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SYNOPSIS

A model to describe scouring process around a circular cylinder has been
derived in order to apply it especially to the scouring in a graded sand bed, where
sediment sorting process is inevitably accompanied with scouring. A combination
of the model for scouring process and that for sediment transport for each grain
size of sand mixtures makes it possible to describe scouring process and armor coat
formation simultaneously. Some calculations based on the present model and some
experiments clarify that the scouring around a cylinder is appreciably suppressed
by armor-coat formation. Such a fact might be applied to reducing scour depth.
A method to mingle coarser materials and the original fine sand bed materials
around a bridge pier is investigated, and it is clarified that it works effectively
by the present model and laboratory experiments.

INTRODUCTION

Because of recent severe change in river environments (river bed degradation,
river-improvement works, etc.) and the subsequent increase of disasters of
hydraulic structures (including bridges) caused by local scour, it becomes more
important to investigate the mechanism of local scour. A lot of research works
have been done (these are reviewed in the literatures (4, 11, 14, 17)), but some
of them are somehow empirical and some have limitations in their applications.
Recent change of river environments make it difficult for them to describe
essential characteristics of actual phenomena as causes of disasters. Hence, it
is required to derive a model to describe the scouring process which inherits both
physical soundness and simplicity for applications to several variations of river
environments.

The authors believe that a model proposed by Tsujimoto & Nakagawa (19, 21)
somehow satisfies the aforementioned requisites. It expresses the essential
characteristics of scouring process and it is so simple to follow the changes of
surrounding conditions around scouring. In fact, it has been applied to a predic-
tion of fluctuation of scour depth due to dune migration which is significant to
estimate the maximum scour depth (19), and to an estimation of the effect of
protection works (20). One of the remaining important problems related to the
local scour is an evaluation of the effect of the gradation of bed materials. In
a graded sand bed, scouring process inevitably accompanies a sediment sorting
process, and it can be easily imagined that armoring may suppress the scouring (see
Photo. 1)

As for behaviors of graded bed materials, a model to describe armor coat
formation was derived by Nakagawa-Tsujimoto-Hara (15). It is constituted by
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pick-up rate and step length
defined for each grain size and
it is still available in a scour
hole where sediment transport
is non-equilibrium. A  combi-
nation of the aforementioned
models for scouring and sediment
transport of graded materials
might promise us a success in
quantitative evaluation of the
effect of armoring on local scour
around a pier.

Previously, a few works were Photo 1 Sediment sorting around a pier
done to evaluate the effect of
armoring on the local scour around a bridge pier. Nakagawa & Suzuki (12) applied
the method to estimate the grain size distribution of armor coat derived by Gessler
(7), but it could not essentially describe the temporal change of the process but
the final stage. On the other hand, Nakagawa-Otsubo-Nakagawa (10) reasonably
applied the model of armor-coat formation proposed by Nakagawa-Tsujimoto-Hara (15),
but they studied the scour around a four-cornered pier, where no analytical model
for scouring was developed.

In this paper, an analytical model to describe the scouring process is
prepared specially for application to a graded sand bed, which is principally
similar to that proposed by Tsujimoto-Nakagawa (19, 21) but somehow modified in
order to be coupled with the model for the change of bed composition derived by
Nakagawa-Tsujimoto-Hara (15). The characteristics of individual sediment motion
for each grain size are evaluated by the method used in the model originally
proposed by Nakagawa-Tsujimoto-Hara (15). Some calculated examples are shown based
on the combined model to emphasize the effect of armoring on scouring process, and
they suggest an idea to reduce scour depth around a pier by intermixing coarser
materials to the original fine bed materials. Although the bed near the pier is
sometimes covered by very rough materials for protection work, the present method
uses comparatively small but coarse materials and is essentially different from
covering protection. The effect of such a device is inspected both analytically
and experimentally.

