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Abstract

In this paper, the scouring around a triad series of vertical bridge piers located in a bend is investigated using SSIIM software.
To this end, some of the most essential parameters such as the relative radius and the bridge pier position in both transverse
and longitudinal directions to the flow have been examined. Then the bed topography variations have been detected within
a flume. It is worth mentioning that the experiments have been conducted in a 180-degree sharp bend in the presence of the
bridge piers. The available experimental results were used to ensure correctness of the simulated output data. Accordingly, it
is evident that the simulated model not only is capable of estimating the amount of the maximum scour and sedimentation but
also can effectively predict their position using an experimental model. Based on the results, it is indicated that the maximum
scour depth is reported in the case of the bridge pier transverse to the flow installed at the 60-degree position of the bend
with a relative radius of 5. Under these circumstances, the maximum depth of scour is evaluated to be 1.14 times the depth
of flow at the beginning of the bend. Also, the maximum volume of scour around bridge piers has been detected in this case.
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A The main scour hole area
\% The main scour hole volume

1 Introduction

Rivers are constantly changing in terms of size, shape, path
and pattern, and respond to natural forces that change along
their continuum. Parameters such as the flow discharge, the
sediment discharge, the grade of bed sediment and the sedi-
ments deposited on riverbanks cause the mentioned changes,
classifying the rivers into groups. Regarding the planform
of the rivers, they are subdivided into straight and meander-
ing. In the planform of meandering rivers, a series of regular
sinuous curves, bends, loops and turns directly connected to
each other in the channel of a river are visible. The flow pat-
tern in the meandering river seems to be rather complicated,
and the river bend has been of interest to hydraulic engineers
due to the special spiral flow regime. Rivers as a natural
flow of running water generally flow in an irregular pattern
instead of following the straight path. Therefore, investigat-
ing morphology of rivers has been of great importance. The
primary characteristic of the flow in an open-channel bend
is the strong secondary flow known as the secondary motion,
the secondary circulation, the latitudinal flow and the lati-
tudinal circulation.

Bridges are a critical component of a nation’s infrastruc-
ture to provide continuous access for a road network. Every
year, many bridges fail worldwide mainly due to scouring
at their piers (Johnson and Dock 1998). The flow pattern
around piers is naturally complicated and becomes more
complicated when a scour hole forms. The hole expansion
around piers causes the removal of sediments, and the bridge
may then collapse. Hence, the scour mechanism needs to be
analyzed.

As already mentioned, the flow pattern in the bend as well
as the complexity of flow around the cylindrical pier makes
the flow pattern more complicated. As bridges are mainly
placed in a bend of the river, and considering the different
flow structures in the bend and as well as the importance of
flow structure and scour depth evaluation around the piers,
more detailed analysis of flow structure around the piers
is needed. The following is a brief introduction to some of
the research efforts from the literature. Graf and Istiarto
(2002) investigated the flow pattern around a cylinder on
a moving bed by using an acoustic Doppler velocity pro-
filer (ADVP) and reported the resultant vortices. Bozkus
and Yildiz (2004) analyzed the scour around a bridge with
a single circular pier in a straight channel and found that
the local scour depth decreased considerably as the inclina-
tion angle of the pier toward downstream was increased.
Elsebaie (2013) worked on the scour around a cylindrical
pier and reported the maximum scour depth at the upstream
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side of the pier, directly proportional to time and the flow
rate. Fael et al. (2016) studied the influence of the shape and
angle of the pier on scour depth around a single pier in a
straight path. In fact, 5 types of piers were used through the
experiments. They realized that the value of the pier shape
coefficient may be assumed 1 for rectangular piers with
round corners and 1.2 for the cases with sharp corners. Ben
Mohammad Khajeh et al. (2017) evaluated the depth and
the location of scour around an inclined cylindrical bridge
pier in the apex of a sharp 180-degree bend. The outcomes
indicated that the maximum and the minimum scour depths
happened around the pier inclined toward the outer bank
and the inner bank, respectively. Surprisingly, by placing
the pier with its inclination toward the outer bank, alternat-
ing sedimentary dunes appeared at the downstream side of
the pier in an area adjacent to the inner bank. Vaghefi et al.
(2020) analyzed the scouring affected by the presence of a
rigid T-shaped spur dike around bridges with a 90° pier in
a 180° channel with a sharp bend. The findings suggested
that the installation of the T-shaped spur dike on the outer
bank remarkably reduced the scour around the bridge pier.
Moreover, installation of a spur dike at the 70° position on
the outer bank resulted in the greatest influence, reducing
the scour by 45 percent compared to the case with no spur
dikes installed. Ben Mohammad Khajeh and Vaghefi (2020)
studied the effects of abutments in the presence of a pier on
scour depth in a sharp 180-degree bend. They found that the
maximum scour depth was detected at the upstream side of
the outer abutment in all tests.

