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Abstract
One of the causes of the destruction or damage of many bridges in the world is the local scour around the bridge piers. 
Accordingly, research on effective factors on the scouring pattern around the bridge piers is a necessity. In this study, the 
parameters of the scour hole created around rectangular piers, such as the depth, area and volume of the scour hole, and 
the effects of increasing the rectangular pier’s length-to-width ratio and its skewness angle towards the banks on scour hole 
parameters, bed topography changes and the downstream straight path in a 180° sharp bend has been investigated. The results 
showed that in a 180° sharp bend, the length of the rectangular pier should be at least 3 and at most 5 times its width. The 
pier with a length-to-width ratio of 3 had a better performance in terms of reducing scouring along the bend. The maximum 
depth of the scour hole around the piers occurs when the piers are located at 90°. Increasing the angle of attack caused by 
skewing the pier towards the inner and outer bank at 90° increases the depth and volume of the scour hole.

Keyword  Rectangular pier · Length-to-width ratio of pier · Skewed pier · Local scour · 180° bend

1  Introduction

Scour is one of the most important issues in river engineer-
ing. When a bridge is set up over a river, it necessitates 
implementation of bridge piers inside the river bed; hence, 
the piers are exposed to flow attack and the resulting scour. 
The bridge pier also causes variations to the flow pattern, 
and these variations lead to an increase in the sediment 
transport capacity in the water environment and will eventu-
ally result in the scour phenomenon. Determining the scour 

depth plays a decisive role first in indicating the destructive 
potential of the flow around the pier, and second in designing 
the piers dimensions. Therefore, predicting the scour pattern 
and determining the maximum scour depth and generally the 
downstream topography play a decisive role in the future 
behaviour of the river. The scour around the bridge pier has a 
highly complicated mechanism and it has been addressed by 
different researchers. The following are instances of experi-
mental studies conducted on the issue of scouring around 
bridge piers placed in straight channels.

Chiew and Melville [1] studied local scour around cylin-
drical piers. The results indicated that the equilibrium scour 
depth increases in a linear fashion up to a value of 50 by 
increasing the dimensionless ratio of the pier diameter to 
the average particle size, and thereafter the equilibrium 
scour depth value is independent from this ratio. Dargahi 
[2] examined the scour mechanism around a cylindrical pier 
and concluded that the scour process around the pier occurs 
in three phases: the scour onset, the initial scour and the 
gradual reduction. The scour onset occurs when a steady 
bed is changed into a mobile bed and a scour hole is cre-
ated around the pier in the second phase due to presence 
of a horseshoe vortex. Kumar et al. [3] utilized collars and 
slots to reduce scour around a circular bridge pier. They 
concluded that the amount of scour reduction due to the 
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slot is greater than the collar so that the most effective func-
tion of the slot is achieved when it is positioned at the 20° 
angle of attack and near the bed surface. Bozkus and Yildiz 
[4] placed an inclined cylindrical pier longitudinal to the 
flow in downstream direction and showed that increasing 
the pier inclination angle in downstream direction decreases 
the scour. Sheppard et al. [5] investigated the maximum 
scour depth around a cylindrical pier with three different 
diameters and concluded that the maximum scour depth at 
the end of the experiment occurs usually at a location other 
than that during the experiment. Zarrati et al. [6] studied 
the effect of the collar width on scour reduction around a 
skewed rectangular pier. The results indicated that wider col-
lars resulted in further reduction in the scour depth around 
the pier. In addition, skewing the pier reduced the efficiency 
of the collar around the pier. Zarrati et al. [7] implemented 
a collar around circular and rectangular piers and proposed 
that the collar functioned better in reducing scour around 
a single rectangular pier than a continuous collar around 
two circular piers. Furthermore, combination of the col-
lar and riprap significantly reduced scour around the piers. 
Bozkus and Cecme [8] investigated the scour depth of twin 
inclined and vertical piers longitudinal to the flow for dif-
ferent flow depths. The results showed that the scour depth 
around inclined piers decreased in comparison with that 
around the vertical piers. Also, the scour depth for grouped 
piers significantly decreased compared to that for a single 
pier. Mashahir et al. [9] examined the effect of increasing 
the rectangular pier length on the efficiency of the collar 
with constant dimensions in reducing the scour around the 
pier. The results indicated that increasing the pier length 
lessens the effectiveness of the collar for scour reduction. 
Further, increasing the skewness angle of the pier increases 
the scour depth around the pier and reduces the collar effi-
ciency. Chaudhuri and Debnath [10] investigated the scour 
process around cylindrical and square piers and concluded 
that the scour mechanism at the cylindrical pier shows that 
the scour initiates from the pier sides; however, in the square 
pier, it initiates from the corners of the upstream-facing wall 
and extends to the pier downstream end. Ismail et al. [11] 
studied the scour around a single pier and two piers with 
side-by-side arrangement and showed that increasing the 
piers diameter increases the scour depth, and by reducing 
the distance between the two piers, the scour depth around 
the piers increases. Aghaee-Shalmani and Hakimzadeh [12] 
addressed the scour depth at conical piers with circular and 
elliptical sections and different lateral slopes. They showed 
that the upstream and downstream scour depths for conical 
piers with a lateral slope angle of 15° to the vertical axis, 
respectively, decrease by about 36 and 53% compared to 
those for a circular pier. Ahmad et al. [13] examined the 
skewness angle of a rectangular pier towards the channel 
walls. The results showed that increasing the skewness angle 

towards the wall increased the maximum scour depth that 
had happened near the pier nose. Fael et al. [14] studied 
the effect of the pier shape and the pier alignment on the 
scour depth around it. They concluded that the shape coef-
ficient should be considered 1 for rectangular piers with 
round noses and 1.2 for rectangular piers with sharp corners. 
Shukur and Obeid [15] examined the role of the pier shape in 
minimizing the scour hole around the pier. The results indi-
cated that the scour depth upstream of the pier was directly 
related to the shape of the pier nose, and the maximum and 
minimum scour depths had, respectively, occurred around 
rectangular and streamline piers. Talib et al. [16] investi-
gated the effect of piers shape and the Froude number on 
the amount of scour around the pier. The results showed that 
the maximum scour occurred in front of the pier nose, and 
increasing the flow velocity increased the maximum scour. 
Furthermore, a formula has been obtained by using dimen-
sional analysis and the available data which highly corre-
spond with the experimental results. Shukri [17] examined 
the local scour depth around a circular pier with different 
diameters and concluded that the scour depth increased by 
increasing the pier diameter for sediments with the same 
particle diameter. In addition, reducing the average size of 
the sediments increased the maximum scour depth. Abozeid 
et al. [18] compared the effect of a slot made on a rectan-
gular pier with a group of circular piers on scour reduc-
tion around the piers. They found that the dimensions of the 
scour hole created around the grouped piers are smaller than 
those at the rectangular pier with a slot so that the grouped 
piers caused a 93% reduction in the scour hole depth. Ahmed 
and Khassaf [19] studied the effect of the pier shape and 
the level of the pier foundation relative to the initial bed on 
the scour around different shapes of piers. The results indi-
cated that the scour depth depended on the foundation level, 
and the shape of the pier and the foundation. The minimum 
scour depth occurred around a hexagonal pier and founda-
tion. Also, installation of the foundation beneath the initial 
bed caused a further reduction in the scour around the pier.

