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1. Introduction

Abstract. Placement of bridge piers along rivers forms a complex 3D flow pattern that
disrupts normal river flow and the resulting turbulence erodes alluvial sediments around
the pier. This study employed Sediment Simulation In Intakes with Mult-block option
(SSITM) model to simulate flow and scour patterns when no pier, single pier, and triple
piers were placed at a 180-degree bend, respectively, and the results were compared with
those of previous experiments. The piers were vertical. The simulated channel was 1 m
wide with a U-turn of a relative curvature radius of 2 that carried a volumetric flow rate
of 70 1/s and the flow depth at the beginning of the bend was 18 cm. Results showed that
SSIIM could effectively simulate the changes of bed form and flow patterns so that the
error at the bend with triple piers would be only 4% in maximum scour and sedimentation,
12% in maximum transverse velocity, 13% in maximum longitudinal velocity, and 19% in
maximum vertical velocity. In general, SSIIM model satisfactorily simulated the location
and value of the local scour arising from both single and series piers in numerical simulation
of the flow and scour. In the flow pattern simulation, the errors and differences are greater
in the moving bed conditions than a rigid bed.

(© 2021 Sharif University of Technology. All rights reserved.

the collision of piers by the flow and separation of
streamlines from the pier. The flow pattern formed

Flow pattern around bridge piers has a complex struc-
ture and this complexity is intensified when a scour hole
around the pier is formed. Complex horseshoe vortices
are formed around the pier, making a pit around
them called scour hole. Development of this hole
around the piers would erode sediments under the pier
foundation, hence causing bridge destruction. These
vortices are created due to two main factors including
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around a bridge pier can be either a direct or indirect
result of these two factors. The collision between
the flow and pier forms the horseshoe vortex, and
separation of streamlines from the pier creates vortices
called wake vortices [1]. In the following, a brief
summary of the related literature, though limited, is
given. Nazariha investigated the scour around groups
of two, three, four, and six piers placed in a flow
pattern [2]. Blanckaert and Graf studied flow pattern
in a 120-degree mild bend in a channel [3]. Wildhagen
studied sediment transport in channels with sharp
bends through the Sediment Simulation In Intakes
with Multi-block option (SSIIM) numerical model and
concluded that SSIIM model was widely employed
in hydraulics engineering, especially in studying and
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designing sediment and flow pattern [4]. Graf and
Istiarto investigated flow pattern around a scour hole
at a cylindrical bridge pier placed in the rectangular
straight channel [5]. Masjedi et al. studied scour
around a rectangular bridge pier at different angles of
a 180-degree bend. The results of their study revealed
that when the bridge piers were located at a 60-degree
angle from the beginning of the bend, maximum local
scour would be formed around the pier [6]. Ghobadian
and Mohammadi utilized the SSIIM model to predict
flow fields in non-uniform (converging and diverging)
river meanders [7]. Sabita and Maiti studied a local
scour around a single cylindrical pier placed in an
open channel [8]. Zulhilmi et al. analyzed the local
scour around both single and double piers placed in a
straight channel [9]. Abdallah Mohamed et al. utilized
numerical and experimental studies to investigate dif-
ferent effects of bridge abutment radius on the depth
of local scour and employed the 3D SSIIM model to
simulate scour at the bridge abutment [10]. Akib et al.
simulated the extent of scour and its maximum depth
around the bridge piers in nature using SSIIM2 [11].
Najafzadeh and Barani conducted an experimental
study on the effect of different types of cohesive soil
on the scour around a single vertical pier located in a
straight channel [12]. Ehteram and Mahdavi Meymand
employed the SSIIM2 model to simulate the flow and
sedimentation at a bridge with a narrow reach in a 3D
fashion [13]. Ismael et al. studied the effect of the pier
shape on scour in a straight laboratory channel. They
also employed ADV velocimeter to collect the flow pat-
tern [14]. Tabarestani et al. experimentally analyzed
the effect of different sizes of riprap on the scour around
rectangular bridge piers in the presence/absence of a
collar [15]. Azizi et al. conducted a numerical study
on the flow pattern around bridge piers in the presence
of submerged vanes using Fluent software [16]. Fael
et al. examined the effect of the shape and angle of
the pier on the scour depth around a single pier in
a straight path. Generally, five types of piers were
tested through these experiments. According to the
obtained results in this study, the value of the shape
coefficient for rectangular piers was assumed 1 with
round corners and 1/2 for those with sharp corners [17].
Vaghefi et al. investigated local scour formation due to
a single cylindrical, yet slanted, pier. They conducted
their experiments on both vertical and slanted piers
placed in a clear water flow field carrying four different
flow patterns [18]. They also studied scour around
cylindrical bridge piers with two different diameters
and slanting angles towards the downstream when clear
water with different discharges flowed [19]. Wang et
al. studied scour around a group of three piers in a
straight channel [20]. Akbari and Vaghefi examined
the flow pattern in a 180-degree sharp bend and
concluded that from the beginning to the end of the

