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Abstract

Various protective measures are employed to alter flow patterns and mitigate the intensity of vortices and resulting scour
around bridge piers. One such method involves the use of submerged vanes positioned upstream of the bridge piers. This
study investigated the effects of the changes in the position of the submerged vanes across the channel, as well as distances
of the vanes from the bridge pier and from each other with different 100, 50, and 0% overlapping lengths upstream of the
pier in a sharp 180° bend by using a SSIIM numerical model. The results demonstrated that the SSIIM model accurately
simulated scour with acceptable precision. The upstream submerged vanes significantly impacted the geometric characteris-
tics of the scour cavity around the bridge pier, including maximum scour depth, scour cavity area, and scour cavity volume.
On average, the scour depth and sedimentation were reduced by 15.67-50.60% and 6.53-20.41%, respectively. The vanes
exhibited a more pronounced effect on reducing the scour cavity volume compared to its area with average reductions of
40.1 and 34.5%, respectively. Increasing the length of overlapping vanes by 50% resulted in a 62.5% reduction in the scour
cavity length compared to that of the single-pier model. Additionally, the scour cavity slope was more symmetrical with
upstream submerged vanes compared to the single-pier model.
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Introduction

A strong helical flow occurring in curved open channels
is the main feature of the flow. This helical flow mainly
allows the lateral slope of the channel bed to be formed
and developed and its shear stress to be distributed. The
path of fluid particles and bed sediments depends on the
power of the helical flow in the channel. Therefore, it is
necessary that the effects of the helical flow for fluid par-
ticles and sediments be considered in the model in order
to obtain an accurate numerical model of bed alterations
in curved channels in rivers. In the past few years, numer-
ous 3D models of flow pattern and sediments have been
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developed by using more powerful calculation tools. A
great number of researchers have so far made attempts to
explore the pattern of the stream around bridge piers by
means of experimental and numerical methods. Ye and
McCorquodale [1] conducted a 3D hydrodynamic simula-
tion of the flow in the bend. They modified this model by
referring to the assumption of steady viscosity of vortices
under standard conditions and hence inefficiency of this
model in predicting sharply curved flows. Wu et al. [2]
carried out a 3D investigation of flow pattern considering
sediments as bed load and floating particles in a 180°bend.
Kassem and Chaudhry [3] employed a 2D model to predict
temporal bed-shifts in the bend. They also compared the
results of modeling with experiment results, which indi-
cated a desirable correspondence. Wilson et al. [4] also
used SSIIM numerical model and studied flow pattern and
colored matter stretching in a meandering laboratory chan-
nel. Wildhagen [5] used the numerical model of SSIIM to
examine sediment transport in sharply bent channels.
Aghaee and Hakimzadeh [6] conducted a simulation in
RANS and LES software applications and reported that
the RANS’ results were more similar to experimental data,
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underperforming only in demonstrating horseshoe vorti-
ces. Naji Abhari et al. [7] analyzed the flow pattern inside
a 90-degree curve and studied flow rate and the Froude
number with SSIIM. Then, they made a comparison of the
model’s results and the experimental data. Ghobadian and
Mohammadi [8] incorporated SSIIM numerical model to
predict flow fields in non-steady (convergent and diver-
gent) river bends. Nekoufar and Kouhpari [9] modeled
unsubmerged vanes upstream of bridge piers in a straight
path in SSIIM 3D software. These vanes are installed as
perpendicular to the flow. They found that this numerical
model could be a good option for simulation of sediment
transport and scour depth around bridge piers, and that
non-submerged vanes resulted in reduction of the scour
cavity around the pier. Abdallah Mohamed et al. [10]
designed a three-dimensional numerical model to conduct
simulations at bridge piers by applying SSIIM software.
Akib et al. [11] utilized the numerical software of SSIIM2
to evaluate the amount of scouring and maximum scour
depth around the bridge piers in the nature. Ehteram and
Meymand [12] carried out a 3D simulation of flow and
sediment patterns at the constriction made by a bridge with
the help of SSIIM2 software. Basser et al. [13] applied
SSIIM for modeling a rectangular abutment. Ghobadian
and Basiri [14] employed SSIIM 3D software to calculate
local scour and sedimentation in a channel with a
60-degree bend. Azizi et al. [15] numerically analyzed the
flow at a bridge pier with submerged vanes. Ouyang and
Lin [16] examined varied shapes of vanes affecting scour
at channel banks. They modeled the vanes of different
shapes in varied rows, and also simulated the effect of
boundary conditions and flow depth on bed topography.
Johnson et al. [17], Parchami et al. [18], Vaghefi et al. [19],
Zarei et al. [20] and Safaripour et al. [21] explored the
influence of submerged vanes on scour at a laboratory
bridge pier. They reported in the results that these vanes
generally cause a decrease in scour around the bridge pier.
Dey et al. [22] experimentally investigated the effects of
the locations of different submerged vanes at a bend of
180°. As suggested in the results, implementation of vanes
with a 15-degree horizontal angle leads to the best scour
decrease at the outer bank. Karimi et al. [23] experimen-
tally examined the effect of bridge piers inclination angle
upon scour trend in a linear channel. A numerical model
was developed by Hamidi and Siadatmousavi [24] for
evaluating patterns of flow and scour around a pier by
using SSIIM. Although they reached a successful numeri-
cal model of SSIIM for estimating scour depths in front of
adjacent piers, they overvalued the depths between the
piers. Vaghefi et al. [25] mathematically investigated the
pattern of flow around a spur dike with a T shape by using
SSIIM numerical model at attractive and repelling protec-
tive structures. Flow pattern and sediment transport were
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studied by Khayyun and Mouhamed [26] a 4250-m-long
river. They reported that SSIIM model is highly capable
of evaluating and estimating water flow and bed sediment
transport. Hammerling et al. [27] investigated distribution
of velocity and alterations of bed topography at river bed
by using SSIIM computer code. Asadollahi et al. [28]
made a comparison of the data from experimental and
numerical investigations on flow and scour patterns at sin-
gle and triad bridge piers installed in a 180-degree sharp
bend. Rasaei et al. [29] numerically modeled the scour
cavity volume and maximum scour depth at piers located
in a convergent river bend of 90° with a central radius of
curvature equal to 1.7 m. The scour pattern at a convergent
bend of 90° was efficiently simulated by the numerical
model of SSIIM-2, which proved to have results well con-
sistent with the experimental results. Asadollahi et al. [30]
numerically and experimentally studied the scour and flow
patterns with a set of piers located at different positions at
a sharp bend of 180°and reported that positions of the
piers at the bend had no impacts on the value and location
of maximum scour depth. Ben Mohammad Khajeh and
Vaghefi [31] examined the influences the abutments in the
vicinity of a pier could have on the depth of scour in a
sharp 180° bend. They detected in every test that the maxi-
mum scour depth happened upstream of the outer abut-
ment. Moghanloo et al. [32] studied the collar level and
thickness at an oblong pier with a bend of 180°, around
which the scour cavity size was reduced. They reported
that the collar thickness increase at the levels higher than
the bed level raised the depth of scour. In addition, imple-
mentation of the collar in proximity of and under the ini-
tial bed level additionally decreased the scour cavity size
at the pier in comparison with the pier accompanied by no
collars. Sedighi et al. [33] did their investigations around
convergent and divergent circular piers’ scour for various
angles of a 180°sharp bend experiencing varied flow
regimes and concluded that the maximum scour depth was
enhanced as they repositioned the convergent circular piers
from the beginning bend of 90° to the ending bend of 90°.
Abdi Chooplou et al. [34] numerically simulated the pat-
tern of flow occurring around a pier with a single bridge
upstream of submerged vanes affecting an alluvial bed in
a sharp bend of 180°. Vaghefi et al. [35] numerically inves-
tigated variations of bed topography caused by placing a
triad series of piers with a vertical bridge installed at a
bend of 180° with varied relative radii by using the 3D
numerical model of SSIIM. The studies conducted by
Chauhan et al. [36] have provided valuable insights into
the use of submerged vanes for sediment diversion. Their
conclusions highlighted the current limitations in knowl-
edge and suggested areas for future research in sediment
diversion using submerged vanes. Sadeqlu and Hamidi
[37] employed the numerical model of Flow-3D to
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investigate the reduction of scour around a cylindrical
bridge pier by installing a pair of submerged vanes in a
straight path. Biswal and Das [38] utilized the SSIIM
model to numerically simulate scour in two different flow
field arrangements around piers. Harshvardhan and
Kaushal [39] applied Computational Fluid Dynamics
(CFD) to model local scouring around a bridge pier using
the SSIIM numerical model. Abdi Chooplou et al. [40]
conducted experimental investigations on the effects of
submerged vanes with full overlapping length across the
channel width on bed topography andscouring around a
bridge pier in a sharp 180° bend. Their results demon-
strated that the use of submerged vanes effectively reduced
scouring. Majedi-Asl et al. [41] conducted experimental
studies to evaluate the performance of submerged vanes,
eppi, and sill in controlling scour depth around a group of
bridge piers in a straight path. Fathi et al. [42] conducted
experimental research to examine the effectiveness of
riprap, submerged vanes, and their combination in reduc-
ing scour around vertical walls and spill-through abut-
ments in a straight path. Niknezhad et al. [43] utilized the
SSIIM2 model to investigate the impact of lateral intake
positions on the flow pattern around a bridge pier with a
180° bend. Okhravi et al. [44] numerically modeled two
groups of piles to evaluate local scouring in non-uniformly
graded sediments using the SSIIM model. Sarlak et al.
[45] conducted experimental investigations to study the
effects of permeability and angle of gabion submerged
vanes on bed topography.