Among the important factors causing scour around the 
bridge piers are downflows, a horseshoe vortex in the front 
and wake vortices behind the pier. Once the flow collides 
with the pier, due to the pressure gradient in the vertical 
direction, the flow is diverted downwards. After it collides 
with the bed, it causes a scour hole around the pier by creat-
ing a horseshoe vortex in front of it. This hole is extended 
towards the downstream side of pier by the wake vortices. 
Digging the scour hole continues until the vortices energy 
is depleted as the volume of water inside the scour hole 
increases. Then the scour depth reaches equilibrium [6]. The 
main characteristic of the flow in the bend is the presence of 
a spiral flow, which forms a combination of secondary flow 
and a longitudinal velocity profile. The collision of these 
flows with the pier makes the flow pattern more complex, 
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and, as a result, the scour pattern here differs from that of 
the straight path. Factors such as pier shape and geometry, 
pier position and the skewness angle of the pier to the flow 
influence the scour around the pier in the bend. A more accu-
rate study on the parameters affecting the bed topographic 
changes, such as the maximum scour depth around the piers 
and changes on the inner and outer banks, are factors that 
need to be addressed in the bend-shaped path. Instances of 
the studies conducted on the flow and scour pattern and sedi-
ment transport around piers located at bends:

Odgaard and Bergs [20] examined the dynamic proper-
ties of the flow in a 180° bend and concluded that owing 
to a change in the channel curvature at the bend entrance, 
the flow acceleration has a significant effect on the flow in 
the bend. Sui et al. [21] investigated the role of hydraulic 
factors in scour development at the walls of a 90° bend. As 
suggested by the results, generation of the secondary and 
spiral flows at the upstream centre of the bend and towards 
the inner wall causes scour at the outer wall and sedimenta-
tion at the inner wall of the bend. Masjedi et al. [22] carried 
out an investigation of the maximum scour depth around a 
rectangular pier at different positions of a 180° bend and 
found that the maximum scour depth at the 60° angle of the 
bend occurred around the rectangular pier. Also, increasing 
the Froude number increased the scour depth in all positions. 
Ben Mohammad Khajeh et al. [23] studied the depth and 
location of the scour around inclined and vertical cylindri-
cal piers in a 180° bend. They concluded that the maxi-
mum and the minimum scour depths, respectively, occurred 
around the pier inclined towards the outer bank and the inner 
bank, and installation of the pier inclined towards the outer 
bank led to formation of alternating sedimentary dunes at 
the downstream side of the pier in the vicinity of the inner 
bank. Helmy et al. [24] examined the effect of pier shape 
and rotation angle of pier relative to the flow direction on 
the maximum scour depth around a pier located in a 30° 
bend. They concluded that all piers have the best perfor-
mance against reducing scour depth by being longitudinal 
to the flow direction, while the hexagonal pier requires a 
rotation angle of 2.5° relative to the flow direction for bet-
ter performance. Maatooq and Mahmoud [25] conducted 
a study of the maximum scour depth around a rectangular 
pier at different positions of a 180° bend. They found that 
the maximum scour depth occurred with the pier installed at 
the 90° position of the bend, and by skewing the pier towards 
the inner bank, compared to the outer bank, the values of 
scour depth increased. Vaghefi et al. [26] investigated the 
role of base-level fall at the bend entrance in scour reduction 
around a rectangular pier in a 180° sharp bend and indicated 
that creating a fall at the upstream side of the pier increased 
the flow depth and decreased the velocity in the vicinity of 
the pier; hence, the maximum scour hole depth and vol-
ume, respectively, decreased by 73 and 97%. Vaghefi et al. 

[27] studied the scour around cylindrical piers transverse 
and longitudinal to the flow direction at different positions 
of a 180° sharp bend. The results indicated that placing the 
piers at the 60° position, in both cases, led to the maximum 
scour hole area around the piers, and sedimentary dunes 
developed downstream of the piers. Eghbalnik et al. [28] 
examined the temporal variations of the scour depth and 
bed topography around a group of piers transverse to the 
flow direction at the 60° position of a 180° bend and showed 
that in time, the location of the maximum scour depth tends 
from the inner bank to the outer bank. Asadollahi et al. [29] 
conducted a study of scour and flow patterns around a group 
of piers located at different positions of a 180° sharp bend 
both experimentally and numerically and concluded that the 
position of the piers in the bend does not influence the loca-
tion and the amount of the maximum scour depth. In addi-
tion, the maximum secondary flow power around the piers 
in the first half of the bend is greater than that in the second 
half. Mahmoud [30] studied the role of pier shape, rotation 
angle of pier relative to the flow direction, the Froude num-
ber and particles with different diameters in minimizing the 
scour depth around a pier in a 30° bend. The results showed 
that a hexagonal pier with a rotation angle of 2.5° resulted 
in 22–35% reduction in the maximum scour depth under 
different conditions in comparison with a rotation angle 
of 0°. Moghanloo et al. [31] examined the effect of collar 
thickness on the flow pattern around an oblong pier located 
at the 90° position of a 180° sharp bend. As suggested by 
the results, increasing the thickness of collar placed at a 
level equal to 0.4 times the pier width and that located at a 
level higher than the initial bed level severely decreased the 
kinetic energy at the upstream side of the pier and increased 
the streamlines orientation towards the bed. Hence, the scour 
hole depth increased. Moghanloo et al. [32] examined the 
role of thickness and level of the collar at the oblong pier in 
reducing the dimensions of the scour hole developed around 
the pier in a 180° bend and concluded that increasing the 
collar thickness at the levels above the bed increased the 
scour depth. Also, placing the collar near and below the 
initial bed level further reduced the scour hole dimensions 
around the pier compared to the pier without a collar. Rasaei 
et al. [33] studied the depth and volume of the scour hole 
around circular and cubic piers in a 90° convergent bend 
with a central radius of 1.7 m. The results indicated that the 
maximum depth and volume of scour hole around the piers 
occurred when the piers were installed at the 75° angle of 
the bend. Sedighi et al. [34] examined the scour around con-
vergent and divergent circular piers at different positions of 
a 180° sharp bend governed by different flow regimens and 
concluded that moving the convergent circular piers from 
the first half of the bend to the second half increased the 
maximum scour depth.
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The above-mentioned studies indicated that various fac-
tors are involved in the scour process around bridge piers 
installed at bend paths. One of the effective parameters less 
often studied is the ratio of pier length to pier width. This 
ratio plays a substantial role in creating and empowering the 
system of vortices around the pier and hence the amount of 
scour and bed topography changes. This study is innovative 
in addressing the effect of the ratio of length to width of rec-
tangular piers with round noses, with bridge piers installed 
at different positions of a 180° sharp bend. In this study, 
topics such as the downstream straight path topography 
changes, the depth and location of the maximum scour and 
sedimentation, the values of area and volume of the scour 
hole around the piers, and the effect of a skewed pier with 
different angles relative to the flow direction on scour were 
studied and analysed.