bend, the secondary flow power and size of the created
vortices increased [21]. Hamidi and Siadatmousavi
employed SSITM numerical model in order to conduct
a numerical simulation of the flow pattern and scour
around bridge piers and concluded that although the
SSIIM numerical model was successful in estimating
the scour hole at the foot of the adjacent piers, it
overestimated the scour depth of the piers [22]. Karimi
et al. carried out an experimental investigation of the
effect of the inclination angle of the bridge pier on the
process of scour in a straight channel [23]. Khaple
et al. experimentally studied the position of grouped
circular piers in a straight path under clear water
conditions. The results showed that installation of
two piers in a row at a distance of approximately 8
times the pier diameter from each other reduced scour
depth at the pier downstream [24]. Vaghefi et al.
studied the scour around a series of triple cylindrical
piers in two positions, perpendicular to the flow and
in streamwise direction, under clear water conditions
in a laboratory flume with a 180-degree sharp bend.
The results of their study revealed that the maximum
scour depth was achieved when the piers were installed
perpendicular to the flow at the 90-degree position [25].
The present study examines the precision and error
values for the SSIIM numerical model while modeling
single and series bridge piers located at a 180-degree
bend and aims to show the extent of the capability of
this numerical model.

2. The numerical model

SSIIM model is a three-dimensional model used for
measuring the water flow and sediment whose first ver-
sion was introduced in 1993 by Olsen from the School
of Hydraulic and Environmental Engineering at Norwe-
gian University of Science and Technology [26]. This
model is based on three-dimensional computational
fluid dynamics which solves Navier-Stokes Equation
typically with the standard k-epsilon (k—¢) turbulence
model using finite volume method. Of note, the model
allows users to choose other turbulence models as well.
It is usually utilized for river engineering, environ-
mental engineering, hydraulics, and sediment transport
applications. Later, its utilization was extended to
other hydraulic applications such as modeling weirs,
head loss in tunnels, correlating discharge and depth
in rivers, etc. The main advantage of the SSIIM model
over other computational fluid dynamic programs is its
ability to model sediment transport in a live bed with
complex geometries [27].

In this numerical model, the water flow calcu-
lations include the Navier-Stokes equations solved by
k — ¢ turbulence model and used by default. The
Navier-Stokes equation for incompressible fluid in the
vector mode is shown in the following:
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where U is the velocity averaged over the time ¢, x is
the spatial geometrical scale, p is the water density, P
is the pressure, ¢ is the Kronecker delta, and w is the
velocity fluctuation over time during time step At.

In order to assess the last term, a turbulence
model is required. In general, the equation of flow in
the turbulence model comprises both continuity and
momentum equations. By assuming that the flow is
steady (2 =0) and the fluid is incompressible, the
momentum and continuity equations can be explicable
in the following order:
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where u; and u; are the velocity parameters. According
to the above equations, three momentum equations and
one continuity equation can be written, three of which
are totally unknown (velocity on three sides u, v, w
and six parameters for Reynolds stress), meaning that
the number of unknowns is more than the number of
equations and in order to solve them, the turbulence
equation should be used [27].

