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INTRODUCTION AHD-ACKNOWLEDGEMENT”

(1) The Problem of Scour at Bridge Piers

Lately, éonsiderable amount of study, both theoreti-
cal and experimental, have been made for formulating a
satisfactory basis for designing bridge superstructures. But
little work has been reported on the bridge substructure
(piers, foundations, etc.) and most designs are based on un-

Atuddes Aave e

certain design criterions. Hence considerable -study can be
made on the bridge substructure. This report is a discussion
of the bridge substructure design from the hydraulic view-
point.

Most bridges are closely related to the river. Con-
struction of bridges always changéithe characteristics of the v
stream. It is common knowledge among bridge designers, that
serious considerations are necessary in choosing the sites for
bridges and piers, and also for selecting arrangement and type
of piers. In choosing a bridge site, it is reasonable to
select a narrow place in a straight reach of the river channel,
The number and arrangement of piers, considering economy,
depends on the design of the bridge superstructure. However,
design is restrained by hydraulic limitations for flood control
and irrigation purposes. Piers should be so arranged that
there is enough space between them to drain flood water and

pass flowing debris.



Construction of a bridge always causes backwater
which is evident from thg raising ?f Epe water surface upstreanm
of it and the increase_gg velocit;kéﬁigggh the constriction.
These effects disturb the stability of the bed around the piers.
and hence scour and filling are expected.

Some study on backwater due to piers at flood dis-
charge have been made to compute reasonable values in actual
cases. Due to the complication of the phenomena of scour
around pieré, it is neither easy to solve the scour problem
theoretically, nor to observe it in the field., Due to the
aboveiyeasons, it is regretable that any solution to the scour
problem depends only on the experimenter% judgement and not
on any theoretical reasoning.

There have been many failures of bridges caused by

excessive scour. These failures are due to the errors which

tne engineers hdve made in thelr Judveﬂent of scour depth,

f acour can be reduced oy the following methodS"
A. Decrease the number of piers and construct
piers such that they are parallel to the
centerline of flow, so that disturbance of
the flow pattern is cuf to a minimum. This
not only reduces scour but also decreases

the backwater and easily drains flood flows.

B. Form the piers to smooth shapes so that
there is a decrease in both resistance to

flow and scour.



C. Determine the depth of the foundation by
considering the depth of scour and the
bearing stress of the bed around the piers

D. Protect the river bed around the pier,
against scour, by a stone apron or piling.

These methods are similar to one another. It is con-

venient, considering economy, to apply several methods at the

same time, thus stabilizing the pier. But all these techniques

are based on experience and indistinct judgement. Hence

b

(2) The Study of Scour and tbe Law of
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"urther study is necessary.
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,'”theory and an actual case in the fleld dnd the 1nportdnce of

profetypes

phenomena and systematic studies on the structures- and models

also lead to valuable
cases and theoretical
of progress in modern
experiﬁental study on
hydraulics so that we
applied in the field.,

'T_; f‘_—;‘;ﬁéé ;n_.)
¢ The laws of

conclusions which may fit both actual
solutions.l This will increase the rate
hydraulics. It is necessary for any
the scour problem to be based on modern
can get sultable data which can be

fl\s
similarity -are most important in modern

hydraulics. In our case, three of the laws of similarity are

applicable; ,.
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Applylnc these laws, the close relatlonohlp between
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Table 1.

The Model iatio by Usinzg the

Laws of Similarity.
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proteFype.

If the ratio of length of structure to length of
model be lzééand.assuming the same fluid having the same tem-
perature, the model ratio for each physical characteristic
is as shown in Table 1. But in an actual case, many forces
are acting on a fluid particle. It is impossible (observing
from Table 1) to find the law of similarity considering these
factors at the same time. | For this reason, in general, one
important force was considered (except inertia force) and the
law of similarity which fits this force was applied.l €8s
For hydraulic phenomena in open channels the Froude law of
similarity was applied. This is because a gravitational force
is important besides an inertia force. But, in experiments,
it is difficult to use models which have large values of mean
hydraulic radius. On the other hand the effect of frictional
force overshadows the hydraulic phenomenon in ﬁodéb having
small values of the mean hydraulic radius. In this case, it
is nbt sufficient to use only the Froude law of similarity.
Mr., aéébo tried to.equaiiée the coefficient of frictional
resistance at similar points in two channels which were geo-
metrically symmetrical. But the coefficient of frictional
reéistance is affected by the roughness of the channel, mean
hydraulic radius and Reynold's number, etc.; so that it is
impossible to equalize these-coefficients. For compensating
for this fact, he proposed multiplying the ratio of these two
coefficients to the Froude law of similarity. The above state-
ment is applicable only to the case of a fixed river bed. For

experiments on scour, it is related to velocity, discharge,



and the size and type of bed material. Accordingly, it is
difficult to establish a complete law of similarity and also
difficult to predict accurate scour in the field -from-the—
. —field from the results of experiments. For the above reasons,
Winkel, Krey, Eisner and Vogel proposed to establish an

for practce
approximate law of similarity,instead of using the theoreti-

cal law of similarity.

(3) The Purpose and Content of this Report.

Lately considerable progress on the study of the
scour éroblem has been made by applying the law of similarity;
yet it is far from completion. . In this paper; the results of
experiments which were made at The Central Experiment Station
at Kyoto University have been reported. Conclusions derived
from the study have also been stated.

Chapter 2 is a discussion on the stability of a
river bed with basic ideas for model tests on the scour pro-
blem. In Chapter 3 the effect of pier-itg;?on scour has been
discussed. This is the main subject of this report. Fhe-last.
part-of-this report is-a description of the effect of pier
-arrangeiment-on-scour.

Loncerning the mechanics of scour and-its-protection;
the results of experiments performed by authorities in the
subject-and some of theauthor's opinions-regarding them have
already been -stated in this report.

Because of the lack of coincidence between the modél

and prototype data, resulting from imperfections in the law of
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similarity, no accurate conclusions,can be obtained from the

experimental data, but further study for correlating experi-

mental work with actual field conditions is expected.



IT. TEE STABILITY OF A RIVER BZD AND THE
RELATIONSHIP BETWZZIN TRACTIVE FORCE
AND BED MATERIAL

- (4) General
It is impossible to solve the problems on the move-
ment of bved watexlul\irom the theoretical view p01nts of
fluld nechanlcs,(”speézally, df-~at—~the same time the stablllty
(&ﬁ a rlvex Ded 15 discussed. -based (on a hydrdullc study,

""""""""""" L Ai, "){bf;s iJ J{[! fﬂ;r( ;L,V*{.q //”- ’ :
mainly through experiments, there are two methods to solve

o
i
the problems of sediment movement.

A. The method based on the impulse force

caused by velocity near the bed.

B. The method based on the theory of

tractive force,

In general, if there is relative velocity between’g’/
fluid and solid, dynamic pressure acts on the solid in the
direction of the relative velocity. This 1295;2 to frﬁctlonal
resistance and form resistance, The former is due to fluid
friction and is related to the surface area of contact between
fhe solid &nd water, roughness of solid surface; relative
velocity; and the viscosity of water. The latter is due to
the pressure difference between the front face and the rear
face of the solid, and is related to the shape of the solid and
the relative velocity of the fluid. If the density of fluid

w 1
iﬁiﬁb)the relative velocity i§ V and the projected area of the

26804 & the nevm 'f— it Tn the dincclisds o fﬁbr fl)
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dynamic pressure P is

Pzf a2 -~ - - - (1)
g Which, S 2g

A g .. . R .
wher€ - 1s an experimental coefficient. This coefficient is

a|function of teynold's number, V. , especizlly, when the
' R =
dynamic pressure is mainly due to frictional resistance; if
the dynamic pressure is maily due to form resistance -and-the
‘ff:Jr] ‘,-JN\ -."A". o)“y) .»P " i Sb; m{‘ I &
solids-—are-similar, ,J has anconstant value for any kind of

A
fluid.

For a sand particle at a state of rest on a bed, the
relative velocity is eqgual to the velocity of flow. If the
dynamic pressure exceeds the resistant force, the particles
start moving and scour occurs.

of Mo pe Aticles

The resistant forces,are different for sliding and

rolling. HMost particles move in the path of least resistance.

The particles having a flat or a square shape will slide and

the particles h?v1nv a spherical or cylindrical shape will roll.

4
f\ceennx LAl ..m-:rf {a) "‘.'7."'1 "" dt

This is a study q}—theAlmnulse fovce of velocity. hlthln limi-
tatloqs/of a stable bed, the diameter of the sand particles is
expressed as d = f,(¥), in which V is the velocity of flow
écting on the particlé. This theory originated from Newton's
dynanic pressure theory and was studied by Brahms, Airy and Law.
The theory of tractive force was proposed by Du Buat
and expanded by DuBoys through observations on the Hiver Rhomg:
Kreuter .and de Thierry published the theoretical explanation
but it still seems incomplete. The main assumption is that,
in uniform steady-igggi the zravity component of the weizht of

water paralledZ to flow is balanced by frictional resistance

*
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on the bed, and this resistance force is equalZPo the tractive
force on the bed surface.

The tractive force F, in kg/m?, can be written as:

TR

i b . : F =W, H I = o == =i(2)

I Lt o o \“»\_ J'M

where: H = depth of flow, “o c S

I = slope of the water surface = slope of the bed
surface
£§5 < wei@ht-offgwﬁnit volune of water ko‘,’m3
N9 ° L v
- Mro

The stability of a river bed will decrease with in-
creasing tractive force. According to the theory of tractive
force, critical tractive fongglFo is constant for each differ-
ent size of bed material. -W{fhin the limitation of bed stability,
the diameter of a sand particle can be expressed as:

d = f5 (Fol= f2 (H.I).

In these two methods, the former uses velocity V as
fhe basic characteristic of flow and the later takes slope, I;
and depth, H, as basic characteristics of flow. Comparison
between the two theories have been made by many authors. H and
I are easy terms to measure in the field, also it is convenient
to apply the theory of tractive force for engineering purposes
since H and I can be measured more accurately than velocity near
the bed or the mean velocity. These two methods were established
only for solving problems and there is no essential difference
between them, moreover, they are closely relafed. Theoretically
speakinz, tractive force is <onsidered -as..shear stress,

/ q;ﬁmzﬁiyﬁ'fgﬁl'y“w-Ofwonmthe bed-and “is- determined by the velocity .
distribution in the boundary layer. Accordingly, tractive force

!
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is affected by Reynold's number and the roughness of the river
bed. On the other hand, the dynamic pressure of the sand parti-

; 3 ” ‘ : vy e NEAN
cle is mainly controlled by velocity and its distribution -in-
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the-boundary -layer. Hence we can observe the close relationship
between the two theories. although a precise correlation
between the two theories is essential in studying the nechanics
of particle motion, no complete correlation has been reached.
Hence it is difficult to apply, in the field, the experimentzl

results on the study of particle movement.

(5) The Stability of a River Bed Based on the Impulse Theory

of Velocity near the Bed Surface

A. General

Dynamic pressure on a sand particle by velocity V, is
as in equation (1). When the resistance of a particle is less
than the dynamic pressure, the particles begin to move and
scour occurs.

AT -

Aithin the limit of stability of a river bed, assun-
ing a particle resting on a rigid surface; the relation between
mean diazmeter of sand/particle d and velocity near the bed Vy
is mathematically expressed by the following ecuation:

d =% ; ke e T (3) |
The coefficient K is related to the shape of the particle,
its position; the velocity distribution near the bed, the Reynold's
number and the roughness of the bed. |

Brahms (1753) used the weight of a particle in water
Wy instead of the mean diameter of particle d and stated the

1/6

condition of sliding as Vy = f, W1y’ ". This equation was veri-

.



by Airy (1834) and Law (1885). Law also stated that this equa-
tion could be applied for rolling particles. Steinberg (1875)
/_1_1.-31{-[&.\ ,—d»}.{.{r’,s of r‘E‘»’ohe‘f:‘m-‘e ‘ﬁdu’f««. At
assumed sand particles as rolling-particles-having similar
shapes-and mean diameter, 2a, and noted Vy =;;ﬁa&a.
A, '

In actual river beds, the sand particle is -surrounded

by other particles having approximately the_ same size. The
,C o;-,f;,\,-..ﬂ

part in contact with the,fluid is only the upper half of the
particle. Therefore}the coefficient in Eq (3) should decrease.
Since the velocity near the bed is extremely low, the determina-

tion of Vi becoies a difficult problem, moreover, consideration

of the size of particle and other factors is required. There
were many experiments made by du Buat (1€16), Suchier f1883),
Franzius (1890]; Schaffernak (1922) etc. Herein is a dis-
cussion of Schaffernak's work. By obtaining a relationship
between velocity near the bed and the mean velocity of flow &nd
also expressing the mean velocity by the Chezy formula, the
relationship between the Impulse Theory and the Tractive Force
Theory can be examined by hydraulic methods.
B. Schaffernak's experiment. 7g

By using a small experimental flume with dand of

uniform size, he found the relationship between velocity V,, and

maan diameter d as listed in Table 2.

-



TABLE 2

Diameter of varticle, d cm.

Particle startsmovin= Vi m/sec. (Vol v
Particle continues moving , (Vq)
Particle Stops moving 4 (V,)

Approximately VO:¥12V2, Vo &?1.5V1, Vo E”% Vi v/

C. Welikanoff's experimental formula
The dynamic pressure on a sand particle is proportional
" to the second power of velocity. But it is still doubtful
whether this proportionality can be applied to fine sand particles.
The velocity in the boundary layer decreases rapidly near the
bed and in case the velocity is large enﬂough, in magnitude, to
move large pdfu1CleS” the boundary layer becomes thin and—pg g:hm fvwl{
e G Saad t/\AJ e 18 apinned
<cles-are controlled: by the velocity outside the boundary layer.
But in the case of fine particles, this phenomenon is contrary v
jxv,‘“' j—/")’lw".-.‘_b' »mfcf.uf',ac. )
to observations. Hence the determination of velocity near a
bed must change with the size of particles. If a theoretical
deternination of the veloc1ty distribution near a bed, -accord-—
4nz.-to_the size of particles; is possible, a theoretical solu- J
tion of Vi can be expecteqL] At present, we still rely on
experimental results. Welikanoff used a 50°% x25¢™ x 9Q0°™
flume with sand size, d¢= 0.01 - 5.0 mm, and established an
experinental formula relating the diameter of sand particles

and the mean velocity of flow.

2
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where: g = gravitational acceleration (rm/sec* v
P LT BTN A 7 %
vV = veloc1t/ of hlow_j:eozg (mm;sec)
: r
d = mean sand size (mn).
T e i 3 V
/n experimental coefiicients
\\ynen he_whole sand ,;d.;; 0.5 rm o 0.65)/9- 11.0
C et
layer starts uov1aw/}a 0.5 Z 4 £5,0 mni ex 14,0 5.6
3 ‘va L’afl'(\. ; £
hqen'%ucn ﬂuftl”lejs artg noving 0,00 £ d<5.0mm - 7.3 3.0
,wnen the sand particle is larger than 2 - 3 mm,/é’ls neglected "
and the formula becounes
2
V' =15, 4
g
By using sand with diameter 4 = 0,01 ~/1.00 mn,
===
v Welikanoff made experiments relating depth of water H and &~ L
found thaE%Q increases with increasing H
. 1
P 051 I £ 5.7 for H = 25-6°150 ma @) -
His experiments nrovcdft hat the thickness of the v
boundary layer changes with depth of flow and the novement of
fine sand particles is evidently controlled by the velocity in
the boundary layer.
(6) Stability of a River Bed Based on tlie Tractive Force
Theory
A. General Study:
The followingz conclusions can be made from the study
of the critical tractive force, Fy: In open channels having
common slope (1 =~ _ l) with certain size material, the sta-
OO 600
bility of the bed surface is determined by the critical tractive

=16=



force for that size of naterial, and cannot be deterumined by
(2%)
the depth of flow or slope alone. Kreuter,reached this conclu-
. 1 L} = L3 - 4 = & L3 o 1 (:{”5}
sion throuzh investigations in natural rivers and ocnaffernage
. e ) (143%)
Gilbert, bchoklitsch
R

and Kramer, verified his findings through

flume experinents,

]_l
ct
e

The critica ractive force can be determined by the

o
DJ
®
[ &9

characteristics of th nmaterial but it is impossidle to

compute it by using only the diameter of the sand particle or
any other nunerical value which represents the particle size.
From Gilbert and Kramer's experiments, it is seen that critical

tractive <force is a function of the size of particle and its
distribution, the shape of particle, the consistency of the sand
layer and the specific gravity of the sand particle.

The size of a particle and its distribution can be

obtained by sieve analysis. The shape of particles can be
Commen TIVED
obtained by precise neasurements but the shape of ysand composed
ahhnrfma fely cenatas JE
of quartz can be considered as,spherical, The consistency of

the sand layer can Pe obtained by measuring the void ratio.

Thereforg)critical tractive force can theoretically be expressed

by the followinz general function:

! Wkl Fo "'Jc(d)(?lJ(w-x-fo) I
Ly Whatdy _

~where: d = diameter of particle

w

void ratio ‘ b
w-ed )11‘ ‘pf L H'JL V’_@__c_{_,g;-‘_. .
syeli£i0~gravity‘0f sand

w-e«\lfrﬂ'n f per Un i UC-“’!::H:‘C:;, ,&_
Wo=-specific gravity of fiuid Wat L

It is alumost impossible to derive constants or coefficients for

this formula.

o



The following are experimentzl formulas:

B. du Boy's computvation:

3
e

e sand particles on a river bed under stable condi-

tions interlock one ancther and do not permit individual motion,
From the above statement du Boy concluded that the stability of

-

& stable river bed is deternined by the thickness of the sand

/

layer which resists tractive force.\ If the Flow is uniform

s et , '
and steady, the tractive force on a unit area is F = {oll, The v’
. Wo '
frictional resistance of a sand layer having thickness d is
g © i waed, )
R _-_-_76(1:—*.3 (L =) (1.1.d), where N is the void ratio and f is v
a coefficieniqof friction,
+ .
Within the limitation of stability of a bed v
FaeF, and Fy, = R, Ao ﬂ£4jﬁ v
d = 9 Bt W LI
-l : v
e Wo f (=g (1-3)
b L-..'f.\n.i.c’.‘Q\ .
fEd_and H should be expressed in comion units and/df: 145 FU2.935 l
= wWihen
In the case wmere the diameter of the sand gartlcle o
given by q{. (b

&, is less than thickness of the sand layer qw he assumed that

n layers of dg (ndg = d) move together and the formula becomes
F, = WHT = (W = o) (1-N).nd, =--m-nma=(61).

