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Abstract: Bridges are constructed to facilitate
transport between riverbanks. These bridges
are supported by piers of varying geometric
shapes that differ from one bridge to another.
The interaction between these piers and the
flowing water generates different types of
vortices, forming a scour hole around the piers.
This local scour around the foundation of
bridge piers is a major cause of bridge failure.
This study experimentally investigated using a
curved bed sill as a clear water scour
countermeasure at a complex bridge pier. The
investigation included three locations of the
curved bed (at the upstream edge of the piles
cap, 5cm, and 10cm toward the downstream),
three elevations of the curved bed sill, and four
elevations of the piles cap ranging from 0% to
75% of the pile cap thickness covered by bed
materials. The results indicated that using a
curved bed sill can reduce the scour depth in all
cases with the relative piles cap elevations to its
thickness up to 50%. Among those in this study,
the most effective location was at the upstream
edge of the pile cap, and its effectiveness
increased directly with its elevation. This case
recorded a scour depth reduction of up to 41%.
Placement curved bed sill at the upstream edge
of the piles cap can serve as an efficient scour
countermeasure around the complex piers that
will be constructed in the future and for existing
piers, as it does not interfere with the pier
foundation location.
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1. INTRODUCTION

Bridges are crucial in road transport networks
as they shorten transportation distances, thus
saving time [1]. These bridges are mostly
supported on piers with various geometric
shapes, such as single and complex piers.
Constriction of the bridge piers on the bottom
of the rivers and waterways intersects the
flowing water, changing the flow direction and
generating vortexes. These vortexes remove the
bed materials surrounding the piers, forming a
scour hole around the piers [2, 3]. The scour
may be simply defined as the reduction in the
normal bed level due to erosion of the bed
materials [4]. In general, when scouring occurs
in the water stream bed around hydraulic
structures, it can reduce the sand cover of the
foundation and affect its stability [5, 6]. In the
case of the complex bridge piers, the scouring
process around complex bridge piers is
complicated due to the interaction between the
three main components of the complex piers:
piles, piles cap, and columns [7]. Moreno et al.
[8] investigated the influence of column width
(Dc) and piles cap elevation (Z) on the scour
using two models of complex piers with
rectangular columns. The results for both
models were analyzed, and it was noted that the
equilibrium scour depth directly depends on
(Z), where Z is the piles cap elevation. It was
observed that the model of (Dc¢/Dpc) = 0.4
recorded less scour depth than the model of
(D¢/Dpc) = 0.55, where Dc is the width of the
column, and Dpc is the width of the piles cap.
Yang et al. [9] conducted experimental work on
the complex piers to investigate two models of
skewed complex bridge piers with different
piles cap elevations on the scour depth. The
results showed that increasing the skew angle
between complex bridge piers and the flow
direction significantly increased the scour
depth. The width of the column facing the flow
significantly increased with even a slight skew
angle, i.e., in the case of a skew pier, the width
and length of the pier are important factors that
impact the scour depth. Additionally, the

researchers noted that the piles cap elevation
significantly affected the scour depth. Based on
the numerical and physical tests, Martinez et al.
[10] reported an integrated procedure to
estimate the potential scour around two of three
South American towers for the Jakau Canal
bridge. Many researchers have attempted to
reduce the scour depth around bridge piers
using different structures, such as submerged
vanes, as a countermeasure of the scour [11],
collars around the piers [12, 13], openings
through the piers [14], bed sills [7], and other
structures. The bed sill could be used as a way
to reduce scour depth around bridge piers.
Tafarojnoruz et al. [11] used a rectangular bed
sill and Wang et al. [15] used a submerged weir
to reduce the scour depth around bridge piers.
Wang et al. [15] recorded about a 54% reduction
in the scour depth when placing a submerged
weir at the downstream end of the circular pier.
In addition to that, Keshavarzi et al. [13]
investigated the scour pattern around an arch-
shaped bed sill with a circular bridge pier.
Concerning a complex bridge pier, Varaki et al.
[7] managed to reduce the scour depth by up to
40% when using a bed sill at the upstream edge
and by about 10% when using a bed sill at the
downstream edge of the pier. The current study
aims to experimentally examine the effect of
using a curved bed sill as a scour
countermeasure around a complex bridge pier.
The study considers different positions and
elevations of the curved bed sill and different
elevations of the piles' cap, which can be
partially covered or uncovered by bed
materials.
2, METHODOLOGY
2.1.Dimensional Analysis
In the case of using a curved bed sill as a scour
countermeasure around a complex bridge pier,
the scour depth (ds) is influenced by many
factors, including:

o Flow property represented by Water

discharge (Q), flow velocity (V), flow depth
(), and gravity acceleration (g).
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e The water properties are represented by
mass density (p) and dynamic viscosity of
the water ().

