THE TECHNIGUES OF SCALING FOR
HYDRAUL.IC PHYSICAL MODELING
by Chern, Yi-ChingX

(Introduction) ,

In oivil enginesring, hydeaulic modeling has contedbob-
ed significiently to design of hydrawlic structuwe, river
raegulation  and even basic research. Hydraulic model tests
are particularly wseful in the study of cooplex  F1ow
phenomana  for which no completely satisfactory analysis  is
avallable. The basic idea of modeling refers to the
possibility of investigating phenomena accuwrately by  using
relatively simple equipment and devices and by devohing
comparatively little time and money. '

When enginesrs design bydeawlio structuress, thiree wavs
are commonly approacheds by theorys by experiencey o by

testing the proper oodel studies. Owing to lack of
@Xperisance ir different conditions and theoretical

identification for hydraulic design, the experimental work
on scale mocdeling is still the most efficient, and somnetimss
the anly, msthod of solving the nonuniform and unsteady +1ow
praoblems (Novak % Calbelbka, 1981). Bl though  somstimnes
Mvdradlic modeling is rather routine and no special skill is
demanded, " ohydraulic modeling is still more of an art bhan
a soience " (Shen, 1978).

Although hvdraulic physical modeling is an old scienca,
it is also important today. Now there are probably hundreeds,
it not thowusands, of hydeaulic models tests being conducted
each year by various goveromental agenocies, wniversities,
rasearch institubtes and private laboratories all over the
warld., However there are also many difficalties in smodeling
baing necsssary for ressarchers to solve not only in theory
faat aleso in practice.

Although physical  modeling is & good way to help

i

ressarchers  to  analyze the complex flow  phanomensa i
hydranlic enginesring, it nesds accurate and efdficient

scaling  technigques to eliminate the errors in modeling to
get & perfect result and acouwrately simulate the prototype.

(Rasic theory of dimensions) ,

The realm of mechanics consists of a wvariety ot
concepts such as energy, force, velooity, density, eto..
Howevear, those quantities can be defined by means of  only
three bazic independent entities-— length, time, and mass,
i,

[al= (L, T, M= TN

A dimensional guantity, Lal, encountered in mechanios
i said to be:
(1) a geometric quantity i+ =0 j B=0 3 ¥=0
0y Y=

(2 a kinematic guantity if &=0 5 B=
(%) a dynamic guantity if =0 3 )

1
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I all the exponents are zero, i.e. dsB=y=0, then the unit
of quantity, [al, is refered to as a dinmensionless guantity
(Yalin, 1971 & Shen, 1278).

The possibility of the formation of a dimensionless
pawar  product out of the quantities La 1, Fayl, and Lagz ]
Maving the dimensions

La, 1 = LYTAMY
[a,] = LTAM
[a;] = LOTAMD
depends on whether the determinant
4 B
&= | gl P-"— )
s Bs I3
I+ & = 0, then the formation of a dimensionless power
product is possible, &and thus the dimensions of Lacl, [ay,l.
and [a; 1 are dependent. Conversely,it & # 0, +then the

dimensions of L[a l,0a,l, and [az;l are independent. The
dimensions of guantities wsed in hydraulics are listed in
Table 1.

Table 1. (Yalin, 1971)

0
b
1
.3
1

-2

ﬁmxﬁﬁgm

(Dimensional analysis)

There are two common methods for dimensional analysis.
The first one is Rayleigh®s method. In 1899, Lord Reylsigh
maoe AN ingeniouws application of the principle o
dimensional homogeneity and in his method, the quantities
having different dimensions are combined as the product  of
powaers of the independent guantities. '

The other method is Buckingham®s theorem{Buckingham,
19214). This theorem allows wus teo conclude that in  any
physical problem involving n variables in which there are k.
dimensions, the variables can be rearranged into n-k
dimensionless parameters, as

f (A, ALgecuy Ap ) = 0
thern, with k dimensions involved, it will be
f (AN 3 TTanenay Tha ) = O .

Those two methods are not too difficult, howaver, tha

most diffcult is to describe how to select the variables

which are relevant to any particular phenomenon. It is dus
to the extremely wvaried natwe of Fluid system and
complexity of flow phenomana. Gharp (1981) swuagested some

guidelines Ffor solving thie difficulity in very general
Larms., 7
(1) Fres surface flow are mostly a gravity phenomenon for
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. which gravitational acceleration is important.

(2) If the flow is completely turbulent,viscous influence
may be important and the coefficient of dynamic vis-
casity should be included.

3 Burface tension forces are normally very small  and
generally are important only if the phenomenon under
consideration is also small.

(4) Compressibility effects are usuwally negligble in
model of water phenomena, except in case such as
waterhammer .

(Rasic theory of similarity)

Birnce the dimensionless quantities remain the same in
all systems of fundamental wnits, the dimensionless
quantities will not change i+ the system of fundemental
uridts LYy T and M by which they are exwpressed is replaced
by a different system of wunits L, T" and ™M", i.e.
transformation formulaes, thus

LY = A'LL‘:.

T = )LTT'.-

M" = AMM,
whiere the proportionality tactor X . A7 » and Xy are somne
arbitary constant. This property means that the laws

governing mechanical phenomena would ramain exactly the same
if the units L7y, T7, and M° were to become X , Ay« and Jy
times different.  There are three basic similarity svstems,
ie6a
(1) geometrically similar system: }ww L™ 2L
(2) kinematically similar systems 2 = L"/L%; 5= T"/T°
3 dynamically similar system: = L"/L"3 Ap= TU/T"g
A= MU/
In hydraulic physical modeling, the system 8% will be
identified with the nature phenomenon or  the prototvps,
while the system 8" will be identified with its model.
Geometric sinilarity requires the shape of the model to
bhe the same as that of the prototype. Tt i=s achieved by
making sure that esach length of the prototyps is redouced by
a constant facter called the scale.
tinmematic similarity reguires that the shape of the

streamline at any particular time is same in model and

prototype. For  these to be the same at the boundaries of
the +fluid system, it de obviouwus that the boundaries
themsel ves must be similar and thus it can be ssen  that
geomeatelc gimilarity is a prersguisite orf Einematic

similarity.

However ,those similarities are not swfficient to ensure
that the motion of the fluid in model and protobtype will be
similar. Movemnent is caused by the action of forces. The
relationship beltween motion and force reguires that the
force action in the model must be in the same direction as
in the prototype. Furthermore, because it is the resultant
of  a number of forces which cawse motion, the polygorn of
forces acting on a partical of fluid in the model must be
geometrically similar to the eguivalent prototype force
polyvogon. This leads to the basic reguirement for dyvnamic
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similarity, namely that the ratio of any two forces acting
in  the model must be equal to the corresponding force ratio
in the prototype.

(Similitude analysis)

There are two basic approaches to similitude analysis
which apply the similarity theory in  the derivation of
function equations.

The first method makes uwse of the Buckingham v theorem
to predict the necessary number of dimensionless parameters.
These parameters are listed below in Table 2.

Table 2. (Bharp, 1981)
STANDARD DIMENSIONLESS PRODUCTS RELEVANT TO FLUID

MECHANICS}

Name Format Comment

Froude number W(gL)y‘ May also be defined as the square of this
quantity. Relevant to gravity forces

Reynolds number VL/|v Relevant to viscous force action

Weber number " W(plLla)h May also be defined as the square of this
quantity. Refers to the action of surface
tension forces ‘

Euler number Apl(pV?) Also expressed as I/ [(2ap/p)®”. Important
when pressure forces exist. Ap = pressure
difference

Cauchy number oV K Relevant to system where compressibility is
important. K = bulk modulus of fluid

Mach number viC Refers to compressibility effects — high-
speed flow. C = local velocity of sound wave
in fluid

Richardson number  gp'/p(V')? Relevant in cases where fluids mix or interact.

o' and V' represent vertical density and
) velocity gradients, i.e. 3p/aH and aV/[2H
Froude- Reynolds gl H M o Combined gravity and viscous effects.

number
Thoma number (p,-py)/(,-p,) A form of cavitation parameter. p, and p,

are absolute pressures on the low- and high-
pressure sides of a hydraulic machine. p is
the vapour pressure of the liquid

tExcept where noted the notation is as used in the main text.

The alternative method of analysis is generally  less
applicable but valuable in certain specific circumstances.
In the case where the dependent variable is a force, it is
possiblle to wite a dimensionally homogensous equation  in
which every term has dimension of force, @€.q.
Fd=9‘t(r—“i, Fas, Fv )
which on expansion to dimensionless relationship, is
Fd/pl*Vv* = @ « v/ gL . VL/¥Y )

e e VHJ@E is froude number and VL/Y is Revnolds nimber,
In most hydraulic physical modeling, viscosity forcel Fv ),
aravitational {forced! Fg ) . and internal forced Fi ) are
relevant  so that some form of Froude number  and Reynolds
number must be important., Gravitational +orce is present in
maiority of fluid system, therefore, the flow through and
aver most hydraulic structures is affected by gravity.
However, viscous force are inportant whenever the flow  is
not fully turbulent or where flow ocours around a submerged
ooy .

The Froude number and Reynolds number - are  the most
useful  parameters for hydrawlic physical moodeling. Those
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who make similitude analysis should put them in mind.

{(Scaling a hydraulic model)

The Ffundamental scale for any hydraulic model is  the
geomnstric scaley; that is the ratio of some length in  the
model  to  the corresponding length in the prototype. Thyes
choice of a suitable geometric scale depends on the type of
fluid system which is to be studied and on the space
available to build a oodel

Orce. the scale of  the model has  been fixed, the
Freguirements for dynamic similarity may be used to determine
obther mnodel scales. These are needed in order to operate
the model so that it will be dynamically similar to  the
prototype  and so that measurements made in the model may be
wsed to determine prototype values,

The composition of invariant numbers is not restricted
to the ratio of two gquantities, but several quantities mav
also  be combined into an invariant group. The dinvariant
groups  more  commonly  used will be derived subseguently,
starting From the "Newbton number". Under Newton® s second
merk i or 1 aw, ) :

Fo=ma- where m is mass and a is acceleration
this sguation can be assumed by the form,
F nka?Vz wher e is densitv,l. is length and
Vois velooity
By using dynamic similarity,

Fm/Fp = xp = N where N is Newbton number,
a dimensionless invariant guantity
rearranging terms so that quantities relating to one system

should figure on the same side of bthe eguation
Fm/PmLm va = Fp/PpLp” Vp== N

Applving to  the force of gravity, Fg = mg = L? Gy the
rearrangment of terms yields the "Froude number. Since

the term of
PoLm® g/Pmlm Vi~ = PplLp® o/Pple Vp*
carn be simplified as
Vm*/glm = Vp*/glp = Fr { this is also a dimensionless
invariant guantity )

The Newton nunber can be used also for deriving  the
Revraolds number, by taking into consideration the visoous
force Fv = adW/dyvd which can be changed form as Fv ﬂ‘PQUKLUL
(4 ig kinematic viscosity ). Therefore, the terms

PovaVolmn/Pmlm™ Vm* = PpypVplLp/Pplp* Vp>
can be simplitied as

VmLm/9m = Vplp/yYp = Re
and the Reynolds number  is obtained.

Al thouwgh secaling criteria vary depending  on the
particular model lTaw, the procadure used to generate these
scales dose not change. It is, therefore, sufficient to
demonshtrate this procedure  wsing the two invariant

gquantities most appropriate to hydraulic models, i.e. Frowde
numbar and Reynolds number.
(1) When gravity forces are important, it has bean shown
that the Froude number,in some form, nust be the same
in model and prototype, i.e. me(ng#; = Vp/(ng)é

[0
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Assuming that the gravitational accleration is cong—
tant over the swface of the earth, rearrangment of
above eguations gives the velocity sacle,

V/Vp = (Lm/Lp)’-‘L where Lnlp is the geometric

scale

In  the same way, other scales may be derived by
transforming the Froudian reguirement into different
forms, like that 8 (discharge! is proportional to the
product of velocity and area, so V = 0/L>substituting
in equation of Froude similarity, Gm/@p = (wo/lp 4
Transformation to take account of time is made using

Ve IL/T, so  that Tm/Tp = (Lm/lp s For force sacle,
LUE L Mg @quutxun F{pL as the basis of similarity,
Fm/PmLm* Vm* = Fp/PpLp* Vp* so that

Fm/Fp = (Pm/Pp) (Lm/Lp?Y (Vm/Vp)»
Aessuming  that  the model and prototype are cpégated
with the same ¥1u1d.tnw =R ard Vin/ me(Lm/lp) it
lead to Fm/Fp = (Lm/LpY.

(2) Broeles +or model, involving viaoouws forces  are
dependant  in  exactly the same manner  as  Frowude
gimilarity but are based on the fundamental reguice—
ment for Reynolds similarity.

VinL.m/ym = VplLp/vp o

Vn/Vp = (vm/vp) (Lp/Lm) ‘
Following the method as  in  Frouwde similarity, the
discharge, time and force sacles may be caloulated as

Gm/Bp = ¥m/vp) (Lm/Lp)

Tm/Tp (ym/vp) (Lm/Lp)

Fm/Fp (Pm/Pp) (Ym/ypr ;
Most hydraulic models are concerned primarily with
gravitational effects. Viscous forces,if relevant, are
often handled by combining the model results with
some  empirical analvytical work, Howeaver , Vi SCOUS
scaling is of importance in models which deal  with
fluids other than water and in cases such as  the
testing of submarines where gravity effects are
absent.

i

(Distortion in modeling)

In a river fixed-bed model, it oust be more comples
because friction is of obviouws importance in determining the
movement of water along the channel. Thus, in addition to
the gravitational force simulation required; it is necescary
also ensure similarity of the frictional forces. Commonly a
river model might be designed to investigete some problem
aover a reach of several kilometers in which depths are no
meye than a few meter. Theretore, a distorted scale is
MECESHAFY . '

Flow in  open channel ocouwrs under the influence of
gravitavional forces and Ffrictional forces, i.e. under

Froude similarity and Revnolds similarity. This is drag
force, Fd = Fg+Fv, influences the the flow. However, at

high Reynolds number, drag force ( or head loss ) is
independent of Reynolds number and drag force is dominated
by form drag.
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Similarity of friction resistence will be ensured
provided the model and prototype both obey the same
resistence law. The Manning®s equation is praobably  most
widely used : a

V = 1/n R°6% where n is Manning®s coefficient
I the same law applied to model and prototype 3

Vm/Vp = (np/nm) (Rm/Rp)% (Sm/Sp
and under Froudian similarity, Vm/Vp={Lm/Lp) as mentioned in
previous section, so that ‘

nm/np = ‘:t_m/l..p}‘éz (I{m/Hpﬂ’ where K is roughness

height

Under narmal condition, the roughness value in prototyvpe is
much  smaller, however, aftter the similarity of the above
eqgquation, the roughness value in model should be auch  more
gsmal ler than that in prototype. It should be impossible and
much  difficult to gimulate the rouwghness in model. In  the
same  time, we also have some difficulties to construct  a

moclel . Firstly, there is a problem of measuwrenent of depth
and velocity which is very small in  model. Secondly, the
flow is rough tuwbulent in prototype. However , atter the

gimulation, the +low in model will not be rough turbulent.
Therefore, the distorted scale model will bhe a good way
to aovercome all these difficulties. Under distorted model,
the slope scale will be
Sm/8p = (Ym/Yp)/ (Xm/Xp) = e
50, the equation of Manning™s roughness will be changed to
nm/np = (Ym/YpYt &4
These changes solve all the problems discussed sarlier. lUses
of a larger depth scale increase model depth, velocity and
rouwghness val ue, This promotes turbulence and, at the same
time, facilitates measuwwremants.
The obther point which we have to notice is to calibrate
madel by  running it at a discharge which simulates a

protol ype discharge Jfor which surface profiles hawve
previously been recorded. Especially, from reach to reach,

Manning®s n will not be constant, therefore, we have to
calibrate the rouwghness by  angular pebbles, wire mesh,
vartical pegs or some obher method to increase or decreasie
the roughness in the channel of model and by trial —and-error
to abtain the corrFect resistence.

