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Some features of flow and scouring around spur-dike-like structures (or abutments) are discussed
based on experiments under clear-water scouring. A simplified analytical model for the prediction of the
maximum scour depth around these kinds of structures is developed by considering flow concentration to
a restricted region in the scour hole. The model predicts scour depth at sloped-wall as well as at vertical-
wall abutments, being verified by the available data and previous formulae. Finally, a model constant for
flow concentration is identified by the inversion of experimental data, and an interpolated analyucal
model for the maximum scour depth under low and high tractive forces.
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1. INTRODUCTION

Spur-dike-like structures are the structures
extended from the bank towards the transverse
direction of a river. As these kinds of structures,
there are spur-dikes, groynes, bridge abutments,
guide bunds, river closer works, etc. The natural
flow is disturbed and intensified locally by the
existence of these kinds of structures, and
consequently the local scouring occurs until the
equilibrium condition attains. In the present study,
spur-dike-like structures are called hereafter as
abutments for the simplicity of naming.

The maximum scour depth is one of the important
factors for the safe and economic design of
abutments. The previous prediction methods so far
available can be classified into three groups, namely,
empirical formulae™?, analytical models®>®, and
numerical models™®. Numerical models are most
useful for the detailed engineering design, however,
being still in developing stages, and take long
computational time for each type of river structures
and hydraulic conditions.

On the other hand, previous experiments on flow
properties around abutments are rather limited as
compared to those around bridge piers. However,
from flow measurements in the scoured bed at
abutments, the strongest concentration of flow near
the abutment edge and at the base of the scour hole
was found®?.

The present study is limited to the clear-water

scouring around a single and non-submerged
abutment, and aimed at the following objectives.
First, to discuss some experimental features of flow
and scouring around vertical and sloped-wall
abutments. Second, to develop a simplified model to
predict the maximum scour depth around abutments.
Third, to test the developed model against the
available data and other previous formulae, and then
to elucidate the dominant parameter for the
maximum scour depth. Finally, some critical points
about the model constant g for flow concentration
are discussed.

2. EXPERIMENTS

(1) Methodology

Experiments were conducted in a 10m long, 1m
wide and 0.2m deep flume. A typical shape of the
sloped-wall abutments used and the experimental
conditions together with some results are shown in
Fig. 1 and Table 1, respectively. The hydraulic
quantities in Table 1 are the flow conditions in the
far upstream of the abutment location.

During the experiments, the outline and depth of
scour hole were recorded manually, and in the final
state, the detailed bed-level data were obtained by
using a laser sensor connected with a personal
computer. In Run V-1 and S-3, flow velocities were
measured at both flat and scoured bed using a 2-D
electro-magnetic velocity meter.
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Table 1 Experimental conditions.

Model  Run b i Q h u u. b/B bk  Fr t/r, d, dih t

(cm) (Is) (cm) (cms) (cmis) (em)  (Deg) (min)
VIHO®* V-1 10.0 1/500 424 215 247 205 013 47 054 049 320 149 266 2880
V1HO V-2 125 1/500 4.24 215 247 205 016 58 054 049 420 195 281 3055
V1HO V-3 150 1/500 424 215 247 205 019 7.0 054 049 540 251 28.0 4080
VIHO V-4 200 1/500 424 215 247 205 025 93 054 049 660 3.07 350 2730
V1HO V-5 100 1/200 340 143 297 265 013 7.0 079 0.82 4.60 3.22 26.6 155
VIHO V-6 150 1/200 340 143 297 265 019 105 079 082 6.00 420 248 150
V1HO V-7 200 1/200 3.40 143 297 2.65 025 140 0.79 0.82 7.20 5.03 239 175
V1HO V-8 100 1/200 424 163 325 283 013 6.1 0.8t 0.93 5.80 3.56 26.6 240
VIHO V-9 125 1/200 424 1.63 325 283 016 77 081 093 6.80 417 258 220
VIHO V-10 150 1/200 424 163 325 283 019 92 081 093 7.60 4.66 28.6 120
V1HO.5 S-1 120 1/500 424 215 247 205 015 56 054 049 3.87 1.80 31.0 2880
V1H1 S-2 139 1/500 424 215 247 205 017 65 054 049 277 129 293 2585
ViH2* S-3 179 1/500 424 215 247 205 022 83 054 049 376 1.75 31.0 4320
VIH3 sS4 218 1/500 424 215 247 205 027 101 054 049 402 187 326 4400
V1H1 S-5 142 1/200 424 1.63 325 2.83 0.18 8.7 081 0.93 4.16 2.55 26.6 140
V1H2 S-6 184 1/200 424 1.63 325 283 023 113 0381 0.93 425 2.61 31.0 240
VIH3 87 226 1/200 424 163 325 283 028 138 081 093 445 273 266 240