So far, no comprehensive investigation of the effect of
submerged vanes on the scouring of bridge piers, espe-
cially in a bend-shaped path, has been done numerically.
Considering the expensive and time-consuming nature of
experimental research, the need for numerical modeling
and the use of existing software is evident. For this rea-
son, in this research, the SSIIM numerical model was first
investigated and validated in modeling the scour pattern in
a sharp 180-degree bend combined with bridge piers and
submerged vanes by using the experimental results of Abdi
Chooplou et al. [40]. Since the length of overlapping vanes
was constant and 100% in the research of Abdi Chooplou
et al. [40], the changes in the position of the submerged
vanes across the channel, as well as distances of the vanes
from the center of the bridge pier and from each other with
different 100, 50, and 0% overlapping lengths upstream of
the pier, were investigated in this research after confirming
the high ability of SSIIM numerical model for simulating
scouring around the bridge pier with upstream submerged
vanes in a sharp 180-degree bend. The numerical simula-
tions of the bridge installed in a sharp 180-degree bend
with a relative curvature equivalent to 2, changes in bed
topography, longitudinal and transverse profiles of the bed,
slope of the scour cavity wall around the pier in different

directions, maximum scour depth and percentage of its
reduction, scour extension, length and width of the rec-
tangle circumscribing the scour cavity at the pier, and area
and volume of the scour cavity around the pier with their
reduction percentages were comprehensively investigated.