The principle of choosing an ideal distorted sacle of a
model is that the model shouwld be as large as economically
possible  and the horizontal scale would normally be chosen
o this basis. Roughness, turbulence and accuracy of depth
measurenant  in the model depend on the vertical scale which
must be chosen to satisfy these criteria.

The mobile-bed mocie] certainly has the HAME
difficulties as mentioned in fixed-bed model. Therefore, the
distorted scale should be necessary also in the mobile-bed

moctel . But, the consideration of distorted scales will be
more  complex  in the mobile—bed model than those in the
fived-bed model. Einstein and Chien (1954) had discussed
some  principles about the consideration of distorted river
moda]l  with movable beds. In their studies, several

distortions were contemplated.
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(1) I+ the ratioc of hoarizontal lengths Ly is independent

; of hr, the model is vertically distorted.

(2) I+ the grain-size ratio Dr is different than both Lr
and Hry, a third length scale is introduced and with
it a second distortion. ' ’

{5y I+ the slope ratio 8- is chosen independently of Lr
and hr,the model is assumed to be tilted in addition
to other distortions.

4y I+ the ratio of effective densities of the sedi-
ment, (Pu-Pflr, is assumed to be different than the
ratio of the fluid densities, Pfr, which is unity,
there is a fouwrth distortion.

(5 A Fifth distortion is introduced if tir, the
fydraulic—-time ratioc for the time values involved in
the determination of velocities and sediment rates,
ig chosen differently from t2¢, the sedimentation-
time ratio of durations for incividual 1 ow
condition, indicating the speed at which f1ow-
duration curve are duplicated.

(&) A sixth distortion is a result of the inpossibility
of obtaining suspended-load rates in a model in the
S AME sral e at which the bed-load rates are
reproduced; that i, the bed-load-rate qgr is
different from the total-load-rate grr.

(7 A seventh distortion permits the ratio of settling
velocities of corresponding grains, Vse, to be
different than the ratio of corresponding +1ow
velocities,

(B8caling errors)

The model acales are based on  their particuler
requirement for dynamic similarity. Most are developed from
the Froude number or Reynolds number. Howsever, fluid svstems
are dnvariably subject to a number of force actions and it
i not always possible to meet simultaneously all  the
criteria for full physical similarity. For example, if the
same fluid is wesed in model and prototype, it is  not
possible to satisfy both Froude and Reynolds number criteria
at the same timea.

Vm/Vp = (Lm/l..p)“i based on Froude number
Vm/Vp Lp/Lm based on Reynolds number
therefore, with a geonstric scale of 17100 Froudian
similarity requires a velocity scale of 1710 whereas visocous
gimilarity reguires a velocity scale of 100/1. There ara
different scale guantities listed below betwsen the Froude
number and Reynolds number in Table 3.
CTable 3. (Ivicsics, 1980

Froude number Reynoldsnumber

Quantity
basis

Length A A
Area . A2 a?
Yolume A® A?
Time A%rS A?
Velocity A% b
Acceleration 1 A-?
Fozce A? 1



I+ other Fforce actions are  considered, othear,
different,sets of scales would be obtained. These variations
in the scaling oriteria show the general impracticability of
constructing a model which is to model the prototyvpe on the
basis of scale chosen to suit the dominant force action and
to allow the other forces to out-of-scale. This results in
arrors known as "scale errors®,

In  the other way, scale errors may also be caused hy
building and operating the model in such a way that forces
which are unimportant in prototype become important in  the
model .  The model is considerably smaller than prototype and
it ds  dinevitable that viscous and surface tension forces
will become proportionately greater as the size of the fluid
svaten is reduced. Thie cannot be corrected but it is
possible, by avoiding an excessively small model, to ensure
that these forces do not becoms of undue important .

The scale errors Decoms @ven mors conspicious when. the
processes considered, are more involved and call for  the
similtansous observation of different criteria controlled by
several  variables. Unfortunately, during the solution of
many practical probhlems, & great number of hydromechanical
phenomena  are encountered, the characteristice of which
would require the application of several modesl laws. It is
for this reason that the theory of modeling often +ail to
offer gquidance towards the solution of the more complesx
problems and proves thus wseless in the very case where the
complerity of the problem would call mostly for a firm
theorstical foundation. '

{The methods of eliminating scaling errors)

As  mentioned in previous section, scale errors may be
amall and negligible; but, under certain condition for other
non—dominant  forces are important and not negligible, the
geale  errors will induce the inacocuracy for  simulating  in
modeling.  The author will discuss some methods to eliminate
or to avold those errors.

(1) The wvelocity scales derived from Froude number and

Reynolds number are different. )

Vm/Vp == (Lm/Lp)'K derived +rom Froude numbers

Vm/Vp = Lm/Lp derived from Reynolds number

and assumeing vms=vp

It shows, for example, that if models are tested in
water ( ym/9p=1.0 ) at a scale of 1/346&, the model
velocity should be 1/6 times than the expected pro-
totype velocitys however, if the viscosity effects
are important and we shouwld consider the Reynolds
gimilarity, the model velocity should be %é& times
greater than the expected prototype velocity. It is
unreasonable and impractical. I+ we wish the con-
gideration of both similarities can be reachesd, we
can deal with fluids other than water in the modsl.
The changing of model fluid viscosity will make &
consistency in bmtq Frroude and Reynolds similarity.

Vm/Vp = (La/LpY = (¥ym/op) (Lp/Lm)  then

Yn/9p = (Lm/Lp¥

il
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(i)

(43

Therefore, we can choose proper fluid for model to
matoch  the equation above and to get & consistenoy
of Froude and Revnolds similarity. Hometimeas,  we
can  ctest the model in a wind tunnel when the ratio
of kinematic viscosities betwesn air and water iw
considerably less than 1.0
In some cases, we can simulate one dominant  force
directly in model and evaluate the other forces in-
directly to get results. For example, drag force in
the modsl, Fd, has viscouws, Fv, and gravitabional ,
Fg. components @ Fd = Fv + Fg.
The gravitational component is reproduced corretly
in the model bhubt the viscouws force is oubt-of-scale.
Thus, it is not possible to determing the prototvpe
drrag force directly. Instead the viscous component
of the model drag must be calcoculated and substract-
ed from the measwed drag to give the gravitational
camponant. We can use the equation as below  to
determine the gravitational component of the peroe
totype darg force.

(Fglp = (Fg)m(Lp/LmP hased on Froude similarity
The prototype viscous comporent can then be  oal-
cul ated and added to the gravitational conpoanent to
give the total prototype drag. This method is based
on a seml-empirical basis using equations devel oped
from experiments to determine the frictional +tarce
caused by flow past very thin flat plates to ocal-
culate the viscous component. These calculabtions
canpensate for the scale errors induaced by sanning
the model to simulate only one of the twn relevant
forces.
The other way which Eisner F. swuggested is appli-
cation of several models constructed to different
scal es., The phenomenon under consideration is re-
produced in each modeli; then, the characteristic
quantities are measwed and the results are pro-
cessed graphically or numerically to find the ooe-
responding guantities of the full-size phenomanon

by Textrapolation". We can build a model under
the Froude similarity consideration and anobther
model under the Reynolds similarity consideration.

Then, by comparing and extrapolation methbod to find
the corresponding relationship of results  bebwsen
those two models, we can get a better simulation of
prototype. Howsver, this method has some  dis-
advantages. The construction fee of many models to
different scales are too edpensive, while massure-
mants and observations are too time  Cconsuming.
Moreover, the sxpsrimental points for & ocurve
pernitting extrapolation, if too less, may be nob
enough accuwrate  to make the reliabhlity of the
extrapolation value be poor.

The Fourth method to eliminate scale srrors is  to
develope some new nodel laws combining the major
dominamt model laws,like Froude number and Revnolds
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number. @ Starting from this principle, several new
invariants ‘have been developed with the object of
abtaining  better anderstanding with the help  of
models on other physical phenomena. In this section
there are two new model laws are discusseds:

(Conclusions)
The beginning of researching a hvdrawlic phenomanon  is
based on some basic theories of dimensions, then by means of

cdimensional analysis, Like Rayleigh's met o amel
Buckingham®s n theorem, we can investigate the relationship
of gaveral physical guantities to combine into SN
invariants,  like Froude number and Reyvnolds nunber. Those

are the basic principles for  the scaling a hydraulic model.

The most uwseful parameters for scaling a hydraulic
model are the Froude number and Reyvnolds number. Those are
the basic similarities +or the model being dynamically
gimilar to the prototype. For certain conditions, we should

chicoss the dominate paramsetser but Ffor some  kind o
conditions, like that the gravity forces and viscous forcess
are  Both  important,  the gcaling errors will be occwre
because of the inconsistence of those fwo paramsters in one
mode] . However, we ocan use different fluid of different
viscosity in model and in prototvpe to reach the consistenos

of Frouwde similarity and Feyvnolds similarity. The method of
davelop & @ new oodel law o combine the principle dominate
model laws is also a good way to eliminate scaling errors,

Considering the conditions that ths model may be  too
large under undistorted scale for the economic consideration
o that the vertical dimension is too small Lo measuwre the
vaeloncity and depth in thes model, the distorted scale model
should be necessary, especially in river model  or  tidal
estuary model.

The scaling techniguss are the keyvs to the sucocess of
models. The determination of scales for a model is right or
not will  influence the accowracy of the simulation to  thae
prototype. Therefore, we should choose a best scale care-
fully to get the best results from the model for  simulating
the prototvpe.
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(Appendix II. MOTATION)
The following symbols are used in this reportbs
@ = the ratic of vertical to horizontal dimension
Eu = Eular number
Fo= force; dimension of force
Fro= Froude number
g o= gravitational acceleration
H o= vartical dim=2nsion
o= depth

ks = roughness height
L. = dimension of lengths; horizontal dimension
Moo= dimension of mass

ol

fMewton number

distortion; Manning coeff.
= i scharge

hydraul ic radius

il

e o |
i

e = Reynolds nanmber
i

sl ope

= dimansion of time

= gimension of bime

= oy@aloocity

= horizontal dimension
= veartical dimension
the ratio of model to prototype
= densilby

= gpecific weight

= dynamic viscosity

= kinemic visoosity

<Q;'1%JP:<:<<:¢-4&
i i

Subsoriphs:s
£ o= Fluid
g = gravitational
io= internal
i = model
po= prototvpe
Fro= ratio
g = partical
VOB VISCOUS
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A LOOK AT PHYSICAL HYDRAULIC MODELLING
Brian M. Bennett?

Abstract

The use of physical hydraulic modelling has been very
important to hydraulic engineers due to the fact that it is very
difficult and sometimes impossible to predict the per formance of
rivers that have complex geometries. This paper tries to
demonstrate some of the ways to model the physical hydraulic
phenomena that occurs in open channel flow and discusses some of
the problems associated with physical hydraulic modelling.

Introduction

The use of scaled physical hydraulic models can be traced
back to the late 19th Century when Oshorne Reynolds designed and
operated a tidal model of the Upper Mersey at Manchester
University (Novak 1981). Since that time, there have been many
research laboratories built to perform scale modelling of
hydraulic phenomena. This paper will discuss the use of physical
hydraulic modelling in open channel flow and some of the problems
associated with their use.

Physical hydraulic models are normally utilized in open

channel flow by aiding in the design and construction of some
type of hydraulic structure. In the design of hydraulic
structures, as with any type of design, there are three different
approaches. The design can be done through the use of theory and
mathematical means (i.e. mathematical modelling, design
equations, etc.), the use of experience and knowledge gained from
the design of similar structures, or the use of physical
modelling on a proposed design and make any necessary
modi fications due to the model performance. The real need for
the scaled hydraulic modelling is due to the fact that
complicated geometries of channels and structures, non—uniform
and unsteady flow, sediment motion, and other physical hydraulic
phenomena make the use of theoretical equations impossible.
Since it is very difficult to quantitatively measure the amount
of sediment in a physical hydraulic model, sediment movement is
usually done on a qualitative or comparative means. This topic
will be discussed at length in the paper.

Physical hydraulic modelling can be done on a undistorted
scaling or a distorted scaling. Undistorted scaling is when the
horizontal scale is equal to the vertical scale and distorted is
when the horizontal and vertical scales are different to allow
for closer prototype conditions (hydraulic similarity) in the
model. This topic will be discussed later in the paper.

iGraduate Student (Master?’s), Colorado State University,
Fort Collins, Colorado 80523
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As noted, there are many considerations when designing a
physical hydraulic model. In most open channel hydraulic models
the importance of the inertial and gravity forces are the most
predominant forces, therefore a Froudian scaling is used. This
will also be discussed at length later in the paper.

In this paper, the author will discuss a project that was
modelled as a rigid boundary hydraulic model, but could have been
easily done as a movable bed model. The differences will be
discussed in the following chapters.

Rigid Boundary Model

The project discussed previously was a harbor on a major
river in the United States that had a sedimentation problem (Abt
1988). It was decided by the experimenters and the client that a
rigid boundary model would be utilized and a qualitative analysis
of different river structures would be done.

The first problem that was encountered was what scale would
be used, so that the area to be modelled would fit into the
building where the model would be constructed. The critical
prototype area that needed to be modelled was approximately two
to two and one-half miles of river and approximately a mile wide
at its widest point. The river mechanics flume used was
approximately 40 feet by 120 feet. After some debate, a
horizontal scale of 150 prototype to 1 model was chosen, which
enable the modelers to model 6000 feet (~v1.2 miles) by 18,000
feet (v3.4 miles?) of prototype area. Now it had to be decided if
the model would be an undistorted model or a distorted model.

If the model was to be a undistorted model, then the flow
phenomena would predominately involve only gravity and inertia,
which implies a geometrically similar model. If the model is
geometrically similar then dynamic similarity is alsc obtained.
If dynamic similarity is obtained, then gquantitative results may
be derived from the model per formance. As soon as any other
forces are important, then the results are no longer guantitative
and the model be must modified (Joglekar 1957).

