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Abstract: This paper presents the results of bed scouring near an abutment that spans the entire
floodplain width and terminates at the edge of the main channel, termed here as the bankline
abutment. The cross section can be divided into a scoured section and an un-scoured section.
The scoured bed profile can be approximated using a power function. An analytical method has
been suggested to predict the maximum scour depth at bankline abutment. This method is valid
irrespective of whether the original bed is at or below the threshold condition of sediment motion.
The proposed method is consistent with the experiments from this study and previous studies.
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1. Introduction

Scour refers to the removal of sediments around bridge foundations caused by flowing
water. The abutment, a crucial component of bridges, plays a vital role in transferring loads
from the superstructure to the bridge foundation [1,2]. Scour around abutments typically
arises due to the reduction in flow area, posing a threat to the stability of numerous bridges.
This concern is paramount among scientists and engineers [3,4].

However, existing scour prediction equations often exhibit limitations in their appli-
cability to various field conditions. One plausible explanation for this limitation is the
reliance on experimental studies conducted in rectangular flumes, where the distribution
of bed shear stress and flow velocity was assumed to be uniform across the transverse
direction [3,5-9]. Natural rivers are different from these idealized conditions. The idealized
experiments represent abutments in wide braided rivers. Moreover, natural rivers often
feature compound cross-sections, where abutment scour may occur on floodplains [2,10-14]
or within the main channel [15-17].

When the abutment is situated on the floodplain, it obstructs the flow across the flood-
plain, leading to a constriction of flow through a narrower cross-section. This narrowing
can result in increased local velocity, potentially leading to scour. The distribution of lateral
velocity and bed shear stress undergoes redistribution due to large-scale secondary flow
cells induced by the floodplain and the main channel [18].

With an increase in the length of the abutment, the redistribution of bed shear stress
and velocity between the floodplain and the main channel intensifies. Consequently,
abutment scour in a compound channel presents a more intricate scenario compared to
that in a rectangular channel.

Sturm and Janjua [10] conducted experiments on abutment scour, extending the
abutment length up to approximately 60% of the floodplain width. However, their tests
likely did not reach equilibrium as each lasted only 10-12 h. Dongol [19] investigated
abutments of varying lengths, some protruding into the floodplain and others into the
main channel, with lengths corresponding to 0.168, 0.665, and 1.837 times the floodplain
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width. In their study, Lim and Yu [16] utilized abutments approximately 1.5 and 2.1 times
the floodplain width. Cardoso and Bettess [12] examined four different abutment lengths,
focusing on bankline abutments in three tests, the results of which are to be utilized in a
subsequent section.

Regarding bankline abutments, Yu et al. [20] discussed flow characteristics and bed
shear stress distribution. They observed significantly higher shear stress (3.8 times) at the
abutment nose compared to the upstream section. Li [21] emphasized the profound impact
of floodplain roughness on the scour pattern around bankline abutments. Sturm [17]
experimentally investigated scour around setback and bankline abutments in a compound
channel, establishing relationships between maximum scour depth, upstream floodplain
depth, and discharge contraction ratio.

It is worth noting that bankline abutment scour is less common than other types
but remains important due to the obstruction of flow on the floodplain, redirecting flow
and causing scour on the main channel bed. Consequently, our objective is to develop an
analytical method for predicting the maximum scour depth around bankline abutments
featuring fixed vertical walls as channel banks.

2. Experimental Setup

The experiments took place in a compound flume illustrated in Figures 1 and 2. The
former channel has dimensions of 19 m in length, 0.75 m in height, and 1.6 m in width. The
floodplain measures 1 m in width, 0.6 m in depth, with a 0.15 m difference in elevation
between the floodplain and the main channel. In Figure 2, the abutment is positioned
on the left, extending up to the edge of the floodplain, categorizing this setup as Type III
(b) according to Melville’s classification [15]. The transition from the main channel to the
floodplain (bankline) is vertical and fixed. Both the floodplain and main channel have a
bed slope of 1/1000. To minimize flow fluctuations, a honeycomb structure was installed at
the flume inlet. Detailed velocity measurements were obtained using the Acoustic Doppler
Velocimeter (ADV), while changes in the topography of the scour hole were monitored
using a point gauge. These instruments were mounted on a carriage that traversed the
length of the flume.
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Figure 1. Front view of the compound flume (scale distorted).



