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Bridge Abutment Scour in Compound

River Channels

1 2S. Kouchakzadeh and RD. Townsend

ABSTRACT

Most previous laboratory studies of local scour at bridge abutments were performed
in rectangular channels in which the distributions of flow velocity and bed shear
stress were considered uniform in the transverse direction. In reality however, bridge
abutments are usually located in the floodplain zone of rivers where velocity and
shear stress distributions are directly affected by the lateral momentum transfer. The
influence of channel geometry and lateral momentum transfer in compound flow field
on scouring phenomenon, however, has not been fully investigated and understood as
yet. This paper presents the results of an experimental study performed to investigate
the impact of both sediment size and lateral momentum transfer on local scour at
abutments terminating in the floodplain of a compound channel. It is shown that, by
accounting for lateral momentum transfer at small floodplain/main channel depth
ratios (yalH<0.3), estimates of maximum local scour depth are increased by up to
30% . In relation to the sediment size, earlier studies of scouring around circular

bridge piers proposed a limit for the relative size of sediment (pier diameter/median
size of bed material) beyond which the sediment size has no effect on the equilibrium
scour depth (Ettema, 1980; Chiew, 1984). The results of the current laboratory
studies, however, indicated that the limit established for circular bridge piers might
not be appropriate for the abutment case installed in the floodplain zones; further
studies are required to draw a more general conclusion regarding the effects of
relative grain size in the abutment case.

Keywords: Scouring, Floodplain, Momentum transfer, Compound channal , Bridge,
Abutment, Pier

INTRODUCTION

In spite of improved construction methods
and materials and advanced techniques of

analysis and design, the list of the failed

bridges due to excessive scour around piers

and abutments continues to lengthen. Some
bridge failure records indicate that about

60% of failures can be attributed to scour

and other related hydraulic conditions (Shiro Ie

and Holt, 1991). Although some 35 formulae

have been proposed for predicting maximum

local scour at bridge piers (Copp et al., 1988),

only a few equations have been proposed for

the case of bridge abutments. Moreover, most

equations for predicting abutment scour are

based on laboratory data compiled for model

abutments installed in rectangular flumes
(Ahmad, 1953; Garde et al., 1961; Gill, 1972;

Rajaratnam and Nwachukwu, 1983; Kwan,
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1988; and Kandasamy, 1989). While this
arrangement is appropriate for the case of

bridge abutments projecting into a river's

Main Channel (MC), it is generally inappro-
priate when abutments terminate in the Flood

Plain (FP) where significant variations in both
velocity distribution and boundary roughness

can be expected.

Local Scour Classification

Introducing a bridge abutment, or any other

kind of flow obstructing structure into a
watercourse, dramatically changes the flow

pattern of the stream in the vicinity of the

structure. Highly three-dimensional and rota-

tional in nature, the generated flow structure
locally increases the bed shear stress to a

value higher than the critical one and initiates

the scour process. The temporal development

of the scour hole can be expressed as:

dV
- =(Qs)o- (Qs).
dt

I
(1)

in which V=volume of scour hole, t=time,
and (Qs)o and (Qs)i are respectively the
volumetric rate of sediment going out of and

coming into the scour hole.
According to the conditions of bed material

movement, the local scour process is generally

classified as clear-water scour or live-bed

scour (Laursen, 1952; Raudkivi and Suthe-

rland, 1981). When the approach flow velocity

of a stream does not exceed a critical value,
above which bed particles move, no general

bed material movement is observed. In such

flow conditions (Qs)i =0 and no bed material
enters the scour hole, therefore, the local scour
process is classified as clear-water scour.

Live-bed scour, however, occurs in streams

having general bed movement. In this case,

the bed shear stress is higher than the critical
value at every point of the streambed.
Therefore, the removed particles from the

scour hole are replenished by the moving

bed materials, i.e. (Qv)o ~ (Qs)i > 0 . Since no

such replacement for the removed material

takes place in a clear-water condition, the

scour hole is generally deeper in clear-water
conditions than in live-bed conditions. Acco-
rdingly, the clear-water scour depth is reco-

mmended for design purposes (Melville, 1992;

Melville and Sutherland, 1988).