If the model was to be undistorted, then a Froudian scaling
would be done because the flow phenomena would inveolve only
gravity and inertial forces. It has been assumed for the model
purposes that the gravitational acceleration at the prototype
location and the model location are the same, as well as the
speci fic weight of the water at both locations. These seem to be
relatively good assumptions, since gravitational acceleration and
specific weight of water are approximately the same for both
locations, although this could be a source of small error in the

final analysis. According to the Froude number, Fr = _Q%%$=_~!
the velocity (the inertial force) is equivalent to the square
root of the depth times the gravitational acceleration (the

gravity force). Since the gravitational acceleration of both

locations is assumed to be the same, it is not important.
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Therefore, under the Froudian scaling criteria, the following
scale ratios may be used (Albertson 1960):

TABLE 1

Characteristic Dimensicon Ratio (Valueg)
Length L, L 150
Area L~2 L~2 22,500
Volume L3 L3 3,375,000
Time T L~(1/2) 12.25
Velocity L/T L~C1/2) 12.25
Discharge L~3/7 L~(5/2) 275,568
Mass M L3 2,375,000
Force ML/T2 L~3 3,375,000
Pressure M/LT™2 L 150
Momentum (impulse) ML/T LAC722) 41,335,139
Work (energy) ML~2/T2 L4 506, 250, 000
Power ML~2/T~3 L~(772) 41,335,139

Now it was checked to see if there is hydraulic similarity
in the model versus the prototype conditions. It was known that
the prototype river has turbulent conditions; therefore it can be
checked to see if the model alsc has turbulent conditions. This
parameter will be checked using the Reynolds number, assuming
that the kinematic viscosity of the water at the prototype area
and the model location are the same. It is also assumed that the
river is wide, so that the hydraulic radius is equivalent toc the
depth of flow. The average velocity at pool elevation of the
prototype is approximately 2 fps and the average depth is
approximately 20 ft, therefore the Reynolds number for the
prototype is about 1.03 x 1076, which is well into the turbulent
regime. MNow the prototype values would have to be scaled down to
model values. From Table 1, the velocity in the model should be
approximately 0.16 fps (=2/12.25) and the depth will be
approximately 0.12 ft (=20/150), which will yield a Reynolds
number of about 582, which is not in the turbulent regime.
Therefore, the model has introduced ancther force into play, the
viscous force.

The model could not be constructed as an undistorted model
because the quantitative results gained from the model would not
have any meaning because of the criteria that only the inertial
and gravitational forces were the predominant forces. Therefore,
a distorted model would have to be utilized to insure that the
model would have turbulent flow. The distorted model may also
utilize Froudian scaling technique, but the scaling ratios would
change from the Table 1 due to the introduction of a new
dimension from the distortion. The Froudian scaling will still
be valid due to the fact that the predominant forces will be the
inertial and gravitational forces again. The viscous force will
now be considered to be insignificant because the flow will be in
the turbulent flow regime.

(50



The new scaling ratios would be based on the distorted
Froudian scaling parameters and are similar to those scaling
ratios in Table 1. The new scaling ratios are as follows:

TABLE 2
Characteristic Dimensions Ratio (Malue)
Length, Horizontal L L 150
Length, Vertical Y B S0
Area, Horizontal L~z L2 22,500
Area, Vertical YL BL 7,500
Volume YL~2 BL"~Z 1,125,000
Time T B~(1/2) 7.07
Velocity Y/T B~(1/2) 7.07
Discharge LY*~2/T LB~(3/2) 593,033
Mass YL~2 BL"~2 1,125,000
Force, Horizontal MY/T™2 LB™2 375, 000
Force, Vertical ML/T™Z2 BL~2 1,125,000
Pressure, Horizontal F/YL B S50
Pressure, Vertical F/L™2 B 30
Slope Y/L B/L ; 0.33
Distortion L/Y L/B 3

Now the amount of distortion for the model must be
determined. As stated before, the Reynolds number will determine
the amount of distortion. First of all, a distortion factor of 2
was tried. With a distortion factor of 2, then the vertical
scale will have to be 75 prototype to 1 model. This would yield
a model average velocity of 0.23 fps (=2/(75"(1/2))) and a model
average depth of 0.27 ft (=20/753), thus having a model Reynolds
number of approximately 1589, which is ocut of the laminar regime,
but is still not guite in the turbulent regime. In Table 3, the
analysis of the amount of distortion for the model can be seen.

TABLE 3
Depth Velocity Re
(ft)y - (fps)
Frototype 20 ' 2 ' 1.03 x 1076
Undistorted 0.13 0.16 562
Distorted - ;
2 (130H:75V) 0.27 0.23 1589
3 (1350H:30V) 0.40 0.28 2920
4 (150H:37.35\V) 0.53 0.23 4495
S (1350H: 30V) 0.67 Q.37 6282

From Table 3, it is shown that a distortion of 3 will give
turbulent flow in the model, so that the Froudian criteria
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scaling can be utilized. The scaling ratio values for a
distortion of 3 are given in Table 2. This was the rigid
boundary model that was finally constructed. It was used
primarily for gqualitative analysis of different river diversion
structures to keep the sediment in motion and not let it
accumulate at any point. '

A discussion of the drawbacks of using a rigid boundary
model will be discussed in the chapter about scaling effects and
will be compared toc the model using the movable bed theory.

Distorted Movable Bed

As discussed in the previous chapter, physical hydraulic
models can be built with a rigid boundary or they can be built
with a movable bed. Unlike the rigid boundary models, the
movable bed models are always distorted to allow. for better
hydraulic similarity. Movable bed models are usually constructed
for following the scouring and/or erosion around a hydraulic
structure, whereas with a rigid boundary model this may not be
accompl ished.

; There are two approaches to the problem of modelling movable
beds. The first is using a hydraulic geometry relationships and
regime theory as presented by Blench, Lacey, and a few others.
Where the premise is that only three independent scales,
(discharge, side factor, and bed factor), are imposable on the
model; all other scales will adjust themselves. The second is
using an analytical derivation of the distortions in the maodel,
as presented by Einstein and Chien in the mid 1950's. The
discussion of this paper will be limited to the latter approach
(Richardson 1987).

Einstein and Chien notad that there were many distortions

that could be contemplated in a movable bed model. They are:

1. If the ratioc of horizontal lengths (Lr) is independent of
depth (hr), the model is vertically distorted.

2. If the grain—-size ratio Dr is different from both Lr and
hr, a third length scale is introduced and with it a
second distortion.

3. If the slope ratio Sr is chosen independent of Lr and hr,
the model is assumed to be tilted in addition to the
other distortions.

4. If the ratioc of effective densities of the sediment ui’ﬂ)v
is assumed to be different from the ratio of the fluid
densities R, which is unity, there is fourth distortion.

S. A fifth distortion is introduced if hydraulic—time ratic
tir for the time values involved in the determination of
velocities and sediment rates is chosen different from
the sedimentation—time ratic t2r of durations for
individual flow conditions, indicating the speed at which
flow—duration curves are duplicated.

6. A sixth distortion is a result of the impossibility of
obtaining suspended locad rates in a model in the same
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scale at which the bed-locad ratic gBr is different from
the total-locad-rate ratio gir.

7. A seventh and last distortion permits the ratio of
settling velocities Vs of corresponding grains to be
different from the ratio of corresponding flow
velocities (Einstein 1956).

The relationships between the prototype and model are to be.
done as ratios that satisfy the flow and sedimentation formulas..
The distortions listed above will be taken into account in the
ratios. The method of using these ratios is a long, tedious
manipulation of numbers that utilizes the procedure of trial and
Brror.

Einstein and Chien proposed that there would be a number of
criterion that must be satisfied between the prototype and the
model, they are: a friction criterion, a Froude criterion, a
sediment—transport criterion, a zero sediment-load criterion, and
a laminar-sublayer criterion. The friction criterion utilizes a
generalized Manning’s equation which is:

c g S'/P- h('/z*""‘)

where: velocity

a constant

gravitational acceleraticon
grain size

slope

hydraulic radius

unknown superscript

i

3 J0nmon 0<c
o

Il

As can be seen, when the unknown superscript (m) becomes
equal to 1/6, then the equation becomes the Manning equation.
This produces n (the Manning friction factor) to become equal to
D% . The generalized equation can be rewritten to be the
following: W

v R, where: R, = hydraulic radius
__________ = ——] with bottom width
w’RYS a Ke as wetted perimeter

Kg = grain size of the
bed

The values for C and m are the heart of the whole method as
devised by Einstein and Chien. These values are gotten by a
trial and error solution which will be discussed later in the
paper (Einstein 1956).

The second criterion that must be adhered to in the method
is the Froude criterion. This criterion is fundamental in open
channel modelling because it balances the gravitational and
inertial forces of the system. It appears that it may be
possible in very deep channels to remove this criterion due to
the fact that the velocity changes do not significantly change
the depth and any energy losses would be lumped into the friction
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criteria, but this concept has not been fully developed.
Therefore, the Froude criterion is still used in this methad
(Einstein 1936).

The third criterion is that of the sediment—-transport
criterion, which stipulates that intensity of the transport and
the shear for individual grain sizes must be equal in both the
model and the prototype. S0 the key is to get the density of the
fluid P equal in the model and the prototype, which usually
quite easy done (Einstein 1956).

The fourth criterion is that of the zero sediment-locad
criterion, which is that the flow in the model and the prototype
must be similar at the beginning of motion of the sediment. The
key in this criterion is that the laminar-—-sublayer must be
equivalent to the grain size of the sediment. The fifth
criterion is actually a duplicate of the fourth criterion which
stipulates that the laminar—sublayer must be equivalent to the
grain size of the sediment (Einstein 1956).

These criterion can be set Dut in the following equations:

Friction v: s R D C = A,
-
Froude Vv, h, "AF
. % %
Sediment g, Y = f 3. D=1
B, s g
Transport i

< . -
Zero Sediment (f, - ﬁ )rqur h, 8 =1
Load

Laminar—sublayer D, rL hh‘sli = Ag

where: ?1r= ratio of the hydraulic radius RL referred to
the surface drag to the entire radius Rq

There alsc some other equations that are used in describing
the modelling laws. 0One of them is the relationship between the
total load q, and the bed load q,. The average ratic of the two
ratios is Ar, /qp,.y which is termed as the variable B. Anocther
equation is the hydraulic time t,, which is described as the
amount of time which a water particle takes to move with V
velacity over a distance L . Another wvariable is the t, , which
is the duration of the individual flows and simulates the
hydrograph which is imposed on the model. Another factor which
may be introduced into the model is the tilting of the model.
Normally there is not a need for tilting in a model, but if there
is a need it can be handled in this method (Einstein 1956).

Out of all the prototype to model relationships, there are
thirteen ratios which can describe the nine independent equations
derived from the above criterion and relationships. Ten of these
ratios are independent, while three are dependent. As stated
previously, these eguations can be solved anly by trial and ervor
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soclution. The method can be done in one of three different ways,
which are:

1. Select the horizontal scale Ly freely.
2. Select the vertical scale hy freely.
3. Select the density of the model sediment freely.

The method must first start with having a lot of data of the
friction conditions of the prototype river. A graph (on log-log?
of (R.S g)/Vz versus Rr/Ks can then be produced. From this
graph, the Cp and m values of the prototype conditions may be
found. Now similarly, a graph for the model conditions must be
generated on a trial and error basis and the Cwm value can be
calculated. It is important to remember for the first
-approximation that the m value is to be the same for both the
protoctype graph and the model graph. After this is accomplished,
then continue by selecting which scale (L., h, ,(ﬁ-—@}r) will be
taken as the free parameter. It is usually customary to chose
the L, scale because of model construction space. The other
variables can be solved by using the charts listed in Table 4.

If there is not agreement with some of the assumptions used to

devise the model graph, then another iteration must be done until
the assumptions and the solved variables are in agreement. For a
better understanding of the method, it is advised that the reader
refer to the original paper by Einstein and Chien{Einstein 1956).

For the example listed in the preceding chapter, there was
not enocugh field information taken for an detailed analysis using
Einstein and Chien's method of distorted modelling with a movable
bed. :

Scale Effects and Model Comparisons

It can be seen that the rigid boundary model cannct give an
accurate account of where scour/erosion and deposition may occur,
but it can be used as an indicator for sediment movement. In a
movable bed model, it can be seen where the scour/erosion and
deposition is occcurring, but it is very difficult to quantify
this phenomena. The reason for selecting a certain model is the
cb jectives that the model are supposed to achieve. For example,
if the exact location of the scour is not important, whereas the
water levels are very important, them a rigid boundary model will
fit the description. But if the model is of structure that
depends on where the scour is occurring, such as a bridge pier,
then a movable bed is probably the methaod to use. It should be
reminded that a rigid boundary model is easier to construct, but
has its obvious drawbacks, whereas the movable bed model alsc has
some limitations in its use. The movable bed model alsoc is a
more laborious task to design.

One scaling effect of modelling is that there is a potential
for an excessive frictional loss in a geometrically similar
model. This usually means in a rigid boundary model that the
sur face of the model should be very smooth as compared to the
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prototype (Joglekar 1957). If it is found that the frictional
loss are less than that of the prototype, it is always easier to
add friction into the model by artificial means (i.e. adding
plastic roughness to the borders to simulate tree growth, adding
little blocks in flood plains to simulate a greater Manning's n,
etc.).

It is possible to have a side effect occur in part-width
models of structures, such as weirs or bridge piers. This can
cause a sur face drag on the side boundaries that are not present
in the prototype. This scale effect is very noticeable in narrow
flume studies. It may also be possible to have to reduce the
number of piers in a model due to the vertical exaggeraticn in
distorted model scaling. The horizontal contracticon may form
separation points larger than that of the prototype causing
dissimilar flows. It is alsc possible to get an excessive
scouring around the piers due to the vertical exaggeration. This
problem may be sclved by dividing the number of piers by the
vertical exaggeration of the model. An important aspect to
remember is to have the even number of piers in the model, if
there is an even number in the prototype and the same goes for an
odd number of piers (Joglekar 1957).

In the Einstein and Chien method of movable bed modelling
there are some reasons for loss of similarity between the
prototype and the model. One of the major vreasons is that the
value of m (unknown superscript used in describing ratios? is not
always the same for both the model and prototype over a large of
flows. It is then suggested that the deviation be permitted to
aoccur at the less important flows. Also if the flow is to occur
in more than one channel, then the prediction of the friction
equation is even more difficult, thus producing a large area for
similarity to be reduced (Einstein 1956).

Ancther problem that could arise is the use of the time
ratio for routing the flood through the model. The bed-load
rates must be similar in the prototype and the model to produce
similar bedforms. The bed-load rate and the total-lcad rate,
which is derived from the hydrograph, changes with time due to
the changes of stage, thus requiring a sliding time scale when
the discharge range is wide. Another related problem is that of
the introduction of wash load. This method does not account for
deposition of sediment in low velocity zones as it is now. The
method must be modified to incorporate this phase of
sedimentation (Einstein 1956).