This concept of the motvion of severzl layers dis-
azrees with actual conditions and also neglects to consider the
shape, size and distribution of particles. IHence this concept
is risky to apply in the field. Nevertheless it is worthyof
attention as one of the first methods of compubation based on the
tractive force tlieory.

C. Schoklitsch's experinental formula:

1.

By usinj deptihh of water less than & cm, Scholklitsch

found a formula for critical tractive force F,, for the bezin-

e
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as: saaefes'

ning of motion of sand particles.

»

By = /0.385 wilw - ES/AVARE J/ 0.201 w('.-.-'-wo)?? (2a)3  _ _ (7)

o+
VY A b

where: Y = volune of sand particle (m )

K

4]
peb}
1!

mean diameter of particle (m)

shape coefficient; gl@? =1, sand = 1,15 - 1.35,

thin debris of rock = 4.4, debris of rock = el ; |
W{\(‘n a ,(_'_,,,‘({ Y ’!i'-.f.{f-.‘,« L b7 vetn wall, 'J o reat en pht Leod covan
) hfe t;o-vol;ne of~-s¢
ol Adwd t” Tlehee L;;i.\, el e T
sand-parvicles neglecting-voids is”ﬁrsg~$hen-

\/o.;a) :(u-n Wv/.(l ¢ [r0.5 (F - 1] J - (7%)

Eg, 7 and 71 define tract v force as 0 when a particle
starts noving., Since the sand particles are interlociked wit
one another in natural riversjthese formulas do not seem adecguate
to apply in the field. But these formulas are worthy of an

xamination as an experinental proof of the tractive force theory.
D. Krey's experimental formula

He assuned tractive force as Fy at the time when all
the particles start moving and it is difficult to evaluate the
nunber of individual particfles which are moving. Under these

conditions he proposed that the frictional resistance

®

= fﬂw - wo)Yr d3/6 equals the tractive force
FO‘F'd2/4 =.H HI'Wfdz/h in each particle., Assuning sand particles

--\

it dlameuer d, he derived the following formula:

I\.‘f\ f,)

-

-
e
1

430

¢ =¥ e ‘ur
W=l 24

fter many experiments he proposedj;?= 13 and thus Eq.8 becomes

~19-



w @”

dZ13 %% HI, == = == == === o= (8
o ]
. {‘. L'{.\:fr- L
If w=2.6~2.7, d::f‘iHI A and d have sane unitsEL

There is no de udte neasure for river beds having

;. e |
l'-'d*.}-..,'{f‘l. ih et t“‘—}_? (-_.,_gi’, ,‘.,f"," er,e-.,(,.,, Jf{:“,a,p _)' nEdn choam k?’,_\/{ f"!.tm‘,,’,'h di

n01un1form naterlal. %oveve“'“by ﬂlottln the-sige-distridu~

A
(Jh‘ J—{{,ﬁl (/f .'{‘1‘.! _j;‘f_fq'-}’ f;;‘:“,-;\_—;{ (d'f\,\~1v”1 o "P\) j ;t.\df, Q’\a\t.ft-{""r"}‘!‘g? "r
1

tien—-as-Fiz, 1 and compﬁtlng-une mean -diameter;- d“ -aitd—d =y, -0y

Eq+9,-Bqs.&-and ..481--—-r:1a3r—~be =

| & [ Figo l
e At 50 Fooo
A = 2. 0 dAP; 4y = == dAP

B s 2 B =0 1. o

T , [ &

- 100 k 100 B
A=A 4 by T = dAP; P =- AP H
P=0 R sd b
) <
s

dy, = A/P di — (P 505%) Size of particle

P Sand Size, d

Krey's experimental foriula has an inadequate coeffi-
cient for the case of non-homogeneous particles, but it is
still convenient to apply this formula in the field. This
formaula has been used as a guide in the present study.

E. Kramer's experimentzal formula:

Kramer used a 30°™ x 80.7°™ x 17™ flume with sand of
different dianeteis and proved the general conclusions, stated
_in A, by experiment. At the same time, by usiny the result of
his experiment and data of other authorities in Eui}ge, he

derived an eiperimental formula corresponding to the theoreti-

cal formula ziven in Eg 5. U

Rramer applied the method which himmel used for the

deterizination of the characteristics of concrete agzregates

s
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to river models. Iloreover, the formulas are in a simple form

Ve Pk

Listatdy Jitd '—-'\r
and also applied mean diesmeter d, 2 A/P and the coefficient of-

me ‘t{'ﬁa

hornogeneiety- I = ABfA from Eq 9. His formula expresses the
C.5,.-_‘.\?(" b

relationskip-between-the size of particle, its distribution

and the void ratio, and is written as follows:

P2 200 da bws We) oow o osms s = [50)
6 M

[l.n '_-:J:-',.\'.-fr:\. 5 r 2 6
where : - Fo Z critical tractive force L? /m<) = 10 H$J

H = depth of flow (m),

I =-slope of water surface = slope of bed,

d = mean sand diameter () , e

Ll = ‘;‘.‘—,: .}_'f.:' gt “‘.-’{ _{,:l 3

apd’ M = ecoefficient-of nomo*eneleuj (M= A /ﬁ?

In his experiments, Kramer fixed the bed slope and

kept the flow uniform and steady then he increased the d1§-
qu*;o ~ 2
W & L

charge. He assumed the tlmeAand particles start mov1n3\and
gneﬂ little ripples were formed as the condition for bed sta-
bility and computed values of F, from the depth of water and
the slope of the bed.

Indri made riggous experiments on sands of many
sizes, and using his data and the experimental work of lleyer-
Peter and Gilbert, he revised Eq-10 as follows:

w-Y, L 12.
13.3 dn mo F 1218

dn<l am F
a v = s 1)

W=¥o . 98,48

d,>1 mm ®, 5L.85 i -

Egs10 and 11 are dimensionally correct. Since these

formulds contain all the necessary terms, they can be applied

! .« et

b datedad Ail.n) h

3
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and each term can be easily and accurately measured. Although,
these formulas are inadequate in the determination of coeffi-

cients, they are more reliable wnen compared with other formulas.

(7) HModel Tests Concerninz scour

As stated before, the scour in an alluvial river bved
is largely related with velocity, discharge and the character-
istics of sand. It is difficult 4n-experiments to establish
complete similarity between models and prototypes. Accerdingly,
it is difficult to predict guantitatively the prototype /condi-
tions from model tests. Iloreover, for a qualitativer?ﬁdiction

Arel it

of the actual conditions it is necessary fqﬁs?%féﬁ;th;wpropef

y Leaing dw
size gand for the model bed, such that séodrhoccuqé at—the
-same—rate under cor;espgnding conditions. It is almost iupos-

3L, Eh

sible to reduce thé:s;nd particle to the model-prototype ratio.
If by any chance, it is possible, as a result of difference in
interlocking ability, the wmechanics of scour will change and

model-prototype comparison will be difficult.,

g In general:

Depth
Length  Width or Slope Velocity
Head
Model 17 st nt 12 vY
Prototype 1=m1X  B=zmBl H=pil I=nil v

m

el - Coeff,of Critical Sand
Discharge Velocity Tractive Diameter

T Force
Hodel oLt cZ CFL a¥
Prototype Q C Fa gfsedz

—A e



If we let m»e such that the ratio of reduction of particle
decreases, and if m >n so that the model ratio for depth
decreases, and we let the slope be larger than the actual slope
then the scour phenomena in the model will be similar to that
in an actual river. According to the limit of the experimental
equipment, it is necéssary to reduce the value of m as much
as possible. The value of n can be computed from Eqaj;ll.

A sl v v--
For example: nssume/ﬁ{ and w are constants both in

the model and prototype. Using Eq & (Krey's)

d ® HL 5 2 8 8% - & = == &= (12)
af HITL m

If m and e are given, n can be determined. In natural rivers
,‘_Su(?(‘l{".;'(d-(_ A-M_JC"LC_‘LHIF-.'?_/?—{
the flow is turbulent and tranewilt instead of rapids A similar
kind of flow pattern is desiqgggle for the model tests.
Krey proposed a formula relating the slope, the dia-

meter of sand particles and the velocity of flow for a model,

.

as follows: et 9- T,
T e T e
d° o I « 9 5 V< JoEt - - - - - -(13)
gnt €2 cy |
S E

Therefore for the deteitination of the model ratio, use €g. 13
as a limiting condition and determine the values of e, m and n
which will satisfy Zq. 12,

Vogel proposed that the terms which should be considered
for the determination of the model ratio are in the following
order of iwmportance:

a. Within the ranze in which the measurement of depth

-

. . .&-{..!a e *I O,
is possible, for turbulent and .traneuit flow con-

ditions, determine the values of m and n. They

»
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should be as large as possible and with little
difference in magnitude between them. For the
above reasons models should fit the relation-
ship. _

0_._%%_(1 & vz <\/:,::!hf (Ft - sec. system)

b. Obtain the critical tractive force, F,, by using
sand of river bed material size or by applying
Eq.10.

c. Using the river bed slope and Fyobtained from b,
determine the depth of {low of river at the timenf*
the bed begins to scour.

d. By nmethod b, determiné the critical tractive

2

force Fo~ for the bed material of the model.

e. From the model ratio for depth and the results
obtained in ¢, the depth of flow in the model at
the time when scour starts can be determined.
Knowing depth of flow and the critical tractive

- 17
forcg}necessary,bﬁg/slope of model bedﬁcan be
determined.

f. Tilt the model such that slope becones IZ, There-

fore, the model ratio for slope i = I/Ir is differ-

ent from the one determined from the values of n

£y

and m. descrile Hod & d

t"-l' 3/‘ R ¢l !’f a J. iy
For practical applications, the authorﬂphose the model

ratio, m, n and e (Vozel added i), for model tests on scour,

It is inmportant to determine adequate model ratios for each

hydraulic quantity, such as discharge, velocity, time and

amount of scour etc., for the purpose of getting complete

B2l



hydraulic similarity between the model and prototype.

In general, the Froude law of similarity is used in
determininz the model ratio for channels in which the hydraulic
phenomenon is nainly controlled by gravitational forces, such
as channels having large hydraulic radius.. But when friction
of channel wall is evident the Reynold's law of similarity has
to be considered along with the Froude/law of similarity. It

is impossible to use these two laws 51uultaneously, hence,
N s
{,"‘-‘\'ﬂ‘._ Coilang g AT 7
models should be ‘designed such that -wall fflctlon of model 1is
& i A B e o oo
0\“1\-9,, Hatearin

equal to that of the actyal structure. Tnefe is no complete
study on the change of the coefficient of friction resulting
from the model ratio. This fact causes difficulties in prac-
tical application.

At the present time, the model ratio is determined
by using the mean velocity formula. For example, Vogel

determined the model ratio by using Manning's formula

J fﬂ‘ 91 = ml/2 n13/6 e e (lll')
Q .

-

g s

S ;! oI.er:i.vin-'-r this Formula VO“el dpplle the fact t}at !

z/'

)
fbe coefficient of roughness of a cement mortar nodel (m‘< ], /
1000  /
bavln* a sand bed ( l .( m < __ 1) and of natural rivers
f . ' 1000 500 ~ ]

! L ~

\are aparo 11hte1y equal. This approach is worthy of notice.

S

In the case of an alluvial bed wl.ere the gravita-
tional force can be considered as the main effective force, the
Froude law of similarity can be applied. However, when the

friction on the river bed has an evident effect on scour from

D5



natural river beds, the model ratio is generally determined by
using a mean velocity formula., For example Okubo derived the

following equation by using Chezy's formula:

(EE - 29"
9 = M(nze)z'sz,j v_=mt *50 , > = = - =(15)
\ } v {
l - -1.1 s . -y h
.. 2-2[>
According to Winkel's study, the velocity coefficients
‘/ - '-.- . g
can be found as follows: ,15 N L {
P /g /,! " A
C= ALY 1}4@-)-"’ . ol = A(Vl R}v?) ; },here//u K= 1.2
< . g = p
aJ” ﬁ\ ; \fi P 10°%¢)——3

These expressions can be applied only when’\\ﬁ7and the coeffi-

cients A anq/g? are the same for the model and prototype. In

natural rlvers/ o 178, AZZh2.1 then Eq.15 becomes

v / ;
9 = m(nze)l*{? Y...... = m"j-h*? n 9{7
<
Ul dokonkin,
A snooth. model uurface is beneficial in ovtaining hydraulic
similarity between model and prototype. This purpose is accon-
plished by placing different materials having less specific
gravity wl than that of sand in the model, thus reducing both
the value of e and the difference between m and n.

. )‘ai,,s,t-l' ("{
In this case, ,an expr6351on can be obtained ,-using-

Tq--8 instead of Eq.15, as follows:

il
Q = m {;2e (v=-w J/(wi—w ;12'%5' ______ (15%)
¢ o) "
o
Y is the same as for Eq.15.
vL
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Lot
The methods stated thus far are mainly;;he experi-

ments on general scour and those on the movement of sand

particles, caused by improvements on the river channel,

A

Gy Apa
N P o

It is doubtful,gwhether the quantitative and qualita-
tive conclusions derived from the above theories are applicable
to local scour caused by piers. Even in rivers with fixed
beds, the problem of backwater due to piers and the resulting
dynamic pressure are still far from solved. dAccordingly, it
seenms difficult to find a dependable law of similarity for
experiments on local scour caused by piers,

The experimental results discussed in this paper are
mainly qualitative and it is.regretable that no adequate measure
is available for applying these experimental results to natural

rivers.

i



IITI EFFLCT OF PIui SHAPE ON SCOUR

(€) General

The most effective and economical measure for the
stability of piers is to form the piers of shapes which give
the least resistance to flow and cause no evident backwater
or scour, However, pier shape is limited from the view-
point of structural stability and coustruction.

Durand-Claye (1E€73) ran a series of experiments on
the effect of pier shape on scour. Enveié&%gntinued Durand-

avf) qwa) N g

Claye's work. Later, AenbOCK, Winkel and Keutner. did some

more experimental workAon scour and gave qualitative conclusions.

! Jr;r‘
VgLl

Because-of the impossiblity of obt lnln'T a complete law of
dnel tese of f rty
similarity, -they -used small models)aad nezlected to take the

bed material into consideration.
Hence, it is difficult to attribute the qualitative
dlffereqces op scour in their experiments to the pier shape.

;r... ” -t 1'._,'1;

It is, alao dl ficult to apply their findings to an actual case
in the field.

For the study of scour caused by two lenticular piers
(with sharp noses) of lenght 207 and width 4% placed 140

apart in a 50™ wide river I av1n* a depth of 5% and a discharge

(1aau 1

of 1000 m3/sec., Kurt Schu“rd uscd ‘models having a model ratlo
of 1:100 and three sizes of bed material.
l. Diameter of individual particles less than
1.5 mn, of which 67% are less than 0.4 mm.
2., Diameter of individual particles less than

1.0 mn, of which 78% are less than 0.4 mm.

28~




3. Diameter of individual particles less than

0.5 mm, of which 95% are less than 0./ mu.
By setting the time of run from 3 minutes to 9.6 hours for 23 5
runs, hé found that considerable difference in scour gﬁ%%%?ﬁ“*“i

for each time inte:val ?j changin; the bed material. His

S \al
. . . . D A \X
results are shown in Fig. 2. This fact is » ey
. b SN Fig. 2
noticeable from a study of the law of & k7
~ ¢
- . o
similarity on the problem of scour \\_x o
~] \ ®
caused by piers § I N
$ — =
§ R st
A Cun. Time--—3>

}.?.‘u: a0 .1..'.’,1‘_. ( '[&"-' oA )

{ Fhis paper -discusses the experimental technique -used--
O ALkl e o

to-evaluate ‘the effect of pier shape on scour,

(9) The Purnose of the Study and the Lxperimental Technigue

A. Purpose of study:

For investigating the effect of pier shape on scour,
the author made a preliminary experiment on critica%/fractive
force on a river bed without piers, thus verifying the conten-
tion of Kuetner and Kraier that a river bed has a constant
critical tractive force for eacli different size material.
Models of sewveral shapes were then inserted at tﬁe center of
flow for 20 minutes under conditions of critical tractive force
determined previously. Basegﬁgn these experiiments, the author
investizated the effect of pier shape Pn(scour and also observed

s+ uel v
the flow pattern around the piersﬁildﬂghermechanics of scour.
T Using the law of similaritf for models; the author tried te

derive quantitative relationships from qualitative experimental

=S



-——results but omitted them from the discussion in this paper.—
B. Equipment for eiperiments:
A circulating flume20m x 1.82m x O.4550 with a maximum
bed slope of 1/25, as shown in Figs. 3-5 (p.36) was ﬁsed for
runaning the tests. The maxigum discharge possible through the
circulating system was 551/Séc. Water is pumped to a tank of
2.,70m3 capacity and is kept at a constant heighéﬁby a spillway,
then allowed -to flow to the upstream end of the flume through
a pipe. The discharge is controlled by a valve on the pipe and
is measured by a sharp edged Bazin rectangular weir connected
with the downstream end of the ezperimental flume. The steel
tail gate was used in adjusting the depth of flow. The tail
gatefwas operated very accurately, thus the resuired depth was

St i A L el Birak -
gaélly-obﬁ ined. (Thlck‘01rcu1ar paper of lecm diameter was
used to measure the surface velocity of flow.