Water 2024, 16, 1479

30f17

Glass
1.5" Grade
316 1000mm 600mm
Stainless _—" 1€ »ie > Q

Steel - — ——
Hollow £

Tube &
Screw

Grade 316 Stainless
Steel Plate (Min.3mm)

Abutment
Mild Steel
Hollow Section

Sand Tank

wwoo9

wwosk

Mild Steel /

Hollow
Section —— 7|

wwosy

wuwosz

Sand Tank

— I

Steel
Expansion Bolt

el 1 N

/ | |
! |

2" Discharge Ball

Valve for big

Stainless Steel
nk

2" Discharge Ball

Note : Drawing not to scale Valve for small

Stainless Steel
Tank

Figure 2. Cross section of flume at abutment location.

At a distance of 11 m from the flume entrance, two sediment recess tanks were
positioned along the main channel and floodplain, respectively. The former tank had a
depth of 0.25 m, while the latter was 0.4 m deep. For Runs 1-5 and 8-12, the sediment
tanks were filled with uniform quartz particles with a median diameter of 0.93 mm and
a standard deviation 0y = (dg4.1/d159)0.5 = 1.31. Runs 6 and 7 utilized the same sand but
included an appropriate mix of 5 mm to 10 mm stones. The resulting sediment mixture had
a median diameter (dsg) of 1.14 mm and a standard deviation oy = (dgs.1/d159)0.5 = 3.6. (i.e,
dgy.1 = sediment size of which 84.1% is finer; di59 = sediment size of which 15.9% is finer))

The sediment beds were leveled to match the elevations of the main channel and
floodplain beds. A vertical-wall abutment model, 1 m in length and 0.05 m wide, was
installed perpendicular to the channel wall in the floodplain and centered within the
sediment tank, as depicted in Figure 2. The floodplain and main channel beds were
constructed of steel, excluding the sediment recess tanks. To replicate bed roughness, the
approach section was glued with a single layer of the same sand.

Twelve sets of experiments were conducted, and the results are listed in Table 1. Each
run was performed at the desired flow rate that was measured using an electromagnetic
flow meter, which can measure up to 1 m3/h. Water was pumped from the underground
storage tank to the flume and was re-circulated. The test was conducted for one to three
weeks for each experiment until there was very little sediment particle movement out of the
scour hole. Hereafter, the pump was gradually shut down and the water in the flume was
slowly drained. Using the point gauge, the bathymetry of the scoured bed was measured
within an error of £1 mm. The resolutions of the measured bathymetry grids were 4 cm in
the streamwise and 5 cm in the lateral direction.

Table 1. Summary of the experimental data.

Run Q (Lls) 2‘;{) h, (cm) :i‘l‘;ls’) }iﬁ‘,’s) f}ffm) hMSZaf:;e)d E::Kls)e 4 Unp/lUe  Ugy /U,
1 42.5 20.9 59 0.249 0.195 0.93 7.9 8 0.602 0.471

2 47.5 21.3 6.3 0.265 0.215 0.93 10.2 9.5 0.64 0.519

3 38.9 20.5 551 0.234 0.183 0.93 6.1 7.1 0.567 0.443

4 40.8 20.8 5.8 0.242 0.186 0.93 7.1 7.4 0.585 0.45

5 45 21.1 6.1 0.257 0.206 0.93 9.0 8.8 0.621 0.498
6 57.2 22.4 7.4 0.298 0.229 1.14 12.8 11.2 0.623 0.479
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Table 1. Cont.

Run  QWs) M hglm gme e G Meawured RIS UnplUc  UplUc
7 60 28 78 0311 0224 114 13.2 113 0647 0466
8 60 238 78 0311 0224 093 152 127 0742 0534
9 55 22 72 0294 0221 09 132 113 0705 053
10 57.2 25 75 0299 0228 093 144 12 0715 0545
1 50 217 6.7 0276 0211 093 111 10 0664 0507
12 525 220 7.0 028 0214 09 124 104 068 0513

Note: Q = total flow discharge, hmp = flow depth of the main channel, hfp = flow depth of the floodplain,
Ump = mean velocity of the main channel, Ug, = mean velocity of the floodplain, u. = critical mean velocity for
sediment motion, dsy = sediment size of which 50% is finer and hgy = maximum scour depth.

3. Results and Discussions
3.1. Water Level Observation

The abutment construction raised the water level at the abutment section, but its down-
stream water level decreased. The water surface elevations along the right sidewall and
the abutment were measured with manometers, as shown in Figure 3. The measurement
stations were distributed along the right sidewall and around the abutment. Station 6 is
at the abutment nose and station 5 is at the opposite bank. The water surface levels at all
the stations were monitored regularly during the scour process. A typical observation for
Run 1 is shown in Figure 4. The water levels along the sidewall were also measured prior to
the construction of the abutment under the same approach flow conditions. Compared to
the water levels without the abutment, the water levels around the abutment were slightly
raised except near the nose, such as stations 13 and 6. The abutment also caused the water
level at station 5 to increase, while that at stations 7 and 8 decreased.

