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Abstract
This paper has experimentally investigated the simultaneous effect of the pier shape and position on scouring in a sharp 
180-degree bend. Several experiments were performed on the bend for nine different pier shapes at three different positions, 
and the corresponding shape factors coefficients (ratio of maximum scour depth to that of a circular pier) were evaluated for 
all pier shapes at each position. The presented results show that the shape factor coefficient (Ks) is mostly affected by the 
pier geometric shape and the effect of position of the piers is small. Furthermore, the piers with low width and sharp nose 
create shallow and low-volume scour hole. In contrast, deeper holes are created around the piers with wide nose and sharp 
edges with larger volumes. Also, the results showed that the maximum scour depth is equal to 4.22 times the pier width in 
the case of rectangular pier located at 90-degree bend position and the lowest scour is equal to 2.12 times the pier width 
that was created around the jou.sharp pier located at the 120-degree bend position. The maximum scour depth for the jou.
sharp pier installed at the 120-degree position has decreased by 50% compared to that for the rectangular pier placed at the 
90-degree position.

Keywords  180-degree bend · Pier shape · Pier position · Scour · Shape factor

List of symbols
B	� Channel width
b	� Distance from inner bank
D	� Width of the pier
D.S	� Slope of hole toward downstream
Ds	� Scour depth
d16	� Grain size for which 16% by weight of the sediment 

is finer
d84	� Grain size for which 84% by weight of the sediment 

is finer
hs	� Sedimentation height
I.S	� Slope of hole toward inner bank

Ks	� Shape factor
L	� Length of the pier
Lms	� Length of sedimentation motion
O.S	� Slope of hole toward outer bank
R	� Central radius of the bend
S	� Maximum length of the scour hole
U.S	� Slope of hole toward upstream
V	� Scour hole volume
W	� Maximum width of the scour hole
σg	� Geometric standard deviation of sediment grading

1  Introduction

Bridge pier scour has always been a concern for civil engi-
neers as one of the most important factors in the destruc-
tion of bridges. The interaction of flow stream with the pier 
causes the formation of a horseshoe vortex around the pier 
and wake vortices behind the pier. The downflow component 
which attacks the bed in return will lift up the sediments. 
The sediments are trapped in the horseshoe vortex and trans-
ported to the downstream. The particles at the back of the 
pier are lifted by the action of uprising vortex.
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There have been several recent studies on scour around 
bridge piers that are briefly outline in this section.

Akib et al. (2014) conducted an experimental study of 
scour mechanism and flow pattern around semi-integral 
group bridge piers. The results indicated that increasing 
the flow depth and the discharge resulted in an increase in 
scour. Velocity distribution also influences scour. Ismael 
et al. (2015) studied the scour around “circular,” “upstream 
facing round-nosed,” and “downstream facing round-nosed” 
piers with different upstream and downstream nose widths. 
Their results indicated that by using the “downstream facing 
round-nosed” pier, the maximum scour depth reduces by 54 
and 40% in comparison with “circular” and “upstream fac-
ing round-nosed” piers, respectively. Moreno et al. (2016) 
studied scour around the bridge pier located on a pile-cap 
experimentally. In this work, different ratios of pile-cap 
thickness to pier thickness at different levels of pile-cap in 
proportion to base level were tested, and the effect of these 
on scour for three pile-cap positions (above bed level, par-
tially in the bed, and fully under the bed) was investigated, 
and it was observed that the maximum scour depth occurred 
with the partial placement of the pile-cap in the bed. Wang 
et al. (2016) carried out an experimental investigation of 
scour around double circular bridge piers in a straight path. 
The results demonstrated that the scour hole created around 
the upstream pier is similar to the scour hole around the 
single pier under the same conditions, whereas the scour 
depth around the pier downstream is lower than that at 
the pier upstream. Yagci et al. (2017) examined different 
arrangements of a group of 6 piers in regular, angled, and 
staggered configurations at various distances. Their results 
suggested that using these arrangements could reduce the 
volume of scour hole by 27% and the depth of scour hole 
by 22% in comparison with a single pier case. Baghbado-
rani et al. (2017) analyzed experimental data that complied 
from previous studies and compared the results with those 
obtained from available empirical equations. They also pro-
posed a new formula that reduces the error by 10%. Khaple 
et al. (2017) studied scour around circular piers with three 
kinds of pier arrangements. These are (i) two piers in tan-
dem, (ii) two piers in staggered arrangements, and (iii) three 
piers in symmetrically staggered arrangements. Their results 
indicated that in the arrangements of two piers in tandem, 
the equilibrium scour depth decreases with an increase in 
the downstream distance up to approximately eight pier 
diameters and then increases with further increase in the 
downstream distance. Yang et al. (2018) examined the local 
scour around complex bridge piers at two typical pier mod-
els, nine different pile-cap elevations and seven different pier 
skew angles under clear water conditions. Wang et al. (2018) 
studied the influence of a submerged weir, located at the 
downstream side of a circular bridge pier at different dis-
tances from the pier, on the local scour around the pier under 