Verification of the experimental model

Abdi Chooplou et al. [40] performed the experiments using
a 180° curved channel located in the advanced hydraulics
laboratory of the Persian Gulf University. This channel is
comprised of a 6.5-m-long straight path upstream and a
5.1-m-long straight path downstream, linked with a 180°
bend having an inner radius (Ri) of 1.5 m and an outer
radius (Ro) of 2.5 m. This channel contains a sharp bend
(Rc/B < 3) according to Leschziner and Rodi [46] classifi-
cation. The channel is 0.7 m high and 1 m wide. The lon-
gitudinal slope of the bed equals 0.001 and is covered with
sediments of averagely 1.5 mm diameter, standard devia-
tion of 1.14 up to a depth of 30 cm. The inlet discharge
capacity is 70 L per second under incipient motion condi-
tions. The pier diameter (D) is 0.05 m. The submerged
vanes employed in the experiments are Plexiglas with a
length of 0.075 m, and a thickness of 0.01 m, submer-
gence ratio for 75% at a 25-degree horizontal angle, and
two positions, i.e., 40 and 60% of the width of the channel
from the inner bank. The overlapping length of the vanes
is equal to 100%. The submerged vanes installed at the
upstream part of the pier are illustrated by Fig. 1.

This paper used SSIIM software, modeled a channel simi-
lar to the laboratory channel, and compared the bed topogra-
phy in aforementioned parameters of the submerged vanes.
L., denotes the distance from the vanes to the inner bank;L,
shows the overlap length of the vanes; and L,,, and L, repre-
sent the distance of the vanes from the bridge pier and from
each other, respectively.

Introduction of SSIIM numerical model
and flow field equations

The ability of the SSIIM model to simulate sediment
transport on mobile beds with complicated geometries is
the main advantage compared to other CFD models. The
Navier—Stokes relations of turbulent flows under an ordinary
3D geometry are solved in order to achieve water velocity.
The turbulent shear stress can be calculated by using the
k-& model.

Equation of Navier—Stokes for modeling non-compressi-
ble flows with a constant density can be presented as follows:
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Fig.1 A schematic view of installation of the submerged vanes at the upstream side of the bridge pier, where they were located at a distance of
(a) 40 and (b) 60% of the channel width from the inner bank and (c) the symbols of pier and vanes
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Here x represents distance, U is velocity in three directions,
P denotes total pressure, and 51’1’ is the Kronecker delta that
is unity if i =j, and equals O if not [47].

The first and second terms on the left side refer to local
and convective accelerations, respectively.

On the right hand, the terms, respectively, denote pres-
sure and the Reynolds stress. Evaluation of this term
requires a turbulence model.

A control-volume method can be used to discretize
the equations. Furthermore, the multi-block option can
be dealt with by using an implicit solver. The pressure
can be corrected by default via the SIMPLE method. The
power-law and second-order upwind schemes are applied
to discretize the convective terms [47].

The term of Reynolds stress is modeled by introducing
the eddy-viscosity concept together with the Boussinesq
approximation with the help of Eq. (2):
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According to the Navier—Stokes equation, the diffusive
term is shown via the first right-hand term, while the sec-
ond term is usually ignored. The third term, which is triv-
ial and normally insignificant, is used for the pressure [47].

In this study, the k—¢ turbulence model was selected
for better predictions of turbulent vortices and scouring
according to the recommendations of various research-
ers [7-9, 14, 15, 24, 34, 35]. By using Eq. (3), the eddy-
viscosity concept is calculated based on the k—& model:

Vi =6, ©

represents The turbulent kinetic energy is depicted by k—¢&
modeled via Eq. (4):
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Here, P, is obtained through Eq. (5):

b 00U oy,
=1 (3 * 25

&)

€ represents dissipation of k, which is modeled as follows:

2

oe oe 0 [ Vr oe I3 I3
L === L= c.tp +c.. &
ot Y ox;  0x; <0'5 6xj> T ot Gl ©)

where the constant values for k—& model are stated below and
the user is unable to change them [29]:

c, =009 C =144 C,=192 0,=13
For a suspended load near bed, a formula was proposed
by Van Rijn [48] to calculate concentration of the equilib-

rium sediment, Cyg4.:
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where ds is the particle diameter of the sediment; a shows
a set of the reference levels corresponding to roughness
height;z denotes bed shear stress;z, stands for the critical
shear stress of the bed based on the motion of sediment par-
ticles maintained by the shields curve; p,, and p, demonstrate
water and sediment densities, respectively; v represents
water viscosity (m?/s); and g is acceleration of gravity [47].

The bed load shown by q,, can be obtained besides the
suspended load. Equation (8) helps calculation of bed load
via Van Rijns formula [48]:
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where a stands for base surface, which is equivalent to
roughness height; 7 denotes shear stress of the bed; and 7,
represents critical shear stress for particles incipiently mov-
ing on the bed [48]. The SSIIM numerical model uses sev-
eral files to perform calculations and present results. All
these files are of ASCII type. The two main input files of
the program are Control and Koordina. The file of Koordina
represents geometrical coordinates of the mesh and the file
of Control contains other input parameters. In the simulation
used in this research, a fixed flow discharge of 0.07 m*/s and
a fixed upstream depth of 0.18 m were applied in the Control
input file. The flow depth was selected in such a way that
the flow conditions were considered to be close to the move-
ment threshold based on the constant input flow discharge
(Neill [49]; De Medeiros et al. [50]). The bridge pier with
a diameter of 5 cm was considered in the model according
to the recommendations of Chiew and Melville [51] and
Amini and Mohammad [52]. Two vanes with a length of
1.5D and a thickness of 0.2D with 75% submersion, an angle
of 25° compared to the horizon line (Odgaard and Wang
[53]) in different positions in the channel width and length,
and varied overlapping lengths of 100, 50, and 0% according
to Fig. 2 were simulated in the SSIIM software. According
to the recommendations of Raudkivi and Ettema [54] and
Raudkivi [55], the size of sediment particles was regarded
to be 0.0015 m in the simulated model. The velocity of the
falling sediment particles was chosen as 0.011 m/s. The sedi-
ment density and Shields coefficient of critical bed shear
stress for movement of the sediment particles were intro-
duced as 2650 kg/m? and 0.028 in the model, respectively.
Various meshes of different sizes were created and
implemented in the models to determine the optimal one.
The results indicated that while the uniform mesh with a
small size provided high accuracy and closely matched
the laboratory values of bed topography changes, it