B=80cm, d=0.142cm (uniform sand:

\dgs /d,, =1.28), VIHO: vertical-wall abutments, VIHO.S ~V1H3 (V/H = tanf :

sloped-wall abutments, VIHO" and VIH2": velocity measurements at initial and final states.

+ V-1 (1,/1,.0 49, t=2880min)
V-5 (1./1,,70.82, t=155min)

1 abutment wall

18 S8-3(1,/1,,70.49, t=4320 min.)
1% S-6(t ,/t*c=0.93, t=240min.)

Fig. 2 (b) Lateral bed profiles of scour hole around sloped-wall

6 = side slope of abutment. In the present study, we
used the following dimensionless parameters, and
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Fig. 2 (a) Lateral bed profiles of scour hole around
vertical-wall abutments at the final stage.

(2) Depending parameters

The functional relationship of the maximum
scour depth (d,) with other factors in the present
experiments can be expressed as

d, =f(B, h b, id,0) 1)
where d, = maximum scour depth, B = channel

width, & = flow depth, b = lateral length of the
abutment, i = bed slope, d = sediment diameter, and

d./h=f{b/B,blh, Fr,t. /1., 6)
where Fr =

(2)
Froude number, 7. = dimensionless

tractive force (shear stresses), .. = dimensionless
critical tractive force for sediment movement.

(3) Experimental results
(a) Lateral bed profiles of the scour holes
Typical lateral bed profiles of scour hole at the
final stage are shown in Fig. 2 (a) and (b) for the
vertical-wall abutments (Run V-1, 5 and 8) and
sloped-wall abutments (Run S-3 and 6), respectively.
For low values of 7./t.,, the cross-sectional shape of
scour hole is triangular, whereas, trapezoidal shapes
of scour hole are found near the threshold condition
for sediment movement in approach flows.
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Fig. 3 Lateral distributions of unit discharge at the vertical-wall abutment and sloped-wall abutment
(g: unit discharge at an arbitrary position, g,: the mean unit discharge of approach flow).
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Fig. 4 Definition sketch of the restricted flow concentration
model at a sloped-wall abutment.

(b) Lateral distributions of unit discharge

Distributions of unit discharge at the initial and
final stages along the lateral direction of the
vertical-wall (Run V-1) and sloped-wall abutments
(Run S-3) are shown in Fig. 3 (a) and (b),
respectively. In the final stage, the unit discharge
increases in the scour hole region as compared with
that in the flat bed condition. The more manifest
features of flow concentration can be found in the
previous experimental studies®?.

3. MODEL DEVELOPMENT

Considering the above experimental features, we
developed a simplified model for the maximum
scour depth prediction using the continuity relation
between the inflow and outflow in the restricted
flow concentration region of a scour hole. The
schematic cross-sectional view of a scour hole at the
sloped-wall abutment is shown in Fig. 4.

Inflow (ABCD arca) =

(b+h/2tan@ + b, +d, /tan6)uh ?3)
Outflow (EBFG area) =
{2 12100 + (b, +d, /tan6)h )
+{b, +ds/2tan8)ds}us ©
b,= BB, =B/~ p)}(d,/ang) ()
where b=b, +(2H -h)/2tanf, u = mean

velocity of approach flow, u, = mean velocity in

the EBFG region, ¢ = rest angle, and B = constant
(<1) for flow concentration.
From Egs. (3)~(5), we obtain the following

quadratic equation on d_ in the equilibrium state of

clear-water scouring (u,= u,, u.: critical velocity for
sediment movement).