clear water and live bed conditions. Keshavarzi et al. (2018) 
inspected the scour around twin circular bridge piers aligned 
in the flow direction for different distances of the piers from 
each other under clear water conditions. Tipireddy and Bark-
doll (2019) investigated the effect of air injection on scour 
reduction around a single circular bridge pier under clear 
water condition and considered different ratios of air velocity 
to water velocity. Galan et al. (2019) inspected the effects of 
the skew angle, submergence ratio, and pile group configura-
tion on the scour around grouped bridge piers in two differ-
ent arrangements. Karimaei Tabarestani and Zarrati (2019) 
examined the scour around a circular bridge pier equipped 
with a collar under steady and unsteady conditions with dif-
ferent U/Uc values. Lee and Hong (2019) addressed the flow 
pattern prior to and following scour around a bridge pier. 
Measurements indicated that the flow velocity values at the 
upstream side of the pier, where horseshoe vortices are gen-
erated, are greatly different before and after the scouring. 
Chavan et al. (2019) investigated the scour around a single 
circular bridge pier with no seepage and with downward 
seepage. Carnacina et al. (2019) studied the scour around 
a circular bridge pier under pressure flow conditions. Das 
et al. (2019) conducted an investigation of the scour around 
triad circular bridge piers placed at different distances from 
each other. Namaee and Sui (2019) investigated the local 
scour around four pairs of side-by-side circular bridge piers 
under ice-covered flow conditions. Wang et al. (2019) exam-
ined the function of an anti-scour collar at different levels, 
dimensions, and collar protection ranges around a cylindri-
cal pier. Yang et al. (2019a, b) addressed the scour around 
grouped bridge piers in four different arrangements under 
clear water and live bed conditions. Memar et al. (2020) con-
sidered the effect of the collar diameter and level on scour 
reduction around twin circular bridge piers. Laxmi Narayana 
et al. (2020) investigated the scour hole around single and 
twin circular bridge piers under different flow conditions. 
Malik and Setia (2020) examined scour around twin and 
triad circular piers in tandem, side by side, and staggered 
arrangements. Link et al. (2020) studied local scour and 
sedimentation during flood waves around the Rapel Bridge 
located over the Rapel River. Yang et al. (2020) conducted 
a study of scour around grouped bridge piers with a stream-
wise arrangement or at skew angles with the flow direction 
under clear water conditions.

One of the important parameters affecting the process of 
scouring is the geometric shape of pier. The shape factor Ks 
is the ratio of maximum scour depth around each pier to the 
maximum scour depth around the circular pier. A number 
of previous researchers have done research on the shape fac-
tor. Diab (2011) presented a summary of the shape factors 
obtained by previous researchers.

Additional research has also been done on the effect 
of geometric shape of piers in recent years. For a straight 
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river segment, Fael et al. (2016) studied the effect of the 
pier shape and its placement angle on the scour depth of the 
single bridge in a straight channel. In these experiments, 
five different types of piers were tested. They found a shape 
factor of 1 for the rounded corner rectangular piers and a 
shape factor of 1.2 for the sharp corner rectangular piers. 
Al-shukur and Obeid (2016) studied the effect of pier shape 
on scour in a straight channel. Ten different pier shapes 
were examined in this study. Farooq and Ghumman (2019) 
investigated scouring around six different pier shapes in an 
experimental channel with a straight path. Vijayasree et al. 
(2019) studied the flow pattern and local scour around five 
different shapes of bridge piers under the same flow condi-
tions. Yang et al. (2019a, b) carried out a study on the scour 
around skewed rectangular and circular piers under live bed 
conditions.

It should be emphasized that all previous studies on the 
shape factor were conducted in straight channels. However, 
most rivers have meandering paths, and the stream flows in 
bends lead to secondary flows, which cause erosion of the 
outer bank and sedimentation adjacent to the inner bank. 
Therefore, for bridges at the river bends, in addition to the 
formation of horseshoe and wake vortices, the scroll flows 
also affect the scouring process. In the past, a number of 
researchers have studied the role of the bridge pier in chang-
ing the flow pattern and scouring in the river bends.

Masjedi et al. (2010) examined the effect of placement of 
a rectangular bridge pier on the scouring rate in a 180-degree 
bend with a relative curvature radius (ratio of bend radius 
to channel width) equal to 4.67. The results of their experi-
ments showed that the maximum scour depth occurs for 
the pier placement angle at 60-degree, and the scour depth 
increases with increasing Froude number. Ben Mohammad 
Khajeh et al. (2017) conducted an experimental study of 
an inclined circular pier in the 180-degree sharp bend. The 
results indicated that the minimum scour depth was 0.7 
times the flow depth in the upstream straight channel and 
occurred at the pier inclined toward the inner bank. The 
maximum scour depth was 1.05 times the flow depth at the 
upstream straight path, and it occurred at the pier inclined 
toward the outer bank. Vaghefi et al. (2018) examined scour 
patterns around triad circular section piers perpendicular 
to flow and piers toward the flow at different sections of 
a 180-degree bend in a flume. The results showed that the 
maximum scour depth around the piers was equal to 1.1 
times the flow depth at the beginning of the bend and the 
maximum sedimentation height was equal to 0.7 times the 
flow depth at the beginning of the bend and was observed 
at 156-degree position of the bend at a 20% distance of the 
flume width from the inner bank and both occurred for the 
case of piers placed perpendicular to the flow at 90-degree 
position. Moghanloo et al. (2020a) investigated the effect 
of collar thickness and level on scouring around an oblong 

pier in a 180-degree sharp bend. Moghanloo et al. (2020b) 
inspected the effect of thickening a collar on the flow pattern 
around an oblong pier implemented at the 90-degree angle of 
a 180-degree sharp bend. Dehghan et al. (2021a) studied dif-
ferent sizes of an oblong pier located at the 90-degree angle 
of a 180-degree sharp bend as well as the angle of impact of 
the flow and the pier and the effects of these two parameters 
on scour. Dehghan et al. (2021b) explored the effect of collar 
width on the flow pattern round an oblong pier installed at 
the 90-degree angle of a 180-degree sharp bend. The results 
demonstrated that using the collar led to power shrinkage 
of power reduction in downflows in the vicinity of the pier 
and increasing the collar width resulted in a reduction in 
vorticity and the power of the secondary flows.