To check some of the values of different parameters with
different scaling methods, the author will use a set of prototype
conditions used in Einstein and Chien’s paper against the
undistorted and distorted values that can be generated using
Table 1 and 2 of this paper and the values generated using the
example as presented in Einstein and Chien’s paper. The Lr was
fixed at 1530:1 and the C ;m, and h, values used in the Einstein
and Chien calculations are 0.902, 0.145, and 1 respectively.
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TAELE S

Prototype Undistorted Distorted(3) Einstein
Model Model Model

L{fED 150 1 1 1
R(cfs) 35,700 0.130 C.673 0.867
Vifps) 11.30 .92 1.60 1.74
h{ftd 4.34 0.029 0.087 0.103
t (sec) 10 0.816 1.41 0.433
S5(-) 0.00105 0.00105 0.00315 Q.00372

It is noted that using different scaling criteria can really
change the parameter values in the model, but the results of the
model should all come out to the approximately the same values,
assuming that all of the scaling criteria of all the different
methods have been achieved. '

Summary

The most important aspect of physical hydraulic modelling is
to verify the model with the prototype. After the construction
of the model is complete, then a calibration of the model must be
done to insure that the model is giving accurate results.
Sometimes this verification process can be very long and tedicus,
but it is the only way insure the model is operating properly.

It can be seen that the model is based upon the information
obtained from the field, so the more accurate the field data,
then the more accurate the model that can be reproduced.

As discussed previously, the type of physical hydraulic
model used depends on the objectives of the model in the first
place. If water levels, lines of flow, certain types of
structural improvements are the objective of the study, then a
rigid boundary model is probably the best procedure to use. If
the experimenter is interested in scouring, erosion, and
deposition of a river, then the logical choice is that a movable
bed should be utilized. All in all, physical modelling is
usually the best route to go when the geometries of the river are
so complex or the cost of building a prototype that has never
been built before are excessive.
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HINGE FOOL EFFECTS ON SEDIMENT TRANSFORT
By Easil E. Arthur
ABSTRACT

Hinge pool coperation on low lift locks and dams are normally
used Lo minimize damage from flooding of adiascent lands at higher
discharges., The effect of hinge pool operation on sediment
transport will be evaluated by use of HEC-&, and transport
capacity will be evaluated by two different sediment tramsport
eguations.  Hinge pool increases the water surface slooe and
therefore sediment transport will be increased.

INTRODUCTION

The stream chosen to model is part of the Red River which
flows from Daingerfield, Texas Jdoining the Black River bscoming
the Atchafalaya River in the southern part of Louwisiana., The
model covers a reach from Shreveport, Louvisiana to river mile 199
(Fost Prodect mileage) which is dust north of Howard, Louwisiana.

This reach was chosen because of available data. A sedimenh
rating curve was availlable at Shreveport which will be used as
the upstream boundary condition and a tailwater rating cwve was
availlable below the proposed site of Lock and Dam No. 5.

Cross-sectional geometry was abtained from the Vicksburg
District Corp of Enginesrs.

DISCUSSION

HINGE FOOL.

At low level discharges, normal pool elevations ars almos
horizontal and at an elevation esqual to or above the nabural
water stage at the uwpper snd of the pool. As dischargs incrs
the pool slevation is approximately constant at the downstream
and while velocities rise. (Feterson) See Figure 1.

Normal pool elevation,
low discharges, Higher discharges, normal

. Higher disclua.,
S 0 mel elevation at dam /hl:llt_l\.'d 'p'uul o

Preproject low-water profile

.+ Ellect of pool operation on water surlace elesvabion-

Figure 1
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When the discharge is sufficient to cause stages to rise at
the upper end of the poonl, the additional depth is not reguired
to maintain navigation depths and the lower pool can be lowsrad.
The laowering of the downstream water swfaces increases bhe
velocities in the lowsr end of the oool and increasses the water
surface slope over the entire pool length.

HEC-6 MODREL DESCRIFTION

This model is a simulation program designed to analyee socour
and deposition by modeling the interaction betwesn sediment
maberial forming a stream®s boundary and the hydrawlics of F1low.

This program is a ong—dimensional steady flow model with o no
provision for simulating meander development, or lateral
distribution of sediment load aroszs the cross sechtion.  Oross
: Bions are divided into two parts, the ooveable bed and
finwead bsd., The entire moveable bed sscti iw moved veril
up angd down.  Bed forms sare nob o simol abes That e
be a function of discharge which direc “ovi des
conslderation of bed forms.  Secondary ourrents and density
currents are not accounted.

Irput Data Summary

cBeometric Rata. This section includes cross sactions,
values and reach lengbth, which szist at the beginning of ¢
study as would be needed for watsr swface profile calouls

The deoth of bed climesnt materi and the movaable por

sach cross sechbion are also e ismhed within this sect . SEe

Figurs 2.

. ol i
<— LOB T e MCH | i i

Surface gradation for
transport theory

Gradatlon for scour
calculations

|
"Inde]l Rottom
Sediment material in the streamhed

Figurs 2
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Sediment Data., This section contains information about the
inflow sediment load, gradation of material found in the streasm
bed and information about Ffluid properties and sediment
properties. I+ the inflowing sediment load is essentially one
grain size, it can be classified for the compuber program by
itdentifying it as a sand, =silt or oclav. But, if the inflowing
load is composed of a range of sizes, 1t is desirable Lo further
subclivide the sediment load (ses Filiguwrs 37, This dats is
normally the upstream boundary condition.

7
w
o
£ B
(o]

QS In Tans/Day
Yater-sediment inflow relationshin

_ e operation 1 ]
functional relationship bebwesn starbing water surfaces,
time. Hydrologic data contains water charge, watsr
temperatuwes and flow duration. BEecause both sediment it
and hydrawlics of flow are nonlinear functions of wat
discharge, & continuous simulation of water dischargs
and normally a discharge hydrograph is used (see Figurs
paged .  The program breats a conbinoous hvdeogeaph
of discrete steady Flow events, each having a specifis
in davs. This section is normally referred to as a dow
houndary condition.,

MODEL INPLUT

Gwometric Data. Cross section data was obtained from the
Vicksburg District Corp of Enginesrs. The cross secticnal
geonaetry was taken {from a HEC-2 deck, which was calabrated to
@xisting stage and discharge records.  The amount of channel

was considered to be the moveable bed section was taken

water surface profiles for flows betwsen 60,000 and 130,000 ofs.,

These values were chosen dus to the hinge starting at &0, 000

= /\n_



and the uppsr limit was rarely excesded in the tyvpical
hydrograph. ;

!

150

200

100

Q In cfs x 103

4]
o

o
3]
BV

10 20 30 10 20 3
——APRIL—tp———MAY } JUNE
Time In Days

Water discharge hydrograph
Figure 4

Operating and Hydrologic Data. Mavigation depth for Pool
be maintained starting arownd 60,000 ofs flaw and £he pool

lowered 1 foot for each additional 4000 cfs of flow up to
cts (elevation 140) for a hinge of 5 {feet and
at elevation 140 up to 100,000 cfs of Flow.
the tallwater o a flow of
Mamorandum? Sese Figurs 9.
Using the faillwatsr ra
curve (with or withowl Ring
water  surfac alavation with varving +1ow
Water vear 1972 was selected as a Lvp ol g anh
moclal . The hvdrogranh was selscted because it o semed i b
spring months and peaked in the late fall or sarly winber with
low stage during summer and =2arly fall.

bL, 000 ofs of +1ow

1w curve and the
Yoome coula de

]

wfwater
erming bthe appe

1

i
!
i

P

Sedimsnt Data. An upstbream boundary condition i1s reguired for
the HEC-4 model. A sediment rating curve w availabls at
Shreveport, Louisiana. The total load versus discharge is
in Figure & and the load by grain size is shown in Figure
program recguires the sediment rating curve to be broken in
fractions and existing data was used. The grain size ran
a wvery ftins sand to coarse sand with little or no clav.

Approximatsly B0 percent of sadimant was vary fine sand and
fine sand.

Hhown
7

Gl

Sediment Transport. Toffalelti’s application of Einstein’s
loagd function was used Lo compare transport rates, wabler
elevation, trap efficiency, and scouwr or deposition along
channel . (Toffalsti, 1244)  The calculations were acocompli
using the HEC-& model on a personalized computer (PG, The

VAT




shows that hinging the pool decreased the trap efficiency from
4% without hingse to 35% with hinge (about Z04) .

Az expected, hinging affected the water suwrface from 5 fest
alt the lower end of the nodel reach bto approsimately 1 foob
the upper snd of the model reach as shown in Figure 8.

The channel oross sections indicate deposition at r
gsections and ranged from 2 feet to 7 feet of deposition.  The
Minged pool run shows an average of 1 foot less deposition
Lhrough the entive channel reach. See Figure 9.

Using Yang's streampowsr equation, the model was run s
with and without hinges pool. (HEC-&)  Yang®s sgusabilion oompod
trap efficiency 287 without hings and 0% with hinge
thalwegs show significantly more deposition in the upp
the river reach and less deposition in the lowsr hald o owh
Yang®s (ses Figure 103, When comparing Yang®
Tffaleti s hings, more deposition ocowed 2374 way through
L From the upper end to lower and, 1 S
indicated an increase 1n waber
- oend of the opool and shows 1i
TV

The hydrograph used in this model was a 1 vear dur
amcl the maxiuwm Flow was 145,000 ofs (see Figurs 110,
sedimsnt rating curve 1s evaluwated the maximum Flow is
cfs oand b ois apparent that the mawimum histoed
Fiover wers nob omet. This indicates thabt & mw
nf flow (50 yvears of record? needs to be eval
o make an adeguate decision of sediment b
reach of river.

Hinges pooling generally tended to inors
transport with both methods.

]

=ariy all

ALIEL T

& ninge ver

L

e mescl L me

CONCLUSION

i The method chossn to evaluate sediment bransport
significantly affect to what degres hinge pool
sadimant btransport.
2. The method (sgquation) used for sediment trans
mabohed to the sediment type and amount.
E. Hinging ths pool normally showad an incres
trransport.

4, Any secdiment transport eou
varification before being us

]

+1ion
with a model
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WATER SURFACES & THALWEGS
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YANGS VS TOFFALETI NO HINGE
Water Surfaces & Thalwegs
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Bed Degradation Below Dams

By Terry Waddle!, A.M. ASCE

Abstract: Methods for prediction of stream bed degradation below dams
are briefly reviewed as part of the 1larger problem of predicting
-channel changes in gravel bed rivers. The difficulties with applying
currently available methods to gravel bed rivers are discussed. One
state-of-the-art model 1is summarized as an example of the currently
available methods for describing channel aggradation and degradation.
An application of one simple method is given; including corrections to
the original paper.

INTRODUCTION

The degree of degradation that occurs below a dam is a major concern of
any dam project sponsor. Scour by clear, sediment-free water can result in
channel changes that may persist for large distances downstream and cause
such potential havoc as undermined bridge piers, failed retaining walls or
greatly increased maintenance expenses for irrigation and other water
diversion activities. The basic process in determining degradation is to
combine the continuity equation for sediment with a measure of the erosive
capability of the stream such as Shields parameter to determine if there is a
net removal of material from the bed, To do so requires defining a critical
velocity necessary to produce motion of the bed material. Various means are
employed in the models described below to determine either the critical
velocity or critical slope, the details of which are contained in the
original references. '

The need to predict the amount of degradation is clear; however, the
methods to do so are still embryonic. To develop a broad understanding of
the ability of current methodologies describing fluvial processes in gravel
bed streams, particularly the process of degradation below a dam the first
section of this paper summarizes the basic contents of recently published
methodologies. The second section describes application of a step calcula-
tion model to determining the amount of degradation that may occur in a reach
of the Salmon River, New York where a braided section of stream is exhibiting
characteristics of degradation in a pattern that somewhat resembles a meander
cut off. The discussion includes corrections and clarifications for the
method (Komura and Simons, 1967) and its summary given in Simons and Senturk
(1974).

SUMMARY OF RECENTLY PUBLISHED METHODS AND RESULTS

The problem of degradation below a dam is part of the larger problem of
predicting changes in river channels due to various flow events. Since the
Salmon River, used as an example in the second portion of this paper, is a
gravel and cobble bed stream this summary deals both with methods for
characterizing transport phenomena in gravel bed streams and methods for

lGrad. Student, Dept. of Civil Engineering, Colorado State Univ., Ft.
Collins, CO 80523
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predicting channel change in beds of finer material. To cover this material,
this section progresses from description of sediment movement to dynamic
models of channel change.

In an excellent and broadly scoped review of methods of addressing the
problem of bedload transport in gravel bed rivers, Carson and Griffiths
(1987) discuss the effectiveness of such well known methods as those of
Meyer-Peter & Muller, Einstein-Brown, Bagnold and Yalin. They show the
results of studies which applied several methods to predicting bed load
transport in flumes and in rivers. Unfortunately, even their extensive field
data do not permit firm conclusions to be drawn about several methods.
However, one conclusion they draw 1is clear, that is the Bagnold formula
consistently under predicts gravel loads in braided channels.

Hey and Thorne (1986) give some regime type equations for mobile gravel-
bed rivers that are based on data from 62 rivers in England. Through
categorization and regression analysis, they derived equations for width,
depth and slope of gravel-bed streams as a function of dominant discharge,
sediment size distribution and vegetation influences on the channel. The
difficulty in finding a common definition for dominant discharge and the use
of regression analysis may limit their conclusions (and the equations
derived) to rivers with similar characteristics to those measured.

Komura (1986) describes an empirical approach where aerial photography and
basic water and sediment discharge relationships are combined to describe the
bed profile of a stream during a high flow event. This approach appears
promising from a practical standpoint since the detailed measurements needed
for dynamic modeling are often not available for particular rivers of
interest.

Beyond methods for describing the channel form and transport rates of bed
material lies development of physical process models designed to account for
the net change in channel formation as a result of the interaction of water
and sediment under a variety of conditions. In 1982 Li and Simons provided a
general conceptual guide to development of physical process models of channel
change. They classify models into groups based on the quantity of water and
sediment being routed, the predominant physical water routing mechanism, and
calculation techniques. This classification scheme sets the scene for the
next category of models covered here, dynamic models of channel response.

Richardson et al. (1987) give a summary of short term and long term
sediment routing models that can predict net aggradation and degradation of a
stream reach. These models include an extension to HEC-2 developed by
Simons, Li and Associates, an uncoupled unsteady water and sediment routine
model developed by Chen and Simons at CSU, FLUVIAL-11 developed by Chang and
Hill (discussed below), KUWASER developed by Brown, Simons and Li, HEC-6
developed by the U.S. Army Corps of Engineers, CHAR II developed by a French
consulting form and IALLUVIAL developed by Karim and Kennedy. Extensive
discussion of these models will not be given here. Interested readers are
referred to the respective papers.