352 +a1(1—-17)c75
—a,{7 (b +1/21an6)-1/21an6}=0
where ‘7, =d /h, U=ulu,, b=blh,
a, =1+ {1+ (2B an6)/(1- B)tang}" and
a, ={B/(1-B)tang +1/21an8}".
Solving Eq. (6) for d,

(©)

d =05 [—al(l—ii)

+\/{a1(1-—l7)}2 +4a2{ii (I; +1/2tan0)—1/2tan9}}

()
When we assume the velocity coefficient w/u. is
~ 0.5

constant and put # =u. /u., =(z./7.,)"° =7.>" in
Eq. (7), d, for the vertical abutment (8 = 90°) is

expressed as

d, - 0.5{-(1—%‘,0'5)

+\/(1—f,0'5)2 +41an ¢7.%° 5(1—/3)/[3}

When the approach flow is under the threshold
condition (# =1 or 7, =1) for sediment movement,
Egs. (7) and (B) are simply expressed as Egs. (9) and
(10), respectively.

For sloped-wall abutments

@®)

d, = ab ©)
where a, ={8/tang (1- B)+1/2tan8}”
For vertical-wall abutments
d, =\fang - p)/8 }b (10)
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Fig. 5 Relation between d and b (parameters: b/B, Fr) for 0.80 =7 <1.0.
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Fig. 6 Relation between 4 _and 7, for given values of b under the clear-water scouring
condition (added figures of plotted data =b ).
seen that d_ has no clear dependence on b/B and Fr
4. MODEL VERIFICATION under a constant value of b . The calculated curve

(1) Maximum
abutments
(a) Determination of the P-value and effect of
hydraulic parameters on the scour depth
The effects of dimensionless hydraulic
parameters, b/B and Fr, on the maximum scour

scour depth for vertical-wall

depth are examined in the 35 ~b plane as shown in
Fig. 5. The plotted data, which include the previous
experimental results®>® together with the present
ones, are at vertical abutments near the threshold
condition for sediment movement (0.8=<7. <1.0).
The solid lines are calculated from Eq. (10) for
different values of 3 and tang = 0.58 (¢ = 30°) which
is corresponding to the average value of the present
experiment (Table 1). As far as the available data
(0.10=b/B=<0.30and 0.15<Fr<0.9), it can be

for f = 0.20 fits in average with the existing data. {3
is a very important constant in the present model,
and may not be constant for the wide ranges of b or
7.. These facts will be discussed later. But to ease
the present discussion, S is assumed as a constant
(=0.20) hercafter.

In Fig. 6, the calculated curves by using Eq. (8)
are compared with the observed data®>®. For the

larger values of 7., the calculated curves become
closer to the observed data. However, the observed

data of 35 are widely scattered for constant values

of 7. and b, especially for the lower values of 7.,.

One of the reasons will be the inaccuracy of the data
at the estimated equilibrium state of the maximum
scour depth because it takes very long time to reach
the equilibrium for clear-water scouring®.
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Fig. 7 Comparison of the present model of Eq. (10) with the
previous formulae for the maximum scour depth
around vertical-wall abutments.

Table 2 Comparison of shape factors obtained from the
present model with those proposed by Melville.

Parame V1 Vi
ters HO0.5 H1
tan 2.00 1.00
Koy, 0.60 0.50
K. 0.80 0.68 0.60
Ko /K 075 074 0.75

Fig. 8 Spill-through
abutment.

(b) Comparison with the previous formulae
In Fig. 7, the present model (Eq.(10)) is
compared with previously proposed formulae by
Laursen®, Melville® and Lim® for the prediction of
the maximum scour depth (. = ). The prediction
by the present model is situated in the middle of the
previous formulae.

(2) Maximum
abutments
(a) Comparison with Melville’s shape factors

scour depth for sloped-wall

Designating d, in Eq. (8) for vertical-wall
abutments as d~w and 2: in Eq. (7) for sloped-wall
abutments as JH, the shape factor (K;) for the
threshold condition (i = 1) can be defined as

K - d, _ (1+ (- ﬂ)tan:p)_m

*d 2fBtanf

(11)

sV

On the other hand, Melville” proposed K which
depends on 6 only for the spill-through type
abutment (Fig. 8). K- of Eq. (11) is independent on
b and qualitatively corresponds to Melville’s K.
Putting Melville’s K as Kg,,, the comparison of K,
and K calculated from Eq. (11) (8 = 0.20, tan¢
=0.58) for different values of 6 is shown in Table 2.