MODELLING OF SCOURING PROCESS

Several researchers succeeded in prediction of the equilibrium scour depth
by macroscopic modelling of scouring (5, 9).
Figure 1 shows a control volume for which Bridge Pier
they considered the continuity of sediment
transport. In such a model, however, we have
to ambiguously estimate the sediment trans-
port rate because the local effect is
predominant within a comparatively broad
control volume. On the other hand, Nakagawa
& Suzuki (11) and Tsujimoto & Nakagawa (19,
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21) proposed a model using more microscopic control volume to consider the
continuity of sediment transport. Since the scour hole is kept geometrically
similar through a development of scour depth as clarified experimentally (11), we
can simply focuss our attention on the variation of the scour depth at the front
foot of a pier instead of that of the whole volume of the scour hole. When the
flow and the sediment transport in the stagnant plane (see Fig. 2) are focussed,
they are clearer and easier to analyze than those considered in the former macro-
scopic control volume. In the models of Nakagawa & Suzuki (11) and Tsujimoto &
Nakagawa (21), the region AEFB is counsidered. Furthermore, a more microscopic
model is here adopted because only the so-called clear water scour is considered
(the armoring effect is appreciable for the case of clear water scour) and even
in the inside of the region ABFE the sediment sorting process is different between
ABCD and CDEF (in only the region CDEF, the bed becomes armored). The difference
between sediment amount supplied through the arc CD and that transported away
through DE and CF (see Fig.2) is here considered and it determines the progress
rate of scouring.

Since almost all the sediments picked-up from the region CDEF are transported
away from this region immediately through DE and FC, the volume of sediment-out
during the time interval (t,t+At) is expressed as

N
AV, = iglAMi(t)Aad; = (A3/A2)i£1psi(t)pi(t)di.SlAt (1)

in which AM;(t)=the number of sand particles of the i-th fraction picked-up from
the region CDEF during the time interval (t,t+At); A2, A3;=2- and 3-dimensional
geometrical coefficients of sand; S,=horizontally projected area of CDEF; p;=the
volumetric fraction of sand of which diameter is represented by di (pi equals the
areal fraction of sand of d, at the surface (15)); N=the number of fractions of
sand; and pgj=pick-up rate of sand of the i-th fraction from the region CDEF.

In the case of clear water scour, the sediment inflow through the arc AB is
absent, but the sliding of sand along the slope S2-S1 like an "avalanche" to keep
the angle of repose supplies sediments to the region CDEF through the arc CD. This
amount of sediment supply during the time interval (t,t+At) is expressed by

N
AV, = X AQ; (£)Asd] = (1-po) (S2-51)zg 2)
in which AQi(t)=the number of sand particles of the i-th fraction supplied to the
region CDEF during (t,t#At); Az =the bed descending of the scour hole during

(t,t+At); po =porosity of sand; and S,=horizontally projected area of ABFE. When
Pio=the original (initial) fraction of sand of dj, 8Q; can be expressed as follows:

8Q; = (1-po) (S2-81)pohzg/Asd] 3

Meanwhile, the continuity of sediment leads us the following equation.

AVy-AV, = (l—Do)Slﬂzs (4)
And thus,
N
dzg/de ={A381 / [A252(1-p0) 1} 2, b, () (E)d; (5)

The temporal variation of scour depth can be described by the above equation. In
the case of uniform sand, the above equation becomes

dz_/dt = {A381/[A252(1~po) 1}pg(t) °d (6)

and this is quite identical to that deduced from the model where another control
volume is considered (19).

Accompanying the progress of scouring, the sediment sorting occurs and p;(t)
changes. Therefore, the variation of the composition of bed materials exposed at
the surface should be simultaneously analyzed. When the number of the i-th
fraction sand exposed at the surface of the region CDEF at the time t is
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represented by ni(t), the following equation can be obtained.
ny (e+At) = ny () -AM; (£) +AQ, () +AR; (t) (7

in which ARj(t)=the number of the i-th fraction sand newly exposed at the surface
as a result of sediment pick-up and supply during (t,t+At), and it is expressed
as follows:

N
ARy (t) = 52, {[AM;(£)-AQ;(£) 1d3} +py o /d] (8)

This equation means that the newly exposed bed surface has the originally given
gradation curve of bed materials.
n;(t) and pi(t) are related each other as

ny () = S1p;(t)/(A2d}) (9
)
j=1

By Eqs. 5 and 7, the temporal variations of the scour depth and bed composi-
tion in the region CDEF can be simultaneously described.