Effects of Channel Geometry

Watercourse cross-sectional geometry has

long been recognized as an important para-

meter that governs the pattern of velocity
distribution, boundary shear stress, momentum

transfer, and secondary circulations in open

channel flows (Townsend, 1968; Myers, 1991).
Because of the high resistance coefficients

associated with the flood plain zones of

rivers, flows in the FP are generally much

slower than those in the main channel. At

small FP depths, the difference between MC

and FP velocities initiates a strong Lateral
Momentum Transfer (LMT) in the form of

banks of vortices having their vertical axes
along the MC/FP junction regions (Figure
1). These vortices act as a mechanism for

transferring momentum between the MC

and FP zones by their continuous emergence

and decay (Sellin, 1964). As a consequence

of LMT, the MC flow velocity and discharge
decrease immediately above the bankfull depth,

while the corresponding FP values increase.
Myers and Elsawy's (1975) study of the

flow interaction phenomenon quantified the

'"Floodplain

t Z:t) ~ ~@ f!
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Hgure 1. Banks of vortices at the MC/FP junctions
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impact of LMT on both the value and

distribution of boundary shear stress in the

MC and FP of an asymmetric compound-
shaped channel. They compared observed
boundary shear stress distributions obtained

under interacting (i.e. combined MC/FP flow)

conditions with those for non-interacting
(isolated FP flow) conditions. For their

shallowest FP depth, they observed 260%

and 200% increases respectively in maximum

and average FP shear stresses (Figure 2).
Also, in other studies by Myers (1977) it was

indicated that the apparent shear force acting

280

250

... 220

..

"~ 190

=.~ 160

~ 130...

'".5100

~ 70

tncreaie in DIU. flood plain shear

40

10

o 2 3 4 5

flood plain depth,yo, (mm)

Figure 2. Increase in average and maximum flood-

plain shear due to MC/FP interaction, expressed as

percentage of isolated floodplain value (Myers and

Elsa\\]', 1975).

on the vertical plane of MC/FP junction

amounts to 25% of the weight component of
the MC and 200% of that of the FP. Clearly,

in severely compound flow fields, LMT signi-
ficantly impacts both the value and distribution

of boundary shear stress. Therefore, to
improve the understanding of the mechanism

of local scour in FP zones it is necessary to
properly account for LMT in these situations.

This may hopefully lead to a more realistic

estimation of maximum scour in such
circumstances.

While extensive literature has been published

on the subject of local scour at bridge piers

and to a lesser extent at bridge abutments,
since most of these studies were performed

... -

JJA\S]r

in rectangular-shaped laboratory channels,
none address the issue of LMT and its
impact on the local scouring process. Melville

and Parola (1995) categorized the abutment
scour into three cases (Figure 3) and point

to the need for further research to investigate

the impact of channel shape and sediment

size and gradation effects on the local
scouring process at abutments located in

compound river channels. By considering an
imaginary boundary at the MC/FP junction,

Melville (1995) regarded the scouring process

at abutments terminating in the FP of a
compound channel (case III(a), Figure 3) as
being similar to that at abutments located-

Case I

Abutment

Main channel
(

Case II

Imaginary
00undary

I

Case 1II (a)

Case III (b)

Figure 3. Bridge abutment cases (Melville and

Parola, 1995)
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in a simple rectangular channel (case 1, Figure
3). However, he stressed on the need for

further investigations for such cases by stating

that "the concept of using an imaginary flow
boundary for case l1I(a) needs to be checked

experimentally".

Effect of Relative Size of Sediment

The effects of sediment characteristics on

the equilibrium scour depth, Yse , has been

the subject of studies by, among others, Shen

et al. (1966), Ettema (1980), and Chiew
(1984). Considering other researchers' piers

data in addition to their own data, Shen et

al. (1966) came to the conclusion that the

maximum scour depth is independent of

sediment size when D50<0.52 mm.