The numerical model compared to the laboratory experi-
ments appears to be less time- and cost-consuming in terms
of the determination of the impact of some parameters on
scour. Investigation of parameters such as the radius of
curvature in a laboratory requires large space and is time-
and cost-consuming, whereas, for researchers, the numeri-
cal model is a low-cost and easy-to-use way to achieve the
desired results. Several studies have been carried out on this
matter and some studies are mentioned below. Olsen and
Melaaen (1993) developed a 3D simulation model to model
the flow pattern around a bridge for the determination of the
water level variations and the bed scour around the bridge
piers. Richardson and Panchang (1998) analyzed the flow
pattern around a cylindrical pier by using FLOW-3D soft-
ware and examined the impact of local scour on the flow pat-
tern. Tseng et al. (2000) represented a 3D numerical model
by which the flow pattern around a cylindrical pier exposed
to a steady flow was modeled using the finite volume method
by solving no compressible fluid equations. Yen et al. (2001)
could model bed elevation changes and flow pattern around
cylindrical bridge piers by combining a 3D flow model
with a scour model. In fact, large eddy simulation (LES)
model was applied in order to model the turbulence and the
bed shear stress. Roulund et al. (2002) modeled the flow
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around a bridge pier using 3D numerical model. The effect
of roughness thickness of the boundary layer, the bed coarse-
ness and inclination of pier with respect to the transverse
direction on horseshoe vortices formation has been studied.
The results indicate that an increase in horseshoe vortices
length is intimately associated with increasing the Reyn-
olds number. Salahedin et al. (2004) applied Fluent soft-
ware for simulating the divergent flow pattern around the
pier under clear water condition. Elsaeed (2011) investi-
gated the scour pattern around the bridge piers using SSIIM
and achieved acceptable conclusions. In this paper, scour
evaluation by SSIIM was regarded more feasible than other
methods because the computational cost and time have sig-
nificantly decreased. Akib et al. (2014) studied the scour and
its maximum depth around a real bridge pier using SSIIM2
numerical software. Mohamed et al. (2015) developed a
3D numerical model to simulate scour around bridge piers
employing SSIIM software. Ehteram and Meymand (2015)
modeled the flow and sediment where the bridge becomes
narrower using SSIIM2 in 3D space. Basser et al. (2015)
applied SSIIM to simulate the scour around a rectangular
abutment. Ghobadian and Basiri (2016) calculated the local
scouring and sedimentation pattern at a laboratory 60-degree
channel using 3D SSIIM software. Azizi et al. (2016) stud-
ied the flow around a bridge pier surrounded by submerged
vanes using Fluent software. Wang et al. (2016) determined
scour around twin circular bridge piers along a straight path.
Karimi et al. (2017) carried out an experimental study on
the effect of inclination angle of the bridge piers on the
scouring process through a straight channel. Hamidi and
Siadatmousavi (2017) applied a SSIIM numerical model
in order to simulate the flow pattern and the scour pattern
around the bridge piers placed in a straight path. According
to their results, although SSIIM numerical model evaluated
the scour depth effectively, it overestimated the scour depth
between the piers. Vaghefi et al. (2017) conducted a research
work on the flow pattern around a T-shaped spur dike influ-
enced by attractive and repelling protective structures using
SSIIM numerical model. Khayyun and Mouhamed (2018)
analyzed the flow pattern and sediment transport along a
river. Based on the findings, SSIIM model appeared to be a
perfect dynamic model to assess and evaluate the sediment
transport. Himmerling et al. (2018) recorded velocity dis-
tribution and bed elevation changes of the Warta river, as a
meandering river, using SSIIM. Ezzeldin (2019) compared
numerical analysis with experimental results and realized
that the scour depths around a spur dike are roughly similar
in both models. In other words, SSIIM is able to simulate
the scour and sedimentation with an acceptable accuracy.
Asadollahi et al. (2019) made experimental and numerical
comparisons between flow and scour pattern around single
and triad series of piers located in a sharp 180-degree bend.
Asadollahi et al. (2020) employed SSIIM numerical model

to examine the 3D flow and scour pattern around pier groups
placed in transverse direction. The results demonstrated that
changing the position of the bridge piers in the channel has
an insubstantial impact on the maximum scour value, yet the
amount of the maximum sedimentation increased by 12%
after relocating the piers from the 60- to the 90-degree angle;
however, relocating them from the 90- to the 120-degree
position led to a 42% reduction in the maximum sedimenta-
tion. Rasaei et al. (2020) measured the maximum depth and
volume of scour hole around piers in a 90° convergent bend,
with a central curvature radius of 170 cm, of a river. The
cylindrical pier with a diameter of 60 mm was prepared and
installed in positions of 0°, 30°, 45°, 60° and 75° of a 90°
convergent bend to consider the local scour in clear water
mode. A comparison between experimental and numeri-
cal results revealed that increasing the convergence in the
bend increased the continuity between flow lines as well as
the intensity of the secondary currents. SSIIM-2 numerical
model efficiently simulates the scour pattern in a 90-degree
convergent bend, and in the numerical case, it showed a
good agreement with the experimental results.

A recent review of the literature on this topic indicates
that the scour pattern around piers placed in longitudinal
and transverse directions to the flow in a bend, the effect
of parameters such as the pier position and the changes in
radius of curvature have not yet been discussed. Accord-
ingly, this manuscript intends to provide reliable knowledge
on this matter. Moreover, based on numerical studies, SSIIM
program can be used efficiently for the simulation of the
scouring.

2 Methodology
2.1 The Experimental Model for Verification

Vaghefi et al. (2018) performed the experiments using a
flume with a 180-degree bend in the advanced laboratory
at Persian Gulf University. The flume is equipped with
an upstream 6.5-m-long straight reach and a downstream
5.1-m-long straight reach which are connected to each other
by a 180-degree bend with an inner radius of 1.5 m and an
outer radius of 2.5 m. In addition, to better strengthen the
flume and protect its wall, which is made of glass, a metal
frame is utilized. The flume is 70 cm deep amd 1 m wide
(B), and the relative radius of the bend to its width (R/B) is
2 according to Leschziner and Rodi (1979); it is qualified
as a sharp bend.