11 # 15
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Abutment
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d p 15
6 # [
Main channel — = Flow 60
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Figure 3. Layout of stations for water level measurements.

The water surface level around the abutment basically remained unchanged during
the scouring process. Figure 4 shows that the changes in the water levels at stations 5 and 6
were less than 0.5 cm during the entire scouring process for Run 1. The flow depth at the
approach section of the main channel was 20.9 cm and the maximum flow depth in the
equilibrium scour hole was about 28.8 cm. Therefore, the fluctuations of the water surface
elevation near the abutment section during scouring can be ignored in comparison to the
flow depth at the approach section of the main channel.
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Figure 4. Variations in water level during bed scouring process for Run 1.

3.2. Scour Measurement

Figure 5 shows a representative bathymetry of the scoured bed in the main channel.
The numbers on the contour lines are the scour depths in cm, and the y-axis represents the
lateral distance from the abutment nose in the main channel, while the horizontal x-axis
denotes the streamwise distance from the abutment nose. The present experiments showed
that the deepest scour points were not at the abutment nose, but located slightly down-
stream of the abutment section. The maximum equilibrium scour depth was calculated by
interpolation using the elevations at the measured grids.

— e flow

1 1
-50 50
Channlewise distance from abutmentnose onwards, cm

Figure 5. Bathymetry of scour hole (contour line in cm) in main channel for Run 4 (Q = 40.8 L/s,
hmp =20.75 cm, hfp =5.75cm, hgpy = 7.1 cm).



Water 2024, 16, 1479

6 of 17

Two tests, i.e., Runs 6 and 7, were carried out using a sediment mixture with dsg = 1.14 mm
and a sediment gradation of 3.6 to investigate the influence of the bed armoring on the
scour hole formation. The large gravel in the sediment mixture consisted of 5 mm to 10 mm
stones. As the scouring process progresses, the smaller particles can be seen being washed
away, leaving behind the larger particles in the scour hole. Finally, an armored layer was
formed on the bed surface layer of the scour hole. A photo analysis showed that the stones
larger than dos (i.e dgs = sediment size of which 95% is finer) occupied about 20-30% of the
bed surface after the scouring reached the equilibrium phase. Figure 6 depicts the armored
layer in the scour hole of Run 7.

i
PR

Figure 6. Armored bed in the scour hole for Run 7.

3.3. Semi-Empirical Analysis

When the scour hole is in its equilibrium phase, the scoured bed would have attained
a particular shape and the shear stress on the bed may be assumed to be equal to the critical
Shields stress on the sloping bed [20]. With the knowledge of bed shear, the bed profile
should be determinable with respect to the balance of various forces (drag, lift, weight and
frictional forces) exerted on the sediment particles on the sloping bed surface, and finally,
the depth of flow may be calculated for a given flow discharge. Prior to the abutment
construction, the total discharge, represented as Q, within the compound channel can be
formulated as follows:
Q= thprfp + BmhmpUmp (1)

where the subscript p is related to the initial conditions without the construction of the
abutment, f and m are related to the floodplain and main channel, respectively, By is the
floodplain width, hg, and Ug, are the flow depth and mean velocity on the floodplain,
respectively; By, is the main channel width; hyp and Upy, are the flow depth and mean
velocity in the main channel, respectively. To enhance the reliability of the model, if
possible, it is recommended that these quantities should preferably be obtained from field
measurements. However, these are not easily available, as a design flow discharge is
typically of the order of 1 in 50 or 100 years. Based on the design discharge, slope and
geometry of the compound channel, the depths of flow and velocities on the floodplain and
in the main channel can be calculated numerically [22,23] or using empirical method [24].

Once the abutment is constructed, the local bed shear stress at the abutment section
increases, particularly at the abutment tip, and this causes localized scour around the
abutment [25]. The local bed shear decreases and the intensity of scouring also reduces
with the increase in scour hole size. If the scouring process continues for a sufficiently long
time, an equilibrium scoured bed profile would be formed. In this context, the shear stress
of the bed at any given point on the scoured bed matches the critical value required for
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sediment movement on the slope. At the deepest point within the scour hole, this value
approximates the critical Shields stress on a flatbed [20]. In other words, the sediment
particles at the deepest location can be assumed to have shear stress under equilibrium
scour conditions given by the following equation:

Ted = 0c(ps — p)gd (2)

where 7.4 is the critical bed shear stress, 6. is the critical Shields parameter, ps is the
density of sediment, p is the density of fluid, g is the acceleration of gravity, and d. is the
representative sediment size. For uniform sediment, d. is assumed to be the median size,
dsp, and for sediment mixtures, the bed would be armored and d- is taken as dgs, which is
the sediment size of which 95% is finer.