Fl i Flow
ow Pier ow

. Vanes /
~
>~

(a)

Vanes

~

>

T~
<
O
~J
T~

Lev =100%

- ———— = —— ==

Pier Flow Pier

/ Vanes /

OJz/

Lev=50%

(©

Fig.2 A schematic view of the submerged vanes at the upstream part of the bridge pier with variable overlapping lengths of a 100%, b 50%, and
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Fig.3 A view of the mesh points

Fig.4 Example of the com-
parison between numerical and
experimental models regard-
ing the bed lateral profile at a
distance of 3D toward upstream
of the pier with vanes placed at
a distance of a 0.4B and b 0.6B
from the inner bank

Fig.5 An instance of the
numerical and experimental
comparison of the bed lateral
profile at the location of the
pier with vanes installed at a
distance of a 0.4B and b 0.6B
from the inner bank

Fig.6 An instance of the
numerical and experimental
comparison of the bed lateral
profile at a distance of 3D
toward the downstream side of
the pier with vanes installed at
a distance of a 0.4B and b 0.6B
from the inner bank
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increased the running time. As a result, a non-uniform
meshing approach was employed with smaller cells around
the bridge pier and submerged vanes. 45 and 55 sections
were, respectively, utilized in the longitudinal and trans-
verse directions as shown in Fig. 3.

To define the boundaries in the numerical SSIIM soft-
ware, all boundaries, including the bridge pier and sub-
merged vanes, were set as rigid boundaries by introducing
the relevant parameters in the program’s control menu. In

this study, the boundaries around the bridge pier and vanes
were defined as rigid to ensure that the flow lines passed
through them without any collision. It is worth noting that all
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runs were conducted on a standard computer equipped with
a Cori 5 processor running at a speed of 2000 MHz. Imple-
mentation of the sedimentation took approximately 24 h.
Additionally, in the software, the equations were converged
by setting the remaining numerical calculations, velocity
parameters in the longitudinal, transverse, and depth direc-
tions, and continuity equations to zero using the k—& method.
Furthermore, the equations for kinetic energy and its loss
were accepted when they converged and approached zero
with an accuracy criterion of 10~ for analysis.

Validation of the numerical models

Figures 4, 5, 6 illustrate instances of bed cross-sectional
topography at the upstream and downstream sides of the
bridge for both numerical and experimental models. The
channel width has been denoted by B, and bed level by ds.
Sedimentation has occurred at the inner bank at a distance 3
times the pier diameter toward the upstream side of the pier
in both models (Fig. 4).

At sections crossing the bridge pier location (Fig. 5),
SSIIM numerical model has accurately simulated the experi-
mental model. Therefore, in both of the models, sedimenta-
tion happens at the channel inlet in the vicinity of the inner
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bank, and the maximum scour is found at the pier. From
the maximum scour location to 0.8B away from the inner
bank, the scour is lessened and has trivial variations up to
the outer bank.

As shown in Fig. 6, both experimental and numerical mod-
els indicate an appropriate correspondence between bed altera-
tions and maximum scours. This is indicative of high capabil-
ity of this numerical model in determination of scour pattern in
curved channels containing hydraulic structures such as bridge
piers and submerged vanes.

Figure 7 depicts a point-by-point comparison of bed levels
in the numerical and experimental models with vane installa-
tion at the distances of 40 and 60% of the width of the channel
from the inner bank. It may be observed from the segment
bisector that the values of the experimental and numerical
models are similar, and generally fall at a range of 20% error,
where the highest bed level difference between the two models
occurs along the last third of the bend.

The mean absolute error (MAE) and the root mean squared
error (RMSE) were incorporated in this paper to address the
SSIIM numerical model error relative experimental models’
error. The relations below help obtain MAE and RMSE [56]:
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Fig.7 Comparison of bed topography data of the numerical and experimental models with vanes installed at a distance of a 0.4B and b 0.6B

from the inner bank

Table 1 Errors of SSIIM
numerical model in the
simulation

Row Symbol of run Lvb/B Lev, (%) Lvp/D MAE RMSE
PFV 0.4 100 5 0.014 0.018
2 PSV 0.6 100 5 0.015 0.019
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In the relations above, (y;,,) and (yggpy) are the values
obtained from the bed topography in the laboratory by Abdi
Chooplou et al. [40] and the numerical model, and N denotes
the total number of data.

Given the values obtained through Egs. (9) and (10) for
validations made in Table 1, it may be concluded that the
numerical model of SSIIM can accurately simulate scour
pattern in the 180° sharp bend with a pier and submerged
vanes.

After confirming the numerical model, the authors simu-
lated the 100% overlapping lengths of RMSE and MAE in
the ranges of 0.0180-0.024 and 0.016-0.019, respectively, in
order to comprehensively examine the different overlapping
lengths according to the series of experiments conducted by
Abdi Chooplou et al. [40].

Research limitations

In genaral, in the SSIIM software, the mesh lines in the ver-
tical direction must be exactly straight and the piers and
vanes must have a perpendicular geometry. In this research,
the limitations of the flow hydraulic conditions included the
inlet discharge and the upstream flow depth, which was con-
sidered constant. The grading of materials and geometries of
the bridge piers and submerged vanes were also considered
to be fixed.