e The bed materials parameters are
represented by the mass density of the bed
material (ps), median diameter of the
sediment particles (ds0), standard
deviation of sediment particles (o,), and
critical velocity of the particles’ inception
motion (V¢).

e The geometric parameters of the channel
and the model are represented by the
channel bed width (W); column width
(Dc) and length (Lc); piles cap’s width
(Drpc), length (Lec), thickness (Tpc), and
elevation above the initial bed level (Z);
pile diameter (dp); and distance between
the piles (Sp). It also includes curved bed
sill elevation above the initial bed level
(Zs) and placement from the beginning of
the pier cap(X).

In this study, because of a little variation in the
laboratory temperature, one type of bed
material was used as a movable bed, and the
experiment running time (T) was fixed at three
hours for all experiments. This time was chosen
based on what was concluded and determined
by Alsaidi et al. [14], who noted that a
percentage of approximately 96.82% of the
depth of scour occurs at three hours of
operation time, compared to the depth of scour
that occurs after six hours. The water properties
(p and p) and bed materials parameters (dso, O,
and ps) were ignored in the analyses. The scour
depth can be described as presented below in
Eq. (1):

ds=fi (g, y, Q, V, W, V¢, Lc, Dc, Lec, (1)
Dec, Trc, Z, dp, Sp, X, Zs)
Applying IT — theory yields the dimensionless
parameters as follows:

ds v v Q w Z
o 2 (_ ’ 9 S 0T 0
Dpe Ve’ /gy’ Dpes/2./g° Dpe’ Tpe
Le Dc dp X Zs (2)

Ly’ Dpe’ Sp” Tpe’ Ty
The complex pier's dimensions remained
constant for all experiments, and a clear water
condition with a flow intensity (V/Vc = 0.9) was
consistently maintained. Furthermore, the
values of the channel bed width (W), water
discharge (Q), and flow depth (y) remained
constant, resulting in a constant value of Fr

J—) Therefore, Eq. (2) can be simplified to:

E = f3 (Zr’ Xr’ Zsr) (3)
where Zr = Z/Tpc, Xr = X/Tpc, and Zsr = ZS/Tpc.
2.2.Experimental Setup

The experiments were conducted in the
hydraulics laboratory that belongs to the Dams
and Water Resources Engineering Department
at the University of Mosul. An open rectangular
concrete channel with a length of (19.1) m,
width of (1.50) m, and depth of (0.7) m was used
to accomplish the experimental work. Figure 1
shows the scheme of the experimental channel.
A 7-meter section of the channel was filled with
movable bed materials to be the working
section. The working section included one
meter at the beginning, and its end was covered
by fine gravel to reduce the local scour due to
entering the flow into the working section. The
rest of the working section (5 meters long) was
filled with a 20 cm thick layer of uniform sand
with dso of 0.82 mm and o, of 1.3.

Concrete

—SUPPLY PIPE w
C—
fo |
3.8 5.0 1.0 130 60 50 110 230 50 110
m m cm m.cIn.. cIn cm L cm
i gg i s il A Wit A
i T
Elv 50 S
AN
GROUND)
TANK
110
cm
SLIDING \PACIFICATION\ [
IRON CART GATE NETWORK
-. oF
o8 &
-3 9,
|u r l