The flume has a bed slope of 0.001, covered by a layer
of 30-cm-thick sand with an average diameter of 1.5 mm
and a deviation coefficient of 1.14. The inlet discharge
is 70 1/s, which is close to the incipient motion. Cylin-
drical bridge piers with a 5-cm diameter and a 15-cm
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center-to-center distance are placed in the middle of the
flume in both transverse and longitudinal directions to the
flow. A schematic view of the bridge piers is presented in
Fig. 1.

2.2 The Numerical Model and Equations Governing
the Flow

The main advantage of SSIIM model compared to other
CFD models is its simulating ability in terms of sediment
transport along a movable bed in complicated geometry.
The Navier—Stokes equation for turbulent flow in a general
three-dimensional geometry is solved to obtain the water
velocity. The k—¢ model is used for calculating the turbu-
lent shear stress.

The Navier—Stokes equations, non-compressible and
constant density flow can be modeled as defined by

Eq. (1):
oU; U, 1 9 _
o Ui = 5 g (P% — piiE) M

Here, x is distance, U denotes velocity in three direc-
tions, P presents total pressure, and 5ij is Kronecker delta
that is 1 if i =j; otherwise, it is 0 (Olsen 2014).

The left term on the left side of the equation is the
local acceleration, and the next term is the convective
acceleration.

The first term on the right-hand side is the pressure
term. The second term on the right side of the equation is
the Reynolds stress term. To evaluate this term, a turbu-
lence model is required.

The equations are discretized with a control volume
approach. An implicit solver is used, also for the multi-
block option. The SIMPLE method is the default method
used for pressure correction. The power-law scheme or the
second-order upwind scheme is used in the discretization
of the convective terms (Olsen 2014).

Fig.1 A schematic view of the

piers placed in (a) transverse - P1
and (b) longitudinal directions Flow G — Flow
to the flow Direction ! d Direction
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The eddy viscosity concept is introduced with the
Boussinesq approximation to model the Reynolds stress
term using Eq. (2)

= (2 + Y 4 2
ity = vr 0x; ()xj 30 &

The first term on the right side of the equation forms the
diffusive term in the Navier—Stokes equation. The second
term is often neglected. The third term on the right side is
incorporated in to the pressure. It is very small and usually
not of any significance (Olsen 2014).

The k—e model calculates the eddy viscosity by Eq. (3)

V=, )

M2
K is turbulent kinetic energy modeled as Eq. (4):

ok ok 0 (Vr ok
i (X&) yp -
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where P, is given by Eq. (5):

aU; (oU;  9U;
P=vp—| —+—
k=Y ox; < ox;  0x; > )
The dissipation of k is denoted by £ and modeled as
(Olsen 2014):

o€ o€ 0 [ Vr de € 2
9t e 9 (o c.&tp +c. &
ot Y dx;  0x; (65 ()xj> T ot Gl ©)

In the above-mentioned equations, for k—¢ model, the
constant values are defined as follows and these cannot be
changed by the user (Olsen 2014):

¢, =009 C,=144 C,=192 o,=13

For suspended load, Olsen (2014) developed a formula
for the equilibrium sediment concentration, C 4, close to
bed:

Pl P2 P3
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The sediment particle diameter is denoted by Dy, a is
a reference level set equal to the roughness height, 7 is the
bed shear stress, 7, is the critical bed shear stress for move-
ment of sediment particles according to shields curve, p,,
and p, are the density of water and sediment, v is the vis-
cosity of water (m?/s), and g is the acceleration of gravity
(Olsen 2014).

In addition to the suspended load, bed load g, can be
calculated. Olsen’s formula for bed load is used as Eq. (8):

2.1
-1,
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Here, D5 is the particle diameter, a is a base surface
equivalent to roughness height, 7 is the bed shear stress, and
7, denotes the critical shear stress for incipient motion of
particles on the bed (Olsen 2014).

2.3 The Boundary Conditions and Meshing

The inlet discharge is defined, and the gradient of all param-
eters is also assumed to be 0. The outlet discharge has been
introduced as one of the outlet boundary conditions. € gra-
dient and & value in water surface level are 0 as well as the
discharge crossing bed and walls. Also, the gradient of loss
of kinetic energy and the value of kinetic energy in the water
surface is zero. The flux passing the bed and walls is zero.
During simulation, in order to achieve more accurate and
reliable findings, in both bridge pier modes in transverse
and longitudinal directions to the flow, a finer mesh consist-
ing of 61 and 55 radial sections (latitudinal) and 53 and 69
longitudinal sections, in addition to 7 altitudinal sections,

is applied as depicted in Fig. 2. In fact, non-uniformity was
visible in mesh in deeper parts so that the mesh used near
the bed and the water surface was finer compared to that
used in other parts.

2.4 Initial Conditions in Modeling

The flow properties during all experiments are Q =90 1/s,
Y=18 cm and Fr=0.3. Q is discharge, Y is water depth at
the bend entrance, and Fr is the Froude number in straight
parts at the upstream side of the bend. The flume walls are
solid, and only the bed is erodible and analyzed under clear
water conditions since the maximum scour depth occurs in
clear water. On the other hand, the scour holes were not
filled by the sediment transported from upstream. The piers
were modeled in both pier modes in transverse and longitu-
dinal directions to the flow in different positions, installed
in the 180-degree bend with relative radii of 2, 3, 4 and 5,
as displayed in Table 1.

