depth, should be

inyestigated further.

(c] Preyious experimental data should be reviewed in the light

of the observed effects of the vertical velocity gradient of the

approach flow.
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THE VARIATION OF EQUILIBRIUM SCOUR DEPTH WITH

TABLE 1

AVERAGE VELOCITY, FOR DIFFERENT PIER DIAMETERS {CIRCULAR PIER)

AND DIFFERENT BED SEDIMENTS, AS REPORTED BY BREUSERS

. Pier Flow Bed Sediment Critical Velocity Velocity Scour - Max. Scour
Diameter{ Depth d50 for Sediment Ratio Depth Depth Ratio
b H . Type transport U Ratio
(cm.) (em.) (mm.) u d sem
crit. U it se 5
(cm/sec.) crit. B
0.8 1.1
. t 1.0 1.25
11 . 50 sand | 0.2 25 1.2 1.4 1.5
: 1.4 1.5
1.6 1.5
0.8 1.3
1.0 1.4
5 25 sand 0.2 25 1.2 1.5 1.6
’ 1.4 1.6
1.6 1.6
. 1.0 1.5
11 50 poly- 1.2 1.7
.styrene 1.5 9 1.4 1.65 1.7
1.6 1.65
21 50 poly-
styrene 1.5 9 1.0 1.5
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TABLE II

VALUES OF THE COEFFICIENT KH USED IN

THE EQUATION OF JAROSLAVTSIEV

y

Flow Depth :
Ratio H/b 6 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0 6.0 8.0
Coefficient Ky .92 .67 .46 .31 .22 .15 .10 .08 .05 .05 .05

" 66



TABLE III

SUMMARY OF SCOUR EXPERIMENTS

Test Pier: circular cylinder, dia. b = 0.33 ft. Bed Sand: d., =0.215mm., U . ~=0.90 ft./sec.
et | huerese | Gl | Tweto | e )y | e |y | dater
Series U dse t H crit. SF?.
ft./sec. ft. se ft.
min. :
1-A 0.89 0.37 720 1.26 3.8 1.12 0.99 63
1-8 0.85 0.33 690 1.24 3.7 1.00 0.95 58
1-C 0.77 0.31 1260 1.20 3.6 0.94 0.86 63
2-A1 0.85 0.37 1170 1.24 3.7 1.12 0.95 68
2-A2 0.85 0.36 1440 1.24 3.7 1.09 0.95 62
2-A3 0.85 0.38 1470 1.24 3.7 | 1.15 | 0.95 61
2-B 0.85 0.35 1320 1.24 3.7 1.06 0.95 65
2-C 0.85 0.31 1200 1.24 3.7 0.94 0.95 63
2-D 0.85 0.28 960 1.24 3.7 0.85 0.95 60
3-A 0.85 0.21 240 1.24 3.7 0.64 0.95 56
3-B 0.77 0.18 300 1.20 3.6 0.55 0.86 58
4-A 0.77 0.30 810 1.20 3.6 0.91 0.86 61
4-B 0.65 0.16 180 1.12 3.4 0.48 0.72 62
5 0.79 0.30 720 1.20 3.6 0.91 0.88 62
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Figure .1l. Representation of curvature of the flow near an
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Figure 19. Sketch of the vortex structure on the plane of symmetry in

front of a circular cylinder in a laminar boundary layer,

from a photograph of an experiment of Gregory and Walker,

published in Thwaites(lzs).
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Figure 22. View of velocity-control gate from a
position downstream of the pier (gate
is reflected in glass walls on either
side).
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36. Vortex pattern, flat bed with low flow velocity.
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The partially developed scour hole was formed by

a flow of U = 0.85 ft./sec. and H = 1.24 ft. to a | Approach flous :
depth d = 0.20 ft. The flow was then slowed to
s . , He foo /2.
U = 0.45 ft./sec. to observe vortex patterns. : o= 04,///‘%‘
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Figure 40. . Vortex patterns; partly developed scour hole; showing dependence of

the individual vortices on the vertical velocity profile of the

approach flow.
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Figure

42,

Scour hole development, showing motion

of sand grains.
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Figure 43.

(b) looking upstream

Views of fully-developed scour hole:
(a) looking downstream; (b) looking

upstream.
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Figure 44, View of fully-developed scour hole,

looking diagonaly upstream.