3. Verification of the numerical model using a
similar experimental model

The channel used in this study is located at the hy-
draulic laboratory at Persian Gulf University, Bushehr,
Iran, which has a 180-degree bend. To simulate flow
and scour pattern, several experiments were performed
in an empty channel with no pier, single pier, and

a series of piers at the bend, respectively [28]. The
channel comprises a straight leg upstream of 6.5 m and
a straight leg downstream of 5.1 m connected via a
180-degree bend with inner and outer radii of 1.5 m and
2.5 m, respectively. The depth and width of the channel
are 0.7 m and 1 m, respectively, and the relative
curvature radius of the bend is 2. A schematic view
of the experimental flume is shown in Figure 1 [29,30].
The longitudinal slope of the channel is 0.001 and
the bed is filled up at a depth of 30 cm with sediments
and an average diameter of 1.5 mm, standard deviation
of 1.14, and Stickler number of 62.5. The discharge
rate is 70 1/s and the pier diameter for the models
with single and multiple piers is 5 cm. The present
study modeled a channel similar to that implemented
in an experimental study using SSIIM and compared
the measured and simulated three-dimensional flow
velocities and bed topography. Throughout these
experiments, the Reynolds number is approximately
50000 and the ratio of flow velocity to flow critical
velocity is approximately 0.98. In order to calibrate
the SSIIM model, a range of the parameters for this
model were introduced to the software and after many
runs, the best parameters with the closest simulation
between the numerical and experimental models were
selected for a bend with no piers. Then, these
parameters were constantly used in other cases.

3.1. Modelling the laboratory channel

Prior to mathematical modeling, domain discretization
of cells is required where the governing differential
equations for flow and sediment fields should be solved.
This process is called computational domain meshing
or discretization. The channel was simulated with
different mesh sizes and configurations by introducing
the initial data to Koordina file in SSIIM 1.0, as shown
in Table 1. Mesh sizes decreased near bridge piers in
the vicinity of higher gradients. In fact, 30 different
mesh sizes and configurations were utilized in designing

Figure 1. A view of the laboratory flume [29,30].
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Table 1. A typical modeled mesh configuration for the
triple bridge pier.

Number of
Number of . .

Mesh number . longitudinal

cross-sections .
sections

1 19 11
2 37 21
3 37 51
4 43 61
5 47 61
6 75 35
7 90 51
8 91 101
9 101 111
10 101 127

A 6 =90°

Inlet Outlet

Figure 2. A schematic view of longitudinal section (A-A)
and cross-sections (B-B).

the numerical model and verifications. With a decrease
in the mesh size, the program runtime increased.
However, the obtained results ensured higher accuracy.
At times, tiny mesh sizes would cause instability and
divergence in the program execution.

Upon adding the data to the control file, the
program is run and results are stored in a file with the
same name. Results of SSIIM runs versus those of the
previous experiments are verified. It can be concluded
that the mesh configuration number 5 is characterized
by more accurate match and higher efficiency than
other mesh configurations. Figure 2 schematically
presents the longitudinal and cross-sections.
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Figure 3. Bed topography at the bend without any pier: (a) Numerical and (b) laboratory models.

3.2. Verification of the numerical model with
the similar laboratory model at the
180-degree bend with no pier

Figure 3 shows the bed topography in both experimen-

tal and numerical models. Flow and scour patterns

were studied over a live bed, and the bed materials
were glued together to ensure no movement; then, the

flow pattern alone was studied. As shown in Figure 3,

the scour hole in the laboratory model spans from 42

to 80 degrees and extends to 18% of the width of

the channel from the inner bank. Maximum scour
depth is 1.8 ecm which is equal to 1.8 percent of the
channel width. In addition, sedimentation occurs in
the range of 47-96 degrees at the inner bank of the
bend up to 4.3 cm, equal to 4.3% of the channel width.

However, in the numerical model, the scour hole spans

from 60-105 degrees and extends to 18% of the channel

width from the inner bank. Maximum scour depth is

1.5 cm, which is equal to 1.5% of the channel width, and

sedimentation occurs in the range of 88-119 degrees at

the inner bank of the bend up to 3.9 c¢m, equal to 3.9%

of the channel width.