The effects of sediment size and gradation

on the maximum scour depth at bridge piers
installed in rectangular channels were studied
by Ettema (1980). Based on laboratory data

compiled for clear water conditions (no

general bed material movement), different

pier sizes, b. and sediment sizes in the range

0.24<D 50<7.8 mm, Ettema established a
graphical relationship between the relative

size of the pier, b/D50 and the relative equi-
librium scour depth Yse/b With non-ripple-
forming sediment his collected data indicate

that sediment size has no influence on Yse/b

as long as b/D50>25 .
Chiew (1984) extended Ettema's work to

obseIVe the effects of pier and sediment sizes

on the equilibrium scour depth under live-bed

conditions (general downstream movement

of bed material exists). Using the same
parameters as Ettema's, Chiew showed that

for live-bed conditions the relationship
between Ysa (average equilibrium scour depth)
and b/D50 follows the same trend as it does
for the clear-water condition. Therefore he

concluded that for the bridge pier case, in

both clear-water and live-bed conditions, yjb

might be considered independent of sediment

size as long as the relative pier size b/D50>50 .
In the abutment case, since L/D50<50 is

unlikely to be encountered in both laboratory

and field conditions on the one hand, and on

the other there is a lack of data to evaluate

the effects of the relative sediment size,

engineers usually rely on Ettema's (bridge
pier) results when considering abutments

(Melville, 1992).

MATERIALS AND METHODS

The experimental program was performed

in a 12.20 m-Iong x 1.20 m-wide compound
channel located in the Hydraulics Laboratory

of the Civil Engineering Department, Unive-
rsity of Ottawa. The channel cross-section

comprises a trapezoidal-shaped MC (bottom

width=0.30 m; side slope=0.5 H:l V) located
between two rectangular-shaped FPs (each

0.38 m wide), Figure 4a. The longitudinal
slope of the channel is fully adjustable. The

2.43 m-long test section had a specially-
designed (recessed) FP compartment to

accommodate the model abutments and a

sand test bed. The remaining FP sections of

the channel were artificially roughened with

wire mesh, using wire diameter of 0.5 mm

built into 3.17 mm square-patterned openings.
The interaction phenomenon had been

stuied by isolating the MC flow from that of

the FP by many researchers (Myers and
Elsawy, 1975; Myers, 1977, Rajaratnam and

Ahmadi, 1979). The same method was adopted

here, i.e. the non-interacting conditions were

established by isolating the MC flow from

that of the FP by means of a 0.5 mm thick

metal sheet 0.202 m wide and 2.438 m long,

which was formed in an L-shape and installed
over the test section junction line separating

the MC and the left FP zone (Figure 4b).
Figure 4c shows a perspective view of the

test section.
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0.381 m 0.381 m
-I

0.406 m
-I-

Fixedbed
floodplainb

S
1.0
1.0
N

o

a. Cross-section through the test section

Clamp

Isolated Rood plain

~.

' "

b- Schematic of the flow-isolating sheet

c- Perspective view ofthe test section

Figure 4. The test section

Since all experiments were to be run at or

close to the threshold condition of bed material
movement, the ratio u ./u 'cz1.00, where

u.=local shear velocity and u'c=critical shear
velocity (associated with D 50 size). Shields

diagram (see Vanoni, 1975) is the criterion

for developing the necessary threshold relati-
onship between the representative grain size
(D 50)' the sediment Reynolds Number (Re')

and the dimensionless shear stress parameter
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(t.). The relationship takes the form:

where D s=uniform grain size, v=fluid

kinematic viscosity, p=fluid density, Ys and
y= specific weight of sediment particle and
fluid, respectively.

From Shields analysis, the critical shear
stress (ic) associated with the selected D so
may be expressed as:

Based on Equations 2 and 3, a computer
program was written to calculate the Dso size

required to satisfy the threshold condition
for a specific flow depthYa and bed slope So .

Sample relationships obtained in this manner

for 3 different levels of So and for a near-
threshold condition (Le. u .Iu 'c=0.95), are
presented in Figure 5. Once the hydraulic
boundary conditions for a particular set of

experiments are specified, this program facil-
itates selection of the appropriate D so size.
Following this procedure, two different grades

of sand whose characteristics are summarized

in table 1 were selected for the experimental
program. Since the geometric standard devi-

ations, a of both sand samples are smallerg
than 1.5, the samples are calssified as uniformly
graded sand.