It should be noticed that K,/Kj takes the nearly
constant values of 0.75. This is because spill-
through type abutments have smooth edge.

| O Kandasamy; Kawn; Dongol: Wing-wall, V1H1
+  Deongol: Spill-through, VIHO0.5
A Tey: Spill-through, VIH1
X Wong: Spill-through, VIH1.5 tan®
| A Authors, VIH1
H Authors, VIH2
ds 6 | ® Authors, VIH3

LI L |

0 5 10 15 20 25 30

b

Fig. 9 Comparison of Eq. (9) with the observed data of the
maximum scour depth around sloped-wall abutments.

T

(b) Comparison with the experimental data

The maximum scour depth around sloped-wall
abutments calculated by Eq. (9) is compared with
the available data in Fig. 9. The calculated curves
have the similar tendency with the data. There is
good agreement with the data of present

experimental results.

5. IDENTIFICATION OF THE MODEL
CONSTANT B

At the lower value of T+, the scour hole around

abutments takes a triangular geometry (Fig. 2).
Under these conditions, the flows concentrate the
whole area of scour hole even at the final stage.
Therefore, a whole flow concentration model with a
triangular cross-section needs to be developed
instead of the restricted flow concentration model.
Equating the water balance of inflow (area:
ABCD) and outflow (area: EBCF) shown in Fig. 10,

d_ in the case of vertical-wall abutments (6 = 90°)
can be derived as

d =~ (L-7)++0-7) +21anpbi (12)
Now, we consider a functional relation of Eq. (8)
which converges to Eq. (12) as # —0, and to
Eq. (8) taking § = 0.2 for i —>1. Putting d, of
Eqgs. (12) and (8) as 251 and Esz, respectively, and
then we assume a simple interpolated function of

d_, as
d,=0-#)d, +id, (13)

Solving Eq. (13) for 8, we obtain the following
expression.

B =[1+ f@)/4c, I

where ¢, =b tan¢ , and

B=02

14
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Fig. 10 Definition sketch of the whole flow concentration
model with triangular cross section of scour hole
around a sloped abutment.

f@) =20-7) 2-37)+8c,a (i -2 +1)
—4(-a) Ja-7) +2¢,a
—2i (-7 ) JA~7)? +16¢c,7
+4i(1-i7)
x (1 -7)* +18c,u(l-q)? +32¢,%7
On the other hand, the inversion values of § can be
obtained from Egs. (3)~(5) at the equilibrium

condition (u, = u.) for vertical abutments (6 =90°) as
below.

-1

(15)

In Fig. 11, the calculated curves (5 =1 and 15)
of Eq. (14) are compared with the experimental
values of B converted by Eq. (15) (using the same
data of Fig. 6). It can be found that for the values of
7. 20.5, the B values can be assumed to be nearly

constant (average =~ 0.20), whereas f increases for
7. <0.5. The calculated curves of Eq. (14) also

show the increasing trend of the B values as
decreasing of 7. and the minor dependency of § on

the extreme values of b similar to the observed
values. Therefore, we can assume the model
constant = 0.20 for practical purposes. The
identification of f for the sloped-wall abutments is,
however, uncertain because of the scarcity of
available data, and we should examine this point in
the future.

6. CONCLUSIONS

The following points can be concluded from the
results discussed in this paper.

(1) For the low value of 7./t.,, the cross-sectional
shape of the scour holes is triangular, whereas,
trapezoidal shapes of the scour hole are found
near the threshold condition of approach flow.

(2) The unit discharges around abutments are
found to be more intensified in the scoured bed
as compared with that in the flat bed.

(3) From the developed predictive model and the

<
0.8 b <2
b <4
0.61 I; <8
e ~
04] b <14
0.2
G T T T T T T
0 02 04 0.6 0.8 1
T

Fig.11 Comparison of calculated curves of Eq. (14) with
the observed values of B converted by Eq. (15).

available data (0.10sb/B=<0.30, 0.15<Fr<0.9)
for vertical-wall abutments, it is proved that
b/h is a dominant parameter on d,/k rather than
b/B and Fr.

(4) The proposed model will be useful for the
prediction of the maximum scour depth around
sloped-wall abutments as well as vertical-wall
abutments.

(5) The model constant  can be assumed as f =
0.20 for t./.=0.5 with no dependency on
b/h, whereas, for =/t..<0.5, the B values
increases as T./T.. decreases.

The present model is not available to explain the
experimental features of long abutment (b/h>25),
where d,/h takes a constant value (=10) according to
Melville’s empirical formula®. Moreover, the effect
of Fr on d,/h in super-critical flows is uncertain.
These are the remaining problems to be solved in
the future.
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