Lu and Shen (1986) provided a comparison of several degradation models
including some of those referenced above. The models they evaluated were all
one dimensional models based on some form of solution of the gradually varied
flow equations to obtain a water surface profile (step-backwater or finite
difference methods) and modification of the bed elevation based on the
sediment continuity equation. The solution methods reviewed include: the
diffusion analogy, which provides an analytical solution and finite dif-

2
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ference and finite element methods. Lu and Shen compared the predictions of
these model classes with the results of a laboratory experiment by
Suryanarayana (1967). They found that all methods over predicted degradation
and required correction factors to bring the model results in line with the
experiment. Lu and Shen were able to determine approximate boundaries on the
corrections used but were not able to determine analytical means of
establishing the correction without comparison with measurements.

.Chang (1982, 1984) has developed models (FLUVIAL-11, FLUVIAL-14) based on
minimizing total stream power applied to a cross section. These models are
unique in that they address both lateral as well as longitudinal channel
changes. Chang's models have five major components: (1) water routing; (2)
sediment routing; (3) changes in channel width; (4) changes in channel-bed
profile; and (5) lateral migration of the channel. In 1984, Chang demonstra-
ted a very good fit of FLUVIAL-11 predictions and actual channel changes in
the San Dieguito River during two floods in March, 1978 and February, 1980.
It should be noted, however, that a discussion of his paper by Beatty (1984)
points out that the model has only been applied to a sand bed channel with a
narrow range of sediment sizes. The discussion goes on to suggest that the
model be tested in streams with a variety of rock and soil conditions and
hydraulic gradients to determine its generality.

Conclusions: Recently Published Methods and Results - The techniques and
models mentioned above range from definition of stream regimes to complex
computer programs. The greatest success in describing degradation seems to
be Chang's work where both 1longitudinal and 1lateral channel profiles,
reflecting aggradation and degradation are predicted. His model has been
successful in a sand bed channel, but there is no report of a similar
application in a gravel bed stream.

When gravel bed rivers are considered, several problems arise that are
related to armoring and the conditions needed to initiate motion. These
situations are not adequately handled by the available methods. The New
Zealand studies indicate that the well known methods proposed by Einstein-
Brown, Meyer-Peter and Muller, and Bagnold are either dependent on estimation
of certain difficult to measure parameters or simply do not do well in gravel
bed streams. Richardson et al. point out that there is yet no good computer
model of the armoring process. Such a lack of a well established analytical
technique for gravel bed rivers leaves the engineer with the need to apply
very astute judgement when working in this area. The cost of hiring a
qualified analyst who has the needed depth of experience is justified by the
lack of established analytical methods to predict degradation.

APPLICATION OF A SIMPLE METHOD TO A CASE STUDY

Komura and Simons (1967) developed a step-type calculation of degradation
below dams similar to the standard-step method for backwater calculations.
The method is based on the observation that clear water releases from a dam
tend to remove smaller material from the bed alluvium resulting in a sorting
by particle size. It is common for the median grain size, dso, after closure
of a dam to be equal to the largest fractions, dsa to des, that were present
in the stream bed before closure. Komura and Simons used this information to
determine the amount of degradation as an exponential function based on
physical parameters and certain corrections for non-uniform particle size.

3
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Due to errors in their original paper and in the summary in Simons and
Senturk, portions of their derivation are reproduced and the numerical
example given in the paper is re-worked here prior to the application.

From the continuity equation:

5 , dy _
B T BE T 0 cererrereii (1)

if the rate of change in the vertical distance from a datum to the bed is Z,
its variation with time is dZ/dt (= dy/8t) which gives the rate of change of
depth. Taking gs as the bed load transport per unit width, the sediment
transported over the entire width B of the stream is gsB which varies along
the stream as 8(gsB)/dx. Applying this quantity over a unit time produces a
volume and the vertical dimension of this volume 1is 1/(B(1-.))&(qsB)/d8x,
where . is the porosity of the bed material. Substituting &y/6t and 5Q/8x
into eq. (1) gives:

8Z + 1 5(gsB)

P EST e B comvmmneedn § f 5 9 FEESREEES € § 8§ DPENEEREEHY & (2)

where: t = time, . = porosity of the bed, ¢s = the rate of sediment transport
in volume of material per wunit time and unit width. KXomura and Simons
incorporated the equation of motion proposed by Kalinske and Brown (1950) and
added the critical friction velocity yielding:

Qs = P daf1-P) Usx (Ux2 = UskcZ)P L .tternneneensoaseasosnasscensannans (3)
; 7 ds

& B e e S G SR R E R AR A TR MRS B R 3
in which: B ((o7p = 1T 7" ) (3a)
where: Ux = friction velocity; ds = mean bed material diameter; u and o are
density of water and sediment; g = gravitational acceleration; as = a
constant; p = a dimensionless exponent. When (o/p) = 2.65, as = 10, p = 2,

and g = 32.2 ft/sec?, B becomes 0.003543 (ft/sec2)-2,

Friction velocity can be expressed as:

1/2
Us i (4)

T.486 B y'’®
where: n = Manning's coefficient, Q = water discharge, y = depth of flow.

Differentiating this equation with respect to x yields:

5Ux _ Ux (Bn _Tndy _n BB) ' : 5}
" BR B SR T B Bx)  cccevortreceeereeseseeessiiciiiiiean.

Considering the effects of armoring, Komura expressed the friction velocity
as:

Wi % A G QR = L] B BB ammmns s o s amemsimmmmsion & 5 addibnmnns ¢ § s 5 dtchin (6)

where: ac' = ac Ca = ac ¢ 54", ac = a function of the critical shear velocity

Reynolds number, Uxcds/v, v = kinematic viscosity of water, Ca = an armoring
4
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coefficient, ¢ = a constant, r = a dimensionless exponent, and Sd = standard
deviation of the particle size distribution of river-bed size fractions. sd
is defined as:

_ dea
Sd = .« Tio "rrtttettetererecteciiniitiiiitieiiiiticiteniesansanaas(T)

.The value of ac is obtained from Figure 1. Figure 1. has been re-derived
for this example by selecting particle size - ac pairs from.the original
figure given by Komura and Simons and calculating the critical shear velocity
Reynolds number. A slight variation from their original figure resulted that
may be attributable to the computational devices available at the time of the
original calculations.

0

[ R

L - I

Figure 1. Variation of ac with Critical Shear Reynolds Number

Komura and Simons found values of r ranging from 0.7 to 1.75 experimen-
tally. They use r = 1 in their paper. They also give ¢ = 1 because ac' = ac
when Sd = 1 and note that Egiazaroff (1965) proposed an alternative defini-
tion of ac':

0.1
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where: dg = the grain size which determines the roughness of the bed.
Equation 2 can be re-written as:

82 _ _ 1 bqs _ gqs OB (9)
S'E- _ (-1_*) ] Bx B(l-}) H --------------------------- 48 808 0s0 0800

Substituting eq. 3, 6, 08Usc/dx from eq. 7, and dn/8x from Chow (1959) into
eq. 9, rearranging, setting p = 2, and simplifying wusing approximations
supplied by Komura and Simons yields:

82 _ 2B

Us3 8ds 7 by , 2 6B
Ef -{-l—xm— *

2 - 2
(U* U*c ) (-E-a—-s——'l'a——r EE—) -----------

The final equilibrium state after degradation has taken place would occur
when 8Z/8t = 0. Under that condition, eq. 10 reduces to:

Usid?2 = Theed® = Cs" f dad wsesassissvmiviavsveesddssvaaaes seeessssens (11)
and
oye _ _ 3 Y 6dsf 2 yr OB

X T(ﬁdsf X B 6‘) """""""""""""""""

in which Cs = ac' (o/p - 1) and the subscript f indicates final equilibrium
state.

When the bed of a rectangular channel has attained equilibrium, Komura
derives the bed slope as:

_ dsr , 1 Yed . Ve 8ds ¢
Sfb = CS ( TR ) H (1 Yf ) (d f) X
=L ¥ .
T ( T‘ ) (6 + y—Ts-) x ..................................... (13)

where yc® = a Q2/g B2, a = 1, and yc = the critical depth of flow. Final bed
slope is defined by Stp = - (8Z¢/dx). Thus taking the x' axis in the
downstream direction, the final river bed elevation can be expressed as:

_ ’ dsf 5 yf, Ods¢
Zf*20+£[Cs )+H(1y){a;-f-)—8-x-r

yc3, OB :
7- (B—) (6 + f ) B‘i'] A" oot s lememmnpssnnd S 5 S F el 5 seressrssrid (14)

For a constant width stream, 8B/8x' = 0. Then the sediment size variation
along the river can be expressed as dst = dsfo = €°*’ and eq. 12 becomes:

L RN NP I— S S [ (15)
Because ¥r = yfo at x' = 0, integration of eq. 15 yields:
6
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VE 2 FF0 €  eececscessssccccaresecesacecsanaesnarenocenennaans (16)

Substituting eq. 16 into eqg. 13 yields an expression for the final equi-
librium profile for a constant width:

dsfo

Zf‘=z 1_5_(____)( )(etlﬁcfli)x' _1)
+ yro (1 - e(-e/trx’) - !%1 {ij)a (BRI Y = L)  cicissssammmns (17)

Numerical Example - Komura and Simons ¢give a numerical example that has
several flaws. Unfortunately, Simons and Senturk quote the example without
correcting errors or properly identifying how certain values were derived.
Further, Simons and Senturk reference equations that are omitted from the
text. This discussion attempts to fill in those gaps.

The example concerns degradation below the Milburn Diversion Dam on the
Middle Loup River in Nebraska. Values of ac are obtained from Figure 1 for
the mean particle size. The variance (not standard deviation as stated in
the paper) is used to scale ac to ac' for consideration of sorting and
armoring due to effects of release of clear water. Table 1 shows the values
obtained by working the example using the instructions given by Komura and
Simons. A composite value of ac' of 0.344 is obtained and brought forward to
the next step.

Table 2 1illustrates the step method considering two cases. Most of the
table is devoted to deriving the discretized form of the terms in equation
17. Though not developed here, the discretized form of the equation allows
variable width among the reaches and requires a backwater model be applied as
part of the calculation. The columns have the following meanings and
computations: column 1, reach identifier; column 2, distance from reach i to
the downstream reference point (x'); column 3, individual reach length;
column 4, reach width; column 5, change in reach width; column 6, final mean
particle size, Dsf = Dsfo exp(c x'); column 7, change in mean particle size
between reaches; column 8, final depth of flow, y¢f = Vvio exp((-c/14) x') for
constant width and y+ = value from backwater model for variable width case;
column 9, cube of mean critical depth in reach, (vc®)m = a Q2/g BZ, a =1;
column 10, ratio of critical depth cube to final depth cube, (yc3/¥¢%)m;
column 11, average depth-width ratio, (y¢+/B)am; column 12, average depth-
particle size ratio, (ye¢/Dsf)m; column 13, change in bed elevation,

8 = Cs (d”

)]( Bd;f

o OX' +m [1

)[6 + ( )]AB ............................................ (18);

column 14, bed elevation from numerically integrating changes in bed eleva-
tion; and column 15, bed elevation from eq. 17 with coefficients and ex-
ponents as described below. Equation 18 is omitted in Simons and Senturk.

Exponents and Coefficients used in Example - With r = ¢ = 1 and
ac' = ac * Sd; then from Table 1, Sd = 3.762 and ac = 0.091 so ac' = 0.344.
Cs = ac' (a/p - 1); 0.344 * 1.65 = 0.567. ¢ = 0.00011 ft-!; the value given

7
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Table 1. Sediment Properties of Middle Loop River Bed

Range x' dlé da50 dsd dso SIGphi var ac ac'
No. (ft) (mm) (mm) (mm) (mm) SigPhi from plot

1 %
2 14000 0.150 0.240 0.430 0.520 1.693 2.867 0.070 0.201
3

Averages 0.139 1.929 3.762 0.091 0.344

Table 2. Example Computation by Step Method For @ = 180 cfs
if eta If eta
eta x' Delx' B Del B Dsf Del  (Yf)m (Y"3c)m (Y"3e/ (YE/B)m (YE/ Del Var WidthCon ®idth

eta eta Dsf eta 1"if)n Dsf)m If eta eqn. 28 eqn. 30
ft ft ft ft ft ft ft ft*3 ft ft ft
(1) (2 (3 ) (5 (6) (7 (8) (9) (10) {11y~ (12) (13 (14)

T 18600 750 300 0 0.00292 0.000211 1.12  0.210  0.149 0.00374 384 .11 13.68 9.49
6 17850 1750 300  -50 0.00271 0.000435 1.13  0.210  0.147 0.00376 416 .23 1257 §.60
5 16100 2100 350  -50 0.00228 0.000431 1.14  0.154  0.104 0.00326 501 .25 10.34 6.79
4 14000 2900 400 50 0.00184 0.000464 1.16  0.118  0.076 0.00290 628 .76 8.09 5.06
3 11100 2500 350 50 0.00138 0.000305 1.18  0.154  0.093 0.00338 857 1.82 5.3 3.26
2 §600 2500 300  -50 0.00108 0.000237 1.20  0.210  0.120 0.00401 1120 1.11 3.51 .1]
1 6100 6100 350 0 0.00084 0.000382 1.23  0.154  0.084 0.00350 1464 3.40 2.40 1.29
0 0.00001 0 350 0 0.00045 0 1.28 0,154  0.074 0.00366 2814 0.00 0.00 0.00

Where the following constant values were used in the calculations: ¢ = 0.0001 =Dsf/(Dsfx'},
Dsfo = 0.139 mm = 0.000454 ft., Gams' = 1,65, Cs = ac' Gams', ac' = 0.344, Cs = 0.5669, and ¢ = 32.174 ft/sec".

8 [\30



by Komura and Simons. Dsfo = mean particle size at downstream control =
0.000454 ft. Note, in their article, Komura and Simons derive Dsfo as .139
mm in Table 1 and then erroneously use .130 mm in Table 2. The value .139 nm
is used here. ysfo = depth at downstream control given = 1.28 ft. Yco =
critical depth at downstream section (same for constant width case)

= .554 ft. B = width = 350 ft. Zo = reference elevation = 0.

Example Results - Table 2 gives the results of the step calculation. The
maximum degradation calculated is 13.68 ft. which compares with 12.26 ft.
given in Komura and Simons original paper. The differences can be attributed
to three sources. First, they did not properly obtain ac' so the adjustment
for armoring was low by about 40% (0.25 in the paper as opposed to 0.344
obtained here). Second, they appear to have used a backwater model to get
the depth of flow in each reach instead of the exponential function given.
This resulted in less depth in most sections. Third, their example has
variable width which also influences the depth of flow and depth-width ratio.
Considering these differences, the method is surprisingly robust for the
given data set since the calculated degradation depths only differed by about
1.4 ft.

sl Scale (miles)
01 2345
LOCATION [ S P N

Orwall Brook

Loke
Onlarlo

Beaverdam

Brook
Lighthouss Hill

Reservoir Salmon River Resarvoir

Figure 2. Salmon River Location Map
APPLICATION TO THE SALMON RIVER

Basin Description - The Salmon River (Figure 2) drains 692 sq. km (267 sq.
mi) of the southwest portion of the Tug Hill Plateau. It flows through the
Niagara Mohawk Salmon River Project facilities near Bennets Bridge and
Altmar, in Oswego County, N.Y., and drains into Lake Ontario at Selkirk. The
Salmon River Project consists of two reservoirs and powerplants. The
upstream reservoir, Salmon River Reservoir, has a storage capacity of about
82 million cubic meters (66,600 acre ft). It is about 10.2 km (6.4 mi) long
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and 1.2 km (0.8 mi) wide. It has an area of about 13.5 sq. km (5.2 sq. mi)
which gives it a relatively high area to volume ratio. Its spillway has an
elevation of 286 m (937 ft) above sea level giving a drop of about 87 m (286
ft) to the lower reservoir.