D50 = 0.82 mm
Og =13

Fig. 1 Scheme of the Experimental Channel.
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The sluice gate at the end of the channel was
used to maintain the experiments’ flow
condition (a certain flow depth for a certain
water discharge). Water discharge was
measured using a sharp-crested weir installed
at the end of the channel, previously calibrated
by [16] A Gate valve was installed at the main
feeding pipe to control water discharge. The
water was supplied using a pump with a
maximum discharge of 95 1/sec. The flow
system is based on the water circulation system,
where the water is pumped to the channel and
then returned to a ground tank below the pump
through conveyor channels in a closed water
system. A model of the complex pier with a
geometric shape close to the shape of the
complex piers of the fourth bridge in Mosul
City, as shown in Fig. 2, was fabricated from
smooth surface plastic and used in this study. A
model of a complex pier consisted of eight
cylindrical piles with dp of 3.2 cm arranged in
two rows, a rectangular piles cap with pointed
ends, and two inclined rectangular columns
with an angle of 71°. A piles cap length (Lpc) was
53.3 cm, width (Dpc) was 19.2 cm, and thickness
(Trc) was 5.3 cm. The rectangular columns'
width (perpendicular to the flow) (D¢) was 4.2
cm, and the length (parallel to the flow) (Lc)
was 10.2 cm. A piece 11.2 ¢cm high was installed
between two columns to connect them. Figure 3
(a) shows the complex pier model specification.

Fig. 2 The Complex Pier of the Fourth Mosul

Bridge.

(a)

(b)
Fig. 3 (a) The Complex Pier Model; (b)
Location of the Bed Sill.

The complex pier model was installed at the
beginning of the second half of the working
section. Each experiment was started with a
flattening bed by leveling the sand bed before
starting the experiment. A constant flow depth
of 15 cm was considered for all the experiments.
The experiments were conducted under clear
water flow conditions with flow intensity (V/V¢)
= 0.9. The threshold velocity value was
determined using Melville and Sutherland's
equation Melville and Sutherland [17]. A set of
experiments with four elevations of piles cap
(Zy) (0%, 25%, 50%, and 75%) and without
curved bed sill were conducted at the beginning
for a comparative purpose. After that, a curved
bed sill, which was 140° sector from a 42 ¢cm
diameter circle, was installed in different
locations and elevations to investigate its effect
as a scour countermeasure. Three-bed sill
locations were considered in the study. The
locations were at the beginning of the piles cap
X:; = 0%), 5 cm, and 10 cm toward the
downstream (X; = 94.3% and 188.7%,
respectively) (Fig. 3 (b)). For each location,
three levels (Zs;) of the curved bed sill were also
considered, i.e., -24.5, 0, and 24.5 %. Maximum
scour depth was measured during the
experiment running time (3 hours) using a
point gauge with accompaniment with a micro
camera to clarify the vision underwater. After
that, the water was drained slowly, and the bed
topography around the model was meshed and
measured manually using a point gauge with an
accuracy of 0.1 mm.

3.RESULTS AND DISCUSSION

Bed sills can be used as a countermeasure of the
local scour at a complex bridge pier [7]. This
study investigated the effect of a curved bed sill
on local scour around the complex bridge pier.
Three locations of the curved bed sill (X;) were
considered in the study (X: = 0% (at the
upstream edge of the pile's cap), 94.34%, and
188.7% towards the downstream). For each
location, three elevations (Zs;) of the curved bed
sill were also considered (Zs; =-24.5%, 0%, and
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24.5% relative to the normal bed level). Four
piles cap (Z:) elevations were chosen for the
complex pier (Z: = 0%, 25%, 50%, and 75%) and
tested for all these locations and elevations. The
local scour depth around the complex bridge
pier using different locations and elevations of
the curved bed sill was compared with that
without using a curved bed sill.

3.1.The Effect of the Curved Bed Sill
Location on the Local Scour Around
Complex Piers

To demonstrate the effect of the curved bed sill
location on the scour depth on local scour
around the complex pier, three locations were
investigated (as mentioned before). These
locations were determined based on the shape
of the scour hole generated throughout the
testing complex pier without using the bed sill.
The distance of X = 0 ¢cm was at the upstream
edge of the pile's cap (X; = 0%), and the distance
of X = 10 cm (X; = 188.7% %) represented the
approximate location of the maximum scour
depth, located at the first pile location. The
other location with X =5 ecm (X; = 94.34%)
represented the intermediate distance between
the two other locations. Figure 4 presents the
longitudinal section of the bed topography of
the experiment with Z, = 50%, which
demonstrates the location of the maximum
scour depth location without using a bed sill.