* €. Pier models. , )
) ¢+t ’ l”—f:‘_i;';;’/),(.c ._; f.fl‘ '(u' '( 518 4 r‘

T'n ar‘., Loy ic (38 i O Y
For-the purvose- of comparison w1th avamlable field-

data; wooden models of ex 1bt1n"Jp1er S}ap were made. . These
Conalrmiie ol with U atctangulor box _asdd
models were,of dimensions 300'II x 150  x ;,5CM ity nose and

tail as shown in Fiz. 7 and Table 3. Fig. & is a photograph
of the nose and tail which were used in the experiments. For
the purpose of studying the effect of pier length, pier models
of length 1] = 5, 10 ... 60°" were constructed. CirculQ;pier
models of 15%% diameter and 45°™ hight were also constructed.
Acutally, from the point of beauty and stress, the cross-
section of the lower part of pier should be larger than the

upper part. From the viewpoint of scour, it is beneficial

=30~
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for the nose of pier to have a slope of 1:2,5 instead of
being vertical, but in order to simplify the conmparative study
on the scour phenomenon piers with a constant crosssection
throughout were used.
D. Sand used for experiments:
Sand passing No. & sieve was filled to a depth of

B e S L

10°m(§§j€he middle 1o¢;of the test flume. Water was slowly

added until the sand was covered with water, and the bed was
screeded to the required slope. The water was drained from the

flume in order to avoid the effect of water, before scour mea-

. surements were made. Table 4 is a sieve analysis of the bed

material collected from the bed at 5 different locations.
-1, ‘-‘ fos .‘.I.i.__ e / 1t

Ena i AR Leheatigant

E. Preliminary experimenﬁk
~Determination of critical conditions. The critical

tractive force F0 for the sand analysed in Table 4 was computed
by Kramer's experimental formula (10) and Indris® experimental
formula (11), which were assumed most reliable. The computed
falues of mean F, were 64.15 &/m* and 63.35 gr/m? prom (10)
and (11) respectively. In order to ascertain these values
experimentally, first; the bed slope was set as 1/800., By
controlling the tail gate; water surface paralled to bed surface,

to obtain uniform steady flow was established. Under these

conditions, the discharge was increased untill the bed material

started moving completely. The formation of ripples'was recog-
nized as the limit of bed stability. At the critical condition
the discharge, the depth of flow and the surface velocity were

carefully measured. Fig. 9 is a surface velocity distribution

-




curve meagured at the critical condition. There was no evident
ripple chggge 30 minutes after critical conditions were reached.
But, as a result of gradual irregularity iﬁfthe bed surface,
relatively high ripples; about 2rv3;§26.of the flow depth, were
observed after 60 minutes. \ 2@

The above experiment was repeated and flow depths, at
critical condition, of 5.17°™, 5,20°M ang 5.19%M (mean 5.19°m)

were measured. Then

14 _ 2
F, = 10% 0.0519~ 800~ = 64.86 gr/m
For a second experiment, a bed slope of 1/600 was set and flow
depths, at critical conditions of 3.94°™, 3,91°M and 3.90¢H

(mean 3.92cm) were obtainted. Then

Fo = 106x0.0392&—5%6 = 65.33gr/m2

A slight &ifference between these values is recogniz-
able. However, owing to the difficulty in the determination
of critical conditions; this differenceL%§ considered as exper-
imental error. Thus it has been showniéﬁé Fo is constant for
each size of bed material. Based on the above mention%g/con-
clusion; the critical tractive force of the bed has been ﬁﬁﬁﬂi{é
assumed as Fo = 65gr/m2. This value has been used in Table 5
as criti€al conditions for the scour experiments. JIn Table 5 shows
-*iggé measured valued. The wall qf/the flume was painted before
the testing program, hence the wall effect was very slight, as
shown in Fig., 9. Moreover, the depth of water was used as the
hydraulic radius for computing the velocity coefficient in
Table 5.

F, Experimental technique:

For investigating the effect of the shape of nose and

32w




tail on scour; a rectangular box of 17 = BO?f;and different
shapes of nose and tails, as described before were used. A
pier model was placed at the center of the flume and the water
was allowed to flow, at critical conditions (as Table 5); for
20 minutes. Accurate measurements of water surface around the
pier were made during the experiment. After the flow was
stopped; scour depths were measured by means of a point gagg:j
For investigating the effect of pier length, rectangular models

of lenght ll" 0,5,10,....60%" with circular noses and talls s s g

Dk | AT
G "..\:_?-23 i { L e s s

were used. Two circular pier models of 15°0 diameterkwere also

investigated. Table 6 is measured terms.

(10) Effect of Pier Nose Shape

Minard (1856) proposed that the scour at the pier
nose is always maximum and effects the stability of the pier
itself. Later; Rehbock and Keutner stated that the scour
around piers is evidently affected by the shape of the pier
nose and it is advantageous for reducing the scour to sharpen

the pier nose. From the authofé test, series Al, A, and B,

2
this fact can be recognized. As seen in glg. 10 the scour is
P{L\ L{_,L i
symmetrical on each side of the pier with maximum scour being
In ha r‘*n:\:",d. h.. flr '-T L \e B 5-".'-""‘ 1t

found along the pier nose.
° p 'I.-!.._’- \'\.L“k\ vin g d\;. p L F t-J-

A, The"results"of-tesb,gerles Al and Az,are-as shown
P

4nFigs 1ll-and Table 7 slotss thowearwred values U$NMGH wedth e debia
.‘,‘V\mt“p{ '-_-". neweds,
The depth and width of scour are considered affected
9.0,

by the angle,of nose of pier. This relationship is shown in

Figs. 12 and 13. {If the angle between the line tangent to the

ﬁ,{ L] '}il\.‘. 'i”_ } r L L ';_I.- l‘l f" "‘.L\
' nose)and the center line of flow is 7, the relationship of/(?

with the scour depth and width is as shown in Fig. 14. It is

beneficial for reducing scour to enlarge the ratio of length

-33.

e



_ P gy
of nose to half of its width 2¥2/b. The'2Tp/b ratio’is limited
by economy and structural and construction difficulties. Fig.
15 is a relationship between le/b scour depth, scour width

hpal.
and the horizontal cross. sectlon of the scour- hole. In Figs.

12 ~ 15 the continuous lines are for an arc type nose and the /&7
dotted lines are for a straight type nose. Lzhe following A, i;r

salient points from these figures are worthy of notice:
i) The relationship between the angle*offposg of i

pier and the scour width K “and ’;s ;ﬁganuin

Fig. 12. It is seen that the smallar the angle

the smaller the scour width. This decrease in

scour width with a decrease in angle is obvious

for angles less than 40° for an arc type nose and

30° for a straight type nose. But for a straight
type nose, there is & little effect of nose angle
| o o 0o ,
for angles less than 200, From Fig. 1k, 15 an increase:

in ko and ks can be observed with a decrease in

,_ff Q!} -
ézw for an arc type nose (2= 967 This 15 due to

an increase og . For the same value of 21 kg
Il\

A
and K. are larger for the arc type than the vy wl i
- g On Al g Lies Y\I?H , Lo the Lo ¢ beloe of 243/5,
straight type nose. These- facts can be observed '
'}/\Lu(\.r :{,M';,v boe 2 ave vE 0 fha,, tha _ul,‘;. d Type e be, G0 Alin L

£rom Fig., 15. For two arc type pier noses, kg is
found to be inversely prooortlonaiéz ﬁé/bﬂ/ The
relationship stated above are important for the
determination of pier shape and for providing

protecti¢q.
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ii) Smothness of the transition point F seems
important in decreasing kg but; it is seen
from Fig. 14 that kg is only slight;y affected
by the angle/é? for an arc type pier nose and
there is measureable effect for the straight
type pier nose only when/g§7is less than 45°,
"iii) TFor an arc type nose, as seen from Fig. 13 the
scour depth at the top of the nose; ts; and that
at the transition point F, tf; decrease consider-
ably when & is less than 60° and 40° respectively.
Moreover; for the case ﬁig}é(x is larger than 50°
tg is larger than te(tg > tp) and for 3 less than
yes) '

50° it is vica versa, i.e., to>t . The maximum

“le atde Falrvaak

scour occurs along S F. When i is small it moves
towardﬁ,;ﬁ and when ¢} becomes large it moves
towarqﬁ the tip of the nose. The straight type
-nose has the same tendency as the arc type nose
exceptiﬂ = 60° is the demarcation point between
tg and tp. b, 22 by (G 60) - tg( X ~60°),
Values of tg and tg for the straight type nose are
larger than those for the arc type nose having
the same angle & . One disadvantage of the straight
type nose is its inability to appreciably decrease
the scour depth ty by decreasing the angle of nose

A « There is no difference in tf for a Eﬁféight

type and an arc type nose for the szme value of

=35
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of(é??é/ﬁ,but tg for a straight type is less
than that for an arc type, as shown in Fig. 15.

iv) The pile-up of sediment near the tail of a
pier has the following approximate variation:

hf_ = 1.0--2,50

, h, = 2.0-~3.5%"
ro afl =z-15 < 20%%
G e

O 77U ul - 85 ~-110°"

The pile-up has no evident effect on the stability

of the pier itself. The size of the pile-up is

scarcely affected by the shape of nose and especially

for the two arc type nose; the above values are

almost constant. As seen from the experimental

procedure, the results show only the effect of

pier shap on scour. Hence these results give a

qualitative measure for pier shape design.
B. Comparison with Keutner's experiment:

Keutner used a flume of 0.65™ width with a layer of

sand 0.2 thick covering the bed and established a déggﬂjof

\'{eXs \i‘. Lt box € &
run varied between 150 minutes and 480 minutes. Zinc plates
of 12°M width 25°M length, and 50°™ hight with 8 kinds of arc
type noses and tails were used as models. Fig. 16 is a plot
of the experimental results for a model with two arc/type noses

f\.

and a semicircular tail. For this test series, k --kf when
L

- O ; —~ &
A = 90 H/3l-30, and k, = kg when 2 I 14,5°, Maximum scour

t max, occurred at the top of the nose when ) = 90° then

b e
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moved tg_f with a decrease in the nose angie.ﬁ and occurred
again at the tip of the nose whenl = 14.5°,

From the curve, Keutner proposed < = 38.3° as the
ideal pier nose angle from the standpoint of scour protection.
The author, considering the practical application; used O

" larger than 330.2h£ for the two arc type nose and 160421’f0r
the straight type nose. The author doubted Keutner's experi-
mental conclusion that kg andfg#é;;iﬁgée considerably reduced
when & = 38°.30% and that maximum scour occurred at the top
of the nosqﬁ;-ﬁhenf% = 14.59 Keutner attribdbuted these conclu-
sions to the sudden change in scour mechanism caused by a
change in the flow phenomenon. The experiments performed by
the author did not verify Keutner's findings. Keutner neglected
to consider bed materi%iy3§H§ variable and Eh?s erosion of the

en 14 "o

bed might have occured before the piers were,inserted. This

may be the reason for the different findings of Keutner and

D pusm

)
b

the author. Benv B oo 2 ,

C, Series B: ,Table & ,Fig 17.

Comparing the result of series B, -Tahle &-and Fig.

“I7, with series AZ, it is seen that variations due to nose shape
are almost similar, Moreover; series A and B were run under
different critical flow conditions; (a) and (b) respectively.

Judging from these conclusions, the qualitative relation-
Ship for pier shape obtained in these experiments are appli-
cable for natural river of different size bed material and

under different flow conditions.
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(11) The Effect of Pier Tail Shape

| According to Engels the shape of a pier tail does not
affect scour around a pier nose. This statement was verified by
Keutner. ©Slight scour was observed at the pier tail inspite of

pile-up of sand at the rear part of pier. Keutner, -judging from
this fact, pﬁé;éé.that there is some effect of tail shape on the
river bed,,;ézge;ér, scour and pile-up oﬁhff??{?t the pier tail
‘do ﬁzf %fifgt the pier stability itself. _?;ouflagfghe‘pler tal%
J igiassuméd-to be controlled by the factor tan ( _%LJ}, wﬂérgcx

jz is length of tail (Fig. 11). Lot (22{;>
From the results of series Cl and C,, Table 9, the
author has shown that the shape of the pierhégil does not effect.
scour around the pier nose. In these series the pile-up (hights
were less than Bﬁh) of sand behiqg the piers were measured but
scour did not occur.
By decreasing the angle of tail 2, the following
phenomena were observed: '
a. height of pipe-up 1; and ,gu increased ;
b. width of pile-up C?u anihi(;&éggggésed o

c. Scour depth t% and distances ac,/f} ay and ap

\_

7
If the flow around a pier is $rarquil, backwater and

did not change. ﬂrp &ﬂ QWECxJ|axQ
3

flow resistance on pier are considerably affected by vertical
eddies along the pier tail. Rehbock proved this fact and proposed
piers with stream-lined tails, so that eddies are kept to minimum.
As stated before, the sharper the pier nose the less the nose
scour of pier., Despite the effect of pier tail eddies on the
sand.pile-up, the nose scour is entirely unrelated to these

eddies.
w8
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UA pier having & sharp nose and tail is suﬂrested as :
hecanal avel, oo Ahar P tan {

the ideal shape., A\sharp tail—and nose reduce the scouréTﬁe—
@

crease the backwater and the resistance to flow.

(12) The Effect of Pier Length

Pier models, with a semicircular nose and tail of con-~

stant width 15 cm and length varying from 5 cm ~ 60 cm were used

as models for series E. The data for scour at the pier nose is

shown in table 10 and Fig. 18. The followings are the salient

conclusions worth mentioning:

”

|
1)

k.
l. The scour width K; and k, at the pier are not

related to pier len'nt.'

A\
2 Whenijl/b is less than 1, the scour width kf is

féirlyé;?nstant but there is a slight increase in

ke as “1/b exceeds 1. This is because of the
delleetion of asznaaicfi
effects of -inclined flow at the pier nose. For
ﬂ fcuEb \"‘L C{ '[t\,\ ; 1') {"J T {'\ 1'! l
small *1/b theﬂflow w1l%fs%rd1ﬂhtenfout near F
d# LEeFIn ’J{.c.» g
but for large j&/b the-ancllned low will con-

tinue further towards the flume wall.,

3.Scour depth ts and t_ are almost unrelated to pier

4
lengifh. Only whenf/l/b is very small, these values i{’

increase slightly. On the contrary,fggﬁ décreases
M.

considerably with an increase of -{1/b, moreover,

when fi/b is larger than 3.0 pllnng-up of sand Copon
will occur. This is because tii\ls directly af-

fected by scour at the nose when fa/b is small,

e “"ka } Ae gl

also when /l/b increases sand plles up at the tail

AN
due to the effect of vertical eddies along the pier.

=39~




L. It is not necessary to consider sand pile-up at
the pier tail in connection with the stability of
the pier. However, the variation of size of pile-
up wlth&}éépézf”t}e jl/b is as follow (refer to
Fig. 11)

*“ihs‘: =Ohcm-=~# 1.5 cm—4£ 0.7 cm |

'fxg,’ hy = 1.5 — £ 2.5 — £ 1.1 cm,

(s = 1.3-—4.1 cm, {u = 1.5~L.5 cn,
(v = = 20 = £47 e, {h = #29 ~-10 cn,
G£'= 1511 em sud (u'= 110 —» >0 cu?

by

(Ef V4
/

The hight of pile-up increases forf/;/b between o and

J.33 and then decreases with higher -ﬁi/b values. /

_J

as) é?u and Gv increase as /l/b increases, on the contrary,
é?h g@? and (?u decreases except(?u is almost constant for- /i/b
between o and 1.33.
Judging from the above coyclusions, it can be shown
that the length of a pier has no ééfect on the nose scour which

is the main controlling factor for pier stability.

(13) Two Circular Piers

A. General
Data for two circular piers is very important at the
present time, yet only a few experiments performed by Nagler and
Timnoff are available for two circular piers. Timnoff made his

experiments on a new circular pier which is to be constructed

near an old -bridge pier. His conclusions are:

wlilic



1. The stability of a pier is mainly controlled by

scour at the pier nose., If the old pier has a deep

foundaticn it is advantageous to construct the new

pier downstream and as close as possible to the old

one. On the other hand, it is better to construct

the new pier upstream if the old pier had a shallow

foundation. A new pier thus located will protect

the old.one from excessive scour.,

2., In case the spacing of the piers are not the same,

the new pier should be constructed upstream of the

old one if its spacing is larger and down stream

if it is smaller. Here again it is advantageous

to locate the pier as close as possible to the old

one.,

Considering the abovafindings it is suggested that
the two piers be put so close to each other that the pile-up at
the tail of the front pier may fill up the scour at the rear
pier, thus avoiding the disturbance of the riverlgfd. Series F
was run to investigate the relationship between scour and the
spacing of two circular piers. ' fﬂ““Li

B.. Series F

The result of series F for two circular pier models

/? ﬂh.\,_’_:/;). 7 e M

of 15 cm diameter are shown in Table 1l and Figs, ~29=2¥. The

important conclusions derived from the series are as follow:
‘f:j-._.-'_
1. Scour widths kjand kg at point S arefindgpendent
> é:il::’f!"{.lu

of the spacing of piers, {é while kf;incfeasqdﬁ

with increase in,fl. Thus it seems that the values
be
kos» kg and ke may B¢ reasonablg considered as

wify )

"(‘:"_?‘{'h”('-(d_{‘ Liss ﬂ‘.fc/z;

LC{[ ,{': .Fl.j, p



]’:
related only with tbe front pier. Comparing Table

11 with Table 7? I% is found that the two circular
piers had a similar scour pattern to the wall type
pier.

Scour depths t, and ty are independent of the spac-

Zx :
ing.{i but a relatively large variation of e with

respect to .é was observed. As seen from Fig. 20,
00
g? decreases for values of fl/b between 1+00 and .67~

-2*00 but a further increase in the /i/b ratlo does

not affect the values of tf}.
f/-,-—"““x\ e

Q{;/?ﬁ%alueJie near 1, the pile-up of sand caused

In general, when the

by the front pier is less than the scour caused by
2
the rear pier, hence tf% is relatively large. As
u‘b
'ylfb increases, the piling-up of sand}ev1dent and
(i o lT.l ,‘u" Ul p;‘{j} Lian o
thus tf/ decreases. For «wertain value”lof~i(l/b'
fe
these effects are approximately constant and ti¥
does not change much. The same reasons may be applied

to the scour t2 at the rear pier.

Of course, for extremely large values of /pa/b, tgif

and tp will be the same as te and tg resnectlvely.

When-Pl/o‘\ 2.67, fthere is only a little plle-up

ot il\f c! {

of sand,at Am and considerable scour will occur on
=7

the entire bed surface around the piers. A sudden
*'.u f m

1ncrease in scour depth downstream of llne Am k = x
\Lf »is the effect of the scour around the rear pier

nose. As seen from Figzg. 20 the values of Aﬁ; ko

/
A,
wli P




and;%;?, which are affected by the scour and pile-

up céused by the front pier, have a measureable

change as the values of éi/b change)and these

values approach k,, kg and kf as the values of
1/b approach infinity.