Results and discussion

The first stage involved examination of the single bridge
pier model to compare the results on the effect of using sub-
merged vanes upstream of the bridge pier with those of the
model with no vanes placed upstream of piers. 54 models
were then developed by placing 2 submerged vanes upstream
of the bridge pier. The models’ characteristics and symbols
and the results on the function of vanes in decreasing the
maximum scour and sedimentation are presented in Table 2.
The bridge pier and the submerged vane are denoted by,
respectively, P and V. The vanes’ positions at channel width
and at a distance of 0.4B and 0.6B from the inner bank are,
respectively, represented by F and S. Table 2 indicates that
the maximum scour depth (dsmax) and the maximum sedi-
mentation height (hmax) in the single bridge pier model

@ Springer

with no upstream submerged vanes (P), respectively, occur
for 2.68D and 1.96D. The presence of The scour depth has
been reduced around the bridge pier by the submerged vanes
at its upstream part. Installation of the submerged vanes at
the distance of 0.4B from the inner bank has led to the low-
est (15.67%) and highest (50.60%) reductions of maximum
scour depth in the models of PFV7 and PFV 12, respectively.
In addition, their installation at the distance of 0.6B from
the inner bank has resulted in the lowest (18.68%) and high-
est (28.28%) reductions of maximum scour depth in the
models of PSV20 and PSV8, respectively. Generally, the
maximum scour depth decreased by approximately 27%.
Safaripour et al. [21] also fixed the position of the vanes in
the middle of the channel width (0.5B) with the distances of
0.125 and 0.075 m from the bridge pier and from each other,
respectively, and an angle of 25° with 100% overlapping
of vanes. By changing the submergence ratio of the vanes,
they concluded that the reductions in the maximum scour
depth in the single-pier and triad-pier tests were nearly 30
and 23% in comparison to the test with no submerged vanes
installed, respectively. Given the percentage of reduction in
the maximum sedimentation in comparison with the single-
pier model in Table 2, it may be observed that reductions
in the maximum sedimentation in models with presence of
submerged vanes at the distance of 0.4B from the inner bank
are in the range of 6.53—14.3%. The highest reduction in
sedimentation in comparison with the model of the bridge
pier with no submerged vanes installed occurs in PFV22.
Moreover, with installation of the submerged vanes 60% of
the channel width away from the inner bank, the highest and
the lowest contribution of the vanes to reduction of the maxi-
mum sedimentation height occur, respectively, in PSV25 and
PSV18 models, which correspondingly result in 20.41 and
14.68% reductions in sedimentation height compared to the
single-pier model.

Figure 8 shows an example of alterations in bed topog-
raphy leading to the lowest and highest reductions of maxi-
mum scour depth in the studied models. It may be observed
that the scour cavity appearing around the pier has been
caused by vortices occurring around it, and the main scour
cavity has no symmetry relative to the channel’s longitudi-
nal axis. Such an asymmetry occurs owing to the presence
of the pier inside the sharp bend. Further, the scour cavity
is comprised of two parts, one approaching the outer bank
with less skewedness toward downstream, and the other
skewed in the inner bank direction because of the vortices
composition around the pier and the helical flow. The vanes’
arrangement at 0.4B from the inner bank makes the sedi-
ments between the vanes orient toward the scour cavity at
the bridge pier. As a result, the scour depth occurring at the
proximity of the pier in PFV12 in Fig. 8a undergoes a con-
siderable decrease and the smallest scour depth value of all
takes place in this arrangement. Even though the maximum
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Table 2 Properties and results of different models

Run No. Symbol of run Lvb/B Lev, (%) Lvp/D Lvv/D dsmax/D Reduction of hmax/D Reduction of
dsmax, (%) hsmax, (%)

1 P - - - - 2.68 - 1.96 -
2 PFV1 0.4 100 2.5 1 1.58 41.04 1.71 12.55
3 PFV2 0.4 100 2.5 1.5 1.72 35.82 1.83 6.53
4 PFV3 0.4 100 2.5 2 1.44 46.27 1.81 7.55
5 PFV4 0.4 100 5 1 2.14 20.15 1.70 13.27
6 PFV5 0.4 100 5 1.5 1.40 47.76 1.80 8.16
7 PFV6 0.4 100 5 2 2.16 19.40 1.72 12.24
8 PFV7 0.4 100 7.5 1 2.26 15.67 1.72 12.24
9 PFV8 0.4 100 7.5 1.5 2.24 16.42 1.72 12.24
10 PFV9 0.4 100 75 2 1.61 39.93 1.76 10.20
11 PFV10 0.4 50 25 1 1.56 41.79 1.75 10.61
12 PFV11 0.4 50 25 1.5 1.82 32.09 1.74 11.02
13 PFV12 0.4 50 2.5 2 1.32 50.60 1.76 10.20
14 PFV13 0.4 50 5 1 2.14 20.15 1.73 11.63
15 PFV14 0.4 50 5 1.5 1.50 44.03 1.76 10.20
16 PFV15 0.4 50 5 2 2.04 23.88 1.78 9.18
17 PFV16 0.4 50 7.5 1 2.24 16.42 1.72 12.24
18 PFV17 0.4 50 7.5 1.5 2.24 16.42 1.76 10.20
19 PFV18 0.4 50 7.5 2 2.11 21.12 1.76 10.00
20 PFV19 0.4 0 2.5 1 1.48 44.78 1.70 13.27
21 PFV20 0.4 0 2.5 1.5 1.38 4851 1.76 10.20
22 PFV21 0.4 0 2.5 2 1.41 47.31 1.76 10.20
23 PFV22 0.4 0 5 1 2.18 18.66 1.68 14.29
24 PFV23 0.4 0 5 1.5 1.50 44.03 1.78 9.18
25 PFV24 0.4 0 5 2 2.06 23.13 1.70 13.37
26 PFV25 0.4 0 75 1 2.24 16.42 1.70 13.27
27 PFV26 0.4 0 7.5 1.5 1.98 26.12 1.72 12.24
28 PFV27 0.4 0 7.5 2 2.18 18.66 1.74 11.22
29 PSV1 0.6 100 2.5 1 2.14 20.15 1.65 16.02
30 PSV2 0.6 100 2.5 1.5 2.10 21.64 1.61 18.06
31 PSV3 0.6 100 2.5 2 2.11 21.34 1.60 18.57
32 PSV4 0.6 100 5 1 2.07 22.84 1.64 16.33
33 PSV5 0.6 100 5 1.5 2.08 22.54 1.66 15.51
34 PSV6 0.6 100 5 2 2.10 21.57 1.58 19.39
35 PSV7 0.6 100 7.5 1 1.95 27.24 1.64 16.43
36 PSV8 0.6 100 7.5 1.5 1.92 28.28 1.64 16.22
37 PSV9 0.6 100 7.5 2 1.99 25.82 1.66 15.10
38 PSV10 0.6 50 25 1 2.08 22.24 1.61 17.96
39 PSV11 0.6 50 2.5 1.5 2.10 21.57 1.56 20.20
40 PSV12 0.6 50 2.5 2 2.12 21.06 1.60 18.47
41 PSV13 0.6 50 5 1 2.07 2291 1.65 15.65
42 PSV14 0.6 50 5 1.5 2.09 22.15 1.o4 16.38
43 PSV15 0.6 50 5 2 2.08 22.31 1.58 19.29
44 PSV16 0.6 50 7.5 1 1.97 26.49 1.66 15.12
45 PSV17 0.6 50 7.5 1.5 1.98 26.27 1.66 15.11
46 PSV18 0.6 50 7.5 2 1.94 27.61 1.67 14.67
47 PSVI9 0.6 0 25 1 2.08 22.39 1.66 15.31
48 PSV20 0.6 0 25 1.5 2.18 18.66 1.58 19.39
49 PSV21 0.6 0 25 2 2.09 22.01 1.64 16.33
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Table 2 (continued)