P4 (6) =ny(£)d}/[ T n;(t)d}] (10)

SCOUR-HOLE GEOMETRY AND BED SHEAR STRESS IN VORTEX REGION

The flow structure around a

bridge pier is determined by the
geometry of the scour hole, and 8 s E? k
the scour hole formed in a bed 2 2 ey — - |

composed of sand mixtures is almost
similar to that formed in a uniform ‘ 1]
sand bed. In the other words, the
flow structures with the same
values of (hg/kg) and (hy/D) (hg= T
undisturbed flow depth; kg=equi-

valent sand roughness of the bed; '
and D=pier diameter) are determined I Le i
only by the dimensionless scour
depth =zg4/D. Hence, the flow
model developed for local scour
in the case of uniform sand can
be applied here without any modi-
fication. Furthermore, the vortex scale is determined by the pier diameter, and
the angle of repose of sand is almost invariant irrespectively of grain size.
Hence, S! and S, in the present model can be also given by the model for uniform
sand.

5e¥aration Lo |
Point

Fig.3 Control volume to estimate
circulation of vortex

Shen-Schneider-Karaki (18) suggested that the difference between the circu-
lation along ABCD in the stagnant plane (see Fig. 3) without pier and that with
pier was redistributed as the circulation of the vortex formed at the front foot
of a pier. Applying the potential flow theory to the horizontal flow field around
a pier, the change of the circulation is expressed as

AT = ~ug,D/2 (10)

in which ugo=undisturbed surface flow velocity.

The scale of the separation zone represented by the triangular CED (see Fig.
3) has been clarified experimentally (10) and the radius of the vortex core, ro,
has been estimated as follows by identifying it with that of an inscribed circle
of this triangular as shown in Fig. 3.

Q0 Sre/D=0.183 (12)

If the change of the circulation is quitely redistributed to the vortex core, the
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bed shear stress due to the vortex before scouring, Ty0» Can be related to the bed

shear stress in the undisturbed region, T, , as follows:
Yo =Ty /To = {dg/ [470 1} (13)

in which ¢g=u gofugg; u*o=VTo/p; ¢V=v/u* 3 v=the edge-velocity of the vortex core;
u*v=/1§70; and p=mass density of fluid. Although ¢, in Eq. 13 cannot be exactly
evaluated, the experimental data of direct measurements of bed shear stress around
a pier (8, 11) suggested that yg=l.2.0.

The bed shear stress in the vortex regionm, Ty » changes with the progress of
scouring, but unfortunately we have few informations about it. Thus, the diffusion
of the vortex with enlargement of the scour hole is here assumed to be simply
expressed as

R(Z) 21(2) /D = Qo (14 0) (14)

in which ky=empirical constant. Baker (2) assumed the above in his analytical
model to predict the scour depth, too. Then, the change of bed shear stress due
to vortex with the progress of scouring is written as

Y1 (@) =Ty (2) /Ty, = (14K D)2 (15)

An empirical constant k, is roughly determined as follows: The final scour depth

zg¢ can be practically obtained from the following relationship.

Te/ Ty, = [1+k, (2g£/D) ] 72 (16)
in which T.=critical tractive force, and thus,
Tg Szge/D=(VYon -1) /ky (17

in which HETo/Tc. Considering the fact that the equilibrium depth of scour with
continuous sediment motion is approximately 90% of the practically final scour
depth at n=1 (17), and that the equilibrium scour depth is about 1.5 times pier
diameter (3), k; can be roughly estimated to be 1/7 (19).