The presented brief review of the earlier works suggests 
that the shape of the bridge pier section and its position in 
the bend are two important parameters affecting the pier 
scouring. In this paper the scours around various bridge 
pier shapes located at different positions in a 180-degree 
bend were investigated. The minimum and maximum scour 
depths and sediment heights, the volume of scour holes, and 
the slope of scour holes were experimentally evaluated. The 
topographic changes of the channel bed were also investi-
gated. In addition, the values of shape factors for different 
shape piers at various sections of the bends were evaluated.

2 � Materials and Methods

Experiments were carried out in a channel with 180-degree 
bend. Figure 1 shows the channel. The channel has a rectan-
gular cross section with a width of 1 m and a height of 70 cm. 
The upstream and downstream of the bend are straight parts 
with lengths of respectively 6.5 m and 5 m. The radius of 
the central curvature of the bend of the channel is 2 m. This 
channel with R/B = 2 falls into the category of sharp bends, 
where R is the central radius of the bend and B is the channel 

Fig. 1   The laboratory channel used
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width. According to Melville and Chiew (1999), the particle 
diameter size must exceed 0.6 mm in order to prevent rip-
ple formation. To this end, in this laboratory, particles with 
an average diameter of 1.5 mm and a standard deviation of 
1.14 [σg = (d84/d16)0.5 = 1.14] have been used where d84 and 
d16 are grain sizes for which 84 and 16% by weight of the 
sediment is finer, respectively. All experiments have been 
carried out in conditions close to the threshold of incipient 
motion in the upstream straight path of the bend with the 
ratio of mean flow velocity to critical velocity (U/Uc) of 
0.98. The flow rate of 0.07 cubic meter per second (M3/S) 
and the water depth of 18 cm were selected for the experi-
ments. Froude and Reynolds numbers are 0.3 and around 
50,000, respectively.

Rectangular, circular, oblong, joukowsky sharpnose, 
joukowsky roundnose, elliptical, hexagonal, octagonal, 
and sharpnose shapes for the pier section were used in 
the experiments (Fig. 2). According to Chiew and Mel-
ville (1987), to eliminate the effect of banks on local scour 
around the pier, the pier diameter should not exceed 10% 
of the channel width. Further, the pier’s optimum ratio 
of length to width is between 3 and 5 (Dehghan et al. 
2021a). Therefore, piers with width of 5 and length of 
20 cm (L/D = 4) were used in these experiments. Here L 
is the length and D is the width of the pier. Each pier was 
tested at positions 60, 90, and 120 degrees. According to 
the results of Vaghefi et al. (2016), the maximum vorticity 
and shear stress values in the test on the 180-degree sharp 
bend without piers occurred within the range of 40–60 

degrees. Therefore, the 60-degree angle was selected as 
one of the angles to be investigated. Further, in order to 
analyze scouring in the second half of the bend as well, the 
120-degree angle was selected due to its symmetry with 
the 60-degree angle. The 90-degree angle was also studied 
because of its position at the bend apex.

It should be noted that the joukowsky pier is placed in the 
direction of flow once from the rounded nose (jou.round) 
and once from the sharp nose (jou.sharp), and thus nine dif-
ferent shapes of the bridge pier have been used in this study. 
In the first step, in order to determine the relative equilib-
rium time for conducting the experiments, a 34-h equilib-
rium test with an oblong pier located at 90 degrees of bend 
was performed. In the time-equilibrium test, the increase 
in the maximum scour depth was measured continuously 
with time. It was observed that approximately 95% of the 
maximum scour occurred in the first 15 h of the test. Meas-
urement continued until there was not noticeable change in 
maximum scour depth at three consecutive 4-h intervals. 
So, according to the criterion of Chiew (1992), the time of 
15 h was selected as the relative equilibrium time for the 
subsequent experiments.

After determining the relative equilibrium time, a test was 
conducted to study the bed topography changes in the bend 
without pier that is bend without placement of the pier in the 
flow path. The purpose of this experiment is to determine 
the behavior of bend without hydraulic structures and under 
the influence of the flow conditions in the bend. The corre-
sponding bed height contours after 15 h are shown in Fig. 3.

Fig. 2   Schematics of pier cross 
section studied

Jou.sharp

Jou.round

Flow direct
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As observed in Fig. 3, the topography of the bed in the 
bend varies due to the presence of spiral streams with sedi-
mentation on the inner bank and erosion in the middle. It is 
also observed that the sedimentation adjacent to the inner 
bank began at 35-degree and continued to 145-degree. The 
maximum sedimentation of 8.7 cm occurred at an angle of 
65-degree (equivalent to 0.48 times the depth of the water 
in the upstream straight path). Scouring also starts from the 
angle of 10-degree and continues to 120-degree. The maxi-
mum scouring of 4.2 cm (equivalent to 0.23 times the depth 
of the water in the upstream straight channel) occurs at the 
angle of 65-degree.

3 � Results and Discussion

The main objective of this paper is to provide the effect of 
position of different bridge shapes on the scour around the 
pier and the bed topography. For this purpose, nine different 
pier shapes were tested at 60, 90, and 120 degrees. A sum-
mary of the results is presented in Table 1.

As shown in Table 1, the maximum and minimum scour 
depths in each of the three positions are, respectively, asso-
ciated with the rectangular and jou.sharp pier placement. 
The maximum scour depth is equal to 4.22 times the pier 
width in the case of rectangular pier at 90-degree and the 
lowest scour is equal to 2.12 times the pier width in the jou.
sharp pier at the angle of 120-degree. Moreover, as shown 
in the results of Dehghan et al. (2021a), the maximum scour 
depth was observed around an oblong pier with a ratio of 
length to width equal to 6 and placed at the 90-degree, and 
the minimum scour depth occurred around an oblong pier 

with a ratio of length to width equal to 2 and placed at the 
120-degree angle.