As the scour progresses, it was noticed that the elevation of water surface in the
streamwise direction did not change much compared to the flow depth (Figure 4). This
means that the effect of the abutment resulted mainly in an increase in the local velocity.
Hence, the depth of flow at any position in the scour hole can be regarded as the sum of
the original flow depth (hmp) and the local scour depth.

For bankline abutment with a vertical bankfull embankment, the scour hole is formed
adjacent to the nose of abutment in the main channel. It is assumed that the lateral scoured
profile at the deepest section is at the abutment section, even though the scour contour
measurements showed that the maximum scour depth occurs slightly downstream of the
abutment section (see Figure 5). Within this short distance, this assumption would not
cause much difference to the flow conditions as the flow dispersed in the floodplain would
be comparatively small compared to the total flow in the channel.

Figure 7 shows that the area of flow above the lateral cross section of the deepest
scoured bed profile to the water surface may be segmented into three sub-regions. The first
sub-flow region lies within the scour hole with a lateral width of X, measured from the
abutment nose to the maximum scour depth (hgm). The second region extends laterally
from the maximum scour depth to a point j on the initial bed level, with a width of Xg.
The final sub-flow region represents the un-scoured portion, stretching from point j to the
sidewall of the main channel. At equilibrium, the shear stress on the bed within the scour
hole matches the critical value required to initiate sediment movement on a sloping surface,
while on the un-scoured bed, it remains below or equals the critical value for sediment
motion on a flatbed [20].

AR

2 Sediment bed!

N
e

Floodplain filled
diment

77

Figure 7. Sketch of the lateral bed profile of scour hole in a compound channel.

Using a similar approach to the determination of the channel profile of a critical stable
channel [23], the lateral scour hole profile can also be solved numerically with respect to
the force balance exerted on the sediment particles on the surface of bed. Considering the
deepest scouring location of each run as the origin of the lateral distance, the measured
lateral scoured bed profiles are tested for self-similarity by plotting hs /hsm against x/hgm,
where hg is the scour depth at any x-location, and x is measured from the maximum scour



Water 2024, 16, 1479

8of 17

Dimensionlessscour depth relative to maximum scour depth ho/hay

[
hJ

—

e
o]

e
[=)

e
'S
T

point, hgm. Figure 8 shows the dimensionless bed profiles for various runs. These lateral
bed profiles can be represented by a second-order parabolic function, as shown by the solid
line in Figure 8, which can be expressed as follows:

y = k< 3)

where the deepest scouring location is the origin of the curve, y is the elevation above the
deepest point, and k is the constant associated with the flow conditions and sediment size.

T Runl
“® Run2
A Run3
S Run4
“* Run9
“* Run10
power function

line related to repose angle

line related to repose angle

A

-2 -1 0 1 2 3 4 5

Dimensionless lateral distancerelative to maximum scour depth from deepest position x/hsm

Figure 8. Dimensionless lateral scour profiles for different flow discharges.

With reference to Figure 7, it can be assumed that the bed slope at point j should be

equal to the submerged repose angle of the sediment particles in still water. If % =B,
where $ is the slope of the bed profile at point j, then  would be equal to tan o, where «
is the repose angle of the sediment, which can be calculated using the formula proposed
by Yu and Knight [23]. The dotted lines in Figure 7 show that the angle of repose of the
sediment is close to the slope at point j.
Differentiating (3) and substituting g—z = 3 and x = XR at point j yields the following
equation:
_ B
- 2XR

From Figure 7, it can be seen that the ordinate of point j is hsy and its abscissa is Xg.
Hence, using (3), the following equation can be obtained:

(4)

hem = kX% (5)
From (4) and (5), we can write k and Xg in terms of hgy, and .