2 � Material and methods

Experiments were carried out at the hydraulic laboratory of 
Persian Gulf University in Bushehr. The main channel had a 
straight upstream path with a length of 6.5 m and a straight 
downstream one which was 5 m long. A 180° channel was 
placed between the two paths. The cross section of the rec-
tangular channel had a width of 1 m and a height of 0.7 m 
and the bend central radius to width ratio was 2 [35]. A sche-
matic view of the experimental flume is shown in Fig. 1a. 
R represents the inner radius of bend. The bed and sides of 
the channel were made of glass, supported by a metal frame. 
The flow measurements were made with an ultrasonic flow 
meter. A gate was placed at the end of the main channel to 
control the flow depth. The bed sediments with an average 
size of d50 = 1.5 mm, a thickness of 0.3 m and the standard 
deviation of � =

√

d84∕d16 = 1.14 were used and covered 
the entire channel.

The rectangular piers had round nose and tail, and they 
were made of PVC. The piers width was b = 0.05 m and 
their length was L = 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 m. 
Therefore, the L/b ratios of those piers, respectively, were 1, 
2, 3, 4, 5 and 6. The parameter of �p = 60, 90 and 120° was 
chosen to indicate the location of the piers and its effect on 
scouring in the bend with the pier. In addition, the param-
eters of � = ±15,±30,±45,±60,±75, 90◦ , respectively, 
showed the skewness of the pier towards the inner and outer 
banks (Fig. 1b).

At the onset of the experiment, temporal variations of the 
scour hole depth in front of the pier nose were collected by 
the temporal variations harvesting device made of a metal 
body, a ruler and a moving indicator. In addition, the depth 
and location of the maximum scour and sedimentation, and 
bed topography changes were collected by bed topography 
harvesting laser device with a ±1mm precision rate at the 

end of the experiment. Smaller meshes were used around the 
piers to harvest the bed topography. Figure 1c, d illustrates 
the maximum scour temporal variations harvesting device 
and the bed topography harvesting laser device, respectively.

All experiments were carried out in close proximity to 
the bed material movement threshold. According to Chiew 
[36], if y/b is greater than 3 (where y is the flow depth and 
b denotes the pier width), the water depth will not affect 
the scour hole depth. The experiments were carried out at 
a discharge of 0.07m3/s, the flow depth at the beginning of 
the bend was about 0.18 m, and u/uc was 0.98 (u and uc 
are average flow velocity and flow velocity at the threshold 
motion of particles, respectively). In order to determine the 
relative equilibrium time for conducting the experiments, a 
34-h equilibrium time experiment with a rectangular pier 
located at the 90° position was performed. Almost 95% 
of the maximum scouring occurred in the first 15 h of the 
experiment, which is consistent with the results of Melville 
and Chiew [37]. Therefore, 15 h was chosen as the relative 
equilibrium time for each experiment.

3 � Results and discussion

The rectangular piers with different L/b ratios in flow direc-
tion (α = 0) were positioned at 60, 90 and 120° of the bend 
for scour pattern experiments. The main goal was to deter-
mine the minimum amount of KL. The amount of KL is 
found when the maximum scouring depth at the pier nose 
is divided by the maximum scouring depth of the pier at 
L/b = 1 in each position. All of the conducted experiments 
and the measuring parameters can be seen in Table 1. In 
this table, dsm is the depth of the scouring hole, A and V 
are, respectively, the area and volume of the scouring hole, 
hsm is the maximum height of sedimentation, y is the flow 
depth at the beginning of the bend, B is the channel width, 
b’ is the distance from the maximum scour depth location 
or the maximum sedimentation location at the bend to the 
inner bank which is variable, and θ is the positioning angle 
in the channel from the beginning of the bend. According to 
the table, in the position of 60° of the bend with an increas-
ing pier length, the maximum scour depth at the piers nose 
is increasing relative to the located pier with L/b = 1 in this 
position (P160 experiment). This increased scour depth con-
tinues until the P560 experiment. The maximum scour depth 
near the pier nose has been reduced in the P660 experiment 
so that the KL value in this experiment is 0.87. This was 
caused due to the pier being installed at the 60° angle of 
the bend and owing to the long pier length, which acted 
as a barrier against the secondary flows. Since sedimentary 
stacks caused by the secondary flows are found in the sharp 
bends near the outer bank and at the 50–70° angles of the 
bend itself, 6 times the pier length causes the bed sediments 



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:150	

1 3

Page 5 of 17  150

to be washed off the outer bank and, as a result, the washed 
sediments along the outer bank and the pier upstream are 
transferred to the scour hole around the pier and cause the 
scour hole to be filled around the pier. At the pier position at 
the angles of 90 and 120°, depending on the curvature rela-
tive radius of the bend, sedimentation near the outer bank in 
the bend without piers is insignificant and the quantitative 
sediments are introduced from the outer bank to the local 
scour hole around the pier. Consequently, at the position of 
60°, the value of KL decreased in comparison with those at 
two positions of 90 and 120°. With installation of the piers 
at the position of 90° of the bend, the increase in pier length 
increases the maximum scour depth at the pier nose. Hence, 

the highest amount of the maximum souring depth is seen in 
P690 experiment and equals 1.04y. At this point, the coeffi-
cient of KL reaches 1.21. In addition, with installation of the 
piers at the position of 90° of the bend, the amounts of the 
maximum scouring depth at the pier nose are greater than 
those at the two positions of 60 and 120° of the bend. The 
volume of scour hole around the piers in Experiments P290 
and P390 decreases and then increases by increasing the 
pier length relative to the volume of the scour hole created 
in the P190 experiment. What must be taken into consid-
eration is that the volume of the scouring holes developed 
around the piers at the position of 90° has decreased in com-
parison with that at the position of 60°. The highest and the 