The variations of t, and t, are similar to that

1 2 —\
%’ (g —— 1y
of t-7 but only tp has the same reason askff}, e
‘previously stated in 2. It is appropriate to ex-
plain the variation of t; as follows:
When ‘/3/5 is approximately 1, t; is affected

by scour at the rear pier., Hence the value of t,
"‘- Qe‘t <

anéreases. Since this effect decreases with an
increase in l/% ty also decreases to a certaln i
Havever, fov /OFJE\ (SR BRI F -:'-'-” /b Hhaw A €€ 11-% L"l(uk J
extent. When-this-condition-is establlshed, a
further increase in P&/b does not affect the value
of t;.
The pile-up of sand observed behind rear pier is
F
as follows: - NS
L
h ¥ s1.9-22.3 cm
hu
v
v { u ’ﬁ'rl.S cm
L (s 2&21.7 e
Ty .
1hs and h, increased slightly as-41l/b increased from

1.9-2.7 cm

100 ~-~ 70 cnm

1 to 2, and then were approximately constant. (7u was

constant when ji/b increased from 1 to 2 but a

slight decreased was observed with a further increase

k3=



- _f-‘
A

y 2y
in_~1/b. The pile-up along the llne Anﬂv was evi-

dent only when /i/%<;2. Values of QV between 6cm

and 7 cm and (}, between 10 cm and 1l cm were Tl
mgfsu?ed:/)lh general, two circular piers are

simiiar to the wall type pier. However, the disad-
vantage of the two circular piers igjthe relatively
large scour hole between the two piers. This effect
is balanced by filling and scouring caused by the
front and rear piers respectively when the value

of.f&/b is near 2.

14, Effect of Flow Time

Scour increases with time to a certain extent until
equilibrium is established, then only very slight scour occurs.
In series D, 30 cm rectangular models with a semicircular nose
and tail were used at the critical flow condition (a). The results
of this series of runs are shown in Table 12 and Fig. 22 (Refer
to Fig. 11). Scour was evident for the first 5 minutes but the
change in scour depth was very slowlafter 20 minutes. According
to Keutner's experimental study, a%g)increase in scour is more
evident fof large values of 200, Fig. 22 is a plot for 2 0;;
180° , so that, for small values of 2Cﬁ, the time required for
reaching equilibrium is less than that shown in Fig. 22. The
above mentioned reasoning was followed by the author in choosing

20 minutes as the run time for his experiments.

15. Conclusions

l. A river bed has a constant critical tractive force

.




Fo and its numerical value can'?g %ptained from Kramer's formula.
If the tractive force is 1&%5?3552?F0, the effects of depth, H,
and slope, I, on the scour phenomena are almost similar. The
scour depth and scour width decrease with a decrease in flow
depth and a increase in slope if the flow is iL the critical
condition.

2. Scour occurs within a relatively short period.

The increment of scour is less with increasing time,

3. The scour at the pier nose is ma{iy affected by
the nose shape and is independent of the iength of pier and the
tail shape. Scour decreases by sharpening the nose, and the ol
scour pattern is measureably affected by the angle of nose 253:
The scour patterns for the arc type and the straight type pier
noses are quite different. However, it is difficult to conclude
which type nose is superior.

L. The results of these experiments can be applied
to the practical design of bridge piers in the field. However,
econonmy, structural stress, ease in construction and beauty are
also factors that should be considered in the wltimate design
of the brldge piers. The author proposes using a ‘nose angles o/=
for it ednvculaadype npale awd

/\0(i$ 200 300 for ‘the straight type nose. He also recommends
usinz a tail angle 1.5 ~ 2.0 times as much as that of the nose.

5. -Serious scour occurs between the two piers when two
circular piers are used, hence it is recommended that this type
of arrangement not be used. In case of economic reasons dictate

using this type: of pier, it is desirable that the spacing

between piers be approximately twice the diameter of the piers.

45




16. Additional Remarks

A. The effect of pier arrangement on scour.
In regards bridge maintenance and river regulation, the
following factors should be considered before constructing a bridge.
1. The bridge should be constructed on a straight reach
of the river.
2. Skew bridges should be avoided and the piers should
be paralled to flow. _

But these requirements are difficult to gatisfy due to
econonical and geographical limitations, In natural rivers the
flow direction is not always parallel to the piers, especially,
during flood flows,gggkkgl is difficult to judge its direction,

P ot ,;fsfﬁfﬁf?mefﬁ jf_q_.-’n.’.\e {z.ﬂ....-';z,{{;c{' tjh(f"{i éﬁ---{isff:—,'w_;as Ao clelear I‘..“u._g the civeetin :-‘.-'ff:-:’y

For investigatipn the relationship between diagonal

48 Pl i
flow and scour, the authorﬂpan some tests (Series G) on 30 cm

!

an€é ,L(at..r-]

rectangular models with a circular nose and tail. The tests -were -
run under critical flow condition (a) and the angle between the

A L
flow and the pier wvaried from 5 %to 40°,

a
Keutner used models having, two arcstype (2\= lOlQ)

3A
noseﬁ?’find a semicircular tail and used 150 minutes as the flow
time, His results are as follow:
When the angle of skew to flow is less than 5.5° the scour-
pattern is the same as for ©-= 0°, Hence it is desirable
to construct piers with angle of skew to flow less than
5f5°. Moreover, when © is less, the pier will callapse
toward th%ﬁose in case of scour failure, but when ©-is

more than 21.5° the pier will fall perpendicular to

/
the pier axis towards the upstream. Thus it is necessary

-

sl




L }:&i:-u for
to protect the river bed both at the nose and thejside
of a pier.

B. The mechanism of scour.

Keutner, based on his experimental study, explained the
mechanism of scour as follows:

Due to the pile-up of water at the pier, a lateral slope
will be formed along the line perpendicular to the pier
axis. Edies are formed as a result of this lateral slope
and these eddies along with the bottom flow, scour the
bed. The lateral slope is mainly controlled by the nose
shape. In front of the nose the water surface forms a
reverse Slope to the flow and considerable scour occurs.
Most of the sand scoured out at the pier nose will ﬁie-
up near the tail due to the vertical eddies along the
tail.

C. Protection of sconr.

A reasonable pier arrangement, an adequate cross section
and a deep foundation are important in decreasing scour and in-
creasing pier stability. Armorplating, riprap, protective mate
and masonary block are the most effective methods for improving
pier stability.

The qualitative result of these experiments are also
a reasonable guide for scour protection in the field. Engels
proposed using a foundation mat besides armorplating. But Keutner,
through experiments, proved that foundation mats protect only the
upstream of the pier, and serious scour occurs downstream of it.

Keutner proposed the use of the pier shape shown in Fig. 24. 1In

=4 7=



case, a pier of this shape is not available, the following comple-
mentary method should be employed:
i Shérpen the pier nose as nmuch as possible from
the foundation to highest water level. -The Use
of a semi-circular shape above the highest water
level.
2. Use steel sheet piling in front of rectangular
piers to form a smooth pier nose.
3. Leave sheet pilinz, used for foundation excava-
tion purposes, after completing the project to

prevent deep scour at the nose,

3
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IV THE EFFECT OF PIER ARRANGEMENT ON SCOUR

17 Géneral
According to Dr. Miyamoto, the important factors in
considering pier arrangement are as follows:

1. Avoid using a extremely narrow place or a river bend
for locating a bridge. The number of piers also
should be cut to a minimum.

2. Consideration of the flow direction at flood periods
is necessary in constructing a bridge.

3. Piers should be widely spaced such that floods and
floating debris can be drained.

L. It is desirable not to construct piers in a narrow
\‘__ff_.,- ._f-";c = -( 'Ji '.'.'A--/f'» {-\,_.';S )

river channel. : - R

£ Abedmerds shoadd wd fe frﬂn;Xfy{ for riverswith banks 2, Qhég&ﬁﬁﬁ*";ﬁg
¢ % Piers built in rivers with a meandering flow pattern  firadt o

ditipun L;r\.-_fj' tia

or with low water level should be more widely spaced. [ocxfimsefiin

for rivers with,

751 For parallel dual bridges, it is advantageous to -
adopt the same pier spacing for both the bridges.
It is difficult to satisfy these factors because of geo-
graphic, geologic and economic limitations. Rehbock made model
tests for a railway bridge on the River Wilsent, and proposed the
use of a pier foundation shown in Fig. 25 (a).
Fig. 25 (b) shows pier foundation actually constructed.

They used an octagonal pier foundation on a square caisson,

built the pier on it and protected the bed surface with riprap.

D




The author investigated the effect of pier arrangement

on scour. The main experimental terms are listed in Table 13.

18 The Effect of the Angle of Skew Between the Centerline of

Flow and the Pier Axis,

A. General

A skewed pier has greater scour and the scour hole is
more irregular. However, due to geographic; geologic and economic
limitations; skewed bridges are required in some cases. In this
case, considering the bridge structure and the characteristics of
the river bed and flow, precise considerations should be given in
selecting the type of pier to be used. In natural rivers; the
direction of flow changes with changing stage, accordingly, it is
NeClss rA Al diagenal to Vit pubn OX1S
-reasonable-to consider -lateral flow,in a bridge pier design.

As shown in Table 13 the following models were investi-
gated by the author in his test series Gl - Gh: ’
1, Series Gy - A rectangular pier (30 cm x 15 cm) with

two arc:type nose and tail (Type 1 pier) of

2= 7 3041 (No. 9) and 123° 52t (No. 5),

respectively.

2. Series G, - A rectangular pier (30 cm x 15 cm)
with semicircular nose and tail (type 2 pier)
for comparison with Series Gj
3. Series G3 - Same pier as in Series Gz; only used
critical flow condition with slope = 1/600 and
depth = 3.9 cm instead of slope 1/800 and depth

5.2 cm used in Series 62



k. Series G, - Two Circular piers (#==15 cm) with
a spacing of 30 cm (center to center).
The results of series G - G, are discussed in B,
C; D and E.
Keutner used a pier model having two aré;type nose
(2 A = 101°) and a semicircular tail for his experiments. He
placed the model as shown in Fig. 26 and set the run time as
150 mlnutes¥ The relationship between the scour widths K ‘-ko
///Kfrs and K/i and the angle of skew is plotted in Fig. 22/)
hﬂ' The relationship between C?'apd the scgur areas along the
two sideéﬁgf the pier wall, f . and fp, and the maximum scour
depth; ;R@ax, are shown in Fig, 28. The conclusions are:
l: In spite of the fact that there was considerable
'L.,a increase in kg . with an increase in 5‘, the scour
area{élong the pier wall only slightly increased
and the sand piled-up at the tail spreads out
over a large area.
Hence, special consideration for the stability
of the right hand side of afﬁiggyls not necessary.
On the contrary, on the left 51de of a éig}, %?{%bvmlﬁeJ
conareleaably Lk po betnesse 0.8 thaush Rl dinzas
ds—inereased. 1In general, the maximum scour A

FA Rt cé

occurs at the pier nose when € is small, , As &

approaches 2f.5% scour is evident at the tail and the
MaLimum Scodv shifts o the +ail
when &is 27.0°



Thus a pier tends to collapse towards the pier nose when
cris smzll and, due to the relatively deep scour alongz the side
wall of a pier,whenca'is increased,the pier has a tendency to
collapse towards a direction parpendicular to the pier axis.
2. If @is less than 5.59, the scour pattern is the same as

for G = oo,

B. Type I Pier: OSeries G
After a careful study of experimentdresults shown in
Figs,+ 29 to 34 and Tables = lhi“&5, the noteforthyconclu51ons
are as follow:

i) A measurable increase in scour k, kr at nose were observed

!«Jui‘f...a z .){ .d’}tPcI wﬁ}‘ta’tg
with an increase in €. Scour -depths-k, and k o were found p
coedr td[J-i!' 1 !;\\ ~'. N/ l‘ ((L\{i Lt ﬂ e L4 aern

to be directly proportional toC?HJ,&ksr and kzsr Alncrease very

slightly when © is small but a sudden 1ncrease is ovbserved when
S(DLU w\dJ[’nf ¢t "T.JKL’T veacdd Attt ‘t"f?'i"..- sé“-{d
© = 10.15°. nks1 and kg increase rapidly when @ is small and

the rate of increment slows down as € is increased.
The curves ke, and kg, Kpy and kg have Slmllar/fg}?*
tionships with the angle of skew. On the other hand, curve Keq .

has quite a different relationship than the others. L
/
ii) Although the scour boundary line K K. . K. on the right

sr
(‘f\m lC.C_ =
hand side of the pier, is parallel to the pier wall Sifgﬁﬂtgt line

K gradually separates from the pier wall as € increases.

erfr
This is due to the effect of eccentricity of flow at the tip of
the nose S, On the left hand side of thé{ggggf the scour boundary
line Ké& Ko Kg1 Kpyp immediatzly separates from pier wall 5 Fy

The deviation of the line Ky Kg1 is very slizht when € is larger

. i
than 35°, The line Kpq Kiﬁ; separates from the pier wall when ©

is larger than 400 and the scour fan becoumes wider down stream of
the pier tail., This widening is due to the eccentricity of flow



of flow and the increase in velocity.

iii) From Figs. 33 and 34, it—is-important-to-study—the-
_fluetuation“oﬂ«the“pointSWKaﬂand—Kiév- Tﬂ% points K, and Kﬁé
seperate from the center of the pier when € is less than 250
and then are constant until @ is 35°, A further increase in

© again attracts the points near the center of the pier. Points

Ksr and Kfr seperate rapidly from the center line of the flume.

However, points K, and K£¥.change very slightly due to a change

SL £L
in the angle of skew.

iv) As seen from Fiz. 32, there is a great difference in
C/ﬁn!‘.(_(
the rate of scour on the rizht hand and left hand sides of a pier.

On the right hand side, the scour depth decreases rapidly with

an increasa/in © and the scour deptiis ten, t and te2,. change

mr
signs at 6= 1. 50, 11.5° and 9° respectively. When &~ exceeds

20° the hlght of pile-up remains almost constant but tle scour
mf‘x;} LR
patterns are different. The line of swax-pile-up is semicircular

around bz when 6}‘- 0o, and shifts towards Fri when & increases

y o %

dotted llne) The front line reaches point Fr
_,_____‘./

e\@lg. 305493,

when € = 200 and passes point M, when €= 1+5° On the left side

i "'4 u.r/( L7

of the pier; the scour depths,‘t 3/ andrf/fni 1nc}edse with an
increase in . When @exceeds 1,0°, the scour become more evident.
tg1 is mininum when @ is about 5°. SYince the scbur depth, tg, at
the pier nose S increases rapidly with an increase in 6*, it is
necessary from the viewpoint of stability to protect the pier

nose. When € is larger than &Oo, bg increases and tfl decreases.
This is oecause the point of maximum scour shifts from F, towards

L.dl

S and tSAbecome$ - when 6}7’500

. .
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V) A-type I pier with a sharp nose is considered an ideal

pier shape when @z 0°,

but scour increases rapidly as & increases.

/‘A nhe

[=

The scour width on the right side of a .pier increases when f; is

larger than 10~15°. This condition is not harmful to the stabil-

ity of a pier.

On the other hand, both the scour depth and the scour width

Cf(‘\. 1J'b(

suddenly incrz=ase at the nose on the left side of the pier. As

a result, scour at the tail becomes evident when & exceeds L40O°.

This scour pattern is due to eccentricity of the flow at the

sharp nose.

C. Type II Pier:

Series Gz

The scour pattern of a Type II pier is different from

that of a Type I pier.

[ WS

The results are shown in Figs. 35 to 38

and Tables 16, 17 (kef. Fig. 30, 33). The following comparisons

of results of Series G and G, are note worthy.

rnf

73
i) Scour widths K and Kﬁ increase slightly at the nose._-&;

But opp031U1tenden01es are ooserved for curves “sf and (-K

“

36. Curve/E;
UarloA (24

small., Tfe-flUCUuatlen of Kf*
when E? is less than 20o

T Ly RS, =~
exceeds 206 where,as Ks

B

r

_u'

'Yf

—

<f.
1 18 almost similar to' Ki ) p €xcept when 6? lS

"Rfr
1S
B

R
3 /Ki:r from
hgr\‘—‘\

-~

!,f-f"__c,
almost 51mllar to that of Klsr r

r
ha's a slight increase when &

increases rapidly. Curves for depths

\Band/K 1 éﬁhdYQ keep the same relationship with 6?, however,

T

ii) Scour boundary

to the pier wall at the nose but

urve| KJ \15 quite different from the others.

line Ki

r

has a similar shape close
sp I

gradually pérts from the wall

downstream of pier. Near the poinq/Kgr the boundary line tends to

come close to the wall but the boundary line downsteeam from/ﬁ}r

T L e L S e U L i L LA
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seperates rapidly from the wall when Ois larger than 30°, This

is because eccentricity of flow at the semicircular nose has b
less effectit¥e flows along the pier wall. The evident seperation
of the bound-ry line from the wall, when € is larger than 300, is

due to the sudden expansion of the flow width at F

f‘f:.l\ f{-

On the left hand side of the -pier, the scour boundary

line Ki X at the nose has approximately the same sﬁape as

1
S Fr but gridaally seperates from the wall at the down:stream end
of the pier. When @ exceeds 20 ~ 25° the line Kg1 Kgy parts from
the wall and the scour width at the tail increases. The region
of scour spreads out over a large area when & exceeds 300. This
is due to the effect of eccent£icity of flow at the pier nose ,
(in the pier nose tested, the effect of eccentricity is not affected
very much by a change in the angle of skew) and the increase in -
velocity.

iii) Using the center of the pier and the center line of the

flume as a base (Fig. 33), the results of the tests are replotted
in Fig. 38. The point K, separétes from the center when e is
small and approaches the center when € is approximately 15°, K%;
has no change when & is small and rapidly approaches the center
(ﬁii“Siincreases. The point; Kspr and Kgp on the right side of the

pier seperate from the center line very quickly but the rate of

seperation is far less than that for a Type I pier; Oﬁ’the con-
Wil
trary, points Kgy and Kpq on the left side of thé{pler approach

the center line when @ is less than 20 ~ 25° and then seperate as
(54 gets bigger. The following comparison of the scour pattern

for a Type 1 and Type II pier can be made. Points Klgl and Kfl

except, when 6 is less than lO0 have similzr fluctuations

"'"(.‘-



with respect to faénd the scour boundary is parallel to the pier
wall on the left side for both type of piers.

iv) Comparing Figs. 32 and 37 it is seen that the two type
of.piers have different trends for the rate of scour. A decrease’
in the scour depths t

5
Lr/{r_.'h\ wh

oy W ;-‘h . . .X,.
# -y (4 = f-h
\tft; and t,. on the rigsht hand side of
pier ars observed. Thq fanmrepresenting the maximum deposit is

7 . ¥
semicircular around\é§”when & = 09, but shifts toward{Eg;fwhen

% o )
6- 35 m }_I,OO. S" {/ {r" }:;_ i ZIS’
3 s // ;'{- /’,\ __,-// ‘j/"“'_'\_l
The scour depths on the left Side,“particularly{tis_and;t€§3;
; I O "8 + 7L

-

N pe /,{
increase with & 5 although,{;is;and;Fggggshow only a relative{z/ “f7
mild increase when € reaches 300. This is due to a reduction in

“the fluctuation effect of flow-eccentricity, by rounding-off the

PR o
tail shape. The value of tftﬁ is maximum when fais L5° but t's“f“é
' I

”

o

becomes maximum when €is about 5?_.__[
The scour at the tip of the pier nose, tg, increases with

an increase in © . When & reaches 30° ts tends to decrease. -~

; Vmay
g " 8 . g i o
This is due to the shifting of the maximum scour, 't max, from the

:

tip towards Fg. F This pattern is very evident when G is larger
than 30°, t\93§9322urs at the point on the pier nose which is
directly facing the flow and the value of(ijéég\is nearly con-
stant when & exceeds 200. Qﬂmi

v) A Type II pier is desirable when EGis large, because
the skew angle has relatively little effect on the scour depth
around this type of pier. The scour hole on the kight side in-
creases in width when& is larger than 309, but this is not harm-
ful to pier stability as the scour depth is reduced.