, Elevation (cm)

80 100 120 10 160
Distance (cm)
Fig. 4 Longitudinal Section of the Bed
Topography of the Experiment without Using
Bed Sill in Case of Z: = 50%.

Figure 5 shows the maximum local scour depth
around the complex pier relative to the cap

width (ds/Dec) for different bed sill locations X,
= (0, 94.34, and 188.7) %, and cap elevations
ratio Z; = (0, 25, 50, and 75) % for curved bed
sill elevation Zs; = (-24.5, 0, and 24.5)%. The
maximum local scour depth around the
complex pier without using a bed sill was also
drawn in the figure for comparison purposes.
Figure 5 shows that the location of the curved
bed sill at a distance X, = 0% recorded the best
results of scour depth reduction compared with
the other locations, followed by the distance X,
= 188.7% and the distance X; = 94.34%. Using
the curved bed sill upstream of the piles cap
edge (X; = 0%) reduced the effect of the pointed
head of the piles cap on the scour depth by
reducing the vortices effect. In addition, using
the curved bed sill reduced the impact of water,
which was in the direction of the flow, from
flowing directly under the piles' cap. Flowing
water under the piles’ cap increased the depth
of the scour due to increased shear stress under
the piles cap and transporting bed materials
from the scour hole. Regarding the curved bed
sill location at X; = 94.34% and 188.7%, both
locations reduced the maximum scour depth,
however, less than that recorded in the case of
X; = 0%. In the case of X; = 188.7%, the bed sill
reduced transporting bed materials outside the
scour hole because it was located almost at the
center of the scour hole. Thus, it reduced the
maximum scour depth compared to the absence
of a curved bed sill. It also reduced the
maximum scour depth compared to that in the
case of X; = 94.34% because it reduced the
impact of the first two piles on the scour by
covering them as it was directly in front of the
piles. It was also noted placing the curved bed
sill at X; = 0%, a new minor local scour hole was
generated upstream of the bed sill location, as
shown in Fig. 6. The new minor local scour hole
insignificantly affected the scour depth around
the complex pier as it was out of the pier
location, and it was much less than that around
the complex pier (at the original scour
location).

0.7

==& == without sill - 0=

0.651 ..g..x= 94.34% et X1=188.7%

0.6 A

0.55 A
0.5 1

ds/Dpc

0.45 1

0.35 1

0.3 L L L
0% 25% 50% 75% 100%
Zr

(a)

roze A5
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Fig. 5 Relative Local Scour Depth for different Bed Sill Locations and Piles Cap Elevations with (a) Zs,

Local scour hole

upstream of the bed

Local scour hole around

the complex pier

Fig. 6 Local Scour in Front of the Curved Bed (X;: = 0% and Zs = 24.5%).

= -24.5%, (b) Zs: = 0%, and (c) Za= 24.5%.
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Coefficients of the scour depth reduction (Ks)
and scour hole volume reduction (Kv) were
calculated using Egs. (4) and (5) to compare

different cases.

Ks %= ds/Dp;'s/(lc;l:/chc) S X 100 (4)

Kv% = % X 100 (5)

where ds/Dp. and (ds/Dpc)s are the ratios of
maximum scour depth to piles cap thickness
with and without using a curved bed sill,
respectively, for the same flow condition. V and
Vs are the volumes of the scour hole in cm3 with
and without wusing a curved bed sill,
respectively, for the same flow condition. The
positive values for coefficients (Ks and Ky)
mean a reduction in the scour depth and scour
hole volume around the complex pier, and vice
versa for negative values. The Kgs and Ky values
for different cases are presented in Tables 1-3.
Table 1 Coefficient of the Scour Depth and
Scour Hole Volume Reductions in the Case of
Zs = -24.5% and for Different Locations of the
Curved Bed Sill.

Items Z:= 0% Z:=25% Z.=50% Z:=75%

Xr= 0%
Ks 7.6% 20% 13.88% -13.2%
Kv -12.1%  20.35% 33.8% -4.34%
Xr = 94.34%
Ks - 4% 10.2% -29.7%
Kv - 5.9% 8.2% -44.83%
Xr=188.7%
Ks - 6% 12.03% -27.47%
Kv - 3.2% 5.64% -70.95%

Table 2 Coefficient of the Scour Depth and
Scour Hole Volume Reductions in the Case of
Zs = 0% and for Different Locations of the
Curved Bed Sill.