Fig. 1   Schematic view of (a) laboratory channel and (b) the skewedness angle of pier, (c) temporal variations and (d) bed topography harvesting 
devices



	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:150

1 3

150  Page 6 of 17

lowest amounts of the maximum scouring depth at the pier 
nose with L/b = 1 occurred at the position of 60 and 120° 
of the bend, respectively. In the piers with length-to-width 
ratios of 2 to 6, the maximum and the minimum depth of 
scouring at the pier nose, respectively, occurred at the posi-
tion of 90 and 120° of the bend. Also, the maximum scour 
depth at the pier nose has increased at the position of 120° 
of the bend by increasing the pier length. The maximum 
area of the scour hole created around the piers occurred in 
the P660 experiment and was equal to 290 b2. It is also the 
lowest in the P2120 experiment and was equal to 80.6 b2. 
The volume of the scour hole developed around the pier at 
the position of 60° was higher than that found at positions 
of 90 and 120°. The maximum and the minimum volumes of 
the scouring hole were, respectively, found in Experiments 
P560 and P2120 and were equal to 209 b3 and 47.7 b3 around 
the piers. In each position, with an increase in pier length, 
the coefficient of KL is also increasing. The amounts of KL 
coefficient at the position of 120° are higher than those at the 
position of 90°, and both are higher than those at the position 
of 60°. The maximum coefficient of KL was found in P5120 
experiment and its minimum amount was found in P660 
experiment, each, respectively, at 1.25 and 0.85.

A sample of scouring contours which were found 
around the pier at the position of 90° from the bend has 
been depicted in Fig. 2. It can be seen that increasing the 
pier length leads to an increase in the width of the scouring 
hole near the pier nose, and when it moves downstream, 

this width decreases. This is because the pier length has 
inhibited the secondary flow development. The secondary 
flow generated in the bend is diverted towards the outer bank 
and oriented towards the bed due to collision with the pier 
length. Therefore, it causes scour around the pier nose. It 
also results in the scour hole orientation towards the inner 
bank at the downstream side of the pier so that increasing the 
pier length further orients the scour hole towards the inner 
bank. With an increase in the pier length, the length of the 
scouring hole at the upstream side of the pier nose increases 
while moving upstream. This is all true while the opposite 
takes place downstream of the piers, i.e., an increase in the 
pier length leads to a decrease in the length of the scour-
ing hole formed at the downstream side of the pier. Based 
on Fig. 2a, the scouring hole caused around the pier has 
started from 6b towards upstream and continued towards 
14b downstream of the pier as shown in P190 experiment. 
Hence, the sediments extracted from the scouring hole from 
the 130 to 170° angles from the bend have been stacked 
at 28b and 55b amounts across the inner bank. Addition-
ally, these sediments have gone into a straight downstream 
path and continue to move downstream until they reach 6b 
from the end of the bend. Based on P290 experiment in 
Fig. 2b, the scouring hole has been formed at 6b towards 
upstream of the pier and 10.5b towards its downstream side. 
The accumulated sediments resulting from this scouring 
were observed between the angles of 120 and 145° from the 
bend and, respectively, equal 21b and 38b towards the pier 

Table 1   A summary of the 
measured parameters

Test No Identity code Piers Scour hole param-
eters

Position of 
dsm

Position of hsm Length factor

L/b �
P

dsm/y V/b3 A/b2
� b’/B hsm/y � b’/B KL

deg deg % deg %

1 P160 1 60 0.87 141.3 194 60 47.5 0.58 110 5 1
2 P260 2 60 0.88 132.8 211.7 58.5 50 0.57 110 2.5 1
3 P360 3 60 0.89 147.3 221.5 57.5 52.5 0.53 120 2.5 1.01
4 P460 4 60 0.92 175.5 235.2 57 50 0.51 125 5 1.06
5 P560 5 60 0.95 209 254.4 56.5 52.5 0.62 123 2.5 1.08
6 P660 6 60 0.76 201.3 290 55.5 50 0.65 128 2.5 0.87
7 P190 1 90 0.85 137.7 177.5 89 50 0.55 165 12.5 1
8 P290 2 90 0.89 91.4 155.3 88.5 50 0.51 135 10 1.04
9 P390 3 90 0.9 117.4 161.2 87.5 52.5 0.47 130 17.5 1.06
10 P490 4 90 0.92 148.8 180.5 87 50 0.48 135 17.5 1.08
11 P590 5 90 1.02 173.6 203.3 86 50 0.49 136 15 1.19
12 P690 6 90 1.04 172 205 85.5 52.5 0.47 135 12.5 1.21
13 P1120 1 120 0.74 64.6 99.6 119 50 0.37 170 5 1
14 P2120 2 120 0.72 47.7 80.6 118.5 52.5 0.31 165 7.5 0.97
15 P3120 3 120 0.82 67.8 97.2 117.5 55 0.36 165 7.5 1.1
16 P4120 4 120 0.85 82 118 117 47.5 0.4 150 12.5 1.15
17 P5120 5 120 0.93 98.4 158.3 116.5 52.5 0.38 150 5 1.25
18 P6120 6 120 0.91 99.3 132.5 115.5 52.5 0.4 149 10 1.22
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downstream and a distance of 0.45B from the inner bank. 
According to Fig. 2c, the scouring hole in P390 experiment 
is formed between angles of 80 and 115° from the bend 

and, respectively, equal 6b and 17b towards the upstream 
and downstream sides of the pier. In addition, the sediments 
extracted from the scouring hole at 120–150° angles equal 

Fig. 2   Samples of scour contours in experiment (a) P190, (b) P290, (c) P390 and (d) P690



	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:150

1 3

150  Page 8 of 17

21b and 40b pier downstream and have been stacked at 0 
to 0.5B from the inner bank. As can be seen in Fig. 2d, in 
contrast to previous three experiments, the scouring hole in 
P690 experiment has started from the angle of 70° equal to 
10.5b from the pier upstream and has continuously moved 
towards the angle of 115° equals to 17b to the pier down-
stream. The sediments washed away from the vicinity of the 
pier have been stacked at 120–155° angles from the bend due 
to horseshoe and wake vortices near the inner bank of the 
pier downstream. Also, the sediments near the inner bank 
have continuously formed up to 6b from the bend towards a 
straight path in downstream direction.