It is also observed that for all the piers, except for the 
jou.sharp pier, the maximum scouring occurs in the vicinity 
of the upstream nose of the piers. However, the maximum 
scour depth in the case of jou.sharp pier was in the vicinity 
of the downstream nose of the pier. The reason is that due 
to the sharp tip of the upstream nose and the round shape of 
downstream nose in the jou.sharp pier, the separation of the 
flow occurs more around the downstream nose of the pier 
and the flows formed are more downward. For this reason, 
the maximum scouring occurred on the pier downstream.

The pier nose’s aerodynamic shape plays a considerable 
role in reducing scour around the pier. This has also been 
observed in research conducted by Al-Shukur and Obeid 
(2016). The results of Al-Shukur and Obeid (2016) indi-
cated rectangular and streamline piers to, respectively, have 
the maximum and the minimum scour depths. In addition, 
according to Farooq and Ghumman (2019), the octagonal 
pier they utilized in their study was the most efficient in 
reducing scour among all their piers.

According to Table 1, it is obvious that for all piers, 
the maximum sedimentation height in pier placement 
of 60-degree is higher than the placement at 90- and 
120-degree. This is also comparable to the results obtained 
by Dehghan et al. (2021a), where the maximum sediment 
height for every pier with different ratios of length to width 
was greater at the 60-degree position of the piers than that 
for the same piers at 90 and 120-degree positions.

Among the piers located at 60-degree of bend, the max-
imum sedimentation height is equal to 2.3 times the pier 
width and is related to the hexagonal pier placement. This 
sedimentation occurs at an angle of 115-degree, at a distance 
of 1% of the channel width from the inner bank. Among the 
piers located at the angle of 90-degree of bend, the maxi-
mum sedimentation height is equal to 1.98 times the pier 
width and on the downstream of the circular pier (angle of 
165 degrees). In the case of pier placement at the angle of 
120-degree, the highest sediment height is equal to 1.78 
times the pier width on the upstream of the octagonal pier 
(73-degree angle) and adjacent to the inner bank.

As for the scour hole volume, as well as the maximum 
depth of scour hole, the maximum and minimum scour hole 
in each of the three positions occurs for the rectangular and 
jou.sharp piers, respectively. The maximum volume of the 
hole is equal to 236.6 times the third power of the pier width 
(V/D3 = 236.6) around the rectangular pier at the 60-degree 
angle (Fig. 4a) and the minimum volume is equal to 30.6 
times the third power of the pier width (V/D3 = 30.6) around 
the jou.sharp pier located at 120-degree angle (Fig. 4c).It 
was also observed in Dehghan et al. (2021a) that the maxi-
mum scour hole volume equal to 209 times the third power 
of the pier width (V/D3 = 209) occurred with the oblong pier 

Fig. 3   Bed topography changes in the test of the empty bend without 
piers
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with a ratio of length to width equal to 5 implemented at 
the 60-degree, and the minimum equal to 47.7 times the 
third power of the pier width (V/D3 = 47.7) occurred with 
the oblong pier with a ratio of length to width equal to 2 
installed at the 120-degree angle. Surfer software has been 
used for accurate drawing of shapes and calculation of scour 
hole volume. An example of this can be observed in Fig. 4. 
Figure 4a shows the bed topography around rectangular pier 
placed at 60-degree that has the maximum hole volume. Fig-
ure 4b shows the scour hole around the octagonal pier placed 
at 90-degree. Its volume is equal to 134.5 times the third 
power of the pier with (V/D3 = 134.5) and Fig. 4c shows the 
scour hole around the jou.sharp pier placed at 120-degree 
that has the minimum hole volume.

As shown in Table  1, among the piers located at 
60-degree angle of bend, the sediments around the octagonal 
pier had the lowest intrusion and the rectangular pier sedi-
ments had the highest downward intrusion and have moved 

to the downward up to 50.2 (Lms/D = 50.2) and 93.7 times 
the pier width (Lms/D = 93.7). At the angle of 90-degree, the 
sediments around the sharpnose pier with move up to 45.4 
times the pier width toward the downstream (Lms/D = 45.4) 
have had the lowest motion, and the sediments around the 
jou.round pier with the value of 76.8 times the pier width 
(Lms/D = 76.8) have had the highest motion. In the case 
of the pier placement at 120-degree angle, the sediments 
around the jou.sharp and rectangular piers with the down-
stream intrusion up to 31.4 (Lms/D = 31.4) and 55.9 times 
the pier width (Lms/D = 55.9) have had the lowest and high-
est motion, respectively.

In the column related to the shape factor (Ks) in Table 1, 
the ratio of maximum scour depth of each pier to the maxi-
mum scour depth around the circular pier is computed. As 
observed, the value of Ks is mostly affected by the pier geo-
metric shape and the influence of position of the piers is 
small. For example, the shape factor for the jou.sharp pier at 

Table 1   Summary of 
experimental results

b distance from inner bank; ds = scour depth; hs sedimentation height; V scour hole volume; Lms length of 
sedimentation motion toward downstream