Items Zr=0% Zr=25% Zr=50% Zr=75%

Xr= 0%
KS 18.98% 34% 29.63% -6.6%
KV -7.31% 23.41% 34.74% 4.663%
Xr= 94.34%
KS - 2% 8.33% -34.06%
KV - -3.02% 4.63 -76%
Xr=188.7%
KS - 4% 10.18% -31.86%
KV - -6.7% -6.23% -78.27%

Table 3 Coefficient of the Scour Depth and
Scour Hole Volume Reductions in the case of
Za= 24.5% and for different Locations of the
Curved Bed Sill.

Items Zr=0% Zr=25% Zr=50% Zr=75%

Xr = 0%
KS 20.11% 41% 37.04% -3.20%
KV -1.53% 25.736%  37.82% 6.85%
Xr= 94.34%
KS - -2% 4.63% -37.36%
KV - -4.81% -6.1% -83.97%
Xr=188.7%
KS - 0% 6.48% -34.06%
KV - -10.87%  -9.74% -83.1%

where (dsb/Dpc) is the ratio of scour depth
formed in front of the bed sill. From Fig. 5 and
the above tables, it can be noted that placing the
curved bed sill changed the scour pattern of the
complex pier. Without a curved bed sill,
maximum scour depth increased as the visible
part of the piles' cap increased to Z: = 50%.
Beyond this value, the maximum scour started
to decrease because the effect of the thickness
of the piles' cap decreased when the distance
between the top of the cap and the normal bed
level increased [18]. However, when using a
curved bed sill, the scour depth continued to
increase with the visible part of the piles' cap.
Generally, the values of Ks recorded a reduction
in the scour depth in cases of Z; < 50%, and the
effectiveness of using the curved bed increased
with Z: up to 50%. However, it recorded a
negative effect in the case of Z; = 75%. The
maximum scour reduction (Ks) was 41% in the
case of X; = 0%, Z: = 25%, and Zg = 24.5%.
Regarding Kv values, as presented in Tables 1-
3, the effectiveness of using a curved bed sill
decreased as moving the curved bed sill toward
the downstream edge of the piles cap. For
example, Kv values in the case of Z; = 25% and
Zs: = -24.5% were 20.35%, 5.9%, and 3.2% for
X; = 0%, 94.34%, and 188.7%, respectively.
Varaki et al. [7] reported that placing the bed
sill at the upstream edge of the piles cap of the
complex pier was better than in an intermediate
location between the wupstream and
downstream edge of the piles cap.

3.2.The Effect of the Curved Bed Sill
Elevation on the Local Scour Around
Complex Piers

To illustrate the effect of different curved bed
sill elevations on the scour depth, three curved
bed sill elevations were investigated, i.e., Zg = -
24.5%, 0%, and 24.5%, for each location in the
present study. Figure 7 (a) illustrates the
relative maximum scour depth (ds/Dp) for
different curved bed sill elevations (Zsy = -
24.5%, 0%, and 24.5%), different piles cap
elevations (Zs;), and X;= 0%. From Fig. 7 (a)
and Tables 1-3, all bed sill elevations recorded
scour depth reduction when the (Z;) was up to
50%, and the performance of the curved bed sill
at this location (X; = 0%) increased with Zs;
within the elevation limits of the study. The
curved bed sill at the upstream edge of the piles
cap (X; = 0%) decreased the impact of hitting
the water with the piles cap, reducing creating
vortices that can affect the scouring process.
The effectiveness of this bed sill increased with
its elevation. Based on the present findings
from this case, the curved bed sill at an
elevation of Zs = 24.5% performed better than
other elevations.
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Fig. 7 Relative Local Scour Depth for Different Curved Bed Sill Elevations and Piles Cap Elevations:
(a) Xy = 0%, (b) X; = 94.34%, and (c) X, = 188.7%.