Bed topography data for both numerical and the
experimental models were compared, the results of
which are shown in Figure 4 where the bisector line
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Figure 4. Comparison of bed topography data for
numerical and experimental models at the bend without
any pier.
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Figure 5. Typical bed cross-sectional profiles at (a) 30, (b) 60,

the bend without any pier.

shows good agreement between the two with an error
less than 10%.

Figure 5 shows the shapes of the bed cross-section
for both numerical and experimental models. The
horizontal axis shows the distance from the inner side
(cm) and the vertical axis is bed variations (cm).
As shown in Figure 5(a), in the experimental model,
sedimentation covers up to 8% of the channel width
at the inner bank of the bend at the 30-degree cross-
section. Scour occurs beyond the 8% of the width
and up to 40% from the inner bank of the bend at a
value of 0.7% of the channel width. Scour at the same
location occupied only 0.35% of the channel width in
the numerical model. In more than 40% of the width,
no significant bed variation is observed. As shown in
Figure 5(b), sedimentation in the experimental model
occurs at the inner bank of the bend with a value equal
to 0.7 times the pier diameter at the 60-degree cross-
section. At 10-40% of the width from the inner bank,
scour occurs at a value of the 1.5% of the channel width
diameter, with the maximum scour occurring at 23% of
the width from the inner bank. In the numerical model,
scour occurs at the same distance and a value of 1.2%
of the channel width. At 40-60% of the width from
the inner bank, scour depth decreases and continues
across the width with minor variation. As shown in
Figure 5(c), in the 90-degree cross-section, the bed

— — - Experimental
—— SSIIM

R RN LR EANAE SRE R R

0 20 40 60 80 100
B (cm)

(b)

F — — - Experimental
4F —— SSIIM

B (cm)
(d)
(c) 90, and (d) 120 degrees from the channel beginning at

pattern is very similar to that in other cross-sections in
that sedimentation, which is observed at the inner bank
of the bend. In the experimental model, maximum
scour depth occurred at 24% of the width from the
inner bank, while this was at 30% of the width in the
numerical model. From the maximum scour location
to the 60% of the width from the inner bank, scour
decreased and had minor variation beyond the outer
bank. At the 120-degree cross-section (Figure 5(d)),
both models resulted in maximum sedimentation at
the inner bank of the bend. Towards the mid channel,
scour initiates and maximizes at 44% of the width from
the inner bank of the bend. Towards the outer bank,
however, scour decreases and becomes zero at the outer
bank of the bend.

Figures 6 and 7 present typical profiles for 3D
velocity vectors in 60- and 90-degree cross-sections in
numerical and experimental models, respectively. The
horizontal axis shows the distance from the inner bank
and the vertical axis presents the elevation made di-
mensionless by flow depth. As the flow enters the bend,
pressure decreases along the inner bank and increases
along the outer bank due to rapid changes in curvature
and longitudinal pressure gradient caused by the cen-
trifugal force. Once such a trend extends into the bend,
secondary currents are formed in the cross-section so
that streamlines can head to the outer bank close to
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Figure 6. Typical (a) transverse, (b) longitudinal, and (c) vertical velocity profiles in the 60-degree cross-section in

numerical and experimental models at the bend without any pier.
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Figure 7. Typical (a) transverse, (b) longitudinal, and (c) vertical velocity profiles

in the 90-degree cross-section for

numerical and experimental models at the bend without any pier.
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Figure 8. Comparison of (a) transverse U,., (b) longitudinal, Vj, and (c) vertical, W, velocity data for numerical versus

experimental models at the bend without any pier.

the water surface and to the inner bank near the bed.
Obviously, longitudinal velocities are higher than ver-
tical and transvers velocities and are of better match.

Figure 8 compares the 3D velocity data over the
live bed in both numerical and experimental models
where the bisector line shows good agreement between
the two with errors less than 20%.

Figure 9 presents the flow pattern in the 60-
degree cross-section where the maximum scour occurs.
As shown, eddies are formed in both numerical and
experimental models at almost the same locations.
Streamlines are denser in the numerical model since
mesh sizes are finer in the numerical model than that in
the experimental one. Besides the main eddy near the
inner bank in the experimental model, another counter
clockwise eddy is formed near the water surface at the
outer bank of the bend.