No. Pier’s shape Position Scour Sedimentation

dsmax/D At hsmax/D at V/D3 Lms/D Ks

Ɵ b/B Ɵ b/B

1 Circular 60° 3.14 60° 0.48 2.1 110° 0.01 141.6 77.5 1
2 Elliptical 60° 3.64 57° 0.5 1.98 115° 0.01 175.1 71.9 1.2
3 Jou.sharp 60° 2.44 63° 0.53 2.06 115° 0.01 86.4 59.3 0.8
4 Jou.round 60° 3.5 57° 0.53 2.1 110° 0.01 171.2 70.5 1.1
5 Oblong 60° 3.4 57° 0.5 1.84 125° 0.01 175.8 69.8 1.1
6 Sharpnose 60° 2.82 57° 0.5 1.78 115° 0.01 91.2 52.3 0.9
7 Hexagonal 60° 3.38 57° 0.53 2.3 115° 0.01 159.8 77.5 1.1
8 Octagonal 60° 2.88 57° 0.53 1.98 115° 0.01 121.3 50.2 0.9
9 Rectangular 60° 4.18 57° 0.48 2.16 140° 0.1 236.6 93.7 1.3
10 Circular 90° 3.08 90° 0.48 1.98 165° 0.13 137.7 68.2 1
11 Elliptical 90° 3.54 87° 0.53 1.52 132° 0.18 126.5 48.8 1.1
12 Jou.sharp 90° 2.44 87° 0.53 1.66 133° 0.03 64.5 52.3 0.8
13 Jou.round 90° 3.68 87° 0.5 1.88 160° 0.13 149.9 76.8 1.2
14 Oblong 90° 3.32 87° 0.5 1.7 135° 0.18 148.6 53.4 1.1
15 Sharpnose 90° 3.6 87° 0.5 1.56 130° 0.15 133.7 45.4 1.2
16 Hexagonal 90° 4.12 87° 0.53 1.86 123° 0.23 180.2 48.1 1.3
17 Octagonal 90° 3.56 87° 0.53 1.56 128° 0.01 134.5 56.5 1.2
18 Rectangular 90° 4.22 87° 0.48 1.9 135° 0.18 211.7 60 1.4
19 Circular 120° 2.68 119° 0.5 1.34 170° 0.05 64.6 34.9 1
20 Elliptical 120° 3.22 117° 0.5 1.6 60° 0.01 74.1 32.8 1.2
21 Jou.sharp 120° 2.12 123° 0.53 1.38 80° 0.03 30.6 31.4 0.8
22 Jou.round 120° 3.12 117° 0.53 1.62 65° 0.01 80.1 34.2 1.2
23 Oblong 120° 3.08 117° 0.48 1.7 60° 0.01 82.5 36.3 1.1
24 Sharpnose 120° 3.12 117° 0.5 1.5 50° 0.01 83.1 34.9 1.2
25 Hexagonal 120° 3.54 117° 0.5 1.62 60° 0.01 103.1 33.5 1.3
26 Octagonal 120° 3.24 117° 0.53 1.78 73° 0.01 87.1 37 1.2
27 Rectangular 120° 3.7 117° 0.48 1.72 174° 0.18 118.2 55.9 1.4
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all three angles was 0.8 and the shape factor for oblong pier 
was 1.1 at all three angles and showed similar performance 
in all three angles. The minimum and maximum shape fac-
tors in each of the three positions are, respectively, related to 
jou.sharp and rectangular piers. It is also in agreement with 
previous studies in straight channels that in all of them, rec-
tangular pier has the highest shape factor value (Diab 2011).

The average maximum scour depth for the piers place-
ment at 90-degree is maximum and at 120-degree is mini-
mum. The mean scour depth for the pier placement at the 
angle of 120-degree compared to the angle of 60-degree 
is about 5.2 percent lower and compared to the place-
ment angle of 90-degree has decreased by about 12%. It 
is also found that getting away from the beginning of the 
bend, the height of the sediments has decreased. So that 
the mean maximum sediment heights in the pier placement 
at the angle of 120-degree compared with the placement 
at the angle of 60-degree decreased by about 22 percent 
and decreased by 9.2 percent relative to the placement at 
90-degree. In Table 1, the descending trend of the hole vol-
ume is seen by taking distance from the beginning of the 
bend. The mean scour hole volume in the pier placement at 
the angle of 120-degree compared to the placement at the 
angle of 60-degree decreased by about 46.8 percent and has 
decreased by about 43.8 percent relative to the placement 
at 90-degree. Also, for the pier placement at the angle of 
120-degree, the mean intrusion of the sediments compared 
to the 60-degree placement decreased by 46.8 and, about 35 
percent compared to the 90-degree placement.

Table 2 has provided the slope of scour holes in four 
directions. As observed, the maximum slope toward the 
inner bank is equal to 0.57 and for the placement mode of 
the circular pier at 90 degrees, the highest slope toward the 
outer bank is equal to 0.63 for rectangular pier at 60 degrees, 
the highest slope toward the upstream is 0.78 and in the 
case of circular pier at 120 degrees and the maximum slope 
toward the downstream hand is equal to 0.47 for the elliptical 
pier placed at an angle of 120 degrees. Also, according to the 
table, for all piers, as the position of the pier is approaching 
the end of the bend, the hole slope toward the downstream 
has increased.

In Fig. 5 the topographic changes of the channel bed have 
been provided for all piers placed at the angle of 60-degree. 
This figure shows that in all cases, the adjacent sedimenta-
tion of the inner bank is started at angle of 30-degree, which 
is due to the movement of transverse flows near the bed 
toward the bank that moves the material from the outer bank 
toward the inner bank.

Figure 5a, b, and c shows that the shape of the bed around 
circular, jou.round, and oblong piers with rounded nose are 
roughly the same. The materials around these piers have 
moved up to the end of the bend, and in all, the secondary 
scour hole has been created around 170-degree. However, 

given that the oblong pier has higher cross section com-
pared to the jou.round pier and is symmetrical, the scour 
hole created around this pier has continued to the angle of 
about 90-degree. But around the jou.round pier, due to the 
sharp tip of the downstream nose and lower cross-sectional 
area, the turbulence of the stream near the upstream nose of 
the pier has been higher (according to qualitative flow pat-
tern and experimental observations) and the scour hole has 
higher extension in the width compared to length and has 
extended to the outer bank.