Lighthouse Hill Reservoir receives the discharge from the upper reservoir
through the Bennets Bridge Power plant and through the relic Salmon River
channel in times of flood. The lower reservoir has a surface area of 0.67
sq. km (0.26 sq. mi) and a volume of 3.9 million cubic meters (3100 acre ft).
Due to its relatively small size this reservoir has little effect on dis-
charge during flood events or on water temperature during most of the year.
The elevation profile is given in Figure 3.

1
Salmon R.
Reservoir
0.9 4
Salmon R.
Falls

0.8
..E:g 0.7 Lighthouse Hil
Zz5 Reservoir
g%
<3
EE el Altmar Bridge

Orwell Brook
Beaverdam Brook /
0.5 — S161
Route 2A
Trout Brook
0.4 - Glass Pool
0'3 ] PLIMUSk]l 1 T I T T T ] T I I T I 1 T
4 6 8 10 12 14 16 18 20 22

DISTANCE FROM MOUTH (MI)

Figure 3. Salmon River Elevation Profile

The Lighthouse Hill power plant has two turbine and generator units.
During the 1986 study period the operation of the lower reservoir consisted
of periods of one or two unit generation at Lighthouse Hill separated by idle
periods.. When the plant is not generating, leakage of about 0.566 cms (cubic
meters per second), that is 20 c¢fs (cubic feet per second) supplies the
stream channel with a minimum discharge as shown in the figure. A low
release of approximately 10 cms (350 cfs) is occasionally made to reduce the
water temperature at the Salmon River Hatchery 1located 3.6 km (2.3 mi)
.downstream. This release is commonly referred to as a one-half unit release
as it provides about one-half the discharge produced by one turbine operating
in its most efficient range. The degradation component of this study is
based on a two unit release of 1500 cfs.
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The study reach is located above Altmar about 4 km (2.9 mi) downstream
from lighthouse hill reservoir. The greater part of the flow proceeds
southwest around the island shown in Figure 4 and merges with the discharge
from Beaverdam Brook. The northern side channel did not regularly carry

ALTHAR

£ST Uoyjoes

SCALE 1" = 400'

¢ oo 400 cos o0es 1060 \
Figure 4. Study Site Map

water until a flood in December of 1984 altered the channel entrance such
that the higher flows of a two unit operation can now pass through that
channel.  Three transects have been established in the area as shown on the
map. Section 153 is assumed to act as a control, though the bridge may over
ride it at high flows.

Available Sediment Data - Sediment data for this river was available in the
form of a surface and subsurface sieve sample taken at Altmar and surface
samples taken near Altmar. The second surface sample was taken near section

153 wusing a tape measurement method. The short, median and large axis
dimensions of the particles found at each of 23 one foot intervals were
recorded. The sieve size equivalent of these particles was obtained by

estimating if the two smaller dimensions of each particle would £it through
the sieve grid. This estimating method assumed rectangular particles. The
weight ratio of the surface and subsurface material was obtained by assuming
a porosity of 0.3 for the surface material and 0.1 for the subsurface

11
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material. These ratios were varied to test the sensitivity of this assump-
tion. It was found to be relatively insensitive. This data is summarized in
Table 3. The dis and dss4 values wused in finding the variance in particle
size (Sd) were obtained from Figure 5.

Table 3. Development of Combined Sediment Size Distribution

~ Tape Fraction Subsurface Subsurface
. Sieve In Sieve Size Sieve  Fraction Weighted Normalized Cumilative Plot Size Frac

Size By Volume Fraction  Scaled Sun  Frequency Frequency Position (in)
12" 0 2
9" 0.042 - 0.000 0.042 0.018 1.000 0.935 9.000
o" 0.333 = 0.000 0.333 0.146 0.982 0.918 6.000
3" 0.458 0.392 0.504 0.962 0.421 0.836 0.781 3.000
/2" 0.167 0.161 0.207 0.374 0.164 0.414 0.387 1.500
374" 0.206 0.265 0.265 0.116 0.251 0.234 0.750
3/8" 0.093 0.120 0.120 0.052 0.135 0.126 0.375
3/16" 0.058 0.075 0.075 0.033 0.082 0.077 0.188
#8 0.030 0.039 0.039 0.017 0.050 0.046 0.094
#16 0.011 0.014 0.014 0.006 0.033 0.031 4.69E-02
#30 0.009 0.012 0.012 0.005 0.026 0.025 2.34E-02
#50 0.023 0.030 0.030 0.013 0.021  0.020 1.178-02
#100 0.011 0.014 0.014 0.006 0.008 0.008 5.86E-03
#200 0.003 0.004 0.004 0.002 0.002 0.002 2.93E-03
#200+ 0.001 0.001 0.001 0.001 0.001 0.001 1.46E-03

2.283 1.000

Note: Sieve Size equivalent of Tape measurement method surface material obtained by
estimating if two smaller dimensions of each particle would fit through sieve
grid. The estimating method assumed rectangular particles. This approach was
used to better differentiate among particles that passed a 12 in. sieve and
were held by the 6 in. sieve, allowing D84 to be more clearly identified.

The ratio of weight for the surface and subsurface material was obtained by
assuming a porosity of 0.3 for the surface and 0.1 for the subsurface material.

Tables 4 and 5 show the results of the initial calculation of degradation.
Since only one sediment sample was available, it was assumed to represent all
sites. The value of ac and the variance Sd were relatively large. When
multiplied, they produced a value of ac' of 3.677. The resulting degradation
depth predicted by the method was 517 ft. If this were true, the Salmon
River would have sufficient erosive power to remove the entire state of New
York. A possible cause of this over-prediction of degradation was the ac'
value. When Egiazaroff's value was calculated and substituted in the method
(Table 6) much more likely values of degradation from 13.76 to 14.86 £t were
obtained. Since the main channel at section 161 has a pool that has scoured
to a depth of about 12 ft relative to the current side channel thalweg it is
possible that these values are within reason.

12
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Table 4. Sediment Properties of Salmon River Bed

d16 dso ds4 d90  SIGphi var ac ac'
(mm) (mm) (mm) (mm) SigPhi from plot

12.700 46.400 93.400 130.000 2.712 7.354 0.500 3.677

Table 5. Salmon River Computation by Step Method For { = 180 cfs
if eta If eta

eta x' Delx' B DelB Dsf pel  (Yflm (Y'Jc)m (Y"3¢/ (YE/BIm (YE/ Del  Var WidthCon Width
eta eta Dsf eta {"3)n Dsf)n 2f eta eqn. 28 eqn. 30
ft ft ft ft ft ft ft ft*3 ft ft - ft
(2 (3) ) (5) (6) (7) (8) (9) (10) (1) (12 (13) (14)

3.2020.000 320 200 0. 0.18631 0.005867 4.29  0.47)  0.006 0.02144 23 84.37  517.49  478.91
1 1700.000 1700 200 0 0.18044 0.028208 4.30  0.473  0.006 0.02149 - 43312 43312 395.97
0 0.00001 0 200 0 0.15223 0 4,35 0.473  0.006 0.03175 29 0.00 0.00 0.00

¢ = 0.0001 = Del Dsf/(Dsf*Del x') Computation for Salmon River using Romura and Simons method as given in their
Dsfo  46.400 ma original paper. Hote excessive degradation. '
Dsfo 0.152229 ft
Gams'Gams/Gam - 1 = 1.65
Cs = ac' Gams'

Yfo 4.35 ft.
ac' 3.671

Bgiazaroff ac'0.1052
Cs = 6.0673

g= 32.174 Et/sec"2

Table 6. Salmon River Computation by Step Method For Q = 180 cfs
1f eta If eta

eta x' Delx* B Del B Dsf Del  (Yflm (Y"3c)m (Y"3e/ (YE/B)m (YE/ Del Var WidthCon Width
eta eta Dsf eta 1"3f)n Dsf)m of eta eqn. 28 eqn. 30
ft ft ft ft ft ft ft ft*3 ft ft ft
(1 (2 (3) (4 (8) (6) (7 (8) (9) (10) (11 (12r 13 (14) (15)

4.2020.000 320 200 0 0.18631 0.005867 4.29  0.473  0.006 0.02144 23 2,42 1486 13,76
1 1700.000 1700 200 0 0.18044 0.028208 4.30 0.473  0.006 0.02149 0 12,44 12,4 1138
0 0.00001 0 200 0 0.15323 0 4.35  0.473  0.006 0.02175 29 0.00 0.00 0.00

Computation for Salmon River using Komura and Simons method with adjustment.
Egiazaroff's value of ac' is used instead of Simons and Romura. All other
Constants and coefficients as above.
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Conclusions From Case Study - The original Komura and Simons paper had
numerous errors. Those problems were worked out and the method predicted
approximately the same degradation as the example in the original paper.
Their work, however, was in a sand bed channel. There was no reference to
extending the model to gravel bed streams; however,  their relationship for
deriving ac (Figure 1) extended to a particle size of 40 mm which was very
near the mean particle size of 46.4 mm found in the Salmon River. It is not
clear that the method was intended to be used over the full range of ac
values given. As is often the situation in gravel bed streams a considerable
amount of judgement must be used in applying this model. Applying the model
exactly as presented by Komura and Simons resulted in prediction of 517 feet
of degradation. Use of Egiazaroff's value of ac' produced a much more
reasonable range of degradation values between 13.76 and 14.86 ft. Since it
was necessary to ignore the Komura and Simons adjustment for armoring and
fall back to an empirical value for ac' that was based on much smaller
particles, it appears that use of this model does not appear to be warranted
in gravel bed streams without exercising cautious judgement in its applica-
tion and in interpretation of the results.
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Appendix II. -- Notation

The following symbols are used in this paper:

ac = a function of the critical shear velocity Reynolds number
ac' = ac adjusted for armoring effects

B = channel width

Ca = armoring coefficient

Cs = ac' (olu - 1)

dgy = grain size determining bed roughness

ds = bed grain size

n = Mannings n

p = a dimensionless exponent

Q@ = discharge of water

gs = sediment discharge rate per unit width

r = a dimensionless exponent

Sa = standard deviation of bed particle size

t = time

U* = friction velocity

X = longitudinal distance

Y = depth of flow

Z = vertical distance from a datum to the bed
A = porosity of the bed

o = density of sediment

B = density of water

subscripts

¢ = critical condition for initiation of motion
f = final equilibrium state
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LOCAL SCOUR AT ABUTMENT
P.Y.Julien & Choi,Gye Woon
ABSTRACT

General research about local scour at abutment through literature
review and quantitative comparisons of local scour depth was carri-
ed out. The mechanism of local scour at abutment is very complex,
but it has been known that the major causes about local scour at
abutments are vortex systems: the horseshoe vortex system,the wake
vortex system,and the trailing vortex system.

A case in the IOWA Highway Research Board No.8 (7) was picked up
for quantitative comparison between suggested formulae. Because mo-
st formulae were carried out with different condition,experimental
equipments and materials,quantitative comparison of local scour at
abutment is not confined within narrow limits. So,verification by
field measurement data is needed to verify the conformity of model
and prototype.

Also, for application in designing,the study for the relationship
between channel width, abutment width and upstream width between
abutments should be studied and opening ratio by only channel width
is not suitable.

INTRODUCTION

Because successive river reaches are of different erodibility,the
depth and slopes intend to be different;greater resistance to eros-
ion will give narrower and deeper cross sections. Scour is occurred
in the contracted reach,not in the nonuniform flow on the transiti-
ons between the wide and narrow reaches. Among the contracted reach
,scour starts at the head of the contraction and proceeds downstre-
am. There are three types of scour in interrelated phenomena:Gener-
al scour,Contraction scour and Local scour.

As stream flow velocity increases at a bridge constriction,the se-
diment transport capacity of the flow increases as well.Larger cap-
acity for transport of sediment can cause scouring of the bed in
the vicinity of a bridge,and this phenomena is a typical local sco-
ur, :

Scour in the local vicinity of an abutment can be particularly
severe because of the large concentration of flow there and because
of vortex systems that form as water flows around the abutments.

The large flow velocities and vortices that develop at an abutment
can erode channel and cause the formation of a scour hole in the
bed surrounding an abutment. Fig.l shows local scour phenomena at
abutment. As Fig.1l shows,reduced cross section and unchanged disch-
arge without losses makes the velocity in the section 2-2 faster
than that in the cross section 1-1 and local scour is occurred in
area "A" because of large velocities and vortices.

Local scour at abutment can be separated into two distinct classes
depending on whether or not sediment is supplied to a scour hole:
Clear water scour and Live bed scour. Clear water scour occurs when

(1)
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the flow approaching a scour hole is not to transport bed materials
or when sediment moved by the flow is much finer than the material
forming the scour hole. Live bed scour occurs when a scour hole is
continuously supplied with sediment that is of the same size as the
material forming the bed of scour hole.

. ” Abutment
f 9 Embank £
mpankKmen
5 Embankment ‘2 £ T
[
Z % ] 4
> KA AN A A 4 ? ;ll g f
\ 1 ,
2 2 é 2 7
7 7 i
Z Q,V2,Ae g
Z 7
4~ Abutment 4
Bl T
1 7 Q,V1,At 21
9
7 i Z
( PLAN ) (CROSS SECTION)

Fig.1 Definition Sketch for Abutment score

MECHANISM OF LOCAL SCOUR

Scour is the result of the interaction between the flow field,the
obstacle,and the streambed. In order for the analysis to yield any
insight into the general mechanism of scour,the analysis must begin
with the predominant aspects of the flow.

The dominant feature of the flow in the neighborhood of the abutm-
ent is the large scale eddy structure,that is,the vortex systems
which develop above the obstacle. This is basic mechanism of local
scour. Depending on the type of obstacle and free stream conditions
,the eddy structure can be composed of any,all,none of three basic
systems:the horseshoe vortex system,the wake vortex system,and the
trailing vortex system. . '

Our interest in the large scale eddies makes it both convinient
and natural to describe the flow field in terms of the vorticity.

o B =YRNY = BIE HIF LR ssenevnmsasansensongnness (BRe 1)
where, £ is the vorticity vector and %, 7, and¥ are its components
in the i,j,and k directions respectively. The vorticity can be tho-
ught of as twice the average angular velocity of an infinitesimal
fluid element. _

If the pressure field induced by the abutment is sufficiently str-
ong, it causes a three-dimensional separation of the boundary layer
which,in turn,rolls up ahead of the abutment to form the horseshoe
vortex system. It is important to note that no vorticity is created
by the abutment in this instance,this is,the horseshoe vortex begi-
ns and ends on the channel bottom or walls.