As shown in the second column of the table, a symbol
is assigned to each modeling. P represents the bridge pier.
and T and L denote the transverse and longitudinal direc-
tions, respectively. In naming the process of models, the
first and second numbers refer to the relative radius of the
bend and the bridge pier position, respectively. For instance,
model 1, labeled as PT2-60, indicates that the bridge piers
are installed in a transverse direction to the flow in a bend
with a relative radius of 2 at the 60-degree position.

2.5 Experimental Verification of the Numerical
Model

First, the numerical model has to be calibrated by an experi-
mental model, and its ability has to be proved. To verify
this model, the findings of Vaghefi et al. (2018) have been
considered.
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Fig.2 Mesh used when the piers are placed in a transverse and b longitudinal directions to the flow
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Table 1 Model characteristics

Number Symbol of test The pier place- R/B  The position of
of test ment in the bridge piers (°)
flume
1 PT2-60 T 2 60
2 PT3-60 T 3 60
3 PT4-60 T 4 60
4 PT5-60 T 5 60
5 PL2-60 L 2 60
6 PL3-60 L 3 60
7 PL4-60 L 4 60
8 PL5-60 L 5 60
9 PT2-90 T 2 90
10 PT3-90 T 3 90
11 PT4-90 T 4 90
12 PT5-90 T 5 90
13 PL2-90 L 2 90
14 PL3-90 L 3 90
15 PL4-90 L 4 90
16 PL5-90 L 5 90
17 PT2-120 T 2 120
18 PT3-120 T 3 120
19 PT4-120 T 4 120
20 PT5-120 T 5 120
21 PL2-120 L 2 120
22 PL3-120 L 3 120
23 PL4-120 L 4 120
24 PL5-120 L 5 120

2.5.1 Verification of the Numerical Model with Bridge Piers
Transverse to the Flow

Asadollahi et al. (2019) studied the verification process of
SSIIM numerical model with experimental model when the
bridge piers are in transverse direction with respect to the
flow. Based on comparisons, the SSIIM numerical model
is capable of simulating the scour pattern in the 180° sharp
bend with the bridge piers. In both mentioned models, the
maximum scour value and the maximum sedimentation are
approximately the same.

2.5.2 Verification of the Numerical Model with Bridge Piers
Longitudinal to the Flow

Figure 3 displays the bed topography in numerical model
in the 180° bend with bridge piers longitudinal to the
flow. Considering the figure, it is clear that the presented
numerical model is in accordance with the experimental
one from Vaghefi et al. (2018) in terms of occurrence place
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Fig.3 Bed topography in the numerical model with bridge piers
placed longitudinal to the flow

and the maximum scour. The maximum scour in the exper-
imental model around the bridge piers is 1.04 times the
flow depth at beginning of the bend and is recorded at the
89° section, while, for the numerical model, this amount
decreases to 0.94 times the flow depth at the beginning of
the bend at the 87° section. As evident, the dimensionless
maximum amount of sediment in both models is estimated
0.6 and is deposited in the vicinity of the inner bank.

Figure 4 demonstrates a sample of the latitudinal profile
of the bed for both numerical and experimental models in
4 sections at 60°, 86°, 90° and 94°. According to Fig. 4a,
at the 60° section located before the bridge piers in both
models, at the inner bank of the bend, sedimentation is
equivalent to 1-5% of the flume width at the inner bank.
As shown in Fig. 4b—d, at 86°, 90° and 94° sections, where
the bridge piers are placed, SSIIM is able to simulate
Vaghefi et al. (2018) experimental model accurately so
that sedimentation appears at the beginning of the flume
in both models and the maximum scour occurs around the
piers. The maximum scour is recorded at the 86° section
around the first bridge pier.

The scour pattern around the middle bridge pier, in both
models, is approximately similar, whereas the maximum
scour, in the experimental model, occurs around the mid-
dle bridge pier located between upstream and middle one.
Also, it is evident that around the downstream bridge pier,
compared to the other bridge piers, less scour occurs in
both models, and the maximum scour of 0.6 and 0.8 times
the incoming flow depth formed around the third bridge
pier in the numerical model and experimental model from
Vaghefi et al. (2018).

A point-to-point comparison between the numerical
model and the experimental model from Vaghefi et al.
(2018) in bridge piers longitudinal to the flow direction
is provided in Fig. 5. Based on the bisector line, values in
both models are intimately equal and mainly concentrated
in a 20% error range.
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Fig.5 A comparison between the data related to bed topography of
the numerical model and the experimental model from Vaghefi et al.
(2018)

3 Results

In this section, the results related to bed topography varia-
tions are discussed. In fact, the effect of pier relocation and

the changes of bend radii on bed topography in channel
will be analyzed.

3.1 The Bed Topography Variations

The bed topography for models with piers placed in both
transverse and longitudinal directions to the flow, which is
affected by the mentioned parameters as well as the magni-
fication of the scour hole developed around piers, is depicted
in Figs. 6, 7 and 8. In fact, the presence of the piers along
the bend leads to the flow pattern changes, forming vortices
around the piers and resulting in variations in bed topogra-
phy. In the case where the piers are situated in the middle
of the bend, the scour is estimated to increase, and the exca-
vated sediments are accumulated at the downstream side of
the piers. Finally, the sedimentary stacks gradually move
into the inner bank owing to the secondary flow motion in
close-bed layers combined with the streamwise velocity.