3.3. Scouring verification of the numerical
model using a similar experimental model
at a 180-degree bend with a single pier

In this experiment, only scour pattern was investigated

over the live bed. As shown in Figure 10, numerical and

experimental results are consistent in terms of scour
depth and location as well as maximum sedimentation.

The bridge pier is located in the middle of the channel

width at the vertex. Sedimentation occurs at the

inner bank of the bend due to minimum shear stress.

In the experimental model, sedimentation occurs at

the inner bank of 34-83 degrees with a value of 0.5

times the pier diameter. Maximum scour in both

models occurs around the bridge pier at the vertex.

In the experimental model, the scour depth is 17 cm,

equal to 3.4 times the pier diameter. Downstream

of the pier, from 104 to 142 degrees, sedimentation
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Figure 9. Typical flow pattern in the 60-degree cross-section in (a) numerical and (b) experimental models.
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Figure 10. Bed topography in (a) numerical and (b) experimental models at the bend with a single pier.
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Figure 11. Comparison of bed topography data for the
numerical versus experimental models at the bend with a
single pier.

occurs at a depth of 9 cm, equal to 1.8 times the
pier diameter. The sedimentation extends to the depth
equal to 50% of the width. In the numerical model,
scour depth equals 17 cm, equal to 3.4 times the
pier diameter. Furthermore, sedimentation which
started at 30 degrees on the inner side of the bend
extends throughout the bend. Sedimentation in the
numerical model is 9 c¢m, equal to 1.8 times the pier
diameter.

Bed topography data for the numerical and exper-
imental models are compared in Figure 11, where the

bisector line shows good agreement between the two
with errors less than 10%.

Figure 12 shows typical bed forms for four dif-
ferent cross-sections. At a 60-degree cross-section for
both models, sedimentation is observed at the inner
bank of bend and it switches to scour in a region closer
to the mid channel toward the outer bank. From the
mid channel outward, no significant bed variation is
observed in either model. Maximum scour in both
numerical and experimental models is observed at the
bridge pier due to increased longitudinal velocities and
formation of strong secondary flow there (Figure 12(c)).
Furthermore, downstream the pier, a sedimentation
mound forms in both models due to reduced velocities
and sediment transport downstream from the scour
hole (Figure 12(d)).

3.4. Verification of the numerical model with
a similar experimental model at a
180-degree bend with a series of bridge
pters at the vertex

The verification process for the model based on the

experiments previously carried out on delineating flow

pattern over a rigid bed and scour pattern over a live
bed with a series of bridge piers at the vertex was
conducted at the Hydraulic Laboratory of Persian Gulf

University by Tabibnejad Motlagh [31]. Figure 13

shows the consistency of numerical and experimental

results in terms of scour maximum depth and location
and maximum sedimentation, such that maximum



— — - Experimental

sk SSTIM

Z (cm)

-10F

15F
-20 t 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100
B (cm)

Z (cm)

_20: 1 1 1 1 1 1 1 1 1
0

M. Asadollahi et al./Scientia Iranica, Transactions A: Civil Engineering 28 (2021) 1-14

10

r — — - Experimental
5E —— SSIIM

Z (cm)

Z (cm)

-15F
-20 t 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100
B (cm)

(d)

Figure 12. Typical bed cross-sectional profiles at (a) 60, (b) 88, (c) 90, and (d) 145 degrees from the channel beginning at

the bend with a single pier.
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Figure 13. Bed topography in (a) numerical and (b) experimental models at the bend with a series of piers.

scour depth in the numerical model is 21 c¢m, equal to
4.2 times pier diameter at 90 degrees and occurs at the
53% width distance from the inner bank of the bend.
These values for the experimental model are 20 cm,
equal to 4 times the pier diameter at 90 degrees and
occurs at 64% width distance from the inner bank of
the bend. It is obvious that in both models, maximum
scour depth occurs around piers due to transverse
disturbances and formation of downward flows and
different eddies there. Furthermore, sedimentation
occurs at the inner bank of the bend where flow
exits the bend with minimum shear stress remaining.
The sedimentation mound in the numerical model was
12 em, equal to 2.4 times the pier diameter placed at a
155-degree angle and in the experimental model, it was
12.5 cm, equal to 2.5 times the pier diameter placed at
a 156-degree angle.