0.9

0.8

---E 0.7

S
'-' 0.6
..
N

.~ 0.5
C

°; 0..
..

e,:I 0.3

So

- 0.00090
-. -. 0.00075
- - - 0.00060

0.2
10 20 30 50 60

Flow depth (mm)

Figure 5. y.-So-Dso-relationship for establishing

near- threshold condition

(2)

(3)

Abutments with overall lengths of 90, 150
and 210 mm and of four different shapes:
namely, (i) Vertical-Wall (VW), (ii) Semi-

Circular (sq, (iii) Wing-Wall (WW), and
(i v) Spill-Through (ST) were investigated

(Figure 6). The models were constructed

frqm solid plexiglass blocks and a side slope

of I(H):1.175(V) was adopted for the

WW-and ST-abutments.

Table 1. Characteristics of the sand used in the

study.

sand D84 Dso D16

(nll11) (111111) (111111)

angle of p JP
m repose I{J° ---

2

0.794 0.7 0.586

0.530 0.500 0.416

2.65

2.65

1.16

1.13

31

31

A mini-propeller meter, capable of detecting

mean velocities as low as 0.025 mls with a

maximum error of ::!:1.5% , was employed

for measuring velocity distributions. Measur-

ements were recorded using a data acquisition
system specifically designed for the purpose.

Water surface profiles along the channel

were monitored via twelve manometers con-

nected to tapping points located along the

Me. To achieve near-uniform flow conditions,

the flume tailgate was adjusted until the

water surface slope closely matched the

preset channel bed slope. A duration of 5

hrs was selected for the tests. Long-period

tests (140 hr duration) indicated that scour
depths at 5 hr were approximately 60% of

the equilibrium scour depth, Y se for the
Dso=0.5 mm sand and 65% for the Dso=0.7
mm one.

RESULTS
Shear Velocity Ratios

70

Local shear velocity ratios, u .Iu.c (u. and

u 'c=local and critical shear velocities, resp-
ectively) at the end of the 90 mm-, 150 mm-,

and 210 mm-Iong model abutments were

100
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220 mm

(a)

220 mm

(c)

...-

(b)

220 mm

(d)

A=90, lS0,and 210 mm

Figure 6. Abutment shapes tested: (a) wing-wall, (b) vertical-wall, (c) spill-through, and (d) semi-circular

determined based on comparisons between

observed (vertical) velocity profiles and the

theoretical (log-law) distributions. Figure 7

shows a sample comparison for
non-interacting flow conditions for D 50=0.5

mm and YaJH=0.24 (ya and H =FP and total
flow depths, respectively). The shear velocity

ratios for non-interacting flow conditions are
presented in Figure 8. The figure shows that

u .Ju'c increases as the MC/FP junction is

approached.

Effect of LMT on Scour Depth

To examine the effects of isolating the FP

flow component from the MC flow on the

local scouring process, the data for interacting

conditions are compared with those for
non-interacting ones. The data for different

abutment shapes and YaIH =0.21 and 0.24

indicate that non-interacting conditions
produce 15 to 30% smaller Ysh a than that

for interacting conditions.
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Figure 7. Observed and theoritical vertical velocity profiles

The data for VW-, ST-, WW-, and SC-

abutment shapes are presented in Figs. 9.a

to 9.d respectively. The variations in YslY a
follow similar trends for all abutment shapes.

Non-interacting conditions, however, decreased
the scour depth at VW-abutments the most
(Figure 9.a). Also, the figures show that the

relative decrease in Yse/Ya for non-interacting

conditions is higher at shorter abutments

than at longer t1nes. For instance, the decrease

in Yse/Ya at 90 mm-SC abutments due to

non-interacting conditions amounted to 30%
while for 210 mm-SC abutments 15% decrease

in Yse/Ya was observed.

A comparison of the interacting and non-
interacting data reveals that isolating the MC

flow from the FP flow reduces scour depth.

Under non-interacting conditions the 210

mm-abutments obstruct 55% of the FP width.

In such a case one would expect to observe

an increase in the scour depth, because of

the scour component that would normally

occur as a result of the relatively high degree

of flow contraction. Yet, the resulting scour
depths are substantially smaller for non-

interacting conditions than for interacting

conditions for the 210 mm-abutments. Because
flows in the FP are generally slower than those

in the main channel, one would expect smaller

To MC.FP junction--
'-J0.95.