LA LA

On the left side of the pier a mild increase in the scour

depth and the scour width are observed at the nose. At the pier

-0~ =
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tall the scour depth 1ncreaseségnd the scour width decrease

P

TN T
rapldly, when 9 approaches 300, It is worthwhile noting that the

maximum scour shifts to the tail when & is about 45°. The
discussion just completed are the conspiciGﬁé;differences between
a Type II and a Type I pier. These differences are, due to the
rounding of the nose and tail of the pier so that there is no

evident change in the eccentricity of flow by increasing the

skew angle.

D. Type II Pier: JSeries G3
Series GB was run under different criticla flow condi-
tions but leh the same pier model as series GZ' The test results
are shown in Figs. 39 ﬁ)hl and Tables 18,:%9. The followingy com-
parison can 58 made with series Gj.

i) The scour patterns for series Gz and G3 are very similar
and the fluctuation of the scour with respect to & is alike for
the two series. This show that the condition of flow does not
affect the scour pattern. Thus; it;}gwsuggested that the quali-

tative results from these tests can be applied in the field.

ii) The values of scour depths and scour widths for series
G3 were less than those observed for series Gug. From the re-
sults, it is considered that the scour depth and scour width
decrease with a decrease in the depth of flow. This conclusion
varify the findings of Series & and B[ (10)c J.

The rate at which the scour decreases with respect to the
depth of flow becomes evident as the sker anzle gets j&rfer. If

wig LLT

kK and t are the differences of scour depth and scour wildth between

the two series G, and Gj, it is seen thabﬁg and t increase grad-

-10- /
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ually for @ = 0 - 30°, but after @ exceeds 309, no difference
between the two series is recognized. This is due to eccentric-
ity of flow and other complex hydraulic phenomenon. The detail
is discussed in the next report.
E. Two Circular Piers: OSeries Gy

The scour pattern, except at the froq\part of the pier,
of series Gh is quizii?iffii?nt from those of series G2 and Gi;}

Tables 20 5-21.{g;a tabulation” of the data for scour
deppEJand width for oSeries Gh' The symbois are shown in the
definition sketch,| Fig. 43. When two circular piers with a
large skew angle are used, each pier directly faces the flow and
thus acts as an individual pier. , :

velationsts
In order to study the -effect-of- more closely, the

author assumed each pier as an individual pier and determined the

scour width and the scour depth at each correspondln point which

are shown as/ko ‘and t° in Fig. 43 with dashed lines. The scour
width in table 20 and the dcour depth in table 21 are tabulated
in Table 22 and plotted in Figs. 49 and 50.

The following are the noteworth conclusions from Eigs.
43 7% 50. |

i) The scour depths ko, and k' increase with an increase in

skew angle, 8 (Fig,#4L). When ©°is larger than 20~29° the rate
of iqcrease of k decreases and k‘o decriji?i in magnitude. The
scour depth kg, on the right side of the ﬁier decreases with C} "

, espetialiyilan g io lavgeithan 289
whereas, ki, increases rapldly) On the otlier hand, k! sp» the
scour depth on the left side has a direct relationship with O and
k‘sz is almost independent of E}l_

5 g 1




Although, kg, for the front pier has an increasing straight

line curve with respect to &, Kgy shows only a slight increase.
kf'l for the rear pier decreases rapidly when € is small but

shows an increase at €= 250 and then has approximately the same
tendency as kfg. k$££decreases for éa = 0-250; then increases

with €. The increase in the value of kié:is evident when &~

reaches 35°. 1In general, the sand scoured from the upstream side

of the front pier will pile-up on the bed between the two piers,
however, the sand will be washed downstream because of the scour-

ing around the rear pier. IE:Fig. 48, M represents a marginal

point which is directly affected by scour around the front pier ;%\
and M!' represents a point whlch 1s dffected by tractive effect

oy ‘Tf"f

of flow due to the-reaf pier. If A\{ [LJ‘ = &gty The varia-
tions of points M and M' with respect to the skew an?fEJ are

| plotted in Fig. 4L. Point M sepﬁrates from point 2 as & increases
and is al the mid point of 1 and 2 when© is about 15°. This

point moves back towards point 2 until G exceeds 300; then the
point seperates from 2 again.,

Point ' does not move when &€ is 15 ~ 30° but begins to move?ﬂwhuﬁﬂ
towards point 1 when @ exceeds 30°,

ii) It was reported in the previous report that the scour
patte?nnfor two circular piers ,(J%/b = 1la~r2), parallel to flow,
is-%ﬁztgéaéFhsﬁthat for the wall Type pier. From the above
statement, it is suggested that?yo circular piers with a small
skew angle may be considered as a wall type pier. Based on this

assumption, comparisons on the scour patterns of series GL and

G2 and G3 can ve made as follows:
B
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The fluctuatlons, in series Gh,\w1dths ko /ldé; Koy Kg@s

Kl .and k sf With respect to E?; are similar with those for the
Type II pier when @is less than 5-100, A further increase in

E-does not have any particular effect on the scour width on

1\' Do Wi
the right side of the pier, howeve;, a measurable charge is ob-
e
served on the left side of the plgr. Although k. and k_, for the

front pier shows a different variation with. 69‘t§£nr2he igfe LX
pier, the variation of kg, is not ev1dent. kep on the left side,
shows considerable difference when @'?s‘“;izut 259, This pattern
is closely related with verfical eddies:-which exist between the
two pier'i.J |

When € is small no change in the eddies is observed, but
as € increases the eddies move towards the right of line 1-2.
The movement of eddies, as ©-increases, reduces their effect on

the rear pier. At @ = 250, this reduced effect is evident and

each pier acts as an individual pier. - 40
iii) If it is assumed that the tuo'piers act as individual
: I/‘#'f" \

piers, the variation of scour width k' is as follows:

Mg
At the front pier, inspite of a slight increase in koo, kosr
/‘3 - ‘_\-,‘,_._._‘\‘ -

and kO p have a tendency to decrease (k?S_Q( kOSB), and the scour
4 0 o . i o} Y 3 i
width k™p . and k £p show a slight decrease (k f.-dlk 2]. Thls is
because the:ﬁnnt pier acts as an individual one and-also-as’

lJ'..:t'\) l‘c‘9 Oam {1 Q"flkf

(increasegd the rear pier has a=marked effect on the scour width.
kolg'and kofg also increase suddenly vhen & @ 259, and 300 re-
spectively. This is because the rear pier acts as an individual

pier and the result of the effect of scour at the front pier.

o
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iv) Fig. 49 is a plot of the variations of the scour width
using pier centers and flume center line as a base,gémparing with
series G, and G3 for the wall type piefjit is found that similar
relationships as written in ii) exist.

v) Fig. 45 is a plot of the scour depth t. The following
are the essential conclusions derived from Fig. 45: The scour

depths at the front and the sides (tg, tp, and tpp) of front pier

S?

are the same as in series G, and G3 for the wall type pier. When
€ is small the scour depths at the sides, t’f‘r and tf,ﬁ of the
rear pier are no different from the wall type pier. Hence two

circular piers, as a whole, can be considered as a wall type pier

when € is smal}:J J

)ﬁ,

ﬂ<£}Dandf§}mffemain constant when &= 15~35°. This is due to

=

a balance of the tractive effect and the piling effect of the flow.

evyeolAds
When & reaches 359 the tractive effect become more pronounced,
% N .
thus(tp and t_, increase.
".‘/-Ai_z m ) {a e X 8&2:’.’-.' {‘.:

’/'—'\\,_ . . -
The reason t2/and tgi1p keep constant when &~2;20°0 is the
same that for pg andffﬁi remaining constant. A further increase

L, amel ot

in @ causes an increase in t {0 ,@pproaches t.p. On the contrary

£rn .
Patarata , Seoutind A _d']’/..gn

tey,. decreases when & reaches 200 due to the.effect, Leryp decreases

again at & = 359 due to the piling effect caused by the eddies

behind the rear pier.

The scour depth tgr at the rear pier has the sazme variation ¢

‘r o

: : r Yy 4
as the tail of a wall type pier. Itﬁapproacheé‘the value Ofxgﬁs
when & is extremely large. However, the more the rear pier acts
as an independent pie;/the greater will be the scour depth around

it and the more harmful the pier will be to its own stability.

Xl
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vi) Assuming the two piers as individual piers, the scour

depth to is as shown in Flg. L7. The pattern of increase of

'% 0, tp.0 ,\tfﬂ and/ tﬁo W1%h respect to & 1is corresponding to
that of the wall type pier with a shorter pier length. This
means that the froq\pier shows up the characteristics of an indi-

vidual pier. Because of the effect of the rear pier on the left

Chetn ju b
side of the front one, the scour depth tﬁg is greater than

0 &:
fr °*

5°’shows that the rear pier act as individual one.§: The piling up

t The increase of téﬁ, tf*ﬁ' and tspﬁ when & is largqugthan

of sand behind the front pier 15 the reason for the slight chunge

~in the values of\v//z and tf1£ , when @ = 20 ~ 50 However, as

e xeged s
61 reacbes 35° the rear pier ‘acts as an individual pier more and

—

more and,gfgﬁand tfﬂﬂ increase{gradually and approach the values 3
-6 And (t{vC‘ /-b- ’({5/
of t & and t° ﬂ resnectlvely. Hinally, the valued of | \._/ ad-
742
afg ﬂ wlli *coincide’® with - those‘of:ﬁ?sg anﬁ t,{ ~tvff~has—the*sane
tendency-'as—bf-m in w)-;~when @ is~less- '?I:han 350, -but..as.there_is

piting-effect-due " to eddies at the~ rear“pIer~thenvaluemofwthfrr

/f/w,ﬂmff;v vii) When @ is less than 5° it has no effect on the scour.

The scour almost remains constant when ©is 15° - 35° but the
scour depths behind the ffont pier and the upstream part of rear
pier increase with e

However, the rear pier acts as an individual pier when &
is larger than 35° ﬁhich is harmful to its own stability. The
disadvantage of using two circular piers is the effect of &- on

the scour between the two piers.

15




F Conclusion

Since series Gy, G, b3, and Gh were performed based on
previous experimental results (9L the change in scour pattern
amonz the different series can be attributed only to the skew

angle of the piers. This statement was verified in series G, and
G3 under different flow conditions. Hence the results of the ex-
periments are found to be gualitatively reliable. The skew angle
does not affect bed scour only when &-is slight, but the scour,
both at the nose and at the tail, increase withé& . This rate of
increase is largely governed by the pier shape. For example; the
rate of increase of scour for the wall type pier with a circular
nose and tail is less than that for a pier with a sharp nose,
when &increases. In the case of two circular piers, there is no
effect on the upstream side of the front pier, but the scour of
the bed betweeﬁ the two piers increases with & . Keutner's
experimental results Figs. 26 ~ 28 show that when & is less than
.5.50 the scour pattern is the same as that for a pier with no
sﬁgw ?ggle to flow. This coincides with the authors findings;
Hégg;ézﬁ-it is difficult to compare Keutner's and the author's
experimnents for different shapes of piers. A measureable differ-
enc% has been observed in the variation of t,,4% and on whether
ke 7 kﬂﬂ‘ This difference may be because Keutner neglected to
consider bed materials, and thus the differences in scour pattern
among Keutner's experiments may not be only due to the effect of

skew angle,

Y



19 The Lffect of Cpening Ratio

A. . General

When the opening ratio b/D, the opening D and width of
nier b, is small, each pier acts as an individual pier and when
the b/D ratio is too largee it is not applicable to field. For
these reasons, the author used B/b = 60,67~6.07 for series Hn,
Five model scales were used (n =1, 2, 3, 4 and 5). Il is 4he
results for a standard model (‘El = 30,0¢°M and b = 15.0°"), Hn
Lests '
is the wesilts for a model of 1 = 30cm, b = liem, 3 x H3

n
HnI and HnII

n
represents three piers of Ql = 10°m b = 5€M,

represcent the series for a type I pier and a type II pier re-
spectively. All the experiments were performed under criticeal
condition (a) with a test time of 20 minutes.
The following are results of the experiments.,
B Type I Pier: Series Il v

Tables 23~27 are the tabulation of the data observed
during the tests. The type of pier are as shown in Fig 51 and
the symbols are those shown in Fig 11 of the previous report,
The solid line in Fig 54 renresents the scour width for the pier
() which is nearest to center line (assumed as a typical onc).
If pier (j is not on center line, the-scour width is less then
that at the center line. This is due to the velocity distribu-
tion of the flow. These facts can be seen from Figs 23-27.
Figs, 55 and 56 are the scour widths, kgand ke and Figs, 57 and 53

and tg, for picr() .

are the sconr depths, tg

=




The noteworthy conclusions from these fisures are as

si/
followi,_

S

i) Scour widths ko, kg and kf and scour denths tsafﬂftf
slightly increase with a decrecsse in the ratio B/b., This in-
crease in scour was.obscrved for the large models Hyy and H21
only when D/b was less than 10. Ilence, it is recognized that
the effect of pier snacing is neglegible when D/b is larger than
10.

The backwater caused by a pier is considered as having
a serious effect on scour at the nosec, but the scour is also gov-
ernced by the eccentricity of flow at the pier nose and if D/b is
not extrenely small this cccentficity of flow has no evident
change. This is considercd as the main reason for ko, ks and
ts changing slichtly. The velocity of the flow between the
piers will increase with a decrease in D/b, but no additional
scour on the bed between the piers was observed in the experinents
as seen from Fig 53. This is because critical condition of flow
were used and only a little additional scour is expected under
higher velocities than that for critical flow conditions. The
scour at the transition point increases with an increase in
velocity due to flow along the pier wall. The flow is pushed
back near the point F, thus creating vertical eddies which the
pilirg of sand. This phenomenon is more rapid when n/b is small)

g e : ./{ 1 Wl 1 s
$f~and -ke have a tendency to decrease i tpand kf with _a . decrease

o QVsd“-\ﬁ Chanfl e Y and RE 4
in-B/b, is considered,a thdnLln“ shenomenon, between -the eccentric

(/;:‘:Q awats
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flow and—the-pushingback.effect-of-the—Fflow, The scour vattern
at point F!' is explained in like manner. Jt is reasonable to con-
sider the fixed value of tsras the result of a slight fluctuation.
in the eddy. Nevertheless, it is necessary to pay attention to
the fact thet the increase in the scour due to a decrease in D/b
is glight. If the ratio D/b is extremely small, the eccentricity

of [flow and the velocity of flow will increase rapidly, such that

in scour can not be avoided.

£ =

E o
rofe
ii) If ,two piers are inserted in flume, the scour for the
11, ol Q .
L -

pier which is near to center line is more pronounced than &hat

a slicht increese

for the other. This is becaunse of the velocity distribution in

the flume. These facts can be seen from Tables 23~27.

e S S _ _ S , %
|7 ~__iii) In general, for turbulent flow, the direction andfigf
i - /"’ i
.‘- i -~ . . . /’“ -

jten51ty of velocity at a2 point is not constant. Thus, the vel-

-

ocity at a onoint is the mean velocity over a time period. The

flow is not always divided regu&arlx on—B;th sides of a bridge
pier. The fluctuation of thcliﬁténsity of flow can be observed
from the novement of the séhgfparticléé-etmbhﬂwbipwoﬁmthE*pier
nose. Since this phenomenon is interrupted by.flumc wall, the
scour on the bed near the wall dewnstream—of--the-pier-is de-
creased,
C Type II picr: Series ”nI}

The results of this scries is shown in BEdew50-and
Tablc® 28~32. For comparing the scour widths kg, k_ and ke and
scour denths t_ and t., with respect to n/b, for the Type I and

ang
IT pier, the data s plotted in Figs 54~58 as #’dashed lines

.



The following facts are observed:

i) The tendency for the scour to increase in magnitude with
a decrease in the ratio D/b is slichtly larger for a type II pier
than that for a Tyne I pier. The scouir for this type of nier is
greater from the beginning, hence, the rate of increase is an-
proximately similiﬁjto the others. Regardless of the nose shape,
the ratio D/b has no effect on the scour at the tip of the nose.