2
B and Xg = 2hsm

k =
4hsm 6

(6)
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According to the experimental results of the present study, it was found that
X1, ~ XRr/3. Therefore, using (6), the lateral width of the scour hole is as follows:

8hsm
3B

Since 3 = tan o and taking « = 33° as a typical value, Equation (7) shows that the scour
width is larger than the 2.75 hgm, value suggested by Laursen [26], bearing in mind that his
experiments were carried out under live-bed conditions. The lateral bed profile of the scour
hole can be expressed as follows:

X+ Xg =

(7)

B,
Y= dhe ®)

With reference to Figure 7, the flow depth, h, in the main channel at any arbitrary
lateral location in the scour hole can be written as follows:

= (lp + o) — ( 45; ) 12 = (hp + hon) (1= x?) 9)

_ 1 §
where k; = (hn1p+h5m) (45?)
For flow in a wide alluvial channel, we assumed that the velocity distribution for fully
turbulent 2D flow may be approximated by the power law [27].

u h\"

v () i
where U is the depth-averaged velocity, us is the shear velocity, h is the normal flow depth,
ks is the equivalent sand roughness, (=2dsp); m and n are the coefficient and exponent,
respectively. An example of Equation (10) is the one-sixth power law or the Manning—
Strickler equation.

From (2) and (10), the depth-averaged velocity at any arbitrary lateral position in the
scour hole can be written as follows:

U = kymh" (11)

where k1 = /0¢(ps/p — 1)gd. (kis)n
For a straight compound channel with uniform geometry, the slopes for the floodplain

and main channel are typically similar and the mean velocities at the approach section are
given by the following formulas:

1 o3

Ufp = nifp pr v/ So (12)
I 273

Unp = 1 R V/5o (13)

where Rg, and Rmp are the hydraulic radii, ng, and nmp are Manning’s roughness of the
floodplain and main channel, respectively. Eliminating Sy in (12) and (13) yields the
following formula:

2/3
nmp pr
Uy = Upmp—— <Rmp ) (14)

Substituting (14) into (1), the mean velocity of the un-scoured section from point j (see
Figure 7) to the sidewall of the main channel can be written as follows:

Q

oo [ Re, \2/3
bpBin + B ()

Ump ==

(15)
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During the experiments, it was observed that the flow directions are not perpendicular
to the cross section at the deepest scour location. The flow is being diverted as it approaches
the abutment tip towards the main channel and the separation of flow occurs at the lee
side of abutment. Lim and Nugroho [25] observed similar deflection behavior for setback
abutment sited on the floodplain. The yaw angle of the flow diversion in the streamwise
direction at any arbitrary point of this cross section depends on its geometrical position as
well as the ambient flow conditions. The closer it is to the abutment nose, the larger the
yaw angle [9], and this trend has been confirmed from the path of the large-scale vortices
by Yu et al. [20]. Consequently, the yaw of the flow causes a reduction in the conveyance
of flow and a correction is needed to calculate the flow discharge through the scour hole
section. We assume that the correction factor, denoted as f, is generally proportional to the
ratio of the unobstructed main channel flow discharge to the total approach flow discharge,
i.e., f = UnphmpBm/Q. Considering the correction to the yaw and the non-uniform of flow
distribution in the scour hole section, the flow discharge passing through this scour hole
section, Qss, may be written as follows:

Umphmp B Xr 14+n
Qus = kymks (hanp + hsm)H“% / ) (1 _ k2x2> dx (16)
—AL

2
m %sm, and kj is a coefficient. Since 0 < kpx? < 1, the term (1 — kpx?) Ln
can be approximated by the following expression:

where k) =

1+ 2
(1 - k2x2> a1 (14 n)ke® + w (kzxz) 17)

Substituting (17) into (16) yields the following equation:

x=X
UmphmpB 3 N
Q.. = kymk;s (hmp I hsm)lJrnw . (1+n)ky N n(l+n)k; 5 (18)
Q 3 10
X=—XL
which can be further simplified as follows:
UphmpBm hsw |8 56(1+n)  h 244n(1 +n) h 2
= kymks(h h, )1 e mp 2m Tsm | O sm sm 19
The flow discharge over the un-scoured section, Qys, can be written as follows:
8h
Qus = Umphmp <Bm - g sm> (20)
8
Hence, the total flow discharge can be calculated using the following equation:
Q = Qss + Qus (21)

where the first term of the right side is the discharge, Qss, related to the scour hole (19)
and the second term is the discharge, Qys, associated with the un-scoured bed (20). The
equilibrium scour depth can be obtained by solving (4), (19), (20) and (21) using Excel
spread sheets or other programs such as FORTRAN, C or Visual Basic.