A glance at Fig. 6a, in the sharp bend with a relative
radius of 2, reveals that the piers are exposed to the main
scour hole in addition to a secondary scour hole downstream.
The secondary scour hole formation is attributed to the
presence of the secondary flows together with sedimentary
stacks at the inner bank. By changing the pier orientation
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Fig.6 Bed topography when the piers are placed at the 60-degree position and the relative radiusisa2,b 3,c4 andd 5

with respect to the flow direction from transverse to longi-
tudinal, the maximum depth of scour hole deteriorated about
13%. In PT2-60, the sedimentary stacks and the location
of the maximum height of sedimentation are highlighted
near the inner bank; however, in PL2-60, another main sedi-
mentary stack is developed near the outer bank at the pier

Shiraz University
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downstream in area “A.” This is due to sediment removal
from the scour hole. The pier arrangement results in the flow
redirection and is consequently responsible for the formation
of the unsymmetrical scour hole. As presented in Fig. 6b,
the pier positional change from transverse to longitudinal
direction to the flow in the sharp bend with R =3B makes the
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Fig.7 Bed topography when the piers are placed at the 90-degree position and the relative radiusisa 2, b 3,c4 andd 5

maximum scour and sedimentation reduced by 2 and 45%,
respectively, whereas increasing the relative radius to 4,
based on Fig. 6¢, causes 0 and 44% growth in the maximum
scour and sedimentation, respectively. In effect, the piers
in transverse position induce remarkable bed variations in
comparison with those in a longitudinal arrangement. Where

R=5B, as given in Fig. 6d, and if the arrangement of piers
located at the 60-degree section is changed from transverse
to longitudinal with respect to the flow direction, the maxi-
mum scour is declined by 24%, while the scour hole around
the piers through the flume width in PL5-60 is extended
further than that in PT5-60.
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Fig. 8 Bed topography when the piers are placed at the 120-degree position and the relative radiusisa 2, b 3, ¢4 and d 5

According to Fig. 7a, when the piers are placed in the
bend apex in transverse direction to flow, the maximum
scour depth around the piers in comparison with the longi-
tudinal ones is estimated to rise and obviously extends the
sediment accumulated along the downstream inner bank.
Similarly, adjacent to the outer bank at the piers downstream

R @ Springer
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in PT2-90, a secondary scour hole with the maximum scour
depth of 0.45Y is reported. Here, more erosion in response
to the flow stream deflected toward the outer bank is indi-
cated. The sedimentary stacks resulting from bed excavation
around the bridge pier at the inner bank and in the middle
of the flume are displayed in Fig. 7b. The maximum scour



Iranian Journal of Science and Technology, Transactions of Civil Engineering (2021) 45:1971-1988

1981

improvement is associated with a change in the relative
radius around the piers placed in transverse direction to the
flow; however, in the case with piers located in a longitudi-
nal direction to the flow, it is totally different, for the relative
radius increases from 2 to 3 and the maximum height of
sedimentary stack decreases by 42%. In Fig. 7c, for PT4-
90, the maximum scour depth along the flume takes place
around the pier located at a shorter distance away from the
outer bank at #=_89° position although for PL4-90, it hap-
pens around the middle pier at §=88° position. This phe-
nomenon could be affected by the pier position with respect
to the direction of the maximum flow velocity. According to
Fig. 7d, some factors such as the turbulent cross-flow, down-
ward flow and formation of vortices around the piers are
involved in the maximum scour. This amount in PT5-90 and
PL5-90 is, respectively, 0.96Y and 0.8Y, and an adjustment
in the pier installation from transverse to longitudinal makes
the scour 2.5° closer to the bend entrance. In addition, devel-
opment of the scour hole around the downstream bridge pier
in PT5-90 compared to PL5-90 increases by 30%.

When the bridge piers are installed at the 120° position
and R=2B, as given in Fig. 8a, the scour depth is directly
proportional to the size of the scour hole. The maximum
scour hole extension has been recorded in PL2-120 that has
been extended 6.5D from the pier position toward down-
stream. In Fig. 8b, although the maximum scour depth
around the piers in PL4-120 is greater than that in PT4-
120, in the latter, the scour hole around downstream piers
is extended 0.16 times further than that in the former. This

could be associated with more downward currents in PT4-
120; however, because of the pier arrangement in PL4-120,
the bed is exposed to more downward flow. Hence, it creates
a deeper hole in front of the piers and, eventually, PL4-120
experiences fewer fluctuations in bed at the downstream
piers compared to PT4-120. In Fig. 8c, regarding the bed
elevation, a 15% increase in the maximum scour depth and
a change in the pier direction from transverse to longitudinal
to the flow in two certain models lead to a 34% reduction in
sedimentation level, which is due to the effect of the bend
and the piers on the flow pattern. This trend has also been
recorded in Fig. 8d, with piers in the mild bend (R=5B), so
that changing the pier direction from transverse to longitudi-
nal causes 14% growth in the maximum scour depth as well
as 45% reduction in the maximum sedimentation level. The
point worth noting is that the pier arrangement in PL5-120
results in lower intensity of the secondary flow downstream
to prevent the formation of the secondary scour hole.