(2)
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Wake vortex system is generated by the obstacle itself contrary to
the case of the horseshoe vortex. The wake vortex system is formed
by the rolling up of the unstable shear layers generated at the su-
rface of the obstacle. The strength of the vortices in the wake sy-
stem varies greatly depending on obstacle shape and fluid velocity.

A streamlined obstacle will create a relatively weak while a bluff
body produces a very strong one. The wake vortex system acts somew-
hat like a vacuum cleaner to pick up the bed material. It is then
carried downstream by the eddies. Occasionally the literature will
report the failure of a bridge due to deep scour downstream from
the abutment. One reason for this type of failure is the wake vort-
ex system.

The trailing vortex system usually occurs only on obstacles compl-
etely submerged in the fluid. It is composed of one or more discre-
te vortices attached to the top of the three dimensional obstacle
and extending downstream. These vortices are formed when finite di-
fferences of pressure exist between two surfaces meeting at a corn-
er such as at the top of the obstacle.

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Wake Vort.gaéf

_ﬂw____4qigjziijL:r~Tralllng Vortex

Horseshoe Vortex
TIETE T T TR D R R R R R RN R R R VRN
Fig.2 Formation of Vortices

DIMENSIONAL SCOUR DEVELOPMENT

1. Garde's Formula
R.J.Garde, K.Subramanya and K.D.Nambudripad(3) proposed a formula
to calculate maximum scour depth based on dimensional development.
They considered that the variables entering the problem could be

grouped into following four catagories.
1) Variables describing geometry of channel and of the abutment
- the width of the channel
- width of the abutment
- angle of incidence
2) Variables describing the flow
- mean velocity
- depth of flow
- maximum scour depth
3) Variables describing the fluid
- mass density of water
- difference in specific weight
between water and air
- dynamic viscosity

&D “w o< oUw
= 0

(3)
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4) Variables describing the sediment
- median size : d
- standard deviation :
<0 = 0.5(d84/d50 + d50/d16 )>
- difference in specific weight
between sediment and water : AYsS

If the maximum scour depth relative to water surface is taken as
the dependent variable

(D+Ds) = f(B;b;G.V:D,P,AY:/“.-dfGrdfs)
Because w(settling velocity of the sediment) is a function of d,f, &
, andal§, we can substitute w in place of 4.

(D+Ds)= f(BlblBIVIDIfIArledI'U.lAY.S)
Selecting V,D,and £, as a repeating variables yields

D+Ds _ f(_gg_ vV vd .V

D D,D, IV—A—FD-JWlDIG-J‘ o
Above equation can be “repeated with some manipulations which is
permissible within the theory of dimensional development.

Diwy, HEBL g X, L. K

D b, 8,7 %g0,cp,D,0, ¥

where,CD(average drag coefficient) =_£_M§d
3 wh§

Assuming that B/D,d/D and (0 are of secondary importance,that
effect of ¥4~ is induced in CD, and that (B-b)/B is substituted
as ¢l , above equation can be reduced

D+Ds = f(«,4,Fr,CD)
D
if @ is constant at 90°
D+Ds = f(X,Fr,CD)
5 _

They considered CD as a constant through an experiment and showed

the variation of (D+Ds)/D with Froude number,with £ as the third

variable. 3 - 4
D+Ds = c.Fr = k.1l.Fr <where, k=£(CD)>
D of
And they suggested k=4.0 for maximum scour depth
DADS = 4.0.1.FF79 ¢ isiivsvvasscsannennsnsnamenesssss (EQsL)
D A

2. Froehlich's Formula

David C.Froehlich(2) suggested following equation based on the

-above dimensional development for clear water scour and live bed
scour.

For clear water scour 063 |9 oud -1.88

Ds = 0.77.Ks.Ks[/ b\ Fr /_ D~ SO E B B W S .+« (EQ.2
D (_5) (dso)gg' ( )
and for live bed scour condition
Ds = 2.29.KS.K9(_13_)‘ Bl o e e e v s B e e e [BDe )
D D
where, Ks=1.0 : for a vertical abutment with square or rounded
corners.

(4)
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Ks=0.82 : for a vertical abutment with wing walls and a
sloped approach embankment.

Ks=0.55 : for a spill througt abutment and a sloped approa-
ch embankment

Kg= (8/90)013

NON-DIMENSIONAL SCOUR DEVELOPMENT
1. Laursen's Formula

Emmett M.Laursen(5) considered 1oca1 scour as a special case of
scourin a long contraction.

From Fig.3
Q0/2 \

Bl,Qw,Qs,D1,S1,71 B2,Qt,QS,D2,82,@2

Fig.3 Definition sketch of a long contraction

Laursen developed an eQuation for at a contraction,where in addit-
ion to channel flow there is overbank flow concentrating into the

contracted channel
{2+QJ

D?. 7 (3¢ ( 7( 3+ﬂ)
If Qt~Qw,'72—-q1 B1—1+2 75Ds, B2=2.75Ds and the depth of scour in
the fictitious long contraction is y2-yl1=1/11.5 Ds, the long contr-

action equation becomes
q(3+a)

fGta)

1l _2.75 Ds 1 Ds -1
D F[(nsn +1) ]
through experiment, he suggested the value 7 3+a is 1.70 in case
6 2+a
bed shear stress (o is larger than critical shear stress Tc¢
So, 1 _ 2.75 Ds[ 1 Ds ’7-1] i A B B e s s o O
D D (115 1) '
where,_lh___Qob

D Qw.D
Also, in case bed shear stresst is less than critical shear stre-

o 'ch _2.75 Ds[( Ds +1)(Z0) -1] Ceteeeseenceessss(EQ.5)
) 11.5 D Zc

2. Liu's Formula - .
In 1961,Liu(3) suggested following formula based on the experiment.

-D-SHSK(_bd)o‘q-o-Fro‘BB.....l"'.'IIllll..'..'...l..l.lllllll(EQ.G)
D D

(5)
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where, b = effective length of the abutment
K = 2.15 : for vertical abutment
K= 1.1 : for spill slope embankment

3. Izzard's Formula
C.F.Izzard and J.N.Bradley(3) suggested an emperical formula.

D+Ds = 1.40 73 cucerescnnrnrsnasroornsarnsnrsenssnss(EQ.T)
where, = g/
cK = B=b
B

4. Zaghloul's Formula
N.A.Zaghloul and J. A Mc Corquodale suggested an emperlcal formula.
Ds _2.62 Fr( 0.043
D «)( )
where, o : opening ratio
@ : angle of inclination with respect to the main flow.

EFFECT OF ANGLE OF INCLINATION

Laursen and C.L.N.Sastry conducted experiments to study the effect
of the angle of inclination of the abutment on maximum scour depth.

Fig.4 shows that the results obtained by Sastry almost agree with

those reported by Laursen(5),that is,for the inclined upstream (&
is less than 90°),the scour depth is more than for the inclined
downstream. Other condition (such as flow characteristics,sediment
size and opening ratio) remaining the same,the ratio of maximum
to minimum scour can be as high as about 1.30 for different angles.

Also, Laursen showed the shape of scour holes does not change with
the angle of inclination as Fig.5.

The lateral extent of the scour hole is important in relation to
the depth of scour. For an unrestricted scour hole at an abutment,
the lateral extent along the line of the upstream face to the dire-
ction of flow can be taken as 2.75 times the depth of maximum scour
. If the abutment is an angle to the direction of flow,the cross
sectional lateral extents of the scour hole for 45,90,and 135%°angle
of incidence are showed in the Fig.6.

1.05 .
—~ 1.10
~
1.05
0.9 el B
\\\_ Ke \\\\
t < 1.00 ]
0.85 - RN ™
’ % 0.95 g
! ~
™
6.7 0.90 .
3% 50 70 90 110 130 150@ 0 45 20 135 180 @
(Experiment by Sastry) (Experiment by Laursen)

Fig.4 Effect of the Angle of Incidence on Scour Depth
(6)

Wy



Depth of Scour
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Depth of Scour at Abutment
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Fig.
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B= 135°

Fig.5 Patterns of Scour for Four Angles of Incidence

Distance from Abutment

Depth of Scour at Abutment
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APPLICATION TO DESIGN (CASE STUDY)

Because of difficulty in getting field data about abutment scour,
one example in the IOWA Highway Research Board Bulletin No.8(7)
was picked up as a case study for application to design.

1. Given Conditions
- Flood discharge and depth

o e e o v — - ——— - - - G I I D S S D G S D G S G S G S e G G G G S G S

25 years 18,500 17,500 500 5
50 years 26,500 24,000 1,250 6
100 years 35,800 30,800 2,500 7
oo o o e e e e e e e e D G D D - - - - o=l

- The slope of the stream : 3ft/mile
- Bed material : D=0.2 mm (w=6cm/sec)

- Y
: 1
L L Ll Ll Lk L
A
/) i 1
!
500ft L 1000ft 4
/
1 ,
( PLAN )
It A
ﬁl :;| -
i B 4
| &:ﬂ%hmf - .
I S ] I Py
e -\\;R%WJ*J e | | b
M T 8 |8 [t
"._—- ..... - 1 ,4_!
__I_‘ = il A — — —
- . VA |

( SECTION )

Fig7. Sketch for Design Example

(8)
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2. Summary of calculated maximum scour depth

No. | Formula | Unit | 25years | 50years | 100years
1 Garde : ft 12.6 16.4 20.3
2 Froehlich g 30.7 35.9 40.9
3=1 Laursen (For) e 18.0 26.0 35.0
3-2 " (Fig) " 23.4 34.8 48.0
4 Liu 4 23.1 26.5 29.7
5 Izzard " 9.98 12:5 14.8
6 Zaghloul % 9.50 12.1 14.7
Max. | = | 30.7 | 35.9 | 48.0
Min. | ®* | 9.80 | 12.1 | 14.7
Ave. | " | 18.183 | 23.457 | 29.057
Max/Ave*100 %, | % | 168.8 | 153.0 | 165.2
Min/Ave*100 9/, | % | 52.2 | B1.6 | 50.6
Scour depth
50ft //)& -
40 s
A 341
30 ——f—4
20 1
5
6
10
0 5
0 100 125year

Flood Frequency

Fig.8 Comparison of Scour Depth
(9)
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CONCLUSIONS

Through general research about local scour at abutment using lite-
rature review and quantitative comparison of local scour depth, the
following conclusions can be drawn.

1) Maximum scour depth at abutment using formulae suggested by
many investigators is not confined within narrow limits. So,the ef-
fort to get suitable formula for the applied natural channel condi-
tion is needed.

2) In the abutment scour Froude No. Fr. is a important factor. To
get suitable Fr. at the head of the contraction by constructing
abutments,the relationship between channel width,abutment width
and upstream width between abutments should be studied.

3) Opening ratio by only channel width is not suitable. So,opening
ratio should be defined by channel width and water depth.

4) The calculated results using Laursen's Formula and his suggest-
ed figures shows different value (Ref. summary of maximum scour de-
pth). If Laursen's Formula is used to predict abutment scour depth,
the correction factor should be considered.

5) Improvement of experimental equipments is required.For example,
board is used instead of both abutment and embankment,but because
most abutments consist of concrete structures and most embankments
consist of earth structures,some different scour phenomena which
don't match with real values is expected in the lavoratory.

(10)
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IOCAL, SCOUR AT BRIDGE PIERS
by Vincenza Cinzia Santoro

ABSTRACT: The general characteristics of local scour
around cylindrical piers, an analysis of the parameters
influencing the process, and a riview of predicting
models are presented. A comparison among seven different
equations, applied to some field data, is carried out.
The results show a general trend to overestimate the
scour depth, very often by very high factors. The spread
of data for a constant value of pier width suggests that
more knoWJ:edge about the influence of the other

parameters is needed.

In order to design the foundations of a bridge over an alluvial
stream, it is necessary to know the lowest elevation of the stream bed which
will occur during the anticipated life of the bridge in the vicinity of the
piers and abutments. For a foundation design, a calculated risk must then be
taken and the pier or abutment must be built in such a manner that the
probability of scour action disturbing the stability of the structure is
balanced against the replacement cost of the entire bridge structure. If
means could be obtained for the prediction of the amount of scour, the
calculated risk can then be confined to the probability of flood occurence.

This paper deals with the many different models suggested by
researchers to predict local scour depth around bridge piers. An application
of some of this equations to field data is presented, the main goal being to
compare the relative magnitude of the predicted values to the measured ones.

If an obstruction is placed in a stream, the flow pattern in the
vicinity of that obstruction will be modified. Since the transport capacity
is a function of the flow characteristics, the transport capacity pattern
will also be modified. In any area where the transport capacity is not egqual
to the rate at which material is supplied, scour or deposition must occur.

Scour can then be defined as the enlargement of a flow section by the
removal of material composing the boundary through the action of fluid in
motion.

The total scour at a river crossing is composed of three components
that, in general, are additive: general scour, due to long term changes in
the river bed elevation (aggradation or degradation), which would occur
whether an encroachment is present or not; contraction scour, resulting from
the constriction of the waterway, either natural or due to the bridge and

149



1ts approaches; local scour, conseguence of the interference with flow by
piers or abutments, which accelerate the flow creating vortices that remove
the material arocund them.

Iocalsoourcanocmrmoneoftwoways.

Clear-water scour occurs when there is no movement of the bed
material of the stream upstream of the crossing, but the acceleration of
the flow and vortices created by the piers or abutments causes the material
at their base to move. The bed shear stresses away from the scour area are
thus equal to or less than the critical or threshold shear stress for the
initiation of particle movement. The maximum scour depth is reached when the
flow can no longer remove particles from the scour hole.

Live-bed scour (also referred to as scour with sediment transport)
occurs when the bed material upstream of the crossing is also moving. Live-
bed scour fluctuates, in response of passage of bed forms, about an
equilibrium scour depth, which is reached when over a period of time the
amount of material removed from the scour hole by the flow equals the amount
of material supplied to the scour hole from upstream.

FLOW FIEID AROUND A PTER AND SCOUR PROCESS

The dominant feature of the flow near a pier is the large-scale eddy
structure or the systems of vortices which-develop around the pier. These
vortex systems are the basic mechanism of local scour. Depending on the type
of pier and free-stream conditions, the eddy structure can be composed of
any, all or none of three basic systems: the horseshoe-vortex system, the
wake-vortex system and/or the trailing-vortex system.

The approach flow goes to zero at the upstream face of the pier, in
the vertical plane of simmetry, and since the approach flow velocity
decreases from the free surface downward to zero at the bed, the stagnation
pressure, also decreases. This downward pressure gradient drives the
downflow. If the pressure field is sufficiently strong, it causes a three-
dimensional separation of the boundary layer, which rolls up ahead of the
pier to form the horseshoe-vortex system.

The stagnation pressure causes not only downflow, but also sidewards
acceleration of flow past the pier. The separation of flow at the sides
creates the wake-vortices at the interfaces to the main stream. These
vortices are translated downstream with the flow and interact with the
horseshoe-vortex at the bed causing it to oscillate laterally and
vertically. They also act as little tornados lifting sediment from the bed.