£ ack : Hfor
This seceur-—deénth is the same as ,the scour depths tft and ts' at
the pier tail. Moreover, the conclusions stated in ii) end=iif)~-
of (B) are also recognized in this series.

ii) As is evident fron Fige.54~58, both the scour depths and
the scour widths are léss for a type I pier than that for a type
II pier. The difference in the scour pattern between the two
types of piers, is evident for the scour width kg and k and the

8
scour denth t , which are mainly governed by the eccentricity of
od ghedi iﬁso-f.' A et
the flonk Only a slight difference is observed for kg, tf, tﬁ&
and tsf, between the two types of niers testgﬁi}

D Conclusion

Since series HnI and “nII were performed under the same
critical conditions ( &) with a test period of 20 minutes, the
different pattern for scour.for the two series nay be considered
as due only to a change in the ratio D/b. The ratio D/b affects
the scour at the nose and tail, for any shane of »nier, only when
D/b is less than 10~15. The effect of D/b on scour, it was found,

At paax

had beecn overestimated in previocus-—exnerimentss Thus, it is rea-

sonable to determine suitable spacineg for piers by considering

— 0=



the geography of the site, and the geologic and structural aspects
of the problen.

Backwater should be considered in the pier construction
but it does not seern importent from the point of scour. The re-
lationship between velocity distribution and the scour, and the
scour pnattern of the pier which is near the bank were also studied.
It was found that a Type I pier (sharpen nose) was more advantag-

eous than a type II nier.

20 The Effect of a New Bridge Constructed XNear an Existing

Bridge
A General
With advancement in the field of transportation, a
parallel arrangement of bridges can not be avoided in some lo-

cations.

Timonoff made experiments on dual bridges at the Lenin-

destribed in (13D
grad experimental station. He made the fellowing suggestions, for

guidance in the design_of narallel dual bridges.

P

~— a. Since the stability of a pier is mainly governed by

fr———— -

s

scouguét thg“pier nose, it is desirable to locatc a'ﬁew bridge
down stream ofhfhe existing one, if the fouﬂdétion of the existing '
bridge is deep; and toIEOhstrucp it upstream of the existing \
bridge if the foundation is shallow.

b. The new bridge should be located upétréam of the existing

structure if the spacing of the niers is larger than that of the

existing bridee and to construct it down stream if the spacing . .
el = A ot

1 o : ' .t
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B Discussion of Resunlts of Series F and G4:

Series F and G, are for two parallel circular piers. It
is possible to suggést the scour pattern for two wall type niers,
which are built parallel to flow from the results of the parallel
circular piers. The following is the author!'s opinion based on
the result of these seriff:’;J

1) As stated before, the disadvantage of the two circular
piers is the considerable scour that occurs betwesen the two piers,

L, o - .
But when 1/b GC/ scour and the piling-up of the bed material

L]

are in equilibrium and the bed surface is kept almost at the or-

iginal state. ‘ |
f ! a/‘f o f,!\,l rt\-" =

However, the scour ea-both-sides of the rear pier will £ﬁ55{

Phed f@ﬁlfwft e freut i"'ﬁ"" oo awall,

dncrease- if 1/b is ress—than-2; thus;—affecting the stability
_of—the-rear_osier.

The piling-up of sand is more evicdent for the wall type
pier than for the circular pier. Accordingly, 1=2 times the
pier width is provosed as the distance between two wall type
piers.

ii) It is scen from secries H,, that a change in the ratio
D/b has slight effect on scour when D/b is larger than 10';15.

9
Suggcstionéﬁ) given by Timonoff seems to overestimate the effect
of pier spacing. llence, it is enough only to consider the geo-
graphy and the geology before constructing a new bridge, except

when D/b has an extremely small value.

i) From the exneriments on the effect of skew angle on

.

2

scour around two circular piers, it was seen that 9 had no

=29



effect on the scour when it was less than 5°,

Accordingly, when a parallel arrangement for a new pier
and an existing pier is difficult in the field, it is not harmful
to scour to arrange the piers such that the line connecting the
centers of the two piers makes an angle less than 50 with the
flow., Also, the-longer the pier, the mofe effect it will have on
the bed, In -case, &/ 5% can not be avoided, it is desirable to
have a long distance between the two piers, (at least 4 times the
pier width) so that each pier may act as an individual pier,

21 Conclusicns

From the viewpoint of »ier érrangement, neasures for
reducing the scour on the bed are as follows:

i) Scour will increase with an increase in the skew angle,
Accordingly, the pier axis should be barallel to the maximun
flood flow and the skew angle at any other discharge should be
less than § ~ 10°,

ii) The effect of nier shape on scour increases with g "
When € = 0, the sharper the nose the less the scour; on the
contrary, the sharper the nose the more the scour as © in-
creases, Accordingly, for a river in which the flow direction
is changeable, it is advisable to construct a pier with a semi-
circular nose, Moreover, it is also recommended that two cir-
cular pniers, with a skew angle and a large spacing not be Qsed.

i) For any nose shane for the wall tyne pier, the ratio

.

i
D/b has a slight effect on the scour around the pier, when D/b

is less than 10 ~ 15. IHlence, it is reasonable to determine the

-23-



bridge span based on geographic, geologic, and economic conditions
rather than on scour.,

iv) More scour occurs around a nier at the center of the
river than around one near the bank. This means that there is a
close relationship between the flow velocity and the scour.,

v) For the construction of a new bridge near an existing
bridge, the following factors are suggested as a guide for design:

a) The pier axes should coincide

b) Examine the foundation of the existing pier, to determine
the location of the new pier (unstream or downstream)

c¢) The distance between the two piers should be about
twice the pier width.

d) When it is difficult for the pier axes to coincicde, it
is desirable that the angle between the line connecting the center
of the piers and the flow be less than 5°. If this is still im-
possible, it is suggested that the two bridges be located as far

apart as possible.

-
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5. The application of experimental results to actual field problems,

(22) The effect of model scale
A, Genéral
No definite conclusions regarding a law of similarity for a fixed
river bed is yet available. Hence it is difficult to establish a reliable law
of similarity for local scour around bridge piers, Thus it is impossible to
arrive at quantitative conclusionsfrom the experiments from-themi, By refer-

ring to series K; , K, and K;, the reliability of the experiments performed

["4]£(: i

.can be shown, Herein is a discussion on the effect of model scale.

(<]

B. A study on the results of series H_. and B

nl II °

[ Were run for the same time period
A

I
N EE

(20 minutes) and by-using the same material, the difference in scour pat-

-

tern between them could be atiributed only to the model scale for equal values

Since series Hn and Hn

of D/b . The scour data for D/b = 12.19 from élbes 23-32 is rewritten

in/ébles 33 and 34. The scour depth and width are plotted against model
Ru-;{. (
scale 1/n in Figs. 60-61, The solid line represents atype I pier and the

dotted line stands for a'ﬁpe II pier., The following are the noteworthy con-
ctusions derived from the above plot:

i) Scour widthg ko , ko and kf will decrease with a decrease in

s

!
it o i
sariea 1!. nuofA coury Wed it/ AL

model scale, Judging from the fact that the scour-phenomena

Trl0 :'{‘.f.( ,:'.f'f;‘-?_.:_:_, Al ;'{.._I_-"_\r‘: 1 L‘Hf-‘

varies with pier shape and the point at which the measurement

was taken, the scour around a pier results from a’complex mechanics,
and thus it is difficult to establish a perfect law of similarity for

pier scour. But it is desirable for obtaining reliable quantitative

data to make a model as large as possible,
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If the horizontal scale is 1/20 and the vertical scale is 1/40 for
a model of 1; = 30 cm and b = 15 cm, the corresponding prototypg/
size is 6 m x 3m . with a full length of 13 m for a {ype I pier and 9m
for a'f‘;ype II pier, The pier spacing is 1,82 x 20 = 36,4 m, and the
depth of flow is 0,052 x 40 = 2,08 m, Applying Eq.l12 of the first
report, e = 402/20 = 80 , Thus the mean dlameter of the sand '
T evdler Po biady w.u” dnla o

particles is 0,0708 x 80 = 5664 cm, Usmg~F1g -60,-it is possﬂ)le

’eo—suggest “data-for- practlcal use, —abut mnce there 15 no perfect law of

o Pr(\r; 1 .-:-.’~:' ™Mot -0, 60 CAoveren 3

ii)

similarity for the scour W1dt‘1 it is dlfi‘lcult to obtam precise values
of scour width, As sﬁ%;ivr; in Fig, 60, the scour for a type I pier is
less than that for a®fype II pier and this fact become s more evident
as the model scale approaches 1 , The scour width, kf , for a
/{ype I pier, decreases slightly with a decrease in 1/n . This is

due to the effect of scour at the pier nose extending downstream of
of the pier when the model is small and thus lessening the effect of
sand pile-up behind the pier. A similar pattern was observed for
the widths ke and ks ‘When a-fgpe II pier was tested. From these
observations it is seen that the scour mechanism changes when the
model is small, Hence, for a model having a model scale less than
0.50, qualitative conclusion’)may be unobtainable,

From Fig. 61 it is evident that scour depth is equal to zero when 1/n

is zero, However, the figure also shows different scour phenomena

" for different values of 1/n and different pier shapes. It is difficult

to establish a perfect law of similarity. Judging from the fact that

a\iype I pier is superior when 1/n = 1, it is suggested that agpe I




4

ff' and

~pier be used in the field, As shown in Fig, 61, the scour depths t
'*‘tsf" at the pier tail decrease with an increase in 1/n , yet it is still diffigult
to predict the scour phenomena for an actual pier in the field. It is
also recognized that the data for the scour phenomenﬁf, when 1/n is small, -
are unreliable due to scouring effect at thé pier nose.
C. Conclusion
The following conclusions can be made from series HnI and Hnl[ :
i, The scour depth and width become zero when 1/n is zero,
ii, A perfect law of similarity for these experiments is difficult to
establish, ]
iii, It is necessary to use m&g as large as possible for obtaining
qualitatively reliable data,
iv, It is difficult to obtain reliable data from models, having extremely
small model scales,
(23) Thé effect of bed material
A. General 0
In order to bbtain qualitatively reliable conclusions, it is necessary
to compare the experimental results for different materials,
B. Sand from River Kizu
The sand from R. Yasu, used in previous experiments, was com-
pafed with sand from R. Kizu for studying the effect of bed material, The

sieve analysis of these sands is shown in table 35 and Fig, 62, Table 36

shows the results of the preliminary experiments for the determination of



&

critical tractive force. Inspitefthe fact that the mean diameter of the Kizu
river sand is 0.921 mm and that of the Yasu river sand is 0,708 mm, criti-
cal conditions for the Kizu river sand were reached at comparably shallow
water depths. This is due to the small proportion of fine materials, as
eowraTen oy (. L
seen from Fig. 62, These results show that the density of sandf\has a close
relationship with critical tractive force. Ripples were not so evident for
the Kizu river sand after critical conditions were established, This is also
considered a's_}Lesulting from the smaller proportion of fine material, As
for Yasu river sand, the Kizu river sand also shows a fixed vaiue of critical
tractive force for all slopes. From this statement, the basic concept of the
tractive force theory is also proved,

The fbllowing is a comparison of the experimental data (Table 36) with
the values computed by applying Kramer and Indris' experimental formulas
(Table 35).

Althoﬁgh the computed value (Kramer's formula (10)] 64.15 g/m? and
the experimental value 65,11 g/m? are close for the Yasu river sand,
these show a 18,7% deviation (63.16 g/m? and 53,22 g/m? for the Kizu
river sand, A similar relationship is observed by comparison with values
computed using Indri,sr formula (11). These are due to errors in the deter-
- mination of the coefficient, Kramef also recognized 15% error in his formula.
Since the Speéific gravity of the Yasu river sand and the Kisu river

sand are the same, Fo computed from Eq (10) must be proportional to dm/M/.J
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According to the formula, Fg = k(w - wc) % dm , propsed by

Aki and Sato, F, is proportional to Adm . N is the weighted ratio of

"”x

the particlpés having diameter smaller than the mean diameter to the particles
having diameter larger than mean diameter,
Although it is difficult to obtain a definite conclusion from experimentiﬁjs

for only two kinds of bed material, it can be observed from table 37 that the
\ _
ratio of F, is different from the ratio® dm/M and 7, dm.
From the fact it is known that Kramer s formula and Aki and Sato's
Cone ’{ (";:rL ’*"‘.?-. ”'-rr’a &’...l..r. a“-'--”‘l_;-f“

formula are not appricable and further study on ,dens1ty is needed., There '

is no proper experimental formula for expressing the relationship between

critical tractive force and the bed material, However, from table 36 it is

recognized that the basic concept of the tractive force theory is reliablg._}
Based on the above statement F, = 53.22 g/ m? s is used for the

Kizu river sand and critical conditions are as in Table 38, ég’ computing

the velocity coefficient C and the coefficient of roughness Qa‘ , the hydraulic

radius R is assumed -equal to the depth of water H . L

In order to avoid the formation of ripples, Krafr/proposed d/8H<l

‘gfl act,

for Eq (13) in Chapter (7). But it is difficult to determine OK for thls bed
material due to the-highproportion of fine particles., However, ripples
were not formed within the 20 minutes test time. Thus it is reasonable to

consider that the critical conditions for these experiments satisfy the

condition d/8H <1 .
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From Table 38, it is evident that the critical condition also satisfies
P aub-cidieed
I<glc? and V< ~[gH which are the limit of rapid flow.

C. Experiments on Kizu river sand
Results of experiments on Kizu river sand are listed in Table 39,

D. Series K;, K, and K,

o T, OO
The scour phenomena is similar to that for series HnI and HnII -

The results are shown in Tables 40~44 and Figs. 63~67. The noteworthy

conclusions are as follows: / 2
L}"ﬂ_.‘l-{'ﬁ,’-(-z(‘,—,s ({{ f.'(,'} L'in_.{.{ ,_!\,?[‘g{f,{ t'-"f?'{-/
i) The fluctuation of the scour phenomena shows different trends for

each point of meahsurement when 1/n changes, Accordingly, it is difficult
to establish a perfect law of similarity and experimental results give only
qualitative conclasions., When 1/n is extremely small, the reliability of

the qulitative conclusions decrease considerably due to the change in the
C”O H(‘A dJCr‘f“lAI F ch“’x weadll,

scour mechanics at-the downstream end-of-pier, b

ke - k

ii) For a type I pier, in general, KS nd Kf are larger than Ko €

; R
R and K < Kf Jlt‘hese values increase with an increase in IL}nd the-magnmi="

tude-is-in-descending-order as- Ky~ Kyand—Kg .

K__‘_e}"-’—'« r{r‘S G-ﬁ’tﬂ‘ 91_{. ;"kj-
When 1/11%9,5 » the tendency of increases for— ~Ky slows down and
R
=S
when 1/n approahces the prototype it is suggested that \Ii:_s, will be larger

g

than K_f " For a type II pier ko<« ky<kg and the tendency to increase

is in the order kg, k; and k ~when 1/n is amall, After 1/n reaches
wilkd _

0.5 the tendency for ks to increase slows down and k; ,approabkhes. k

This is due to, as stated before, the piling effect caused by vertical eddies

at the downstream end of the pier,




The scour depth t, is less than te fmf' a type I pier but tg is

larger than t. for a type II pier, althotigh Ihe inerease i ty , with an .
_ _ o ‘fér A 'nyf,’, T ?bu!-‘..-

increase in 1/n , is less than that of tg . Hence, it is expected that t;
approaches t  when 1/n gets larger. Therefore it is concluded that a
type I pier is more advantageous than a type II pier from the point of
scour,

The scour depths t’-"s' and tg' decrease with an innrease in 1/n
and any further increase in 1/n causes a pile-up of sand fat the pier tail,
Scour depth tTg, and t"'-:‘f; for a type I pier are less than-fég;’f‘for a type
II pier., This shows that the pile-up of sand at the tail becomes evident as
the pier tail istgilarpened,

ﬁl) Obse,:‘ving the changes of scour phenomena for different critical

conditions it is seen that the larger the depth of flow, the larger the scour
depth and scour width. However, the rates of change of scour due to pier
shape and model scale are similar to one-another,
E. Comparison of series K and H

Series K. is run for models of different scale and tﬁe results are

for thpertes Ko, Kaovd K
plotted’in-Figs: 63-67. By comparing Figs, 63-67,and Figs, 60-6J1\, the

following conclusions are derived:/ 4—;_,{_&?:’;24.33.;- ilh: aved Heors

i. The changes of scour phenomena caused by pier shape and model
scale are almost similar and the statements made in i) and ii) of
the previous chapter also hold good for series H for Yasu River
sand, In the light of the above statements, it is considered that the

same conclusion can be obtained from experiments using different

sizes of bed materials,



ii. The critical tractive force for the Kizu River sand is 53.52 g/m?