Run No. Symbol of run Lvb/B Lev, (%) Lvp/D Lvv/D dsmax/D Reduction of hmax/D Reduction of
dsmax, (%) hsmax, (%)
50 PSV22 0.6 0 5 1 2.11 21.42 1.64 16.33
51 PSV23 0.6 0 5 1.5 2.13 20.67 1.61 17.86
52 PSV24 0.6 0 5 2 2.11 21.27 1.61 17.65
53 PSV25 0.6 0 7.5 1.96 26.94 1.56 20.41
54 PSV26 0.6 0 7.5 1.5 2.00 25.37 1.60 18.37
55 PSV27 0.6 0 7.5 2 2.03 24.09 1.59 18.67
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scour depth in PFV7 is greater than that of PFV 12, the scour
cavity created at the pier toward downstream in PFV12 is
nearly twice as large as that in PFV7. With the submerged
vanes located at a distance of 60% the channel width from
the inner bank shown in Fig. 8b, the scour depth has a direct
relation with the scour cavity. Hence, the maximum degree
of this skewing is observed in PSV20, one which expands
over a distance of 20D toward downstream.

The cross section shown at the pier location (Fig. 9a)
refers to contribution of the performance of submerged
vanes to scour reduction around the pier. The scour cavity
has expanded from a distance of 15 to 75% of the channel
width from the inner bank in different models, and in the
case of a single pier, increase in depth and further expan-
sion of the scour cavity are observed. The scour cavity depth
has averagely lowered by 50% as the vanes were installed.
In PFV12 model, the lowest amount of scour at this section
as well as the sections in the vicinity indicates the contribu-
tion of the submerged vane to scour reduction. This trend is
also observed at downstream sections, an instance of which
is shown in Fig. 9b for the cross section at a distance of 4D
toward the downstream side of the pier. Also, the flow of
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water carries the sediments collected from the areas around
the pier and the submerged vanes with it, and considering
this section, some of these sediments have been accumulated
at the inner bank at downstream sections; the highest accu-
mulation occurs in P model with a value of 0.8 times the pier
diameter, equal to 4 cm at a distance of 6% of the channel
width from the inner bank. With presence of the vanes in
every model except PVF7 model, the amount of scour has
significantly decreased at a range of 25-65% of the channel
width from the inner bank.

Figure 10 is the illustration of an instance of bed topog-
raphy changes in models having the greatest and the small-
est maximum sedimentation heights. Sedimentation occurs
due to formation of down flows near the pier and vortices
moving from the upstream side in downstream direction,
transporting a part of the washed bed materials toward
downstream, and also because of the direction of near-bed
lateral flows toward the inner bank, sediment piles have been
formed in the vicinity of this wall. As seen in Fig. 10a, given
the bed topography in the two selected models when the
installed vanes are located 0.4B from the inner bank, it may
be observed that a decrease of 20% in maximum scour depth
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Fig. 10 Example of bed topography for the greatest and the smallest maximum sedimentation heights with vanes installed at a distance of a 0.4B

and b 0.6B from the inner bank
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Fig. 12 Schematic view of the slope of the wall of the scour cavity
around the pier

results in an increase of 9% in the maximum sedimentation
height. This is caused by the combination of the impacts of
the submerged vanes, pier, and bend on the flow pattern. As
represented in Fig. 10b, the decrease and increase of 0.6 and
7% in the maximum sedimentation height and scour depth
are seen when the vanes are installed at the distance of 0.6
B from the inner bank.