Figure 4 illustrates a general side view of scour hole around a cylindrical
pier. Fig. 4(b) shows a typical geometry as aforementioned; while at early stage
of scouring, the slope of the angle of repose of sand cannot appear and the scour
hole looks 1like that shown in Fig. 4(a). The tranmsitional scour depth from the
type (a) to (b) is given as follows (19, 21):

ClEZS,/D=Qo/(l-kao) (18)

The characteristic scales of scour hole, L, and Ag (see Fig. 4), are easily
obtained as follow (19, 21):

A1(E) = L1/D = Qg (14, ) (L+sind ) (19)

Pier

(b)

(a)

O-iginal Bed Level

Fig.4 Geometrical properties of scour hole at front foot of a pier
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{ n/2 [x(2)>1]

8, = (20)
arcsinX(g) - ¢, (x(o)g1]

X(D) = (Yon/ks) (sindy) *¥r (L) (21)
\ @ A [ 9@ (1+/Z22(0) -CT/2(2) } (0<z<zy)

y D | (cotd +(2-cothy )k, R0 1+(2-cotd,) R (z281)

in which ¢ =angle of repose of sand, and k;=1.0. The quantities, S; and S,,
involved in Eqs. 1 and 2 are calculated as follows:

81 = (A141)1,08D%/2 (23)

Sz = (Ag+1)A0D?/2 (24)

in which O=a small angle as shown in Fig. 2 but it is eliminated in analyses of
equations.

SEDIMENT PICK-UP RATE FOR EACH GRAIN SIZE

The most contributive work as for sediment transport of graded bed materials
was done by Egiazaroff (6), and he proposed the concept of the critical tractive
force for each grain size. According to his idea,

Teci/ Taco = [1030.1(2z0/kg) / 1n30.1(z; /kgp) 12 (25)

in which ti.i=dimensionless critical tractive force w? -
for the i-th fraction of sand; T*c°=dimension1ess
critical tractive force of uniform sand; Z =repre-
sentative height of sand particles on the bed; k__=
equivalent sand roughness of a bed composed of graﬁgd
materials; and the subscript 0 indicates the values
for uniform sand. As easily seen from Eq. 25, the
logarithmic law is applied for flow velocity profile.
Even in the vortex region, it is assumed to be valid
in the region very near the bed. Although kg cannot
always be identified with the mean diameter dj (16),
it is somehow averaged value of d; and here it is
simply assumed that ksm=dm. Namely,

T
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ke(E) =dp(t) = X dyps (1) (26)

On the other hand, the representative height is
certainly well in proportion to the individual
diameter as 1investigated by numerical simulation
(16), and the coefficient of proportionality ag is
about 0.63 as originally proposed by Egiazaroff (6).
Moreover, Ashida & Michiue (4) modified Eq. 25 for
finer part of sand mixtures (di/dm<0.4) mainly
because of the difference of incipient motion of Fig.5 Pick-up rate for
them. Concludingly, the following is here used each grain size

instead of Eq. 25.
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(1n30.1a0 / 1n (30.1ady/dp) 1% (dy/d, 20.4)

T*ci/T*co = { @7)
0.85dm/di (di/dp < 0.4)

The concept of the critical tractive force for each grain size can be
reasonably applied to evaluation of pick-up rate for each grain size of sediment
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mixtures, and the formula for pick-up rate of uniform sand established by Nakagawa
& Tsujimoto (13) can be modified as follows:

Pgag =0-03T,3[1-(0.77,05/7,)1° (28)

s
in which pgai=pgivd;/(0/p-1)g; o=mass density of sand; t*i=ui/[(0/p-1)gdi] 3ou.s
shear velocity; and g=gravity acceleration.

As shown in Fig. 5, the above equation may make a somehow appreciable error
for each grain size, but the essential characteristics of "selective pick-up" can
be sufficiently well demonstrated by this equation and its applicability to
description of armor-coat propagation for uniform flow have been confirmed (15).

EFFECT OF GRADATION CURVE OF BED MATERIALS ON SCOURING PROCESS

In order to inspect the effect of gradation of bed materials and armoring on
scouring process around a circular cylinder, some calculations are shown based on
the present model. The gradation curves of bed materials used for the present
calculations are shown in Fig. 6. 4 kinds of bed materials have the same median
diameter (dso) but different values of Og=v¥dgs/d)s (d.=the size for which r%4 of
the bed materials is finer).