The tralllng—vortex system usually occurs only on comple‘t:ely
submerged piers and is composed of one or more discrete vortices attached to
the top of the pier and extending downstream. |

Finally, a bow wave develops at the surface with rotation in the
opp051te sense to that in the horseshoe-vortex. The bow wave becomes
important in relatively shallow flows where it interferes with the approach
flow and causes a reduction in the strenght of the downflow.

Fig. 1 shows the flow pattern at a cylindrical pier.
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Some general characteristics are common to all the scour patterns
around a pier. The upstream portion of the hole has the approximate form of
an inverted cone, with side slopes egual to the angle of repose of the bed
material. Deposition which occurs in the low velocity area behind the pier
divides the downstream portion of the scour hole into two separate tails.

WAKE
= SHED VORTICES
o2 SHED NOBTIED

BOW WAVE

The many parameters which influence scour around bridge piers can be

arranged into four groups:

1. fluid variables: density of fluid, kinematic viscosity of fluid;

2. stream flow variables: depth of approach flow, mean velocity of
undisturbed flow, roughness of the approach flow;

3. stream bed materials: grain diameter and form, grain size distribution,
density of the sediment, cohesive properties;

4. bridge piers variables: pier dimensions, pier shape, surface roughness,
number or spac:mg of the piers, orientation of piers to approach flow
direction, pier protection.

Because of the camplexities and costs of measuring, analyzing and
evaluating all of the above mentioned variables, many investigators assume
same restrictive conditions:

- the differences between the laboratory and field values for density,
viscosity and acceleration due to gravity can be neglected;

- channels can be considered sufflcmntly wide so that the bridge pier does
not cause a significant contraction;
- alluvial non-cchesive (often uniform) particle-sized bed material;
- perfectly smooth piers without scour protection systems, such as riprap.

These assumpions and restrictions reduce the list of variables to the

following:

1. fluid density, kinematic viscosity of the fluid;

2. sediment diameter, bed sediment density:;

3. approach flow depth, mean velocity of the undisturbed flow;
4. pier width, pier shape, orientation of the pier.
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There are several references in the literature stating that the scour
depth is affected by the flow depth relative to the pier size. In
particular, from the experimental results it may be concluded that for y/b
>3 the influence of this parameter can be neglected and that at shallow flow
depths the scour depth increases with depth of flow.

The volume of the conical local scour hole formed around the upstream
half of the perimeter of the pier is proportional to the cube of the
projected width of the pier. The larger is the pier, the larger is the scour
volume and the longer is the time required to ercde it at a given shear
stress. '

For the case of clear-water scour, the scour depth increases almost
linearly with velocity. The limiting scour depth is approached slowly. For
scour with sediment motion Melville (1984) obtained a generalized scour
depth versus flow velocity relationship, based upon the results of
laboratory studies, that shows scour maxima at both the thereshold condition
and the transition flat bed condition of bed motion.

For clear-water scour, the equilibrium depth is not affected by
particle size as long as b/Dg,>25. For smaller values the erosion process is

impeded and the scour depth decreases. For the case of scour with sediment
motion, ILaursen and Toch (1953) stated that, for uniform size sand, since
the sediment size will not have any effect on any existing balance of the
transport capacities, the equilibrium depth of scour should not be affected
by a change in sediment size.

Raudkivi and Ettema (1977) stated that sediment grading has a strong
influence on the equilibrium depth of clear-water scour and presented a
relationship between the maximm clear-water scour depth and the geometric
standard deviation of sediment grading. The effect of sediment grading on
the depth of live-bed scour is considerably more complex.

Piers can be classified in two categories: blunt-nosed, where a
strong horseshoe-vortex system and thus the maximm scour depth occur at the
pier nose, and sharp-nosed, where the horseshoe-vortex system is very weak
and the maximum scour depth occurs near the downstream end. Laursen found
that the shape coefficient, defined as the ratio between scour depth of a
particular shape to that of the rectangular shape, varies with the shape of
the pier in such a way that the best that can be expected is a 30%
reduction, and simple round pier has only 10% of reduction. Moreover, it
mist be taken in account that, if the pier is not perfectly aligned with the
flow, the effect of shape may be entirely lost.

For pier shapes other than circular, the depth of local scour depends
on the aligmment of the pier with flow. The local scour depth is related to
the projected width of the pier, and this width increases with the angle of
attack of flow. With an increasing angle of attack, the location of maximum
scour depth moves along the exposed side of the pier from the front to the
rear end of the pier. Some authors have proposed the use of the projected
width in their formilas, but this gives an overestimate in most cases.
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Same authors have carried out experiments with various bed material
densities under identical conditions. The conclusion was that the scour
depth increases with decreasing bed material density.

DESCRIPTION OF MODELS

A number of eguations for predicting scour were proposed by a number
of researchers over the past century. A list of formulae developed to
predict the anticipated depth of local scour at intermediate bridge piers
follows.

The Inglis-Poona equation (1938)

/3
bs=170(92 - eeeeneeaens eeeen eeeaeeeeas ceeee (D)

is based on a series of model tests run without general movement of the bed.

The use of the discharge per unit width in the contraction would seem to

imply greater scour at the piers if more piers were placed in the cross-

section. This contraction effect might be actually the velocity effect for
Chitale's formula (1944)

$S=6-65F‘r-0.51_5-49 F‘I‘Z------o-o ---------------- cceessesso (2)

is based on the results of an extension of the original Poona model tests.
Most of the tests were for the case of clear-water scour, but for some where
there was coarse sand laid around the pier, the finer sand from upstream
moved down to the scoured area.

The Inglis-ILacey relationship (1949)

d 0946( Q1/3 _

is a statement that the depth of scour measured from the water surface is
twice the Iacey regime depth. The principal restriction of this relationship
is that of regime channel. However, it also ignores the pier size, shape and
aligmment.

Blench's equation (1957)

YEE g x (b)1/4
yr 1’.'

.---u---0.--.ooo-.-o-.-o.--ooooooro-to--o--n(4)

can be cbtained from the Inglis-Poona equation if the exponent 0.78 is
changed to 0.75. The limitation of the Poona equation therefore still apply,
plus a contradiction because the conditions of the Poona tests were those of
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clear-water scour and regime theory implies a low to moderate rate of
sediment movement. '
The Iaursen relationship (1960)

b _ d 4 19
y =55y [Gresy+ 1] teeeneenceanncenaccncanesennncnns (5)

was based on an analysis adapting the solution of the long contraction, with
a balance of sediment transport capacity in the normal and contracted
sections, to the pier. It is valid for subcritical flow with a goodly rate
of sediment movement. A second relationship

§=5.5%s[(ﬁ§-—s§+1)7/6/ (Co/ T2 =17 v, e (6)

where (o/(c = V2/120 D2/ ? yl/ - , was similarly adapted from an analysis of
long contraction in which the contraction scoured to give a boundary shear
equal to the critical tractive force for the bed material and the shear in
the approach was less than this value.

Ahmad formula (1962)

in which K is a multiplying factor that varies from 1.3 to 2.3 according to
the general situation of the bridge and other conditions, is based on field
experience and model studies. It was derived for bridges crossing alluvial
rivers in deep sand fills.

Iarras (1963) found that

_ 0.75
A =142 KB "7 ciiiiiimnnucinannaiiasicncasannes EETETRTRPPREE (9)

in which K is a coefficient depending on pier shape. It is suggested to be
equal to 1 for circular piers and to 1.4 for rectangular piers aligned with
the flow. The equation was obtained collecting available scour data from
various rivers, after a flood had passed.

Neill's equation (1964)

a. _ Yy, 0.3
bs—1.5 (b) G § R R 3§ SRR § AR RE & 8 (8)

is based on model study data and is supposedly the maximum scour that can
occur at any velocity. For round-nosed piers the coefficient should be
changed to 1.2. For ablique piers the width is taken as the projected width
and the coefficient 1.5 is used for all the non-aligned shapes. Neill's
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equation is almost exactly the first Laursen and Toch graphic relationship
(1956) , drawn by eye on a simple plot.
Blench (1962) converted the original Inglis-Poona eguation to

Yt ds_ 1.8 £ ,1/4 '
r rs L] (yr) ® 9009 6090609000000 eSS OOODRS ® 20 9 0 3090000308 .I.(lo)

and Arunachalam (1965) did the same obtaining

y.+d, _ b .1/6
r rs 1.95 (yr) ..... T R i g sessesssas(ll)

Breusers (1964) proposed

for scour with continuous sediment motion and circular piers. .
Hancu (1965) gave experimental results for circular piers, obtaining

d - L]
3 = 3.3 (%)o 2013

for natural sands. =
Shen's equations

Goe = 100 Fr%euiniiii i1 (14)
Egg =34 ... ettt e eneaneeeateanaeaanaees (15) .

are based on model studies conducted at CSU and other measurements, and are
for the limiting case of clear-water scour. There is a velocity effect but
not a sediment size effect.

Shen, Schneider and Karaki (1966) stated that the equilibrium depth
of scour should be functionally related to the pier Reynolds number. Some
experimental work was done with circular piers. From these results and
others from literature a relation was derived

e WIS B, o mmiestingns .6 st s 5 5 s . (16)

The equation was tested also with other data, with pier shape different than
the circular. If dunes are present on the bed at the design velocity, it is
suggested to add one half the expected hight of these dunes to the estimated
equilibrium depth of scour to get the maximum probable depth.



Coleman (1971) analysed some data and results from experiments on
circular piers in sand under conditions of continuous sediment transport.
The correlation cbtained was

2 v
a. _ vV “ 0.1 .
35—1-49 (gy) ® 60 000880008 C000 0SS 00CE 000 00000009000 SeRSO .-uo-(l7)

A prediction equation was developed at CSU (1975) for equilibrium
scour depth
b,0.65_, 0.43

d., - b
Y___SE"'Z.O (y) Fr eaeoseseecean 9 © 0000000000000 000¢9000°000O0S0SOSOC (18)

The coefficient is equal to 2.2 for square-nosed piers. The exponents were
derived from laboratory data.

Basak, Basamily and Ergun (1975) performed tests with square piers in
coarse sand. The water depths were small and for most of the tests V>Vc, but

as both depth and velocity were varied simultaneously no independent
variation of parameters was obtained. The results were correlated with the

equation
d, = 0.558 B rnans sy € s S eeeeneeneaeas (19)

for varying y, which can be interpreted only as a decrease of ds/b with
increasing b/y.
Jain (1981) formulated the equation

5

0.30 0.2
(F‘rc) © 6060060006006 066606060666000066S66GES®SOOCGCOS ®ee s o600 ee (20)

. A4
oS = 1.84 ()
valid for clear water scour around cylindrical piers, which is very similar
to that of Laursen and Toch but includes the effect of sediment size on

scour depth. :
Baker (1981), after a study of the mechanism of the vortex in the

scour hole, for V/V <1, arrived to a formula which adjusted with
experimental results, is

%8 = [y ¥ 10k, tarh(oy ) 109,050 «everencnnnnns A R R § (21)
C

in which k1 and 1-:2 are functions of @(pS - p)gD3/(p vz); glis a function of
V/V i 9, and g, are function of shape and incidence to the flow.

Raudkivi and Ettema (1977,1983) found that the maximum depth of
clear-water scour, for a cylindrical pier in a uniform grain-size sediment,



ac/om

with a scour process unaffected by relative flow depth or relative grain
size, is

9% 2D 6 e SRR § RS EAERS PesRGEE  [)

For non-uniform sediment, this equation becames
d

¥

where K is a coefficient whose value is a function of Oy
Froehlich (1987) used multiple-linear-regression analysis to develop
a prediction eguation for local live-bed scour ,

= 2-3 KG...l..-nl.---clll-.......ct-ollncnq.c..----.c-l-lloo(23)

0.08

sectscsscsstecctacnenas . (24)

d b' 0.62 y, 0.46. 0.20 b
B8 = 0:32 @) @) R )

in which b'=b cos 0+ 1 sina is the pier width projected normal to the
approach flow and @ is 1.3 for a square-nosed pier, 1.0 for a round-nosed
pier and 0.7 for a sharp-nosed pier.

SELECTION OF MODELS AND APPLICATION TO FIELD DATA

Froehlich (1987) collected and analysed existing field measurements
of local scour at bridge piers.

Seven models were selected and applied to those data: Laursen (Eq.
5)i Neill (Eq. 8); larras (Eq. 9); Breusers (Eq. 12):; Shen, Schneider and
Karaki (Eq. 16); CSU (Eq. 18); Froehlich (Eq. 24).

The results are shown in Figs. 2-8, where the ratio between the

calculated and the measured depths of scour is plotted against the pier
width.
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COMPARTSON AND RESULTS

The data look quite spread in all the graphs.

There are some remarks that can be made.

The adopted selection of the parameters in abscissa (pier w1dth) and
ordinate (calculated depth/measured depth) doesn't allow a comparlson on the
effect of different parameters (velocity, sediment size, sediment gradation,
flow depth) on scour depth; nevertheless the available data refer to very
different conditions. For example, the bed sediment mean diameter varies
from 0.008 to 90 mm; some bed material was graded and some was not; the
angle of attack varied between 0° and 35°. However all the mearurements were
referred to subcritical flow, the higher value of the Froude number being
0.86.

A slightly better set of predicted values was given by Larras'
formula.

Froehlich's equation was the only one that seems, in general, to
underestimate the scour depth

All the equatlons give highly different results for the same pier
width (and this is particularly evident for b=1.52, for which many data are
avallable) This suggest that the welght of the other parameters must be
important and not yet well considered in any of the equations.

CONCILISTON

Although a good knowledge of the qualitative aspects of the scouring
phenomenon has been reached during the last fifty years of research
activity, a complete quantltatlve understanding is still far.

As the depth of scour is influenced by very many parameters, it is
difficult to try to take all of them in account, their influence being not
easily comprehensmle both with a theoretical approach and an experimental
approach.

In particular, the results show that, while the effect of pier width
is fairly well taken in account (or at least approximately in the same way
for the used models), the influence of the other parameters should be better
analyzed, like the scattering of the points with the same value of pier
width suggests.
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APPENDIX IT. — NOTATION
The following symbols are used in this paper:

= pier width;
= depth of scour below mean bed level;
= equilibrium scour depth below mean bed level;
= maximum equilibrium scour depth below mean bed level;
mean sediment size;
= friction factor;
= Froude noumber;
= critical Froude noumber;
= gravitational acceleration;
= lenght of the pier;
= discharge per unit width;
= total discharge;
= pier Reynolds noumber;
= mean approach flow velocity;
= mean approach flow critical velocity;
= upstream flow depth;
= regime depth;
= angle of attack of the flow;
= kinematic viscosity of the water;

o o’

<Q K _<<woq - MO Qoo
S oS <F AR gy
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P = water density;
Py = bed material density;

og = geometric standard deviation of particle size distribution;
o ™ critical shear stress;
{ = bed shear stress.
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