Figure 11 depicts an instance of longitudinal sections near
the inner bank and the middle of the bend in models with the
highest and the lowest maximum sedimentation heights. It
may be observed in Fig. 11a that a trivial scour has occurred
in every model near the inner bank, where the maximum
scour depth of 0.06D is observed in P model in the 20° angle
from the bend entrance. The sedimentation governs from
about the position of 25° up to the end of the bend, which
is more evidently represented in the second half part since
the output sediments of the scour cavity are on a path line
falling at the maximum velocity’s geometric location in the
bend, which entails sediment diversion toward the inner
bank. Thenceforth, crossing this pile, the flow hits the bed
at a higher velocity, digging sediments from those regions.
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With submerged vanes implemented from the 58° position to
the end of the bend, less sediment accumulation occurs com-
pared to the single-pier model. This is indicative of the fact
that a higher amount of sediments is directed toward the cav-
ity around the pier in the presence of the submerged vanes
compared to when they are absent. According to Fig. 11b, at
50% of the longitudinal section of the width of the channel
from the inner bank, from the bend entrance up to the 32°
angle, the bed does not undergo any significant alterations,
and the trend of scouring in the models is similar up to the
70° angle. As expected, the maximum scour has occurred at
the apex and the location of the pier. Since the return flows
are more powerful in the single-pier model, the depth of
this scour is much more in this model, and it is significantly
reduced with installation of the vanes.

The scour cavity is enlarged with an inconstant slope in
different directions. Figure 12 presents a schematic illustra-
tion of the scour cavity slope. Mu, Md, Mi, and Mo here,
respectively, refer to the slope in the upstream and down-
stream directions, as well as the inner and outer bankdirec-
tions. The values of slopes in every model are shown in
Fig. 13. The slopes in upstream, downstream, inner bank,
and outer bank directions were measured in P model as,
respectively, 0.48, 0.18, 0.36 and 0.38. In every executed
model, the upstream slope was sharper than the downstream
slope, and in the single pier, the slope of the scour cavity
around the pier in upstream direction is approximately twice
that in downstream direction. As is observed in Fig. 13a,
the upstream and downstream slopes have been reduced
by the submerged vanes upstream of the bridge pier. The
maximum downstream slope has occurred in the presence
of submerged vanes in PFV15 model, and the minimum in
PFV6 arrangement. With values of the inner and the outer
bank slopes taken into consideration, it may be observed that
PFV17 and PFV7 models have the mildest slopes among all
the models. A comparison between the scour cavity slopes
around the pier in PFV3 indicates that all the slopes in this
model are approximately equal, and the scour cavity around
it is bowl-shaped. It may be reasoned that the bend effect
is lower with arrangement of submerged vanes with 100%
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Fig. 13 The slope of the wall of the scour cavity around the pier with vanes installed at a distance of a 0.4B and b 0.6B from the inner bank

Fig. 14 Schematic illustrationof the rectangle circumscribing the
scour cavity at the pier

overlap with 2.5D and 2D distances, respectively, between
the vanes and the piers and between the vanes themselves.
As is observed in Fig. 13b, the presence of submerged vanes
has resulted in the difference of the scour cavity slope is
less visible relative to the channel’s longitudinal axis. There-
fore, the scour cavity slopes in inner bank and outer bank
directions in PSV14 model are equal. The presence of the
submerged vanes has led to a milder scour cavity than the

lateral axis of the channel. Furthermore, in PSV9 model, the
slope of the scour cavity in the direction of the lateral axis of
the channel is symmetric. The cavity around the pier in that
model has developed in upstream and downstream directions
with the same slope. The maximum inner bank and outer
bank slopes have been developed by the submerged vanes
in PSV14, and the minimum slopes, respectively, in PSV3
and PSV12.

To demonstrate the scour cavity reach around the pier in
length and width of the channel, a rectangle is circumscribed
over this cavity. The scour cavity is represented by the scour
depth, which is more that 50% of the pier diameter has been
considered as. A schematic view of this rectangular shape
is depicted in Fig. 14.

Figure 15 depicts length and width values of the circum-
scribed rectangle. It may be observed that for every model,
the dimensions of the circumscribed rectangle are smaller
than that in the bridge pier model with no submerged vanes
present at the upstream side. In the model containing no
upstream submerged vanes, these dimensions are, respec-
tively, 21D and 7.5D. In PFV20, the length of the rectan-
gle is much larger than its width, which is indicative of the
fact that in this case, the sediment reach is much more in
the longitudinal compared to lateral axis of the channel. It
is also evident that the effect of changes in the length of
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overlapping vanes on changes in the length of the cavity
is significant compared to the width of the cavity. The rec-
tangle created over the scour cavity with submerged vanes
had a length calculated in a range of 13.5-20D in every
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model (Fig. 15a). In the models using submerged vanes at
the distance of 0.6B from the inner bank, the width of the
rectangle circumscribed over the scour cavity is between 5
and 7D. The rectangle circumscribed over the scour cavity
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around the pier in PSV20 and PSV8, respectively, have the
maximum and the minimum widths (Fig. 15b).