*;:s ..
~ 0.9 _.
;:s

--~~.~ ~.~..

-- ., """
...,.,..,symbol y./H D,..,

- (-). 0.21 0.6

o 0.24 0.5
() 0.27 0.7

I
0.5

0.85 ..

I
0.4

x/b

0.8
0.2 0.3 0.6

Figure 8. u,/u,c in non-interacting FP flows

Isolating the MC flow from the FP flow

eliminates LMT and decreases flow velocity

in the region close to the MCIFP junction.

This in turn decreases the shear velocity
ratio in the FP. Assuming a linear relationship

between Y se and u ./U
'c in the range

0.5 <U./U.C< 1, the data were such modified as

to account for the fact u./ u
'c< 1. The

modified Yse&a for non-interacting conditions
still show 5 to 15% smaller values than for

interacting conditions. The differences between

Ysly a for interacting and non-interacting
conditions were between 10 to 35% for

D 50=0.7 mm and Y aIH =0.27 . The non-
interacting data for D50=0.7 mm, after being

modified for the shear velocity ratio, are still

smaller than the interacting data. Isolating

the FP flow from that of the MC affected

the 90 mm-abutments the most.
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Figure 9. Maximum local scour for interacting and non-interacting flows

scour depths in the FP zones. However, the
presence of a strong LMT at small FP depths

increases the scour depth in the FP zones.

Relative Size of Sediment

The sediment size and gradation are
substantial factors in accurately estimating
the magnitude of the scour depth at abutments.
A comparison between the D50=0.7 rom and
D 50=0.5 rom results is possible if the data
are non-dimensionaIized by a length scale.
The effect of sediment size can be examined
if scour depth and sediment size are non-
dimensionaIized by abutment length, L. The
non-dimensionaIized data for interacting
conditions are presented in Figure 10. This
figure shows the variations of yJL with
LID 50 for different abutment shapes and

sediment sizes. Figure lOa shows the results
for SC-abutments of L=90, 150, and 210
mm, for both Dso=O.5and 0.7 mm. The data
indicate that, for a given abutment length,
decreasing D50 decreases yJL . The rate of

reduction in the scour depth, however,
decreases with an increase in L. Figure 10
suggests that there should be a peak of
relative scour depth for LID50» 50. The

conclusion is valid for the applied sediment
sizes and further investigations are required
to draw a more general conclusion regarding
the maximum relative scour depth and the
range beyond which the relative sediment
size has no influence on the relative scour
depth for the abutment case. The results of
the current study are in concordance with
Ettema's (1980) data for D 50<0.7 mm.
Although Ettema concluded that no general
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Figure 10. Influence of sediment size on scour depth

400

trend was observed for this range of D
50'

careful attention to his data indicates that

the trend (increasing the sediment size

increases the relative scour depth) could be

observed for any pier size utilized in his study.

Comparison of the results obtained using
two sediment sizes indicates that, for the

case of abutments, D 50 affects scour depth
even when L/D50» 50 . Accordingly, the limit

set by Ettema for circular bridge piers might

not be appropriate for the abutment case.

Further studies, however, are required to

draw a more general conclusion regarding

the effects of sediment size for the case of
bridge abutments.

Koucltakzadeh and Townsend-

CONCLUSIONS

Most of the earlier experimental studies of
abutment scour were performed in channels

of rectangular cross-section. While this
approach is appropriate for abutments

located in a river's MC, it is inappropriate

for abutments terminating in the FP zones,
particularly if LMT effects are strong.

Although slower flows in the FP zones

should result in shallower scour depths, the

LMT tends to increase the scour depth in

those regions. Our study data indicate that,

for the case of abutments terminating in the

FP regions, under conditions of strong flow

interaction, LMT effects can produce a

15-30% increase in local scour depth.
Therefore, design relationships for
predicting maximum scpur depth should

account for LMT in these instances.

Comparison of the results obtained using

two sediment sizes indicates that, for the

case of abutments, D 50 affects scour depth
even "then LlD50» 50 . Accordingly, the limit

set by Ettema for circular bridge piers might

not be appropriate for the abutment case.

Further studies, however, are required to

draw a more general conclusion regarding
the effects of sediment size for the case of
bridge abutments.
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