In Fig. 7, some examples of the calculated temporal variation of the scour
depth at the front foot of a cylinder are shown, where the scour depth and the
elapsed time are dimensionlessed as zg /D and tvV(o/p-1)/dg,, respectively. On the
calculations, D/ds¢=100, and 04 and N (calculated for ds,) are changed as para-
meters. It is clearly seen from this figure that the progress of scouring is much
retarded and the final scour depth is much suppressed with the increase of 0d.
These facts are caused by armor-coat formation at the front foot of a pier as
easily confirmed by Fig. 8, where some examples of the calculated temporal change
of gradation curve of bed materials exposed at the surface of the vortex region
are shown. Moreover in Fig. 9, the decrease of the final scour depth against Oy
is demonstrated.
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REDUCING SCOUR DEPTH BY INTRUSION OF COARSER MATERIALS
INTO ORIGINAL FINE BED MATERIALS NEAR A PIER

Local scour around a cylinder in the case of graded bed materials is conside-
rably suppressed compared with that in the case of uniform sand, and this fact
suggests us a reducing work of scour depth around a bridge pier by intermixing of
coarser materials in the original fine bed materials near the pier. The region
where a scour hole may develop without a scour reducing work should be replaced
by the mixtures, and it might be possible to use such an occasion as this region
is often dredged and refilled up for other protection works or maintenance of the
pier.

The effect of the intermixing of coarser materials on scouring around a pier
can be easily examined by the presently derived analytical model. Fig. 10 shows
the calculated examples to demonstrate the effect of the intermixing of coarser
materials, in which p,;, is the volumetric ratio of coarser materials to the total
materials. An intermixing of a few volumetric percent of coarser materials of
which diameter is merely twice the original bed materials reduces the scour depth
appreciably. The change of the final scour depth by intermixing of coarser
materials (d2) to the original bed materials (di) is depicted against the volu-
metric ratio of new materials to the total materials in Fig. 11, with (d2/d1),
(D/d;) and n (calculated for d,) as parameters. This figure also demonstrates the

intermixing effect.
In order to verify the aforementioned effect as well as the applicability of

the present model for scour in graded bed

materials, a laboratory experiment was 101 —— ——r———
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in the 0.23m wide, 12m long flume. The model N =
o IS [ ————
10 l ~,  — - ——
10! ———————ry A el s
2¢/D [ D/a;=133.3
n=1.0 P2V . " S e ]
5 50.-‘.0-’-2 107 L —dp/d)=1.5 J
L:,O 05 \ —dy/d)1=2.
21=0. —d/41=3.
1071 ~ 7 Tp21=0.1 N
1072 }
10-2 s ]
7 8 1073 L S
10 1o ) 0.5 1.0
t/(0/p-1)q/d1 P2y
Fig.10 Effect of intermixing of Fig.1ll Decrease of final scour
coarser materials on scouring depth by intermixing
101 .
100 T T T T 9
Zs
g ] (cm)
& K] 0
o L N 10 4
o o 1
z 50} ~ & J
[ L] el 4
fa 5 _5 & 4
£ g g
a §° 5 -5
[ o wll -4 ]
g o (o] ) .//’
0.01 0.1 alcm) 1.0 - D=3.2(cm)
n=0.9
10-2 | 2l sl
Fig.12 Gradation curves of N
original and mixing materials 10 103 204 108 ¢ (sac 106
sac,

Fig.13 Temporal change of scour depth
at front foot of a pier



31

of a pier was a circular cylinder

of which diameter is 3.2cm. The 1.0 ———

original and intermixed materials zgg i e Experimental data
have gradation curves shown in Fig. Zsf0

12, and their median diameters are ¢ Calculated curve |
d,=0.089cm and d,=0.183cm, respec- 0.5 -
tively. The bed slope was adjusted [ |
as 1p=0.002, and the uniform flow [ e ]
depth (h,) was kept to be 3.30cm. L ° »
The volumetric ratio of coarser o a1 ——
materials, p,;, was changed as O, 0 0.2 0.4 0.6 0.8 p211'°
0.1, 0.2, 0.5 and 1.0. The cases

P2,=0 and p,,=1.0 correspond to those Fig.1l4 Suppressing effect of mixing
for uniform sand of d=d1 and d=d2, materials on final scour depth

respectively.