In Figure 14, bed topography data for the numer-
ical and experimental models are compared where the
bisector line shows relatively good agreement between
the two with errors mainly between 10 and 20%.

Figure 15 shows bed variations at some cross-
sections for the numerical and experimental models;
maximum scour is produced at the bridge pier loca-
tions. The profiles resulting from the numerical and
experimental models are in better agreement upstream
of the bridge pier locations compared to their down-
stream. At the 60-degree cross-section, bed variation is
insignificant in either model, due to the farther distance
of the section from the piers. In the 90-degree cross-
section, in the experimental model, scour initiates at
the inner bank of the bend and reaches its maximum
at 64% of the channel width. In the numerical model,
on the other hand, a small sedimentation mound forms
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Figure 14. Comparison of bed topography data for the
numerical and experimental models at the bend with a
series of piers.

at the inner bank at the beginning of the bend and
extends to 10% of the width. Then, scour hole is formed
with maximum scour depth at 53% of the width from
the inner bank of the bend. Downstream of the piers
(Figure 15(d)), sedimentation at the inner bank occurs
due to sediment transport from the scour hole around
piers and in the experimental model, scour occurs at
the outer bank due to secondary flow remaining there.

In Figures 16 and 17, verification of 3D velocity
profiles for 60- and 90-degree cross-sections is shown

15,

10FE — — - Experimental
0 F —— SSIIM

Z (cm)

E — — - Experimental
10F SSIIM

B (cm)
(c)

with a magnification of 36 to 64% of the width from the
inner bank of the bend. As shown earlier, profiles are
for the solid bed and these sections have been selected
to better visualize bed forms at the location of bridge
piers as well as its upstream and downstream. As
shown in Figure 17, all the three velocity components at
36, 48, 52, and 64% of the channel width from the inner
bank are zero, which is obvious due to the placement of
piers there. A transverse flow towards the inner bank
near the bed and an outward flow near water surface is
indicative of an eddy there. This is the main eddy in
what is called the secondary flow. Based on the velocity
magnitudes, it is obvious that the main eddy near the
inner bank has greater intensity and velocity than the
eddy towards the outer bank of the bend.

In Figure 18, 3D components of the velocity
data for the numerical versus experimental models are
compared against one another and the bisector line
shows a good approximation between the two with
errors mainly between 10 and 20%. The discrepancy
in the data results mainly from the difficulties in
measuring 3D velocity components in the experimental
model near side walls (both at the inner and out banks)
and bridge piers. The difference observed in numerical
and experimental velocity data is due to the method
of data collection, employment of velocimeter near the
point of data collection, and use of the asynchronous
average velocity in the laboratory.

In Figures 19 and 20, flow pattern in a typical
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SSIIM
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10 SSIIM
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T
/

0 20 40 60 80 100
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Figure 15. Typical bed cross-sectional profile at (a) 60, (b) 88, (c) 90, and (d) 130 degrees at the bend with a series of

piers.



10

1.0+
0.8+ !
B
>~ 0.6+ i
~ I
S '.:'
0.4+ H
a
A
0.24 FilY
P
0.0 - >
0 10 20 30 40 50 60 70
G B (cm)
20cm/s
‘_._ SSIIM -—--a---- Experimental
are————————
Lo+ A PLERT T
H ! 3 \ \
h Vol \ I
0.84 N \
T \
i \
I
5 0.6 + [ H )
[ 1
N |
0.44 !
\
\
0.214
0.04 — S n
0 10 20 30 40 50 60 70 80 90
G— B (cm)
50 cm/s
‘—l— SSIIM - Experimental
1.0+ y’ ‘ [
h h /1
| i
[ \
s b HE R
i T \
N 0.6+ « ! \
= 1 1
N I H
0.4 \ !
1 ]
|‘ ]
0.24 1 H
1 ]
\‘\ I
0.0 >
0 10 20 30 40 50 60 70 80 90
G— B (cm)
20cm/s

(b)

(c)