It should be noted that the solution need not state whether the original bed in the
main channel is at the threshold condition of sediment motion. When the approach flow
conditions are higher than the threshold condition of sediment motion, the channel bed
would be mobile and the flow depth exceeds the critical depth for sediment incipient
motion. Otherwise, the flow depth is smaller than the critical depth of sediment incipient
motion. In a broad sense, the scour depth is defined as the bed elevation prior to the
abutment construction minus the elevation of the deepest scour point. However, in most
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studies, the experiments were carried out by imposing approximately the threshold velocity
on the floodplain, which is supposed to give the most extreme scour depths if the runs
are of sufficiently long duration [3,28]. In this sense, the definition of the maximum scour
depth was confined to compare with such a critical condition.

3.4. Sample Calculation

A sample calculation is shown for the case of Run 1. The measured flow discharge, Q,
was 0.0425 m3/s. With a sediment size of 0.93 mm and ps = 2640 kg/m?, the corresponding
angle of repose was measured, which was 33° and 3 = 0.65. The measured flow depths
were hyp = 0.209 m and hfp = 0.059 m. The calculated hydraulic radii are Rpmp = 0.131 m
and Rg, = 0.054 m. The measured flow velocities in the main channel and floodplain were
Ump =0.249 m/s and Ug, = 0.195 m/s. The critical Shields parameter 6. = 0.031 according to
the Shields diagram [29]. We adopted mks =3.9, n=1/3, and the equivalent sand roughness

ks = 2dsp = 1.86 mm. Hence, the coefficient ky = 0.175 using k; = /0c(es/p — 1)gd. (kis)n
The measured water surface slope without the abutment was 0.00065. Based on the velocity
measurements in the floodplain and main channel for different flow discharges, the mean
roughness was evaluated from (12) and (13) for the floodplain and main channel to be
ng, = 0.0186 m~1/3s and npyp = 0.0264 m~!/3s, respectively. The mean approach velocity
computed using (15) was 0.249 m/s (herein Uy, was over-assigned), and the correction
factor f = UmphmpBm/Q =0.731.

Using the solver in the Excel spread sheet, the maximum scour depth can be calculated
by trial and error using (19), (20) and (21). For Run 1, we will first assume a value of
hgm = 0.08 m. Using (18) and (19), Qss = 0.0285 m3/s and Qs = 0.0140 m3/s, respec-
tively. Using (21), the total calculated flow discharge for this first trial scour depth was
Q = 0.0425 m?/s, which was exactly the same as the experimental total discharge. Hence,
the calculated maximum scour depth was 0.08 m, which agrees well with the measured
scour depth of 0.079 m. The iteration needs to be repeated if Q from (21) is different from
the measured value.

3.5. Comparison with Experimental Results

For the present set of experimental data listed in Table 1, the approach mean velocities
on the main channel and floodplain were measured using the ADV. It was found by
trial and error that mks in (19) equals 3.9 to obtain a good prediction for the equilibrium
maximum scour depth. The Shields parameter 6. = 0.031 for the 0.93 mm sediment, and
this is assumed to be applicable to the bed at the deepest location on the scour hole, which is
basically flat. The repose angle of the sediments was measured, which was 33° and 3 = 0.65.
Figure 9 depicts the experimental values against the calculated values for maximum scour
depths. The calculated errors ranged from —19% to 14%. The agreement and consistency
for the dataset of the 0.93 mm sediment were good. The general trend is that the equations
over-predict for the shallow scour holes and under-predict for the deep scour holes for
our test range. The reasons for the consistent results are as follows: (1) the same bed
material (uniform sediment 0.93 mm) was used; (2) the maximum scour depths were
determined from the bed-contours of the scour hole, rather than one-point measurement;
(3) the water levels at the approach zone were read using the manometer; and (4) the total
flow discharges were recorded using the flow meter. The inconsistency of the dataset might
be due to the velocity measurements in the main channel to determine the roughness nmp.
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Figure 9. Experimental scour depths against the calculated values predicted using measured
approach velocities.

In addition to the present experiments, three data points from Cardoso and Bettess [12]
were used to check the model. They conducted three tests of Type III (b) in a 22 m long,
2.44 m wide flume. The bed width of the main channel was 1.56 m, and the floodplain
width was 0.8 m. The latter was 0.08 m higher than the main channel bed. The submerged
floodplain bank had a slope of 1:1. The sediment size used was 0.835 mm with a sediment
gradation of 1.26. The corresponding repose angle was assumed to be 33° as the sediment
size was close to that of the present experiments. The equilibrium maximum scour depths
given in Table 2 of their paper were measured from the reference level of the floodplain bed.
Hence, in order to be consistent with the present definition of the equilibrium scour depths,
the data given in their Table 2 were reduced by the floodplain height of 0.08 m. Figure 9
shows the calculated values agree well with their experimental results, with errors ranging
from —18% to 9 %, and this is better than the trend of the present experiment dataset. It is
noted that the experimental set-ups were slightly different, as we used vertical and fixed
main channel walls, whereas Cardoso and Bettess [12] used an inclined and erodible wall.
An inclined wall (1:1) may shift the flow much more away from the abutment nose. This is
the reason why the predictions for Cardoso and Bettess [12] are slightly higher than the
predictions for the present experiments.
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Table 2. Experimental data (bank line abutment) of Cardoso and bettess [12].