Figure 5d, e, and f shows the topography of the bed 
around the elliptical, jou.sharp, and sharpnose pier. The 
separation of the flow around these three piers occurs due 
to the sharp nose very slow and gradually and, as shown in 
the figure, the bed around these piers has less variation than 
other piers, and the sediments have intrusion up to around 
150-degree. But due to the fact that the nose of the elliptical 
pier is wider than the other two, the scour hole around this 
pier is more elongated toward the outer bank. But the jou.
sharp and sharpnose piers do not divert flow to the edges 
due to their sharp nose. This causes the scour hole created 
around them to have smaller intrusion in width but moves 
further downward.

Figures 5g, h, and i show the topography of the bed 
around the hexagonal, octagonal, and rectangular piers. The 
nose of these three piers is wider than other piers. For this 
reason, as seen in the figure, the scour hole created around 
the hexagonal and rectangular piers covers a large width of 
the channel. But the octagonal pier is more aerodynamic 
compared to the rectangular pier, thus creates scour hole 
with smaller width and the surrounding sediments have 
lower intrusion toward downstream. The rectangular pier 
exhibits higher resistance to flow, due to the sharp edges 
its nose, and this results in a large scour hole and a high 
intrusion of the materials around the pier to the downstream 
direction.

In Fig. 6 the topographic changes of the channel bed have 
been provided for all piers placed at the angle of 90-degree. 
Figure 6a, b, and c shows bed changes around the circu-
lar, jou.round, and oblong piers. As shown in Fig. 6a, the 
materials around the circular pier has high intrusion toward 
downstream and have moved until the early downstream 
straight path.

With respect to Fig. 6b, it is observed that the materials 
around the jou.round pier due to the greater cross-sectional 
area of the pier than the circular pier, as well as the asymme-
try of the section shape of this pier, have a large intrusion in 
the downstream direction and have entered the downstream 
straight path. According to Fig. 6a and b, due to the high 
volume of sedimentation on downstream of the pier and the 
passage of water from these sediments, two secondary scour 
holes were created at angles of 170- and 180-degree. How-
ever, in Fig. 6c, the materials around the oblong pier due 
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to the symmetry of the section shape of this pier have had 
lower intrusion than the other two and have advanced to the 
end of the bend. Also, only one secondary scour hole is seen 
on the downstream of this pier.

Figure 6d, e, and f shows the topography of the bed 
around elliptical, jou.sharp, and sharpnose piers. The top-
ographic changes around these three piers are very close 
to each other due to the same nose shape. The sediments 
around each of these three piers have relatively small intru-
sion and the secondary scour hole can be observed on the 
downstream of each pier, and at the 150-degree angle. 
According to Fig. 6e, no sedimentation occurred at the angle 
interval of 90- to 100-degree of the bend and adjacent to the 
inner bank. In explaining the cause of this phenomenon, it 
can be said that due to the rounded downstream nose of the 
jou.sharp pier, the flow in this area is more directed to the 

sides and prevents the sedimentation of the adjacent inner 
bank in this range.

Figure 6g, h, and i shows bed changes around the hexago-
nal, octagonal, and rectangular piers. Considering Fig. 6i, it 
can be seen that the rectangular pier, due to higher area of 
the cross section than two octagonal and hexagonal piers, 
creates larger scour hole and sedimentation with higher 
volume.

In Fig. 7 the topographic changes of the channel bed have 
been provided for all piers placed at the angle of 120-degree. 
According to Fig. 7, the changes of bed topography in the 
pier placement at the angle of 120-degree are very lower 
than the placement at the angles of 60- and 90-degree. The 
reason for this can be the effect of the downstream straight 
path.

According to Figs. 7a and i it is observed that, in the case 
of placement circular and rectangular piers, the maximum 
sedimentary height is associated with the angle of 170- and 
174-degree, respectively, at the pier downstream. While in 
other piers, the maximum sedimentation height is at the pier 

Fig. 4   The scour hole created around a the rectangular pier located 
at the angle of 60-degree b an octagonal pier placed at the angle of 
90-degree c a jou.sharp pier placed at the angle of 120-degree

◂

Table 2   slope of scour holes

I.S slope of hole toward the inner bank; O.S slope of hole toward the outer bank; U.S slope of hole toward 
upstream; D,S slope of hole toward downstream

No. Pier’s shape position I.S O.S U.S D.S

1 Circular 60° 0.52 0.5 0.64 0.15
2 Elliptical 60° 0.45 0.55 0.57 0.12
3 Jou.sharp 60° 0.5 0.59 0.29 0.08
4 Jou.round 60° 0.42 0.42 0.5 0.07
5 Oblong 60° 0.45 0.57 0.63 0.11
6 Sharpnose 60° 0.42 0.58 0.67 0.07
7 Hexagonal 60° 0.39 0.44 0.62 0.14
8 Octagonal 60° 0.36 0.59 0.49 0.08
9 Rectangular 60° 0.48 0.63 0.59 0.18
10 Circular 90° 0.57 0.43 0.64 0.18
11 Elliptical 90° 0.46 0.59 0.59 0.23
12 Jou.sharp 90° 0.48 0.55 0.64 0.12
13 Jou.round 90° 0.45 0.53 0.57 0.22
14 Oblong 90° 0.45 0.47 0.58 0.2
15 Sharpnose 90° 0.51 0.61 0.63 0.24
16 Hexagonal 90° 0.54 0.54 0.65 0.29
17 Octagonal 90° 0.43 0.6 0.63 0.23
18 Rectangular 90° 0.56 0.53 0.59 0.29
19 Circular 120° 0.54 0.47 0.78 0.22
20 Elliptical 120° 0.48 0.53 0.65 0.47
21 Jou.sharp 120° 0.45 0.51 0.25 0.27
22 Jou.round 120° 0.42 0.47 0.54 0.39
23 Oblong 120° 0.45 0.44 0.52 0.35
24 Sharpnose 120° 0.46 0.48 0.63 0.37
25 Hexagonal 120° 0.45 0.57 0.62 0.38
26 Octagonal 120° 0.46 0.5 0.54 0.38
27 Rectangular 120° 0.46 0.51 0.63 0.35
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upstream and around the angle of 50- to 80-degree adjacent 
to the inner bank. The formation of sedimentary ripples on 
the upstream of the pier and adjacent to the inner bank is 
further influenced by secondary flows and their combina-
tion with longitudinal flow and formation of spiral streams, 
while the formation of sedimentary ripples on the pier down-
stream is further affected by vortices caused by the collision 
of stream with pier. Therefore, it can be concluded that in the 
case of pier placement at an angle of 120-degree, for all piers 
except for the circular and rectangular piers, the effects of 