Figure 3 illustrates a sample of bed length profiles located 
at a 50% distance of the channel width from the inner bank 

in different situations. Z is the distance from the initial 
bed level. The volume of sediments leaving the scour hole 
around the piers is increased when the piers are installed at 
the first half of the bend in comparison with the case where 
they are located in the second half of the bend due to the 
influence of the upstream straight path and the high power 
of wake vortices. In Fig. 3a, where the piers are located 
at the position of 60° from the bend in the length profile 
from the centre of the channel, the bed characteristics are 
similar from the beginning to an angle of about 50° for all 
piers. The bed changes found in all experiments were pretty 
similar from an angle of 50° equal to 10b towards upstream 
to nearly an angle of 110° equal to 35b downstream. These 
changes occur in a trend that the length of the scour holes 

Fig. 3   Samples of longitudi-
nal sections at positions of (a) 
60, (b) 90 and (c) 120° with 
zoomed areas around the piers
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upstream of the piers nose increases with an increase in 
the pier length, as shown in the zoomed area. However, at 
the downstream side of the pier tail, an increase in the pier 
length decreases the length and depth of the scour holes 
downstream. In addition to an increase in the power of the 
secondary flow, the depth of the scouring holes at the pier 
location have also reached its maximum amount. Sedimen-
tary deposits have been formed at an angle of 110° equal 
to 35b pier downstream to an angle of 140° equal to 55b 
pier downstream, except in Experiments P160 and P260. In 
these two experiments, the scour around the piers is lower 
due to the small pier length; therefore, less sediment is car-
ried downstream, and the water falling from the sedimentary 
stacks on the bed results in generation of scour holes in the 
stated periods. An increase in the pier length leads to an 
increase in the height of the sedimentary stacks. Hence, the 
maximum height of sedimentation of 0.3y was found at the 
angle of 120° in P660 experiment. Except for P660 experi-
ment, no significant changes were found in the bed topogra-
phy of the remaining experiments from an angle of 160° to 
the end of the bend. According to Fig. 3b, by placing the pier 
at the 90° angle, no significant changes are observed from 
the beginning to the angle of 65° from the bend, and the bed 
in all experiments is approximately at its initial level. Also, 
from the range of 70–110° around the pier, a scour hole has 
been created; with an increase in the pier length, the depth 
and length of scour holes increase. The sediments carried 
from the scouring hole piled up around the piers from the 

110 to 140°. The highest amount of sediments, which was 
0.4y, was found in P590 experiment and the lowest amount, 
0.15y, was found in P290 experiment. From the angle of 
140° to the end of the bend, scouring and sedimentation 
are repeated alternately. In Fig. 3c, by placing the piers at 
the position of 120° from the bend, similar to Fig. 3a, an 
increase in the pier length will lead to an increase in the 
length and depth of the scouring hole in the pier upstream 
and a decrease in the pier downstream. The scouring holes 
have been formed around the piers from the angle of 110° 
equal to 10b the pier upstream to approximately the angle of 
140° equal to 14b towards downstream. The sediments leav-
ing the scouring hole have been piled up from the angle of 
115–150° in rectangular piers, while in P1120 experiment, 
from the angle of 140–160°, a sedimentary stack is formed. 
The greatest height of sedimentation was found in Experi-
ments P5120 and P4120, both rating at the amount of 0.3y 
at an angle of 145°. In addition, when water poured down 
from above the sedimentary stacks onto the bed, scouring 
holes were created at 150–160° angles and the sediments 
carried away from the holes were piled up at the 170° angle. 
No significant changes were found at the end of the bend in 
the experiments.

In Fig. 4, the maximum amount of dimensionless sedi-
mentation is illustrated with the flow depth at the begin-
ning of the bend against its position along the bend. The 
��R∕180 axis is indicative of the longitudinal direction from 
the beginning to the end of the bend in metres, which has 

Fig. 4   Position of the maximum sedimentation along the bend
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been dimensionless with the pier width. As can be seen in 
the figure, by placing the piers at the position of 60°, the 
height of the sediments and their distance from the piers 
centre are greater than those at the positions of 90 and 120°. 
In comparison with the second half of the bend, the first half 
is influenced by the upstream straight path and is also further 
affected by the downstream bend. Following an increase in 
the secondary flow power and hence the spiral flow in this 
half, further development of sediments towards the down-
stream side of the piers is observed. The maximum height 
of sedimentation occurs when the pier with L/b = 6 is placed 
at the position of 60° and the lowest amount is found when 
the pier with L/b = 2 is placed at the position of 120°. Also, 
the maximum and minimum distances from the piers centre 
occurred by placing the pier with L/b = 6 at the positions of 
60 and 120° of bend, respectively. By placing the piers at 
the position of 60° from the bend and increasing the pier 
length, the distance between the maximum sedimentation 
and the piers centre will increase. The maximum distance 
is found in the pier with L/b = 6 at a 0.65y height placed at 
a distance of 50b towards downstream. In addition, the low-
est distance was found in the piers with L/b = 1, 2 which, 
respectively, had heights of 0.58y and 0.57y and were placed 
at 35b towards downstream. By placing the piers at the posi-
tion of 90° in the bend and increasing the pier length, the 
maximum height of sedimentation decreased. The highest 

amount of sedimentation was found in the pier with L/b = 1 
and the lowest at the pier with L/b = 6. The highest and low-
est amounts of sedimentation were, respectively, 0.55y and 
0.46y. In this position, the point at which the maximum 
amount of sedimentation occurred towards the pier centre 
has been placed at an approximate 35b downstream distance 
in all the piers. By placing the piers at the position of 120° 
from the bend, unlike the position of 90°, an increase in the 
pier length led to an increase in the height of the maximum 
sedimentation found in the piers downstream. The maximum 
height of sedimentation was found in the pier with L/b = 6 
and was 0.4y high, while the minimum height was found in 
the pier with L/b = 1 with a height of 0.31y. In addition, by 
increasing the pier length in this position, the distance of the 
maximum sedimentation height from the piers centre has 
decreased. The maximum and minimum distances, respec-
tively, occur at piers with L/b = 1, 2 and L/b = 6 at distances 
of 30b and 20b at the downstream side of the piers.