Run hg, (cm) Ugp, (m/s) dsp (mm) ds (cm)
1 34 0.266 0.835 22

2 5.5 0.293 0.835 27

3 8.4 0.267 0.835 31.1

Furthermore, we used four data points of a vertical wall from Li [21] to check the
model. He conducted five tests of Type III (b) in a 30 m long, 1.2 m wide flume. The bed
width of the main channel was 0.8 m. The floodplain (width 0.32 m) was 0.08 m higher than
the main channel bed. The submerged floodplain bank had a slope of 1:1. The sediment
size used was 0.8 mm with a sediment gradation of 1.37. The corresponding repose angle
was assumed to be 34°. The maximum scour depths of this study were given in Table 3.
Figure 9 depicts that the agreement between measured and calculated scour depths for
the previous study is acceptable. This is probably because the dimensions of flume and
sediment size are similar to that of the present study.

Table 3. Experimental data (bank line abutment) of Li 21.

Run Q (L/s) hg, (em) hpyp (cm) Ump (m/s)  dsp (mm) ds (cm)
1 36.6 45 13.2 0.342 0.8 4

2 33.5 1.2 9.9 0.421 0.8 5

3 38.7 52 13.2 0.361 0.8 7

4 35.3 3 11 0.397 0.8 4.7

Finally, we used six data points of a vertical wall and seven data points of a spill-
through (two horizontal; one vertical) from Sturm [17] to check the model. He conducted
13 tests of Type Il (b) in a 24.4 m long, 4.2 m wide flume. The bed width of the main channel
was 0.55 m. The floodplain (width 3.66 m) was 0.154 m higher than the main channel bed.
The submerged floodplain bank had a slope of 2.6 H:1 V. The sediment size used was
3.3 mm with a sediment gradation of 1.3. The corresponding repose angle was assumed
to be 33°. The maximum scour depths given in Table 4 of his paper were measured from
the reference level of the floodplain bed. Hence, in order to be consistent with the present
definition of the equilibrium scour depths, the data given in their Table 3 have been reduced
by the floodplain height of 0.154 m. Figure 9 shows that (1) the errors in Sturm’s data
range from 13% to 80% for a vertical wall, and from —6% to 28% for spill-through, (2) the
calculated values are higher than the measured values of scour depth as the experiments
last only for 24 to 65 h, and this period is not enough for scour depth to reach equilibrium.
It is observed that, for the same discharge and water depth, the measured scour depths
for both the spill-through and vertical wall are close to each other and, in some cases, the
measured scour depth for spill-through is higher than that for a vertical wall. In addition,
there was a relatively long slope connecting the bed of the main channel and the bed of the
flood plain. From the above, we can conclude that (1) the shape factor of abutment has less
effect on scour depth in the main channel, and (2) the shape factor of spill-through is the
same as that of the vertical wall and is equal to one.

Table 4. Experimental data (bank line abutment) of Sturm [17].

Run Q (L/s) hfp (cm) om/Q dso (mm) ds (cm)
VW1 49.6 2.26 0.42 3.3 17.1
VW 2 56.5 2.5 0.36 33 20.1

VW 3 67.1 3.05 0.31 3.3 29.3
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Table 4. Cont.

Run Q (L/s) hfP (cm) Qm/Q dso (mm) ds (cm)
VW 4 56.9 2.5 0.26 33 15.5
VW 5 56.9 2.5 0.31 3.3 18.3
VW 6 56.7 2.5 0.32 3.3 27.4
ST1 49.3 2.26 0.453 33 23.5
ST2 55.5 2.5 0.378 3.3 22.6
ST3 63.7 2.86 0.349 33 30.5
ST4 69.7 32 0.321 33 30.5
ST5 49.3 2.26 0.42 3.3 22.2
ST6 56.9 2.5 0.36 3.3 26.2
ST7 69.7 3.17 0.315 33 28.3

4. Discussion

The analysis above assumed that the profile of velocity is close to the power law, which
in turn is an approximation of the log law, for fully turbulent flow in a wide cannel [29].
Whether this is true within the scour hole depends on the influence of the flow divergence
or convergence due to the abutment and the shape of the scoured bed. This approximation
has been shown to be acceptable within the scour hole [8]. The observations of Ahmed
and Rajaratnam [9] showed that the velocity profile matched the standard log low, as is
evidenced for the velocity profile at station B in Figure 1 of their paper.