secondary flows are greater than the vortices resulting from 
the collision of the flow to the pier.

As shown in Fig. 7e and i, the jou.sharp and rectangular 
pier, due to their nose geometry, have produced the low-
est and maximum changes in bed topography, respectively, 
while the materials surrounding the rectangular pier have 
entered the downstream straight path. In other piers, the 
changes are approximately the same, and after the sedimen-
tary ripple formed at about 140- to 160-degree, a secondary 
scour hole has been formed around 170-degree.

(c) oblong(b) jou.round(a) Circular

(f) sharpnose(e) jou.sharp(d) elliptical

(i) rectangular(h) octagonal(g) hexagonal

Fig. 5   Topographic changes of bed in the testing pier at the angle of 60-degree
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Figure 8 shows the time variation of the maximum scour 
depth, where the longitudinal axis is time in minutes and its 
lateral axis is the maximum depth of the scour hole nondi-
mensionalized with the pier width. This figure shows that 
around the rectangular pier, the maximum hole depth formed 
at all three placement angles of 60-, 90- and 120-degree was 
larger compared to the other piers. This is because of the 
type of geometry and the sharp corner that strengthens the 
downflow of the pier front leading to deeper scours in total 
test time compared to the other piers.

According to Fig. 8a, among the piers placed at the angle 
of 60-degree of bend, for most of the duration of the experi-
ment, except for the interval of 46–59 percent of the relative 
equilibrium time, the lowest scouring was created around the 
jou.sharp pier. But during the time period of 46–59 percent 
of the relative equilibrium time, the sharpnose pier had the 
lowest scour. It is conjectured that this is because the jou.
sharp and sharpnose piers create less flow separation and 
turbulence, due to the sharpness of their nose and the aero-
dynamic shape of these piers. Also, in Fig. 8a, the scour 

(c) oblong(b) jou.round(a) Circular

(f) sharpnose(e) jou.sharp(d) elliptical

(i) rectangular(h) octagonal(g) hexagonal

Fig. 6   Changes of bed topography in the test of pier placed at the angle of 90-degree
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depth of the hexagonal pier curve in the range of 52–72 
percent of the relative equilibrium time shows a decreasing 
and then an increased trend that continues to the end of the 
experiment.

In the case of the jou.sharp pier, unlike other piers, scour 
around the downstream nose is higher than the upstream 
nose due to the sharp tip of the nose upstream and the 
rounded downstream nose and the difference in the flow pat-
tern around it. Therefore, according to Fig. 8a, after passing 
30% of the test time and according to Fig. 8c, after 52% of 

the test time, some of the sediments transported from the 
upstream nose were transferred to the downstream hole and 
reduced the hole depth in part of the time intervals of the 
test.

As shown in Fig. 8b, for some piers, at a period of approx-
imately 20% of the time of the experiment, the slope of the 
graph suddenly increased. For example, the curves for the 
elliptical, jou.sharp and octagonal piers, after 22 percent of 
the time and for hexagonal and sharpnose piers, after 26 per-
cent of the duration of the experiment, sharp slope changes 

(c) oblong(b) jou.round(a) Circular

(f) sharpnose(e) jou.sharp (d) elliptical

(i) rectangular(h) octagonal(g) hexagonal

Fig. 7   Changes of bed topography in testing piers placed at the angle of 120-degree
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are observed. As the volume of the scour hole around the 
pier increases, the intensity of the vortices created inside the 
hole also increases and causes further increase of the hole 
depth. It is also seen that for oblong and circular piers there 
is no sudden jump in the maximum scour depth variation in 
their curves, despite the differences in their nose geometry.

According to Fig. 8c, the graphs associated with the 
maximum scour depth of piers located at 120-degree are 
steadily increasing with a slight slope, and only in the case 
of hexagonal pier, a sudden slope change can be observed 
after 46% of the experiment time.

Figure 9 shows examples of transverse sections of the 
scour adjacent to the upstream nose of the piers at the 
placement angles of 60-, 90-, and 120-degree. As shown 
in the figure, under the influence of the spiral flows cre-
ated in the bend, sedimentation occurs adjacent to the 
inner bank. The height of these sediments at the placement 
angle of 60-degree is higher than those the angle of 90- and 
120-degree.