The locations of the maximum scour depth and sedimen-
tation height, nondimensionalized with the flow depth at the 
beginning of the bend, are shown in Fig. 5 against differ-
ent positions along the channel width from the inner bank. 
The maximum scour depth, with the placement of piers in 
different positions, occurred near the piers nose. It can be 
seen from Fig. 5a that by placing the piers at the positions 
of 60, 90 and 120° from the bend, the variation range of the 

Fig. 5   Location of the maxi-
mum (a) scour depth and (b) 
sedimentation height on the 
channel width
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maximum scour depth occurred at 50–52.5, 47.5–52.5 and 
47.5–55% of the channel width from the inner bank, respec-
tively, due to the flow crash in the first encounter with the 
pier on the nose and the presence of downflow. By placing 
the piers at the positions of 90 and 120° from the bend, the 
maximum and minimum scour depths, respectively, occur 
near the pier nose. The maximum amount of scouring occurs 
near the nose of the pier with L/b = 6, equal to 1.04y, at the 
position of 90°, and its minimum amount is found in front 
of the pier nose with L/b = 2, equal to 0.72y, at the position 
of 120° in the front of the pier nose. As it can be seen in 
Fig. 5b, the location of the maximum height of sedimen-
tation in the channel width for different piers at the posi-
tions of 60, 90 and 120° from the bend have, respectively, 
occurred at intervals of 2.5–5, 10–17.5 and 5–12% of the 
channel width from the inner bank. The sediment leaving the 
scour hole and moving downstream reaches an area where 
the pier influence is reduced. Therefore, once again it under-
goes the influence of the secondary flow generated in the 
bend and orients towards the inner bank. As a result, the 
maximum sedimentary height occurs near the inner bank. 
The maximum height of sedimentation increases by placing 
the piers at the 60° angle in comparison with the 90° one, 
with both angles showing more increase in comparison with 
the 120° angle. This is due to approximation to the down-
stream straight path and a reduction in the vortices power, 
including the wake vortices. The maximum height of sedi-
mentation is formed at the 60° angle and 0.025B from the 
inner bank, and the lowest height of sedimentation is formed 
at 0.075B from the inner bank, respectively, at the down-
stream side of the piers with L/b = 6 and L/b = 2. Also, the 
maximum and minimum heights of sedimentation, respec-
tively, fall at 0.65y and 0.31y.

The slopes of the walls around the scour holes formed 
around the rectangular piers in different positions have been 
depicted in Fig. 6. In this figure, SD and SU, respectively, 

represent the slope of the upstream and downstream walls 
and SI and SO, respectively, denote the slope of the wall 
towards the inner and outer banks of the scouring hole. In 
order to determine the slope of the scour hole walls in dif-
ferent directions, first the location and the amount of the 
maximum scour hole depth was specified. Then the angle 
between the oblique and straight lines from the location of 
the maximum scour depth to the hole side walls, which is in 
fact the slope on the sides of the scour hole wall, was calcu-
lated. Based on Fig. 6a, the amount of SD increases when the 
piers are placed at the position of 120° in comparison with 
the position of 90°, and both positions show higher levels of 
increase in comparison with the position of 60°. When the 
scour hole occurs in the second half of the bend, the progress 
of scour hole towards the downstream side of the piers is 
less than that in the first half. Hence, a reduction in the hori-
zontal distance between the downstream wall of the scour 
hole and the location of the maximum scour depth leads to 
an increase in the downstream wall slope. The maximum 
amount of SD is 0.35, found in all the three Experiments 
of P2120, P3120 and P6120. The amount of SU in P3120 
experiment was 0.7, which is higher in comparison with the 
other two experiments. In addition, the lowest amount of 
SD is 0.09 in both Experiments P360 and P660. However, 
the amount of SU is 1.5 times higher in P360 experiment 
than that in P660 experiment. The maximum amount of SU 
in Experiments P290 and P1120 is 0.78, and the minimum 
amount in P590 experiment is 0.38. As it can be seen in 
Fig. 6b, the minimum amounts of SI and SO occurred in 
P660 experiment, respectively, amounting to 0.32 and 0.22. 
This was caused by the high width of the scour hole created 
around the pier in this experiment; a scour hole occupied 
85% of the channel width itself. The maximum amount of 
SO was found in P360 experiment at 0.6. Also, the maxi-
mum amount of SI in both Experiments P160 and P590 was 
0.53. One of the important points that must be considered is 

Fig. 6   Wall slope of (a) 
upstream and downstream and 
(b) the inner and outer banks of 
the scour holes around the pier 
in different positions
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that in Experiments P160, P190, P390, P490 and P2120, the 
slope of the inner and outer bank walls is the same, proving 
that the maximum depth of scouring is found in the middle 
of the scour hole width in these experiments. In addition, 
the higher amount of SI in comparison with SO shows that 
the scour hole is more likely to move towards the outer bank 
and vice versa.

Given that placing the rectangular pier with L/b = 6 along 
the bend channel can lead to scouring and destruction of 
the inner bank, using it in a 180° sharp bend is not advised. 
Additionally, Melville and Sutherland’s study in 1988 inves-
tigating the length-to-width ratio of the rectangular pier in 
the straight channel proved that the length of the rectangular 
pier in such studies must be 3 times the width (L/b > 2) [38]. 
Based on the obtained results of the present study regarding 
the relationship between the length and width at a 180° sharp 
bend and its comparison with Melville and Sutherland’s 
study [38], it can be concluded that it is best to use rectangu-
lar piers with a length-to-width ratio of 3–5 (3 ≤ L/b ≤ 5) in 
a 180° sharp bend in order to prevent the destruction of the 
banks and cause less alterations to the topography of the bed. 
The performance of the rectangular pier with a length-to-
width ratio of 3, positioned at 60, 90 and 120° of the bend, 
in terms of the volume of the scour hole formed around the 
pier, the length and width of the scour hole, the maximum 
scour depth in front of the pier nose, and the bed topography 
changes in the pier downstream, according to Table 1, is bet-
ter than the performance of the two rectangular piers with 
L/b = 4, 5. Hence, utilizing this rectangular pier at different 
positions of a 180° bend leads to better results. Given that 
a pier with L/b = 3 can decrease the scouring of the bend 
more efficiently, and that the maximum depth of the scour-
ing around the pier in a 90° position is higher in comparison 
with the other positions, the skewness of the pier parameter 

with different angles of attack towards the inner and outer 
banks with a ratio of L/b = 3 was investigated.