- 4
and that for the Yasu River sand is 65.11 g/m? , Juo}if the law of

similarity, which was studied in Chapter 7 of the first report, can
1o iu Atsua arsing {*‘x
be apphec} th¥n it is seen that the scour for the Yasu River sand is
',VA_’I "’ hn' J

less than that for the Kizu River sand, However, precise measurements
of scour at different points show that there is no fixed relationship

{r.u .9 w

for scour between the two series when 1/n is less than 0, 33 rthe

b\-,_-._.' . {';
fluctuations of scour widths k and kg for a type I pier becomes

A \a, WaNLe z‘\ Atriin 1' .'f L

evident, whereas the -fluctuations of A t and te for a type II pier

Ks

and ts for a type I pier becomes less, Thus series 8 has 7lal:',l_g,rer
values than series H . The scour depth t*y for series \:Q ﬁ;gins
to decrease when 1/n is less than 0,25, and that for series H begins
to decrease when 1/n is less than 0,20 , It is observed that there
is a greater difference between the prototype and model when a small
1/n is used for the tests, thus making it more difficult to arrive at
qualitative conclusions., This is caused by a thange in the scour
mechanics and also by a change in the angle of repose of the sand,
F. Conclusions
Since different sand sizes have no effect on the scour for a particular
model scale, and also the changes in scour phenomena due to pie_r{ shape are

unaffected by critical conditions, it is proved that the author'i./experiment

reported previously have qualitatively reliable results.
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(24) The effect of criticél conditions
A. General

For the purpose of investigating the effect of nose shape on scour,
series A, and B were run using Yasu River sand under critical conditions
(a) and (b). Series G, and G; were for investigating the effect of skew
angle using the Yasu River sand,

For Kizu River sand, series K; , K, and K; were run for investi-

gating the effect of pier shape and model scale on scour, under critical

o

conditions of (q), (r) and (s)' the comparison between the series are
Vi
ang
reported in (B))(C)/\(D) . Since the depth of flow are 5,2 cm, 3.9 cm, 8,0

-

« - 3
cm, 5.3 cm and 4.3 cm for critical condition® (a)) (b} (q)} (r) and (s) respectively,
it may be said that an investigation on the effect of critical condition for a

sand is the same as investigating the effect of vertical scale,

\

By combining these results with those 1n Se;c'./ZZr it seems possible

C/L{/JCMJQ ﬁ?’l«“;n"; anel Tiead seals
to-fix-to a certain extent the ‘effectsof model scale; However, from the point

of the law of similarity, it is difficult to make a definite conclusion, This
statement can be easily understood from Table 38, Despite the increase
in slope with an increase in depth (vertical scale), the slope was less for
critical conditions with large flow depths, In general, this means that a

change in vertical scale not only means a change in verjical scale but also

04-*-:5 Cer2d

a change in slppe. Thus it is difficult to obtain the effect of vertical scale

on scour,

“Based on the concept that the bed resistance is proportmnal to tract-

iy e

ive force, the slope in the natural river is recogmzed to have a close relation-

ship with tractive force. The author insists that ‘the eritical flow conditions



vt
ﬁgﬁﬁ. Tiens &3

for a river slope has a relationship with maximum flood. From this point,-'

it is reasonable to consider the ek'berimental results for tests performed

o

under :dfi‘%@cal conditions correspond to flood flow conditions,
B. Comparison of series A,and B

i, As shown in Figs, 12, 13 and 17 of the first report, the effect . f
vnding dobheatu fonbies

e
of various pier nose shapes on scour for a particular bed mater1i1,£\resemble el

J{_)_’{:‘. “
b.

one another, Th.is fact proves the reliability of the qualitative conclusions
derived from these experiments and,-by -combining with-the concept-stated
in-{A) it is suggested that the results of these experiments may be applied
in the i‘ield;with confidénce.,

~ii, Assuming that the law of similarity for the tractive force theory
can be applied to local scour around piers it is seen that the scour phenornenaﬁ"

/;a‘-“«- } C’hﬁf/‘(

is quite similar for a particular bed material, regardless of the depth of

O _( _" A T

~flow, Héwever, the scour for series B is less than the scour for series

aten ""

Aia byﬁ90% . Hence it is evident the law of similarity for the tractive force
theory cannot be applied to the scour problem. Nevertheless, it is observed
from series A; and B that the scour is less for the critical condition with
the shallower depth, This is also true for series G, and G; and series
KL-\ K.’L K3
(ky, kz and k; for Kizu River sand.
For series B and A, , the depth ratio is 3.9/5.2 = 0,75 and the
!
(e
scour ratio is about a cubg root of the depth ratio (-3/0.75 = 0.909 ) and

it seems to show some particular relationship, yet the scour ratios are

different for the various point where measurements are taken,




The facts stated above show that a law of similarity for the scour
problem is difficult to establish, This is due to the change in the scour
mechanics with different nose shapes; also the effect of the angle of repose
of the sand layer becomes evident by sharpening the pier nose.

C. Comparison of series G, and Gj;

i. As shown in Figs, 36-38 and 39-41, the effeqt of skew angle on
scour for a particular bed material, regardless of critical conditions, are
Similar‘.—(

ii, Less scour, both in depth and width, is observed for critical

conditions with shallow flow depths. i’r‘(, A

D, Cornpariso.n of series /\1:; , kz and ky’ s

i, As shown in Figs. 63~67, the effects of pier shape and scale on
scour for Kizu River sand .under different critical conditions are similar,
The same phenomena can also be observed from Figs, 60 and 61 for Yasu
River sand under critical conditi@ns,

,@4 Judging from the above statement, the conclusions for Yasu

River sand stated in the last two chapters are applicable for différedt bed
materials,

)

ii, The relationship between scour and the depth of flow is the same

h:g PP
as (B) and (C) . The flow depth ratio for series k; and k, is4.3/5.3
e W N

arf
= 0.8 . Scour ratig/is’o.%? for a type I pier and 0,945 for a type II pier

(average values were taken from the data of runs having model scales of

1.00 and 0,50),
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E. Conclusions
The effects of pier shape, scale and skew angle on scour for different

bed materials under different critical conditions are fairly similar. This

fi! Ao
',{,’-_f b sods \r\ 5J'I (_{)

fact proves qualitatively{\the experimental results reported in the last two
chapters,

The scour will decrease with a decrease in the flow depth. However,
the rate of decrease is related to the characteristics of the bed material,
pier shape, scale of model and the point of measurement, Hence it is
difficult to establish a perfect law of similarity and to obtain quantitatively
a conclusion for the scour problem.

(25) Conclusions
Since the experiments were run for a period of 20 minutes and

considering the difficulties in obtaining a perfect law of similarity, it ig/
necessary to give special attention for field gpplications. In order to obtain
reliable qualitative conclusions, the author discusses the effects of model
scale, bed material and critical conditions on scour and gives the following
opinions:

i} Regardless of bed material, the scour will be zero when the ratio
1/n approaches zero. From this point, the scour is considered as resulting
only from the existance of piers,

if) Although a large model scale gives more reliable conclusions, never-
theless, the scour phenomena in the field can be qualitatively suggested using

the author's experiments as a guide. The prediction is more accurate when
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the scour is mainly controlled by the eeeentricity of flow and is less accurate
when scour is affected by the piling-up of sand caused by vertical eddy. If
the model scale is extremely small, even qualithtive conclusions cannot be

e may also be rels tAts
expected due to the change in the: scour mechanics) andAthe angle of repose
of the sand layer,

iii) The effect of pier shape, skew angle and model scale on scour is

almost similar for any kind of sand, However, scour depths and widths
exeeptl fo 2 il Leale mods
are proportional to the square root of the critical tractive force of the sandsi,
if the experiments are performed under critical conditions for the same bed
8lope and for the same time peariod,

iv) For the same sand, the scour is less when the depth of flow is
less, but the rate of decrease is related to the characteristics of the sand,
the pier shape and the model scale,

A study on the mechanics of scour caused by bridge pier
(26) General

Since a perfect conclusion on the mechanics of scour has not been
established, the author briefly describes the studies made by Kegtner and
Tison }and also gives his opinion on his own study.
A, Keutner's study

| The pattern of flow around a wall type pier is shown in Fig, 68, In
Fig, 68 (lﬁe fine solid line is the water surface before inserting the pier,
and the thick solid line() shows the water surface along the pier wall and
the thick dotted line (2) éhows the water surface along the center line of the

path of flow after inserting the pier. The following facts are observed from

Fig, 68,



i) The stagnation depth hg decreases with a decrease in the nose
angle 294, The water surface along the pier wald drops at point F and
the steep slope I' between S and F has a remarkable effect oﬁ the scour,

The water surface for a pier having an angle of skew to the flow is different
and
for the right and left side of the pier; this difference becomes more evident

as the skew angle gets larger, /So 7{:‘ r

if} Water surface (2) begins to drop at point(é;., /f‘ég?/béyond point S,
and its height h, is small compared to hg . The value of h, is almost
independent of the nose and tail shape, Nevertheless, the distance between
S and So » Wwhich is affected by the pier nose, decreases with a decrease

in the nose angle 2 ok and it seems to be proportional to the velocity difference,
4{,-— Uy felwcton hiine o allia, conalnichion of f;»:‘--‘.a" pug‘b‘% (1) owd (2)
;1[6_%;-.&’1-“. Fig. 869) (a) shows the measured water surface. From this figure

the lateral slope is recognized as shown in Fig, 69 (b) . This lateral slope

is evident for a pier having skew angle as shown in Fig, 'A’.-O.J_:

Engels and many other experimenters show}.—/ that this lateral slope

causes vertical eddies and these eddies)when associated with the bottom flow,

scour the bed material, The lateral slope is closely related to the shaple of the

Slepe
pier nose and the scour is related to the lateral -shépe, hence, the scour

is controlled by the nose shape, The eddy motion is shown in Fig, 69 (d).

Eddy 1) results from the inverse slope at point & and scours the sand—

/‘b«‘-{\ of the neae
in-the upstream direction, Eddy 2) results from the lateral slope I' and

e ,f;«“.}:‘\
scours-sand-along the pier wall in-the-downsiream direction, Between these
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two eddies, there are several eddies that cause scour as shown in Fig, 69 (c).
When 20 is 12°~29° the scour caused by eddy 1) is more effective and
the pattern is.different from that caused by other eddies, tmax moves
towards point F as 2! decreases from 180° to 62,6° This is because
the point, where the scour effect is most evident, approaches the point
F with a decrease of slope I',

The approximate flow pattern is shown in Fig, 71. The flow separates

/ FJ :-v'-’{—f;' A C'/J{f wi '--f-é
from points V¢ and V, andflows parallel to the-pier wall. At points
A, and A, , the flow deflecix';élbout 6° towards the center line of the pier.
A vertical eddy called tail eddy occurs in the region S', 8% A'u and
DF ",!\.}. F\x‘,E-v\-Tki-Qv p’.@'ﬁu‘l'hﬁﬂ-a e D‘F‘ r'—'OM\+8. Vi foved Vr‘

a side eddy occurs in the regionf\ Eﬁfé:rs-i-g%- . The sand scoured from the nose
is piled along the pier wall by the side eddy and at the tail by the tail eddy,
B. Tison's study

The flow pattern for a pier parallel to flow is approximately shown

in Fig., 72, Consider a flow net APS lying on a sheet of water parallel to

the bed surface and apply the Bernoulli theorem « XWL? W bl

/ v?
Zy+ %,= Zst f%)a #3’[' 7d5

l‘v\ \,fﬁ.'\b'{\ )
~where- 2
-8 ?n;ﬂ—i‘f--'ﬁ'\?d ﬁ*m-, I8 aa {92 -/-r'v\LC'.

¢ I/-"‘\;' - <%, . .
L/@ s (Zg -,t,ﬁ;e height of points A and S,,

Pﬁ ) ﬁj ] A{'} P-“LEJ...:u-./E’S fx;f ‘k.g-‘.’\-ﬂ{: Aﬂv\ds,
o Ahe unit weight of water,

1

Y idddy b¢ kgt velocity of flow,

n

H]

Vv
)0 the radius of curvature of the streamlines , an
4’{:’ (,.; H’:'.u'-,{'_u';:'..r_,()
ds dg> = slength of curve along AS
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v

K3 It is assumed that ¢ is constant for a point along a vertical section,

therm 1/g I ( v*[¥)ds is smaller on the water sheet which is nearer to ,

ANE

the bed surface due to the vlocity being smaller, Accordingly (ZL/ P /cu )

"~ Pa far
. (%A - -EAIWO ) b\ecom}e smaller, For ?.i)omt A , fof from the pier such .
f A -
that ) = =0, L%A + PA/a) is constant along a vertical section., Since (Z +

Pé/wo) increases from the bed towards the water surface, a vertical

acceleration exists., This is contrary to the assumption that the water sheet
moves parallel to the bed surface, Actually the water sheet has a downward
velocity and scours the bed material, In brief, scour is mainly caused by
eccentricity of flow and the nonuniformity of velocity and its magnitude is

S 5 o0 .
dosstraeinied Wil Tl f (v?/€)ds . The following are the results of
A

theoretical consideration, P
i} The scour is evident when eccentricity is large, (i.e., radius of
curvature of streamline j’ is small)
ii) Upstream piling of-sand decreases the scour at the nose, Because
the flow pattern is the same as considering the pier nose extending
to the pile, the eccéntricity of the flow becomes less,

p - 1]
el 8 Ahsrp talf ane

iii) A round pier nose/,ie" effective in decreasing the head loss but not
\

for decreasing scour,
iv) A uniform velocity distribution is much more effective in decreasing
scour,
v) The above are based on the assumption that Jo = constant, If

changes, it is necessary to consider the change of V2/€ .
. /

/!
K

o
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Tison's experiments were performed in a glass flume (effective
length of 1,2 m and a width of 0,7 m) using R, Rhein sand with wooden
piers coated with parafin, The depth of flow used was 11 cm and the discharge
was 30 1{sec. The experiments illustrated the above statements very clearly.
Tisorc;i\iﬁl{;/o} stated the difficulties of obtaining a lww of similarity for scour
around piers in his treatise on dunes and ripples ,(66.
(27) Author's study
A, General mf‘

[Poo! If"\.
In general, thehstage of the outer bank in a river bend is hl.gh/\and

i . '

i A 'i‘f‘j-?l ar
f

-+ .

scour is observed, Considering this point/the author suggested the similarity
between scour at a river bend and scour around piers, If this holds true, it
is possible to define the scour mechanics for a pier by analyzing the scour
mechanics at a river bend,

In natural rivers, the velocity at the outer bank of the bend is higher

Aas lf( é”'./l \\

than that at the mnerbank due to the low-velocity, For rectangular channels
A

4 v
the velo c:ity:at the inner bank of the bend is higher than that at the outei'bank,s

and this fact has been proved by experiments, Only, at bends, there are second-
g §

ary currents which move towards the outaerbank on the water surface and

towards the éﬁréquank at the bottom, The secondary currents at the bottom

carry sand from the oute;i’bank to the inner bank, As a result of deposition,

the depth of water at the innerbank becomes shallow. Also the xﬁomty th ‘r“ il

-

sbows down due to an increase in friction caused by sediment.
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B, Scour mechanics at a river bend

The following theoretical studies are for an ideal fluid in a rectangular
channel with an arc type bend, The flow at the bend can be considered as a
free vortex, |
walBr element

Considering the equlibrium conditions for a particle-between stream-

lines AB and CD as in Fig, 73,

( )fdgdfdz--— frfdedz—-(;wdf)}odgo/z 20

letf\ﬁ.-%"’
Ap _ sV
/’; W, (.ﬁ)df"""""“- (17)
where
AR ek,

P’P = pressure,

<
n

velocity,
g = acceleration due to gravity
¥ =radius of curvature of streamline , dmd

W, - = unit weight of fluid,

If AB and CD lie on a horizontal plan:) Bernoulli's theorem can
4
be applied for points P and Q

P+ P Cyiav)’

a
-P__‘.'-i_.:.""-————.—f

s w, B

1)
neglecting (dv)? and substltutmg into Eq{27)

vdu | ey Al

9 Jf i -




’::‘;,-7' v e
Integrating
vP = ¢ = constant - T I (18)
' sk
L‘V\‘I‘Q’\ LY L
Thus the velocity is ,dire‘(:‘ﬂ?l proportional to the radius of curvature,
[’

Eq,[(17) shows that the pressure is high at the outeribank; but, since the pressure
whe wdfen Qs foce

at any-point in an open channel is equal.fto the atmospheric pressure, this
increase of pressure causes a rise in the water surface at the outer bank,

0 The cross section is shown in Fig, 74 (a)., Substituting the term

d /‘wo = dH into Eq.17, the lateral slope I.p is

-.Ip"d%f = %3fﬁ) .

- - - (19)

Combining Eqgs, 18;and 19, the height of rise

R T Y o
hszfalrdf-(;a—)(?J, e . ow e [(20)
{‘M\-ff\-:ffp\ '
-where-

y
* v, # the velocity at the inner bank,

|
W

is
For viscous fluids, a modification for these equations 4f# required,

nevertheless, Eqs 17~20 can be applied for natural flows when the radius of
curvature is not very small. Fig, 75 is a comparison between Bgssis"' experi-
mental results and theoretical values computed from the above equations,
From the plot it is suggested that the theory for an ideal fluid can be

applied to viscous fluids to a certain extent,
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L
-

Since the velocity distribution in natural rivers is as shown in Fig, 74 (b),

it is reasonable to consider that the lateral slope Ip is a result of the main
- ’l:
. _'L'!h
velocit;)r_'&fn‘1 and Fig. 19 is satisfied with the relationship Ip = z/gfo
Yo

However, velocity near the water surface /VS is larger than .Vm and in order
L (N

to have the same I -value, € should be larger than Jom 0 iOn the contrary,

-

N
\{b<v and f’b should be less than P

—.'{n--j According toltlrlrese reasons, the

streamlines where_'VS e
- s

i !
- and Vb are measured and-are-different-in

radiuss—These streamlines-are plbtted in Fig, 74 (¢). Secondary flow in
!