According to Fig.  9a, the maximum sedimentation 
height adjacent to the inner bank at the angle of 60-degree 
corresponds to the elliptical pier and is 1.52 times the 
pier width. Also, according to Fig.  9b, the maximum 

Fig. 8   Maximum scour depth 
with time in the pier place-
ment at angles of a 60-degree b 
90-degree c 120-degree
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sedimentation height is related to the jou.sharp pier place-
ment and is 0.88 times the pier width at the distance of 
7.5% of the channel width from the inner bank. The lower 
deviation of the flow toward the inner bank around these 
two piers leads to higher sedimentation adjacent to the 
inner bank and decrease the hole width. According to 
Fig. 9, it is obvious that at all three placement angles, the 
jou.sharp pier has created holes with very low width near 
its nose due to creation of low flow separation. In contrast, 
piers with high nose widths make their holes wider. For 
this reason, as shown in Fig. 9a and b, the scour hole cre-
ated around the rectangular pier starts at about 10% of the 
channel width from the inner bank and the hole around the 

hexagonal pier extends to about 85% of the channel width 
toward the outer bank and creates wider holes.

Figure 9c shows that with the placement of piers at the 
angle of 120-degree, due to the closeness to the downstream 
straight path, the height of the sedimentary ripples adja-
cent to the inner bank and the depth of the scour holes are 
decreased. The maximum height of these ripples is only 64 
percent of the pier width and occurred at a distance of 5% of 
the channel width from the inner bank and is related to the 
oblong pier placement.

Figure 10 shows an example of longitudinal sections at 
the center of the channel at the three placement angles. As 
described in Table 2, the longitudinal slope of the hole on 
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Fig. 9   Examples of transverse sections of the scour adjacent to the upstream nose of the piers at the placement angles of a 60-degree b 
90-degree c 120-degree
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the downstream of the pier is the lowest for the 60-degree 
piers and maximum for the 120-degree piers. This indicates 
that the power of the horseshoe vortices behind the pier, 
which moves the materials down, is higher at 60-degree, and 
as the pier placement position approaches to the end of the 
bend, the power of the vortices decreases. This observation 
is also in agreement with the laboratory results of Vaghefi 
et al. (2016), which states that the maximum amount of vor-
ticity (cell rotation amount) and shear stress occur near the 
bed at the 40- to 60-degree interval.

It is also seen in Fig. 10 that, at all three placement 
angles, the hole formed around the jou.sharp pier has the 
lowest intrusion in the pier upstream and has a significant 

difference compared with other piers. This is due to the fact 
that, considering the specific geometry of the nose of jou.
sharp pier, as flow collides with the nose of this pier, down-
flows with lower power are formed relative to other piers 
with a higher nose section and causes the scour hole around 
this pier has a lower stretch to the upstream.

According to Fig. 10, the materials removed from the 
pier surrounding were transferred downstream by the flow 
and formed sedimentary ripples. Then, due to the passage 
of water from these ripples and a sudden downturn on the 
downstream bed, secondary scour holes are created.

Figure  11 shows the rectangular surrounding the 
scour holes in all experiments at each of the 60, 90, and 

Fig. 10   Examples of a longitu-
dinal sections of the scour at the 
center of the channel in the case 
of pier placement at the angles 
of a 60-degree b 90-degree c 
120-degree
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120-degree placement of the bend. The longitudinal axis 
of this diagram is the maximum length of the scour hole 
(S) nondimensionalized with the pier width and its lat-
eral axis is the maximum width of the scour hole (W) 
nondimensionalized with the pier width. It is observed 
that, among all the experiments, the hole created around 
the jou.round pier placed at the angle of 60-degree with 
a length equal to 48.9 times the pier width and the width 
equal to 15 times the pier width is considered as the larg-
est hole (Fig. 12a). It is observed that the hole created 
around the octagonal pier placed at 60-degree with a 
length equal to 34.9 times the pier width has the largest 
length and the hexagonal pier placed at the 60-degree 
with a width equal to 14 times the pier width has the 
largest width after the jou.round pier placed at 60-degree.

In contrast, the hole created around the jou.sharp pier 
located at the angle of 120-degree of the bend with a 
width equal to 6.5 times the pier width, has the low-
est width and the hole created around the elliptical pier 
located at the angle of 120-degree with a length equal to 
8.4 times the pier width, and has the lowest length among 
other holes (Fig. 12b).

4 � Conclusion

In this study the effects of the shape and position of the 
pier placement on the changes of bed topography in a 
180-degree bend were investigate. The results showed that 

with decreasing nose width and sharpening it, the depth 
and volume of the scour hole was decreased. Among the 
experiments, the minimum and maximum scour depth 
was observed for the jou.sharp pier placed at the angle of 
120-degree and the rectangular pier placed at the angle 
of 90-degree, which were equal to 2.12 and 4.22 times 
the pier width, respectively. The maximum sedimentation 
height is 2.3 times the pier width on the downstream of 
the hexagonal pier, placed at the angle of 60-degree adja-
cent to the inner bank at the angle of 115-degree of the 
bend. The materials around the rectangular pier placed 
at 60-degree have had the highest intrusion and are 93.7 
times of the pier width downward. Also, it was found that 
with the placement of the piers at 120-degree, the average 
volume of the holes created was about 46.8 percent lower 
than those at the 60-degree and about 43.8 percent lower 
than those at the 90-degree.

The presented results also showed that the shape fac-
tor (Ks) was mostly affected by the pier geometric shape 
and the influence of position of the piers was small. The 
minimum and maximum shape factors in each of the three 
positions were, respectively, for the jou.sharp and rectan-
gular piers. The shape factor for the jou.sharp pier at all 
three angles was 0.8 and the shape factor for oblong pier 
was 1.1 at all three angles. Thus, the jou.sharp and oblong 
piers showed similar performance in all three angles.

Fig. 11   Nondimensionalized 
dimensions of the surrounded 
rectangle to scour holes
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Fig. 12   The scour hole created around a The jou.round pier place at the angle of 60-degree b The elliptical pier place at the angle of 120-degree
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