The temporal changes of scour depth at the front foot of the cylinder are
shown in Fig. 13 with the calculated curves based on the present model. On the
calculation, Yo was experimentally determined as 1.8 according to the experiments
for uniform sand. Moreover, the experimental data of the change of the final scour
depth with the intermixing ratio of coarser materials are compared with the
analytically expected curve in Fig. l4. These show good agreements, and the effect
of the proposed scour-depth reducing work and the applicability of the proposed
analytical model for local scour in graded sand beds have been confirmed.

CONCLUSIONS

The results obtained in this study are summarized below:

(1) Taking notice of the sorting process and the applicability of the present
model for local scour around a circular cylinder, a microscopic control volume for
which the continuity of sediment for each grain size is considered has been
prepared to make a model to describe scouring process and subsequent armoring
process simultaneously. The requisite parameters involved in the present model
have been determined by comparing them with those used in the researches of
scouring in a uniform sand bed (19) and armor coat propagation for uniform flow
(15).

(2) The calculated results based on the present analytical model, it has been
somehow quantitatively estimated that scouring in a graded sand bed is retarded
than that in a uniform sand bed and that the final scour depth is suppressed as
a result of armoring effect.

(3) The facts mentioned in (2) suggest us a protection work to suppress the
scour around a bridge pier by intermixing coarser materials into the original bed
materials, and its effect can be evaluated by the presently derived analytical
model for scouring.

(4) A laboratory experiment to simulate the above mentioned protection work
has been carried out. The comparison of the experimental data and the calculated
results based on the present model shows good agreements, and the availability of
the proposed scour-depth reducing work and the applicability of the present
analytical model of local scour in a graded sand bed have been satisfactorily
confirmed.
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APPENDIX - NOTATION

The following symbols are used in this paper:

Az, Az = geometrical coefficients of sands;

D = pier diameter;

d; = sand diameter of the i-th fraction of sand mixtures;
d, = the size for which r% of sediment is finer;

g = gravitational acceleration;

h = flow depth in the undisturbed region;

ka, k = empirical constants;
w
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equivalent sand roughness;
horizontal scale of the vortex region at the front foot of a pier;
number of fractions of sediment mixtures;

number of particles of the i-th fraction exposed at the surface
in the vortex region;

fraction of sand of which diameter is d; exposed at the surface
in the vortex region;

fraction of sand of which diameter is d; in the original bed
materials;

sediment pick-up rate of the i-th fraction of sands;
dimensionless pick-up rate (=pgvd/(c/p-1)g);

the radius of vortex core formed at front foot of a pier and its
value without scouring;

horizontally projected area of CDEF in Fig. 2 (vortex region);
horizontally projected area of ABFE in Fig. 2;

elapsed time;

surface velocity of undisturbed flow;

shear velocities of undisturbed flow and the vortex;

flow velocity at the outer edge of the vortex core;

scour depth;

transitional and final scour depths;

the number of sand particles of the i-th fraction picked-up from
the bed in the vortex region during (t,t+At);

the number of sand particles of the i-th fraction supplied into
the vortex region during (t,t#t);

the number of sand particles of the i-th fraction newly exposed
at the surface in the vortex region during (t,t#At);

volume of sediment out and that of sediment supply, from or into
the vortex region during (t,t#it);

the change of flow circulation due to the presence of a cylinder;

the initial ratio of bed shear stress in the vortex region to that
in the undisturbed region;

horizontal scale of scour hole;
L VD and A /D;

angle of repose of sand;

ugg /uyy and v/us

the ratio of the bed shear stress in the vortex region with
scouring to that without scouring;

mass density of fluid;
porosity of sand;
mass density of sand;

Vdsuy /dis 3

bed shear stress in the undisturbed region and that in the vortex
region;

critical tractive force;



34

Tecor Tgei

1l

"

ui/[(Olp—l)gd]=dimension1ess bed shear stress;
u2/[(o/p-1)gd;];

dimensionless critical tractive force for uniform sand and that
for each grain size;

To /T3 and

= 2. /D.
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