3.2 The Maximum Scour Depth and the Occurrence
Location

Figure 9 displays the maximum scour position in the bend
for all models. As obvious, the maximum scour variations
range from 0.7Y to 1.14Y, which occur in PT5-120 and
PT5-60 at 120° and 60°, respectively, where the piers are
installed. Besides, the maximum scour depths are smaller
in piers placed in transverse direction to the flow compared
to piers in longitudinal direction to the flow.
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3.3 Depth of the Secondary Scour Hole and Its
Position

In Fig. 10, the maximum scour depth of the existing sec-
ondary hole at the downstream piers has been marked. As
presented, the maximum scour depth of the second hole
occurs at 6 =69.5°-150° at a distance of 31-75% of the
flume width from the inner bank. The maximum depth
of the secondary scour hole is recorded only in PT2-120,
at @=176.5° and at a distance of 10% of the flume width
from the outer bank. The reason behind this is that the
piers approaching the sharp bend exit with R =2B gener-
ate the velocity distribution, and the maximum velocity is
deflected toward the outer bank owing to the presence of
the downstream reach of path. The maximum and mini-
mum depths of the second scour hole for PT2-120 and
PL3-60 are 0.6Y and 0.15Y, respectively. In other words,
considering Fig. 10, in PT4-60, PL4-60, PL5-60 and PL5-
120, there is no scour hole generated at the downstream
side of the piers.

3.4 The Maximum Height of Sedimentation and Its
Position

The maximum height of sedimentary stacks is provided
in Fig. 11. In all simulated models, with piers placed in
transverse direction to the flow, except for PT2-120, the
maximum height of sedimentation compared to the cases
with piers placed in a longitudinal direction to the flow
forms farther away with respect to the pier position. For
instance, for piers located at 8 =90° with R = 4B, for
cases with piers placed in both transverse and longitudi-
nal directions to flow, the maximum height of sedimen-
tary stacks is detected at distances of 26D and 47D from
the pier location. With regard to the maximum height of
sedimentation for all models except PT2-90, this point in
models with piers located in transverse direction to flow
is higher than that in cases with piers placed in a longitu-
dinal direction to the flow.

Fig. 11 Location and the maxi- X PT2-60 X PT3-60
mum relative height of sedi- o Ei-igo 2 gg_igo
. . . . X - -

mentation, non-dimensionalized
with respect to the flow depth at 1
the beginning of the bend 0.8

Z 06

x

©

£ 04

< @

02 EA

300
A
280 | =z
® 54
- . BN
Soe0f c = §
> S @
® |::
L I g
240 > v
s Surrounded rectangle length
I on scour hole, (L)
220 1 1 1 1
-200 -180 -160 -140 -120 -100

X{cm)

Fig. 12 A schematic view of the rectangle surrounding the scour hole
around the piers

3.5 Dimensions of the Rectangle Surrounding
the Scour Hole

In order to study the impact of the relative radius and the
pier position in both piers in transverse and longitudinal
directions to the flow on the scour hole distribution in both
width and length of flume, the surrounding rectangle dimen-
sions are given in Fig. 12. For the estimation of the scour
hole location, points in which the scour depth is greater than
50% of the pier diameter (deeper than 2.5 cm) are assumed
to be associated with the main scour hole around the piers.
A schematic view of the surrounding rectangle is shown in
Fig. 12.

Figure 13 displays the schematic view of the rectangle
surrounding the scour hole around the bridge piers. The
horizontal and vertical axes present the dimensionless length
and width of the rectangle, respectively. As shown in the fig-
ure, the length and width of this rectangle are equal in PL5-
120 so that a square-shaped scour hole is produced around
the pier. In PT2-60, the length of the rectangle is greater
than its width. As such, the longitudinal sediment accumula-
tion is more visible than the lateral one. For all models, the
length of the surrounding rectangle ranges from 2.5 to 4.5
times the flow depth, which peaks in PT5-60 and reaches the
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minimum in PL5-120. Width of the surrounding rectangle
peaks in PL2-90 and reaches the minimum in PL5-120.

3.6 Scour Hole Area and Volume

To display the scour hole size around the piers, the fig-
ure related to the area and the volume of the scour hole
around the piers, non-dimensionalized with the second and
third powers of the flow depth at the bend entrance in all
models, is displayed in Fig. 14. Considering Fig. 14, the
maximum dimensionless area of the scour hole around the
piers is detected in PT4-90. It is argued that in the case with
pier groups placed in a transverse direction to the flow, in
a mild bend with a relative radius of R=4B, the more the
piers approach the bend apex, the more expanded the scour
hole appears so that the area of scour hole around piers in
PT4-90 has been reported 34 and 32% greater than those in
PT4-60 and PT4-120, respectively. A comparison between
the maximum scour depth and hole development indicates
that, in some cases, these two variables variations are totally
different. For example, although the maximum scour depth
around piers in PL3-90 is about 10% greater than that of
PT3-90 (Fig. 9), regarding Fig. 14, the scour hole is 32%
less expanded in PL3-90 compared to PT3-90. Also, the
maximum volume non-dimensionalized with respect to
the cube of the flow depth belongs to PT5-60, whereas the
minimum one is recorded in PL5-120, and they are 5 and
1, respectively.