To this end, we have also measured the velocity profiles at the deepest position within
the scour hole. The original intention was to investigate the shear stress of bed at the
beginning of scouring [20]. It was found the boundary layer thickness increases with the
development of scour. Within the boundary layer, the velocity profile obeyed the log-law
distribution, as shown in Figure 10. The distribution of velocity was measured in the scour
hole after 125 min of scouring action. In the determination of the friction velocity, we
found that the theoretical bed datum and the real bed surface level are very sensitive and a
few millimeters of error of the velocity measurement heights would yield very significant
errors in the friction velocity. We did not measure the velocity profile after the scouring
had reached its equilibrium; presumably, the power law approimation should still hold at
that stage.

From Figure 10, it can be observed that the friction velocity was 0.0346 with the von
Karman x = 0.41. The Shields parameter 6 after 125 min of scouring was reduced to 0.0794,
which is 2.56 times the threshold 6. of 0.031, but much smaller than at the flow approach
section, which was 4 to 5 times the threshold 6.. The value of the constant Bg was 2.98 in the
log velocity profile of ;- = % In (kZT) + Bs, which was smaller than the conventional value

of 8.5 for the 2D flow. The deviation of B may be caused by an increase in the apparent
roughness and the streamline curvature in the scour hole.

In the present model, it is only necessary to know the term mkjz in (19). From a
comparison of the calculated and experimental scour hole depths, we found mkj = 3.9.
Depending on the types of bedform, m and n in (10) are not necessarily constant, but vary
from 3.2 to 7.66 and from 1/12 to 1/3, respectively [8,30]. Since ks may likely not be equal
to one, m for the flow in the scour hole would not be the same as that for the 2D open
channel flow. Further work is needed to obtain the value of m in scour holes. However, the
present model does not need the individual value of k3 and m.

The model uses the discharge conservation (21) for closure of the equations and the
power law to calculate the velocities in the approach section and the deepest scour cross
section. Supposing the velocity in the scour hole is over-valued, a deeper hole would be
obtained. As mentioned previously, the water level at the section of the scouring hole
basically remains the same. On the other hand, a deeper scour hole requires a smaller mean
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velocity because of the restraint of discharge conservation. This damping would guarantee
the convergence of the model. Finally, it should be noted that the inclined main channel
wall may cause underestimated of scour depth since this wall deflected flow away from
abutment nose.

y = 0.0843x + 0.6311
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Figure 10. Velocity profile at the deepest location within the scour hole after 125 min of scouring.

5. Conclusions

A laboratory study was conducted to study the bed scouring near a bankline abutment
in a 19 m long compound flume. The bed profile at the abutment section can be divided
into the scour hole part and the un-scoured part. The scour bed profile can be approximated
using a power function.

The water surface levels around the abutment were measured during the scouring pro-
cess. It was found that the water level increased slightly due to the abutment construction,
but this change can be ignored if it is compared to the flow depth. The measured water
level remained almost unchanged throughout the scouring process.

An analytical method has been suggested to predict the equilibrium scour depth for
bankline abutment in compound channels. Comparison with measured data from previous
studies has shown that the calculated scour depths using the proposed method agreed well
with the experiment results.
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Abbreviations

The following symbols are used in this paper:

P fluid density

o repose angle of the sediment

6c critical Shields parameter

Ted critical shear stress

Ps sediment density

og standard deviation of sediment

[8) slope of the bed profile

B channel width

d+ representative sediment size on the scoured bed
dso sediment size of which 50% is finer

dis9 sediment size of which 15.9% is finer

dgs1 sediment size of which 84.1% is finer

dos sediment size of which 95% is finer

ds scour depth

f correction factor

g acceleration of gravity

h flow depth

hsm scour depth measured from the initial level of sediments in main channel
ks a coefficient

ks equivalent roughness size to 2ds

n Manning’s roughness coefficient

Q total flow discharge

Om discharge of main channel

Qs discharge related to the scour hole

Qus discharge associated with the un-scoured bed

R hydraulic radius

Subfix: fp, mp  related to floodplain and main channel at the approach section, respectively
Subfix: s Represents the scour hole

U mean velocity

ux friction velocity

Uc critical mean velocity for sediment motion

zZ distance from the bed

K von Karman constant for clear water flow (=0.41)
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