In Table 2, the coefficient of K
�
 is defined for the maxi-

mum scour depth created around the skewed pier with differ-
ent collision angles of the flow. This coefficient is obtained 
by dividing the maximum scour depth created around the 
skewed pier with different collision angles of the flow to the 
pier by the maximum scour depth created around the pier 
when it is longitudinal to the flow direction. In Table 2, � is 
the skewness angle of the skewed pier towards the banks and 
LD is the sediments progress in the straight downstream path. 
By placing the skewed pier towards the inner bank, the max-
imum scour depth in Experiment P + 60 with a skewedness 
angle of � = 60

◦ equals 1.51y. By moving the angle towards 
the outer bank, the maximum scour depth was recorded to be 
� = −75

◦ and equals 1.22y. When the pier is skewed towards 
the inner bank, an increase in � leads to an increase in K

�
 . 

This is the case while by increasing � by skewing the pier 
towards the outer bank, the K

�
 coefficient only increases 

at the pier with � ≥ 45
◦ , and in the pier with 𝛼 < 45

◦ , the 
amount of this coefficient is smaller than one. By skewing 
the pier with angles of 15 and 30° to the outer bank, the 
maximum scour depth created around the pier would be less 
than the maximum scour depth when the pier is longitudinal 
to the flow direction. In the pier with � = −15

◦ , the maxi-
mum scour depth near the pier nose is reduced by about 20% 
relative to the pier with � = 0

◦ . In the pier with � = 90
◦ , the 

pier is completely perpendicular to the flow; the maximum 
scour depth around the pier increases by about 55% in com-
parison with a pier with � = 0

◦ or, in other words, the coef-
ficient K is 1.55 times higher. In general, the maximum scour 
depth when the pier was skewed towards the inner bank was 
greater than that with skewing it towards the outer bank, 
and the highest scouring occurred at the highest angle. The 

Table 2   Scouring parameters 
for skewed rectangular pier

Test No Identity code Piers Scour hole param-
eters

position of 
dsm

position of hsm Skewed factor

�(deg) dsm/y V/b3 A/b2
� b’/B hsm/y � b’/B LD/b K

�

 +  − deg % deg %

1 P390 0 0 0.91 117.4 161.2 87.5 52.5 0.47 136 17.5 – 1
2 P + 15 15 − 1.11 202.4 231.2 88 52.5 0.7 163 17.5 42 1.27
3 P + 30 30 − 1.18 268.9 296.7 88 52.5 0.6 165 20 74 1.3
4 P + 45 45 − 1.33 321.7 301.3 88 52.5 0.68 165 12.5 70 1.47
5 P + 60 60 – 1.51 446.1 370.6 88 55 0.74 177 30 78 1.67
6 P + 75 75 – 1.38 378.6 331.7 90 57.5 0.69 170 20 66 1.53
7 P-15 – 15 0.74 92.3 147.8 88 55 0.46 135 2.5 – 0.82
8 P-30 – 30 0.9 162.9 207.7 90 47.5 0.55 140 2.5 4 0.99
9 P-45 – 45 1.08 275.1 276.6 92 45 0.68 172 25 62 1.19
10 P-60 – 60 1.16 331.1 315.2 90 47.5 0.69 141 12.5 70 1.29
11 P-75 – 75 1.22 369.2 361.4 89 57.5 0.67 140 12.5 80 1.35
12 P90 90 90 1.4 430.6 356.5 89 60 0.69 150 12.5 80 1.55
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volume of the scouring hole created around the skewed pier 
is directly linked to an increase in the skewness angles of the 
pier towards the banks. By increasing � , the volume of the 
scour hole has increased in every state, with the exception of 
the pier with � = −15

◦ . The maximum volume of the scour 
hole is, respectively, 446.1b3 and 369.2b3 when the pier is 
skewed towards the inner bank with � = 60

◦ and towards the 
outer bank with � = −75

◦ . The volume of the scour hole cre-
ated around the pier with � = 90

◦ is approximately 3.5 times 
the volume of the scour hole around the pier with � = 0

◦ . By 
skewing the pier towards the banks and due to an increase 
in � owing to the increase in cross-sectional area against the 
flow, it increases the length and width of the scour hole. As 
a result, the area of the scour hole created around the pier 
increases with an increase in � . The maximum lengths of 
the scour hole in the pier with � = ±30

◦ are, respectively, 
21b and 22.5b, and the maximum widths of the scour hole 
in the piers with � = 60

◦ and � = −75
◦ are, respectively, cal-

culated to be 92.5B and 0.9B. Therefore, the maximum area 
of the scour hole is found around the piers with � = 60

◦ and 
� = −75

◦ and is calculated to be 370.6b2 and 361.4b2. Skew-
ing the pier towards the banks leads to further progress of 
the sediment in the straight downstream path, and with the 
increase in � , the length of sediment reach increases. The 
maximum progression of the sediments in the straight down-
stream path occurs at the piers with � = 60

◦ and � = 90
◦ and 

in both, it is calculated to be 80b from the end of the bend.
A sample of cross sections near the nose and tail of the 

skewed pier with different skewness angles towards the inner 
and outer banks has been depicted in Fig. 7. Skewing the 

pier towards the inner and outer banks due to placing the 
piers against and aligned with the secondary flows, respec-
tively, leads to scouring at the banks near the nose and tail 
of the pier. Therefore, the width of the scour hole increases 
with an increase in the skewness angle. Also, increasing 
the width of the scour hole to the inner bank causes the 
sediment stacks to be washed away in this place. Hence, 
with skewness angles higher than 30°, sedimentary stacks 
are not formed near the inner bank in front of the nose and 
tail of the pier. In Fig. 7a, the maximum width of the scour 
hole near the pier nose occurred in Experiment P + 60 and 
0.925B, and that near the pier tail in Experiment P90 and 
0.9B. The maximum scour depth in front of the pier tail is 
estimated in Experiment P + 60 to be equal to 1.49y and 
0.6B from the inner bank. Based on Fig. 7b, by skewing the 
pier towards the outer bank in Experiments P-15 and P-30 
in front of the pier nose, the maximum scour depth, about 
20% and 8%, and the width of the scour holes, about 25% 
and 8%, respectively, have decreased compared to Experi-
ment P390. In experiments where � ≥ 45

◦ , by increasing 
the skewness angle towards the outer bank, the width of the 
scour hole in front of the nose and tail of the pier increases. 
In Experiment P90, due to installation of the pier transverse 
to the flow direction, the maximum width of the scour hole 
around the pier is about 55% higher than the pier longitudi-
nal to the flow direction.