3.7 Longitudinal Sections of Scour

Figure 15 depicts the drawn sections at a distance of 5% of
the channel width from the inner bank along the bends with
different relative radii with piers placed in different loca-
tions. In the sharp bend given in Fig. 15a, the maximum
scour has occurred at the end of the channel. In this section,
the maximum scour is estimated 0.5Y and belongs to PT2-
120 at 8=175.5° position of the bend. In these sections, the
sedimentation is observed from the 25-degree angle to the
end of the bend. This phenomenon is more evident in the
second half of the bend and downstream of piers. This is due
to the fact that the excavated materials from the scour hole
coincide with the maximum velocity in the bend and deflects
the sediments toward the inner bank. The maximum height
of sedimentary stacks in these sections is 0.55Y at 6= 122°
position in PT3-60, and the pier relocation to 90°, with the
same arrangement (PT3-90), results in height reduction by
9%, as shown in Fig. 15b. As depicted in Fig. 15c, in all
models from 0° to 60° from the beginning of bend, the bed
variations follow the same trend. The maximum height of the
sedimentary stack is 0.3Y and belongs to PT4-60 at 9=97.5°
position. In the mentioned model, from the 120-degree angle
until the bend end, the bed elevation remains unchanged. As
shown in Fig. 15d, patterns of the bed elevation variations
in models with piers placed in a transverse direction to the
flow are similar and the variations start at shorter distance
to the beginning of the bend compared to those in the mod-
els with piers placed in a longitudinal direction to the flow.
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Fig. 15 A sample of longitudinal sections at a distance of 5% of the flume width from the inner bank in models with curve radii of a2, b 3, c 4

andd 5

Moreover, unlike the sharp bend, the scour does not occur
near the inner bank when R=5B.

In the cross section crossing the middle of the channel,
regarding Fig. 16a, the main scour hole and its develop-
ment along the flume are obtained. By changing the pier
arrangement from transverse to longitudinal, a remarkable
reduction in the depth of the scour hole is visible. A little
farther away from the piers, at the piers downstream, the
sediments start to deposit. The maximum height of sedi-
ment, 0.3Y, occurs in the middle of the flume, for PT3-120
and at 0= 152°, as shown in Fig. 16b. By moving the piers
placed in transverse direction to the flow from the first half
of the bend to the second half, based on Fig. 16c, there is
less scour in the middle of the flume and around the piers;
however, the model with the piers situated in a longitudinal
direction to the flow yields an inverse response so that the
scour hole depth in PL4-120 is about 5% greater than that
in PL4-60. When R=5B, according to Fig. 16d, in both pier
arrangements, the scour hole depth decreases from the first
half to the second half of bend.

Figure 17 illustrates the longitudinal sections near the
outer bank for all models. In all cases, the scour happens
in the second part of the bend, near the outer bank. In fact,

32

7

@ Springer

the scour occurs periodically. Regarding the flow deflec-
tion toward the outer bank, the scour hole formation near
the outer bank is explainable. The minimum score depth
is reported to be 0.1Y in PL2-60 and PL3-60 and the maxi-
mum, due to a change in the pier situation, is 0.4Y in PT3-
120, as shown in Fig. 17a, b. By changing the relative cur-
vature radius of the bend from 2 and 3 to 4 and 5, as in
Fig. 17¢, d, the holes formed in the mild bend are steeper
compared to those in the sharp bend. The hole slope toward
the inner and outer banks follows falling and rising trends,
and the bed topography variations in the mild bend are less
than those in a sharp bend. The maximum depth of scour
hole in the outer bank is 0.38Y and is attributed to PT4-120
at 6=130°.

4 Discussion

By comparing Figs. 6, 7 and 8, it can be stated that when
the flow hits the bridge pier nose, the flow velocity changes
into pressure on pier. Due to distribution of transverse flow
velocity and upward increasing velocity, a downward high-
pressure gradient is induced at the pier. The maximum
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Fig. 16 A sample of longitudinal sections at a distance of 50% of the flume width from the inner bank in models with curvature radii of a 2, b 3,

c4andd5

scour, in all relative curvature radii, happens around the
piers because the pressure gradient produces a down-flow
at the front of the pier. Also, the presence of piers placed in a
transverse direction to the flow at the beginning of the chan-
nel can affect bed topography variations more than those in
a longitudinal direction. This is due to the presence of more
obstacles on the flow in the former case compared to the
latter. Consequently, significant variations are created in the
bed topography. As for sedimentation, regarding the flow
characteristics of the bend and the presence of close-bed
flows moving toward the inner bank, the area is one where
the maximum sedimentation would occur. Furthermore,
according to observations, relocating the piers from the first
half of bend to the second half would lead to the formation
of abutments at a shorter distance from the piers.
Comparing the outcomes of the numerical analysis
related to the position, the maximum scour depth value and
the maximum sedimentation height in Figs. 9 and 11, it can
be stated that an average increase in the maximum scour
value and sedimentation around the piers installed in both
transverse and longitudinal directions to the flow is associ-
ated with increasing the relative curvature radius from 2 to
5. Relocating the piers from the first half of bend to the apex

of the bend (from 60° to 90°) and to the second half of bend
(120°) leads to an increase in the maximum scour.