Figures 7 (b) and (c) illustrate the relative
maximum scour depth (ds/Dp) for different
curved bed sill elevations (Zs,= -24.5%, 0%, and
24.5%), different piles cap elevations (Zs:), and
X = 94.34%, and 188.7%. Figures 7 (b) and (c)
and Tables 1-3 clearly show a reduction in the

scour depth for almost all cases, with Z; up to
50% when the curved bed sill was placed under
the piles cap, X; = 94.34%, and 188.7%.
However, it provided scour reduction but less
than that for the case at X; = 0%. For these two
cases, the performance of the curved bed sill
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increased as its elevation decreased. In two
specific locations (X; = 94.34% and 188.7%),
the curved bed sill is an effective scour
countermeasure as it prevents the bed
materials from moving out of the scour hole.
However, its performance reduced as its
elevation increased because it became a minor
source of vortices generation along with
complex pier components (piles, piles cap, and
columns). The best-recorded reduction in the
scour depth (highest Ks value) in these two
cases was in the complex pier with Z; = 50%,
followed by the case of Z; = 25% with Zg= -
24.5% and 0%. However, it recorded a negative
effect in cases of Z. = 75%. In addition, using the
curved bed sill in the case with Zs, = 24.5%
insignificantly affected the scour depth. The
experiments with Z.= 0% and the curved bed
sill under the piles’ cap were not conducted as
the bed sill at these locations significantly
affects the scour depth, which mainly occurs
due to the piles cap leading edge; in this case, it
is submerged under the bed. Regarding Kv
values, as presented in Tables 1-3, the
effectiveness of using a curved bed sill
increased with the elevation of the bed sill in the
case of X; 0%. As mentioned before, this
behavior is due to placing the curved bed sill at
this location reduces the effect of the pointed
piles cap and thus reduces the power of the
generating vortices. The positive effect of the
curved bed sill on the reduction of the
generating vortices increased with its elevation.

4.CONCLUSIONS

The effect of a curved bed sill (a sector of a 42
cm in diameter circle with a 140°) on local scour
at a complex bridge pier was investigated in the
present study. The study included an
investigation of three elevations and locations
of the curved bed sill and four elevations of the
piles cap. The experiments were conducted
under clear water conditions (V/V. = 0.9) and a
constant water depth of 15 cm. The obtained
results from this study showed the following:

e Usinga curved bed sill directly affected the
scour depth. When studying the impact of
the bed sill location on the maximum local
scour depth around the complex pier, it
was found that the bed sill yielded positive
results in reducing the maximum scour
depth around the complex pier with the
models of Z; from 0% to 50%.

e Among the different locations in this
study, the curved bed sill location at a
distance X; of 0% showed the best location
performance. Placing the curved bed sill at
the upstream edge of the piles cap (X; =
0%) reduced generating the vortices due
to the pointed head of the piles cap. In
addition, it reduced the impact of water, in
the direction of the flow, from flowing

directly under the piles cap, thus reducing
the bed shear stress and scour depth.

e Regarding the other locations of the
curved bed sill (X; = 94.34% and 188.7%),
the curved bed sill reduced the transport
of the bed materials out of the scour hole
as it was in the scour hole. Both locations
showed scour depth reduction; however,
the percentage of scour reduction was less
than that of placing a curved bed sill at X
=0%.

e The effectiveness of the curved bed sill
increased with its elevation in the case of
the X; = 0%, as it helped to reduce the
impact of hitting the water with the piles
cap. However, in the cases of the other two
locations, it became a minor source of
vortices generation along with complex
pier  components.  Therefore, its
performance decreased as its elevation
increased.

Other curve lengths of the curved bed sill
should be evaluated as a scour countermeasure
at a complex bridge pier and necessary to be
considered in future work.
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NOMENCLATURE

ds  Maximum scour depth, cm

dso  Median diameter of the sediment particles, mm
Dc  Column width, cm

dp Pile diameter, cm

Dpc  Piles cap width, cm

g Gravity acceleration, m/s?

Lc  Column length, cm

Lec  Piles cap length, cm

Q Water discharge, 1/s

Sr Distance between the piles, cm

Trc  Piles cap width thickness, cm

\Y% Flow velocity, m/s

Ve Critical velocity of the particle inception motion,

m/s
W Channel bed width, m
X placement from the beginning of the pier cap, cm.

y Flow depth, m
Z Initial bed level, cm
Zs curved bed sill elevation above the initial bed level,
cm
Greek symbols
p mass density of the water, kg/m3
u dynamic viscosity of the water, kg/(m s)
Ps Mass density of the bed material, kg/m?
Og standard deviation of sediment particles
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