A sample of the development of the scour hole to the 
downstream side of the skewed pier with different angles 
of skewness towards the inner and outer banks is shown in 
Fig. 8. In the figures, the location of the maximum scour 

Fig. 7   Cross sections near the 
nose and tail of the skewed 
rectangular pier towards the (a) 
inner and (b) outer banks
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Fig. 8   A sample of the development of the scour hole around the skewed pier
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depth around the pier is shown. By skewing the pier with 
15◦ ≤ � ≤ 75◦ towards the inner bank, the scour hole was 
formed at the pier upstream near the pier nose. Then the 
scour hole is expanded towards the banks and the pier down-
stream due to placing the pier against the secondary flows 
and thus increasing the power of the horseshoe vortex at the 
pier upstream. In Fig. 8a, in a pier with skewness angles of 
less than 45° towards the inner bank, the pier upstream end 
prevents the flow more efficiently than the downstream end. 
For this reason, at smaller angles, the scour hole occurs near 
the pier nose upstream. Also, in accordance with Fig. 8b, 
skewing the pier towards the outer bank at an angle of less 
than 45° causes a scour hole at its downstream end close 
to the pier tail. Then the scour hole expands towards the 
downstream side of the pier leaning towards the inner bank. 
Figure 8c indicates that an increase in the � angle towards 
the inner bank not only affects the upstream end of the pier 
but also has an impact on the downstream end by causing 
an obstacle in the flow which leads to an increase in the 
speed and power of the downflows in the upstream pier. 
As a consequence, the scour hole expands towards the pier 
downstream end, covering the entire pier length. According 
to Fig. 8d, two scour holes around the skewed pier, one near 
the nose and the other near the tail, have been formed in the 
pier with � ≥ 45

◦ and towards the outer bank. This is due to 
the pressure gradient at the pier upstream which deviates the 
downflows near the pier nose towards the two sides of the 
pier. Hence, by increasing the skewness angle towards the 
outer bank, the scour holes developed further at the two ends 
of the pier. Figure 8e shows that an increase in the � angle 
towards the inner bank causes the maximum scour depth to 
occur away from the pier and orient towards the outer bank 
because most of the pier length is located against the second-
ary flows. Also, in Fig. 8f, by increasing the skewness angle 
towards the outer bank, the maximum scour depth location 

is moved from the front of the pier nose to the pier tail and 
closer to the inner bank in comparison with the case where 
the pier is longitudinal to the flow direction. According to 
Fig. 8g, with installation of the pier transverse to the flow 
direction, since the pier end close to the outer bank is located 
against the secondary flows, a scouring hole is generated 
near the outer bank and develops towards the downstream 
side of the pier by orienting in the outer bank direction.

The walls slope of the scour holes formed around the 
skewed pier with different skewness angles is shown in 
Fig. 9. As shown in Fig. 9a, skewing the pier towards the 
bank, and increasing � leads to an increase in the SD amount 
as well. The SD amounts in the skewed pier towards the 
inner bank are higher than those in the pier skewed towards 
the outer bank. The skewed pier towards the outer bank 
increases the scour hole length in downstream direction 
because of the pier installation longitudinal to the secondary 
flow. Therefore, the downstream wall slope decreases. How-
ever, skewing the pier towards the inner bank leads to the 
reverse. The highest amount of SD occurred in Experiments 
P + 75 and P90, and in both cases, it was 0.38. The lowest 
amount of SD was in Experiment P-15 and was equal to 0.14. 
With an increase in α in piers with skewness angles of more 
than 45° towards the inner and outer banks, the amount of 
SU decreased and increased, respectively. The highest and 
lowest SU amounts occurring in Experiments P-15 and P-45 
were calculated at 0.78 and 0.44, respectively. In Fig. 9b, 
by skewing the pier towards the outer bank, SI amounts 
have increased in comparison with the case where the pier 
is skewed towards the inner bank. This is the case while 
SO amounts have increased by skewing the pier towards the 
inner bank. As a result, it can be stated that by skewing the 
pier towards the banks, the scour hole created around the 
pier moves towards the opposite bank. By skewing the pier 
towards the inner bank, the highest amounts ​​of SI and SO 

Fig. 9   Wall slope of (a) 
upstream and downstream and 
(b) inner and outer banks of the 
scour hole around the skewed 
pier
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occurred in Experiments P + 45 and P + 60 ranking at 0.45 
and 0.71, respectively. By placing the pier transverse to the 
flow direction relative to the pier longitudinal to the flow 
direction, the SI amount is reduced by about 15%, and the 
SO amount is increased by about 40%.

4 � Conclusions

In this paper, the scour formed around the rectangular piers 
with different ratios of length to width and in three posi-
tions of 60, 90 and 120° from the 180° sharp bend was 
investigated. The effect of skewing the pier with different 
angles of skewness towards the inner and outer banks and 
its effects on scouring at the position of 90° of the bend was 
also investigated. The experimental data analysis and results 
showed that in a 180° sharp bend, the length-to-width ratio 
of pier between 3 and 5 could have a good performance in 
reducing the scour depth. The maximum scour depth and the 
scour hole width occurred by placing the pier at the posi-
tion of 90°, while the maximum volume and area of the 
scour hole created around the piers occurred when the piers 
were located at the position of 60° from the bend. Also, the 
minimum depth, volume and area of the scour hole occurred 
around the piers located at the position of 120°. A rectangu-
lar pier with a length-to-width ratio of 3 has a better perfor-
mance in terms of reducing the scour depth than the rest of 
the piers located along the bend.

The results obtained from the study of the skewness angle 
of the pier with a ratio of length to width of 3 positioned at 
90° showed that increasing the angle of skewness towards 
the inner and outer banks resulted in an increase in the 
scouring parameters (depth, volume, length and width of 
the scour hole) around the pier. The amounts of scouring 
parameters increased further with the pier skewing more 
towards the inner bank than the outer bank. In the skewed 
pier towards the outer bank with an angle of 15°, the scour 
depth and volume of scour hole in relation to the pier place-
ment longitudinal to the flow direction are both reduced by 
about 20%, and in the skewed pier with an angle of 30°, the 
scour depth at the pier nose is reduced by about 8%.
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