Figure 16 shows the scour cavity scope around the pier
with a diagram illustrating the scour cavity area and volume
around the bridge pier with the presence of the upstream
submerged vanes, nondimensionalized with the second and
third powers of the pier diameter in every model. It may be
observed that the nondimensionalized area and volume of
the scour cavity around the pier in P model are the largest
among all the models with the presence of the submerged
vanes, and these values are, respectively, 154D? and 328D
The largest nondimensionalized area occurs with the pres-
ence of the submerged vanes at a distance of 0.4B from
the inner bank in PFV7, and the smallest in PFV11, with
respective values of 126.5 and 68. Although PFV8, PFV 16,
and PFV 17 models contributed little to reducing the maxi-
mum scour depth according to Table 2, they have resulted
in, respectively, 42.5, 23.5, and 41% reductions in the area
of the main scour cavity in comparison with P model accord-
ing to Fig. 16a. Also, the minimum and maximum scour
volumes around the pier occur with the presence of the
submerged vanes in PFV19 and PFV6 arrangements with
respective values of 125D and 311D, It may be reasoned
about PSV19 model that the smaller distance of the vanes
from the pier shows that the water flow directs the sedi-
ments around the submerged vanes toward the bridge pier
more strongly than in PSV6; hence, the scour around the
pier develops less in the lateral and vertical axes. After
PFV19, PFV1 arrangement had a better performance as it
has resulted in a 55% reduction in the volume of the scour
cavity in comparison with P model. Figure 16b indicates that
the dimensionless zone of the scour cavity around the pier
is the greatest in PSV20 and the smallest in PSV8. Compar-
ing the maximum scour depth and cavity development at
channel length and width showed different variation trends
of these two parameters in some cases. For example, it may
be concluded that despite the maximum scour depth around
the pier in PSV10 model being greater than that in PSV25
(Table 2), the scour cavity reach around the pier in PSV10
is less than that in PSV25 according to Fig. 16b. In addi-
tion, the minimum volume of scour around the pier occurs
in PSV27 arrangement with a value of 131D, The data
obtained from the simulations indicated that the variation
trends in the scour cavity area and volume differ in a number
of them. For example, the nondimensionalized scour cavity
area at the pier of the PSV22 model is 17% greater than that
in the PSV6 model; nevertheless, the volume of the scour
cavity volume in PSV6 is 30% greater than that in PSV22.

The reduction percentages of the scour cavity area and
volume in this model compared to the single-pier model
are given in Table 3. As can be seen, the average reductions
in the scour cavity area and volume are in the ranges of
9.88-55.82% and 5.15-61.94%, respectively. The effect of

Table 3 Reduction percentages of the scour cavity area and volume
in comparison with those of the single-pier model

Run Percentage of Run
reduction (%)

Percentage of
reduction (%)

As Vs As Vs

PFV1 44.57 56.07 PSV1 45.43 22.24
PFV2 39.66 50.19 PSV2 44.23 16.14
PFV3 36.80 49.38  PSV3 37.16 4450
PFV4 36.33 48.68 PSV4 14.24 43.11
PFV5 4725 3456  PSV5 21.83  59.42
PFV6 46.49 5.15 PSV6 28.48 3253
PFV7 17.83 14.85 PSV7 39.71 14.95
PFV8 42.52 11.88 PSV8 49.32 35.12
PFV9 27.65 41.04 PSV9 35.94 41.75
PFV10 49.51 2855 PSVIO 46.88  45.95
PFV11 55.82 46.99 PSVI11 49.51 48.68
PFV12 49.06 40.31 PSVI12 48.08 54.47
PFV13 49.48 38.42 PSV13 48.34 18.28
PFV14 50.88 49.90 PSV14 38.77 35.66
PFV15 44.23 45.89 PSV15 37.63 32.74
PFV16 2347  53.12  PSVI6 3098  43.63
PFV17 40.83 45.53 PSV17 32.64 18.65
PFV18 19.44 40.10 PSV18 36.15 59.21
PFV19 39.71 61.94 PSV19 27.10 37.12
PFV20 39.63  50.19  PSV20 9.88  32.83
PFV21 36.15 18.76 PSV21 23.88 39.35
PFV22 27.49 48.68 PSV22 16.22 47.85
PFV23 36.15 31.65 PSV23 25.16 37.15
PFV24 23.60 45.89 PSV24 23.88 48.49
PFV25 21.00 53.12 PSV25 17.67 56.69
PFV26 26.72 45.53 PSV26 22.66 48.13
PFV27 20.17 32.01 PSV27 21.00 60.02
Average (%) 36.76  40.31 Average (%) 3232 39.80

vanes on the reduction of scour cavity volume compared to
its area was more evident. The scour cavity area and volume
are averagely reduced by 34.5 and 40.1%, respectively. The
reductions of the scour cavity volume in the experimental
single-pier and triad-pier tests conducted by Safaripour et al.
[21] were nearly 59 and 37% compared to their test with no
submerged vane installed, respectively.

Conclusions

This study utilized the SSIIM numerical model to investigate
the flow pattern around a cylindrical bridge pier located in
a 180° bend. The objective was to examine the impact of
submerged vanes on the mitigation of local scouring around
the bridge pier and validate the findings with an experimen-
tal model. The variables considered in this study were the
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location of submerged vanes across the channel width and
their distances from the pier and from each other with the
different 100, 50, and 0% overlapping lengths. The results
obtained within the range of parameter alterations demon-
strated that the SSIIM numerical model could accurately
simulate scouring around the bridge pier with upstream sub-
merged vanes in a sharp 180° bend. The scour cavity exhib-
ited two distinct parts: one approaching the outer bank with
less skewedness toward the downstream part and the other
skewed one toward the inner bank due to vortices around the
pier and the helical flow pattern. The presence of upstream
submerged vanes resulted in a reduction in the scour
depth around the bridge pier compared to the model with-
out vanes. On average, the scour cavity area, volume, and
scour depth were reduced by 9.88-55.82%, 5.15-61.94%,
and 15.67-50.60%, respectively. The effect of the vanes on
reducing the scour cavity length compared to its width was
particularly noticeable. The presence of submerged vanes
installed at the upstream side of the bridge pier resulted in
a scour cavity with a reduced slope in both downstream and
upstream directions, as well as orientations toward the inner
and outer banks. The installation of submerged vanes at the
upstream side of the bridge pier led to a more symmetrical
scour cavity slope compared to the single-pier model. The
rectangular shape formed around the scour cavity with the
presence of submerged vanes had a length ranging from 13.5
to 20D. The reduced width and length of the rectangular
shape, as well as the decreased scour cavity area and vol-
ume at the bridge pier, were attributed to the installation of
submerged vanes. The influence of changes in the length of
overlapping vanes on alterations in the scour cavity length
compared to its width was found to be significant.
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