For all the models depicted in Fig. 10, a comparison of
the secondary scour hole among the models illustrates that
the second scour hole in addition to the main scour hole is
formed at the outer bank at the downstream face of the piers.
However, for piers placed in a longitudinal direction to the
flow, the second scour hole occurs at the upstream side of
the piers at outer bank only in PL2-90, PL2-60, PL2-120,
PL3-120 and PL4-120. The largest second scour hole forms
in PT2-120, at the 176.5-degree position at the distance of
0-10% of the channel width from the inner bank, whereas
the smallest one is seen in PT5-60, at 102.5°. In general,
increasing the relative curvature radius and using a milder
180-degree bend entail a shallower second scour hole which
occurs at a short distance to the pier.

In Fig. 13, the width of the rectangle surrounding
the scour hole formed around the piers is longer than its
length in the models in which the piers are placed in a
transverse arrangement. As such, with this pier arrange-
ment, the latitudinal flow is stronger, and accordingly, the
sediments move toward the latitudinal axis of the channel
rather than the longitudinal axis. The maximum length of
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the rectangle surrounding the scour hole is in PT5-60 and
the minimum is obtained in PL5-120, the values of which
equal 4.5 and 2.5 times the flow depth at the beginning
of the bend, respectively. Moreover, observations indicate
that the length and width of the rectangle in the model
with piers placed in a longitudinal direction to the flow at
the 120-degree position from the beginning of the bend
with a relative curvature radius of 5 have been equal. In
other words, the scour hole is surrounded by a square.
It could be argued that in order for the flow strength to
transfer sediments around bridge piers, length and width
of channel are the same.

Investigation of the area and the volume of the scour
hole displayed in Fig. 14 demonstrates that the area and the
dimension of the scour hole around the piers placed in a
transverse direction to the flow are greater than those with
the piers in a longitudinal direction to the flow (except in
the model with piers placed at 120° in a sharp bend). Actu-
ally, in the case with piers located in a transverse direction
to the flow, owing to the frequent collision of the flow to
piers and the resultant turbulent flow, the wider scour hole
is produced along both channel length and width. Moreover,
the variations appear in the scour hole volume around piers

@ Springer

as a stronger down-flow is generated around the piers placed
in a transverse direction to the flow.

Considering profiles crossing at distances of 5, 50 and
95% of the channel width from the inner bank in Figs. 15, 16
and 17, it is evident that the bed topography variations in the
case with piers placed in a transverse direction to the flow
are more considerable than the ones in a longitudinal direc-
tion to the flow, and using a milder bend results in less sedi-
mentation at the inner bank. In the middle of the channel,
the scouring is more visible than in other profiles because
of the presence of vortices around bridge piers. Similarly,
from the beginning of the channel to the 50-degree position
from the bend entrance, there are no notable changes near
the outer bank in all the models. Subsequently, due to the
flow attack toward the outer bank, the scour holes are con-
secutively developed until the end of the bend.

5 Conclusion

The main purpose of this manuscript is to examine scouring
around cylindrical piers placed in both transverse and longi-
tudinal directions to the flow in a 180° bend, and validation
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has been performed using experimental data. Some effective
parameters such as the position and direction of the piers
and the relative radius have been measured. The results are
listed below:

Results of verification show that SSIIM numerical model
efficiently estimates the value and position of the maximum
scour and the maximum sedimentation when piers are placed
in a longitudinal direction to the flow using a similar experi-
mental model. It proves that SSIIM is capable of simulating
bed topography in a bend with pier groups inside.

Generally, in a sharp 180-degree bend with piers placed
in a longitudinal direction to the flow, the maximum scour
value is recorded greater than those with piers located in a
transverse direction to the flow, regardless of the relocation
of the piers. This phenomenon is also observed in a bend
with a relative radius of 3, except when the piers are placed
at the 60-degree position. However, for the other relative
radii, there have been notable feature recorded in the maxi-
mum scour depth variations, which is associated with the
pier arrangement.

The maximum scour depth around the piers for models
with piers located in transverse and longitudinal directions
to the flow in PT5-60 and PL4-120 has been equal to 1.14
and 0.98 times the flow depth at the first half of the bend,
respectively, measured at 60- and 119-degree positions from
the bend entrance.

For all the models with piers placed in a transverse direc-
tion to the flow, the pier located at a shorter distance from
the outer bank is subject to the maximum scour; however, in
the models with piers oriented in a longitudinal direction to
the flow, this phenomenon occurred around the middle pier.

On the whole, the maximum height of sedimentary stacks
for the model in which the piers are placed in a transverse
direction to the flow is greater compared to those in a lon-
gitudinal arrangement, except in PT2-90. Also, the maxi-
mum and minimum heights of sedimentary stacks have been
determined in PL2-60 and PL4-60, which were equivalent
to 0.8 and 0.2 times the flow depth at the bend entrance,
and were observed at 176 and 69° positions of the bend,
respectively.

The maximum length of the rectangle surrounding the
scour hole was measured in PT2-60, which was equal to 4.5
times the flow depth at the beginning of the bend. Moreover,
for PL5-120, the length and width of the rectangle were 2.5
times the flow depth at the beginning of the bend, while the
square-shaped scour hole appeared.

Relocating piers from transverse to longitudinal direc-
tions to flow led to a reduction in the expansion and the
volume of scour hole developed around piers so that the
maximum area of scour hole around the piers occurring in
PT4-90 model was equal to 20.5 times the square of the flow
depth at the beginning of the bend. Additionally, the mini-
mum and maximum scour hole volumes around the bridge

pier were reported 1 and 5 times the cube of the incoming
flow depth, respectively, for PL5-120 and PT5-60 models.
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