L
bends originates from this difference in the radius-of the streamlines. Second-

- - 3 - - - .'f
ary currents associated with the main river flow, have a spiral motion and

4Lz
scour the bed material at the outer bank, then, deposit sand at/_inner bank

due to a decrease. in velocity at the bottom.
By referring to Iliinderks' and Boss' studies, the author explains scour
at the outer bank of a river bend and the origin of secondary currents,

oL/
v The fbllowing ip the author's oplmons on scour caused by secondary flow,
ATl ¥
_____ % '14:1 b
Eq, 19 _‘szf(;'r {-“\:: I, can be reaaranged as _Vm3/(° = gl, . Here vV, (° is

B, -

L

the centrlfugal force on a unit mass having velocity V . This force is
v
balanced by ng . However, the centrifugal force yzip varies with the depth

z due to the nonuniform velocity distribution, In order to balance with gI
'R U " “\; ':
the force (Vzlf’ - V z, € ) acts towards the outer bank in the region V>V
'\/n\._ J- |’.
and force (V 2o - Vzll ) acts towards the inner bank in the region V< Vo
7
Accordingly, secondary current is defined as a result of the unbalance of centri-

) {dvdd hba/¥i{d b/ fugal force and its intensity is controlled by the following

equation,




(17

i

.'1/ 3
j o g ‘ir 7); e U{‘
mr 'l\E Ur\ \,il CLVQT"!«—\ 'r‘(uf‘- UtL _ LY 2o 1 JJL,

Accordlng to I{vade Rapp s formula (?8) whlch is adaptable for ve1001ty

dlstrlbutlons in natural rivers

\T

vy \G}('}:) e
.’*‘ a_
Zom He 2 , (=1)

Xads ol o 2 [T
L\bafwhen -'-:;(i>;.£", & =it 480 Vs
S
g

$
Then ' On
L
w iV
(,/ ) ( F
d §
o 9 + 2 )

‘and the intensity of the secondary current is controlted by

f>
c;jn dj

Assuming that the scour force is proportional to this value of C

'\.r
Yim

A
f ar (=22
K = fjﬂ(-‘-r;) ’ Rl -
\
(o4
~where-- O<
i ‘\’E\'\ ? K = scour force;
TN
- Vm = mean velocity;

n

depth of flow;

~ =8
n

radius of curvature of streamlines;




experimental coefficient;

N -

radius of inner bank;
radius of outer bank; :\ ; Tl
b{ﬂ,_ﬂt_bv‘( Aok (o velaw s

o = ,roughness of bed,’ . iﬁH/V ) A H /ﬂ;s

0
n

Kozeny's proposed A = 5T, 40 1‘}.\,@-“-'

’o{ZoCiw‘L) %~

It is known that either a decrease in channel roughness or an increase
in H/VS can cause a large decrease in the scour,
C., Scour mechanics for bridge piérs

As shown in Fié. 72 the stream line changes its direction on both sides
of a pier and its flow pattern is considered the same as that of flow in a bend,

The spiral flow occurs due to the nonuniform velocity cﬁistribution and

cme{.,"ﬁ{m
scours the bend at the pier nose, If the flow patternis constant, -from-formula
-_3%2/'3"(’", the scour is mainly controlked by the radius of curvature )0 of a

stream line, Judging from tis statement, it is easily understood that scour
is closely related to the shape of a pier;._/

In Fig, 72 |, Point A is a point where f = <2, i,e,, no effect of second-

ary currents,

Let df-—= ds ,

$o e g

1 e B
2(<+2) g °
z,/ s
(@8 m
! :
Then the scour force, , around the tipe of the nose /s’ is

f \%H _ (23) |




L"‘ l\(\"‘ Cin
where- is an experlmental constant, and .
n PJ! a,n,c,t.v’lq LS & O V}-,'f v b ‘un -"1"5

g~ is ,t/he decrease in channel roughness (1ncrease w:Lth/’H/V 5

If the scour depth is proportional to the scour force, then the scour
depth is proportional to the square of the mean velocity and the depth of flow

and inversely proportional to the radius of curvature, Also, the scour will

n

decrease by decreasing the channel roughness or increasing H/VS .

e

These coincide with Tison's conclusions and are verified by the author's

L

experiments,

The movement of the scoured particles are shown in Fig. 76, The parti-
cles separate from the pier wall making a right angle with the streamline
because of spiral flow,

Being affected by the main flow, they move parallel to it, Since, stream

lines change in direction towards the pier wall from the transition point F
C
(from now on it will be called reverse ecdentricity) the particles move towards ,
wite e peaion da Ju\./‘s Al
the wall due to reverse spiral flow, A part of the particles are cariied-by-
C{f'mg -the ::Cf-« wr L af ﬁwJ‘
vertical eddies{\. Since the direction‘,\of the vertical eddie_sjare opposite to the

main flow, the particles are deposited at the wall, According to Karman's bound-
ary layer theory a side eddy is fdF¢é#f formed when the velocity at the outer
side of the boundary layer decreases. For bridge piers, the maximum velocity,
By : . s . -
! --Y»l , of the flow will decrease after passing the transition point ¥ ., This is
considered as the main reason for the occurance of side eddies, Therefore,
the reverse eccentricity of the flow near the transition point F has a direct
toarralid
relationship with side eddies. As above, the reverse eccentricity pushes

the side eddies and the bottom flow towards the pier and, as a result, piling of

sand occurs, The same reasoning can be applied to the rear eddies of a pier.
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D, Comments on Ti.solil/'s and Kentﬁéher's s?:udies:

Tison and Kent’g’ﬁer studied that the scour is caused by horizontal eddies
from the tip of the pirer nose. This statement coincides with the author's opnion,
However, Tison explained horizontal eddies as a result of eccentricity of ﬂovalr
and the nonuniformity of the velocity distribution and K71t’é’ner explained it
as a result of the lateral slope. w

The author supports Tison's statement and gives a discussion for Eq,(lélf
based on Bernoulli's theorem, |
Tison assumed that the energy along each streamline in a sheet of

water is constant and also assumed that the water sheet is parallel to the

bed surface, K/ Therefore, based on Bernoulli's theorem

v -
P vav
dz+ 4, T =g, = o - .
T b 2
or P/P ;V-\_R P Vg
Q--d-a .j- - + ""_'.s_ =+ _..f—- w e e W e r
2.“3-} s + Jj Z, W, aj (24)

Eq. {‘léf'.-can be revised as follows:

The relationship between the centrifugal force and the pressure for the
two close streamlines shown in Fig, 72 is d,b'/wo = (VelaP) ds) with-an-increase
imcentrifugal force and the water surface rises dH = dP/wo as a result of

the

_this pressure increase. The difference of water surface between A and S

[
in Fig, 72 is AS k

S dP  _ _5__ _
b [ - [ 57




Blut, in natural rivers, where the velocity distribution is not uniform, it is
known that the radius of curvature, ]9, at the bottom should be less fhan
that at the water surface in order to have the same value of hs ‘
Consequently a horizontal eddy occurs, The above is a verification of

Tison's statement regarding Eq,flé}'. The occurance of horizontal eddies
is explained as a result of a bending of stream lines and nonuniformity of the
velocity distributipn. Keﬁtner's opinion, that horizontal eddies are due to
lateral slope, is basically in error. Keﬁ'tner explained that the scour at the
nose is mainly controlled by the lateral slope I' in Fig, 69 (d). However,
the motion of particles, according to observation during experiments, is
perpendicular to the pier wall a.nd not parallel to the pier wall, and the eddy
correspongling to. the hteral slope, I', was not observed,

CL/ If lateral slope is the factor which controls the scour, the scour at

the Leewérd'side of the flow should be largér than at flowward sideff for a )

[
r 2

pier with a kkew angle. But, on the contrary, more scour was observed at
the flowward side in series G;~ G4 . Moreover, the water surface rises
parabhcally around the pier nose and it is dlfflcult to evaluate the lateral
mw.; fab} 1'\;\\1{\.’\‘{?“2\\, 'S oj} wates S'WE’\L«- rises alon % i \-,w\. AYIS A r{t Af( fonel ILU.'.JM il 63 L( J
slopeK For these points, Keptner's opinions are limited in accuracy.
Keutner's opinions almost coincide with author's opinions for the piling-
up of sand caused by side eddies and tail eddies. Only the author[thinks that

it is not reasonable for unstable tail eddies to be considered as dead water

and be completely separated from the main flow,



A part of the flow enters the tail eddy reglon along the pae-gr wall and whe o
(’! #:&L“,'!-S Awn (fr &N f{( I"L!ﬂ. d)(!-e vLC"'\:‘" " AL r‘](’ )

thls flow meets the flow from the other side of the pleR,the stream lines bend _, il :
gfjﬁéi,’hft /78" , The phenc')menon of this bending of flow is the same as’the eccen-
tricity o/f flow at the tdi::. of a pier, so that the water surface @ﬂses towards
)

point “sf and horizontal eddies carry away a part of the sand which is deposited
at the tail, Accordingly, the pile-up on the line of pier axis at the tail is lower
than its sides,
E. The relationship between the height of backwater and scour
The scour at a pier nose is due to the horizontal eddies which result \
from the flow eccentricity and the nonuniformity of the velocity distribution
but a rise in stage is only due to flow eccentricity. From this statement,
it is seen that there is a basic difference in the mechanics of the two phenomena.

At a bend in a channel, the water surface at the outer bank rises due to
an increase in pressure at-the inner-bank resulting from an eccentric force
and, according to Bernoulli's theorem, velocity will iflecrease,

In the case of a pier, it is clear from Eq. 25 and Eq.23 that the velocity

tip {é 4 '

of flow decreases near the pier and it has an effect on the scour and the rise
of stage h, . Eventually, the degree of flow eccentricity (shape of pier nose) ‘
is the main term controlling scour and hg . ' ;

The above discussion, considering the line AS (Fig. 72) upstream
from the pier, neglects the effect of velocity changes due to the constriction.,

ane g/ Lk()e el

However, the drop Sf at point F and the rise ho at point S cannot.

neglected- /fﬂJ thu C(-W'v:‘lﬂ:E(t.{‘-\




The water surface at the outer bank of a bend is higher than at the
inner bank. Likewise, the water surface at the tip of a pier is high agd it
- will drop at the transition point due to a referse bend in the flow, As a matter
of fact, the drop of water surface at point ¥ is also due to an increase in
8

velocity caused by the constriction . The walue of the drop ?:-‘, decreases

when the opening ratio of the channel is large and if the opening ratio is
constant, Sy is controlled by the pier H{ shape. The sharper the pier nose
the less the Sf will be, Considering the water surfac':e' (2) shown in Fig.

68, the water surface, upstream from the tip of a pier, rises due to a decrease
in velocity resulting from flow eccentricity and this-tendency increases-at-
point—-F _due to a-decrease in-velocit;i resulting from flow eccentricity and--
this tendency increases at point F due to a reverse bend in the flow., However,
the water surface drops lower than the water surface (1) due to a velocity
increase resulting from the constriction, This effect extends a considerable

distance upstream of the pier. The rise h, at the point S, in Fig. 68

is due to these two effects and it is naturally less than h at point S . When

/.” b e - r/ - i -,
Vto decrease the rise of water surface)‘the pier nose is s_harpene‘ﬁél; h0 is not affected

by the pier shape because point S, approaches //P". The above discussion

neglects the friction loss of the flow and also the losses due to the side eddies
_A,.r_l,éc:f“l,(l}'f'(’"‘- (
and the tail eddies. In general, wave move towards the upstream in tranquil

flow and since the ﬂow-\dow_r_;_sjcr_qg_m!is steady wiEh a constant depth, the rise
A of s,

of water surface should be equal to the:lbs ot ehergy for-a-corresponding

-distance. The loss is evident at the tail of a pier, Therefore it is necessary



29

¥o consider the effect of the tail shape on-scour+ If the water surface rises

U

upstream of a pier, the mean velocity Vm decreases due to an increase in
PR

the depth of flow, Ho . According to Eq.23, the scour will decrease but its
: L
value is comparitively small_.J

(28) Author's opinion rega;ding the law of similarity for scour experiments:
Scour is related to pier shape, model scale, critical conditions and the
characteristics of the bed material. Although it is difficult to obtain quantita~
tive conclusions from the experimental result, ,but,/gpproximate quantitative
conclusions can be established by a clear understanding of the mechanics of

"

scour around piers.

'f?'('t K
The author assumed that the scour frui’n X (Eq,ZS) was a direct controllmg
/ Thus arc f/i:.?/JQS

factor for scour depth and scour widt a,nd pr“oposed the following equations:
k.= 2K
t, =7K E’

(26)
b‘u I;ﬁ-{ff{\ ’éac

wheret g and 'Z are experimental constants. But scour width Igf and scour
depth ty at the point F is difficult to predict due to the effects of other
factors such as sand pile-up resulting from vertical eddies etc,

Ro

Assuming Eqs. 23 and 26 can be applied for I/{.d and ts , and letting

the vertical scale be 1/n and the horizontal scale be 1/m .
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Here the $ighn’ (@) is for natural channels.

Substituting H into R.

swee H =nH' and :
- (I=Z1, - M
’U‘_ m O _\J///‘
o _g_l ﬂgi:}inﬂ/z e .
Sw Whied r i s
w.:i)ut Nrrgr_'r'i =!\r'1/n1 —~ e L -
\ nM E
Substitutin/%into e/qs, 23 and 26 and letting p = _{nj/
Eq-21 Cand ds = mds:
N on mP
K = (i/-——;)ﬂff 77 &7
ﬂ——r = a‘- f\ + B - . e o
K , -~
2 0
10
b (BIEL) 27
“G > g
- X R
b (D@ -
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. n |
Considering different bed ma terials and usvg Kromer's formula 10,

a

Fo ey =%

F'zf" »*,
,_\_,f‘*"**“’f_ = Vs

w\\’{ N e = ({/4|

5

f,ut,u{m(/ g

2, =
P ®

%,

W= ‘M' /r‘v[

;m(‘L V"'(N’f\f

- o,

l'\.r .)

If natural sand is used for the experiments ané 1ts sieve analysis is

similar to that of a natural river sand then

(27)

(28)

(29)

(30)



Eq.30 becomes
n* e Cs ol
> - — ')
fo ¢ 7 % o 301
Thus the law of similarity can be established from Eqs.{28) .~ @)
However, the determinations of the experimental coefficient ﬁb 3 ﬁ 3 7 and . 20
are still a great problem.

Assuming there is no visible differences for these values between model

/
and natural river, then)b/ P e s D
oS n’

™

/}lf

T — - PR 1
( E/g’ =1 and r{q' = 1, moreover, applying Vogel's proposal of m\M-
= N/N' = 1, A simple formula can be obtained as follows:
t -1 _ 12
%ﬁé:m’wé — s {51
0
w i gh s
f",.ﬁ“ ne cn)
]p }'fr e = f'*’;’__)_,__.--")
. m'
@—,’ € = ===y

Since the purpose of this report is to obtain qualitative conclusions for scour
. ; ;
around piers, itis regretable that the data from the experiments cannot

e
vaéfz{ the equations given above. For example, the necessary critical conditions

24 b
© /Ko
for discussing the relationship between K ' and t'g and I§0 and ts for

experiments described in S_E-'f;_;[zzjare tabulated in Talbe 46, In which e =
l

S
n?/m = 1 because the same sand .,v{fas used for the experiments, Nevertheless,
all the experiments were performed under the same critical conditions, with
/200

depth of flow 4s 5.2 cm and slope.ag’ 5,2, For these reasons, the data from

the experiments cannot be used for discussing quantitative conclusions.
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With an increase in the depth H , the mean velocity Yo decreasesz
Judging from Eq 23, the scour will decrease very ightly, and, accor.cég to
Eq 25, rise of water surface decreases. So thatthe water surfaceTise from

the original water surface, hS , is not much.

Since hg .

///

bec/ause hg itselfis comparatifvély large, this effect is not evident in the value
rd

However, deKtlh of flow has a large effect on h , For this reason h

is nearly constant, S; decreases with a}increaSe H . However,
i :

4
r'c.f hS b

' is affected by both the side eddies and the tail eddies. Rehbock defined back-

water as a water Jsui'/ifs/zce rise 5;1’5 the point vghi/cz/h is a distance equal to the pier
length upstrs}arﬁ/f/rom pier tip. -Althou%fp 1’{15 definition is not the same as ho .
based on 'gf;e above explanation, he‘,e\'«:;lluated the great effect of tail shape on
scou?/(Ref 11), As stated bef/gre, it 1s known that the scour and hg are

centrelled /
mainly contrdled by the nose shape, whereas, Sf is mainly controlled by

/

the nose shape and the cl’fange in velocity due to'the constriction by-the-nose
/ ;

/ 1
-shape-and._the change in velocity due to the constriction, These facts doincide
'
i ’
with Keutner's study (26) and can be verified from the values_of hS and Sg

in Table 45, The tail shape has & large effect on h0 . However, for the
P S

author's experiment, this effect was not observed due to the shallow dé\pth_.s
Oy ool ot S e e T L eereermcn
Conclusions
Chapter 1 §

With the development of transportation, bridge construction, especially

the sub-structures (pier), have become important subjects, Accordingly, it
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is necessary to evaluate the scour around piers, which control the stability
of a bridge., However, it is difficult to study this subject from the view-point
of theoretical fluid mechanics, so that, experimental studies reported in this
report were to obtain qualitative conclusions which could be applied in the
field,
Chapter 2 :

The author stated the necessity of comparing the impulse theory and the
tractive force theory for the stability of a bed surface. Welikanoff studied

the probkem from the view-point of the impulse theory that his results are

not applicable in this field, _ A
frree
The tractive;.\theory was proposed by DuBoys, and further refined by
Akl

Kramer and Yasi. The author recognizes the reliability of this theory and
uses it as a foundation for his experiments,

Based on the tractive force theory, the author developed a 1Wd law of
similarity /for pier scour, however, only qualitative con%’u?ions could be
obtained.

By preliminary experiments, it B4 was proved that a particular bed
material has a constant critical tractive force. The main experiments were
performed under the critical conditions obtained through the preliminary tests,
Thus the scour is assumed to be a result of the existance of piers,

Chapter 3

Scour is largely affected by pier shape, and the stability of a pier is
mainly controlled by scour at the nose. The author discussed his experimental
results and hydraulica?z}ly explained the scour at thel nose as a result of eccentri-

city of flow,




3%

The scour at the nose is independent of the length of a pier and the
tail shape. The backwater and the dynamic pressure on a pier are controlled
by side eddies and tail eddies, accordingly, they will decrease by sharpening

I /.
the nose-and tail Az lhin, Thowm 2hs

yLeg

A two circular pier.--bridg‘e is not advisable and in the case this type of

abesdatic.

bridge is not advisable, the distance between the two piers (c. to c.) is
recommended to be twice the pier diameter,
Chapter 4:

In general, the scour for a pier having a skew angle to flow increases
with the angle and the rate of increase varies with pier shape. From experi-
ments, it is known that the rate of increase is much less for a pier having a

Ln Stour
rounded nose and tail. A measureable -seour increase between two piers

v
M(’Al{ﬂx-
was observed for the two pierctype bridge with a skew angle and, with an

i
increase in the skew angle, each pier begins to act as an individual pier.
The effect of the opening on the scour is very slight, when the opening
ratio is very large, and only when the opening ratio is less than 10 ~15%

this effect becomes evident,

The author also suggests methods of construction for new bridges

built near existing bnei/

Chapter 5 *
In order to obtain results applicable to the field the author discussed
the effect of model scale, Judging from the experimental data, it is known

that as the model scale 1/n approaches zero (no pier) the bed scour also




approaches zero, From this fact, the author's experimental results can

o
be used ashguide for qualitative suggestions on scour in the field. Since the
effects of pier shape, skew angle, and model scale on scour are similar for

all kinds of bed material, the experimental results given in Chapters 3 and

4 are qualitatively reliable for applying to field cases.

Chapter 6 .

: : goor spimeccy b
By assuming the scour phenomena at a pier nose is similar to the scour |

phenomenon at a river bend, the author stated that scour results mainly from
horizontal eddies caused by eccentricity of flow and nonuniformity of velocity
¥ : . e .
along a verical section. Accordingly, it is reasonai_],ge to consider that the
effect of pier shape and pier arrangement, for a particular critical condition,
are controlled by eccentricity of flow at the pier,
P )
gilaviy

However, it is difficult to_ get quantitative conclusions from the experi-

mental data given in this report.

l.

i
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