M. Asadollahi et al./Scientia Iranica, Transactions A: Civil Engineering 28 (2021) 1-14

20cm/s

‘—-— SSIIM ----a---- Experimental
1.0+
0.8+
5 0.6+
~
N
04T
1 J J /Z J JJ
L A A A ,‘ A
0.0 - - -
32 36 40 44 48 52 56 60 64
— B (cm)
50cm/s
‘—-— SSIIM ----a---- Experimental
1.07
sk L LE LD
N 0.6+
~
N
04T
0.2+
0.0
32 36 40 44 48 52 56 60 64
G— B (cm)
20cm/s

Figure 16. Typical (a) transverse, (b) longitudinal, and (c) vertical velocity profiles in the 60-degree cross-section in the
numerical and experimental models at the bend with a series of piers.

cross-section is shown. From the beginning of the
bend, the main secondary flow eddy is formed near
the bed at the inner bank of the bend. In the 60-
degree cross-section, in the experimental model, near
water surface and at the outer bank, a turbulence is
formed in the streamlines which is the start of the
second secondary flow formation. In the 88-degree
cross-section at a distance of 1.4 times the pier diameter
from the pier location towards upstream, as one moves
towards the pier location at distances equivalent to 36,
51, and 65 percent of the width from the inner bank,
turbulence and separation of streamlines are observable
in both numerical and experimental models. In the 90-

degree cross section, eddies are formed near the inner
and outer banks due to secondary flow. In addition,
vertically downward flows are formed in between piers
which cause bed erosion in the live bed. Downstream
of the piers, many eddies and turbulences are formed
which dissipate at the end of the bend and normal flow
continues running.

4. Conclusion

By simulating the experimental model with the Sed-
imentSimulation In Intakes with Multi-block option
(SSIIM) software, significant results were obtained
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Figure 17. Typical (a) transverse, (b) longitudinal, and (c) vertical velocity profiles in the 90-degree cross-section in the
numerical and experimental models at the bend with a series of piers.
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Figure 19. Typical streamlines in the 60-degree cross-section in (a) numerical and (b) experimental models at the bend

with a series of piers.
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Figure 20. Typical streamlines in the 90-degree cross-section in (a) numerical and (b) experimental models at the bend

with a series of piers.

indicating that SSIIM is well capable of simulating flow
and scour patterns. In particular, the obtained results
are given below:

1.

Maximum scour and sedimentation at the bend
without pier equal in both numerical and exper-
imental models were 1.5 and 4% of the channel
width, respectively;

3D velocity components and flow pattern in the nu-
merical and experimental models were quite consis-
tent such that at the bend without pier, maximum
transverse, longitudinal, and vertical velocities in
both models differed only by 19%, 11%, and 17%,
respectively;

Maximum scour and sedimentation at the bend
with a single pier equal in both numerical and
experimental models were 17 and 9 cm, equal to
3.4 and 1.8 times the pier diameter, respectively;

At the bend with triple piers, maximum scour in
the numerical model was 4.2 times the pier diameter
and occurred at the center of piers location at 53%
of the channel width from the inner bank of the
bend. This value for the experimental model was 4
times the pier diameter and occurred at the center
of piers location at 64% of the channel width from
the inner bank of the bend;

The maximum sedimentation mound at the bend

with triple piers was 12 cm, equal to 2.4 times
the pier diameter in the numerical model and
occurred at a distance of 45.5 times pier diameter
downstream from the pier location. This value
for the experimental model was 2.5 times the pier
diameter and occurred at a distance of 46.2 times
pier diameter downstream from the pier location;

At the bend with a series of piers with the rigid
bed, the percentage of errors in the 3D velocity
components in the numerical versus experimental
model was low such that maximum transverse,
longitudinal, and vertical velocities only differed by
12%, 13%, and 19%, respectively;

There was no second secondary flow created on the
water surface near the outer bank in the numerical
model, while this was evidently observed in the
experimental model,;

In general, the SSIIM model satisfactorily simu-
lated the location and value of local scour arising
from single and series piers in numerical simulation
of the flow and scour;

In the flow pattern simulation, the errors and
differences are greater under moving bed conditions
than rigid bed.
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