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Abstract. Placing the bridge piers in the river with a convergent bend can make the ﬂow and erosion pattern
complicated around the bridge piers. In this research, the maximum depth and volume of scour hole around piers
were investigated in convergent bends of a river. The experimental model with a 90 convergent bend was made
with a central curvature radius of 170 cm. The piers with the cylindrical and cubic shapes with different
dimensions were prepared and installed at different positions of 90 convergent bend to investigate the scouring
condition under three ﬂow discharges in Clear-water mode. On the other hand, natural sand with uniform grain
size of d50 = 1 mm was used as the bed materials. The results revealed that depth and volume of the scour hole
around piers increase with increasing angle, so that the maximum depth and volume of the scour hole occurred at
the angle 75. Furthermore, the depth and volume of the scour hole around cylindrical piers were lower than
cubic piers in all cases. Also, the scour hole shape was asymmetric relative to central axis of the channel and was
mainly the extension of the hole towards the inner bend.
Keywords.
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1. Introduction
Bridges are one of the most signiﬁcant and beneﬁcial river
structures that are vulnerable to damage or destruction
caused by scour and erosion. Sometimes, the bridge piers
are installed in convergent section of a river bend due to the
concentration of roads or the lack of river stability in other
paths. Hence, the ﬂow pattern in bend will become more
complicated in presence of piers. The main force applying
to the ﬂow in a bend is the centrifugal force which is
resulted by its interaction with the lateral pressure gradient
creating the secondary ﬂows. By integration of secondary
ﬂows into the main ﬂow along the path, complex ﬂows
called Helical ﬂows are formed. This leads to erosion in
outer bend and sedimentation in inner bend [1]. The sedimentation and erosion in bends do not act the same and
provide different widths along the path. Since, most natural
bends of the rivers have a convergent condition, changes in
the width will alter the hydraulic circumstances of the ﬂow
and sediment transport. Figure 1 shows a convergent bend
of a river [2].
According to previous studies, two important factors
bring erosion and scour around the bridge piers. The ﬁrst
factor is the ﬂow collision to the piers, excavation of the
*For correspondence

bed and formation of horseshoe vortex. The second factor is
ﬂow separation from pier, the bed particle transferring to
the bottom and formation of wake vortex [3]. The results
have shown that the power of this system depends signiﬁcantly on the pier shape and water velocity. Figure 2
indicates a sample of turbulent ﬂow and vortices that cause
local scouring around bridge piers [4].
In recent years, the issue of local scouring around the
piers has widely been studied by various researchers. A
review of these works comes in the following paragraph.
One of the ﬁrst studies on erosion in a uniform bend was
carried out by Rozovskii [1]. He ﬁrst analyzed the ﬂow
mathematically in a river bend and then compared the
results with the results of a physical model with a 180
ﬁxed-width bend. Shen et al [5] concluded that the effect of
width and pier diameter on the scour is much more signiﬁcant than distance between them. Subsequently, one of
the ﬁrst researches in the ﬁeld of ﬂow hydraulic in convergent bends was performed by Georgiadou and Smith [6].
They studied the status of ﬂow pattern by constructing a
physical model with a 90 convergent bend and concluded
that under convergent conditions of bend, the maximum
velocity path is located near the inner bend. Frohilich [7]
based on the previous researchers’ studies and ﬁeld data
proposed a relation for calculation of the maximum scour
depth in live bed conditions. Breusers et al [8] studied the
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Figure 1. Schematic illustration of a river with convergent bend
[2].

Figure 2. Flow and scour pattern around a cylindrical pier [4].

status of local scour around bridge piers. In addition to
describing the scouring process, they compared empirical
data with theoretical considerations by other researchers
and proposed a relation to estimate the local scour depth
around the pier with different shapes. Finally, a set of
suggestions for protection against scour were presented.
Extensive laboratory studies were condtime. Accordingly,
the most important parametersucted by Richardson and
Richardson [9] at the Colorado State University on the
subject of scour. They introduced a dimensionless relation
known as the CSU relation to estimate the depth of scour in
direct channels. Graf and Istiarto [10] found that a vortex
system was created in front of pier and a strong wake
vortex system was formed behind the pier. Booij [11]
modeled the structure of the secondary ﬂow in a 180 ﬁxedwidth bend using a large vortex method. Abhari et al [12]
reported that the power of the secondary ﬂows reached the
maximum at 30 angle and then decreased. Ghobadian and
Mohammadi [13] employed the SSIIM 3-D numerical
model to investigate ﬂow characteristics in 180 convergent
bend. The results indicated that in a convergent channel, the
maximum velocity path at a plane near the water surface
crosses the channel’s centerline at about a 30 to 40 cross-

Sådhanå (2020)45:87
section, while in the uniform bend, this occurs at about the
50 cross-section. Masjedi et al [4] studied scour around a
rectangular bridge pier at different angles of a 180 degree
bend. As suggested, when the bridge piers are located at the
60 degree angle from the beginning of the bend, the maximum local scour occurred around the pier. Dammuller et al
[14] presented a mathematical model for studying unsteady
ﬂows in curved channels. They employed the MacCormack
scheme for solving two-dimensional depth-averaged equations describing the conservation of mass. Their results
showed an irregular channel bend except 90 or 180
caused more complexity in the ﬂow pattern, and its effect
lasted longer. On the other hand, the ﬂow was in a transition state near the bend entrance, and therefore, was more
complex. Lee and Sturm [15], Ismael et al [16], Guemou
et al [17] and Vijayasree et al [18] were among researchers
that studied the effect of pier geometric on the ﬂow ﬁeld
and scour depth around pier. According to Leschziner and
Rodi’s studies [19] with increasing (Rc/B), the secondary
ﬂow power decreases. Najafzadeh and Barani [20] investigated experimentally, the effect of current velocity, ﬂow
depth, initial moisture content, clay percentage and
untrained shear strength on scour around a bridge pier.
According to Parchure and Mehta [21] salinity has a major
inﬂuence on resistance and for a higher salinity, a higher
resistance to erosion can be expected. Investigations by
Kamphuis and Hall [22] made it clear that the existence of
electro-chemical and chemical forces among the colloid
particles of clay causes the scour phenomena to be complicated. Ting et al [23] used a physical model in order to
investigate the local scour around bridge piers. Results
showed that at a low Reynolds number, scour depths around
piers are the same. However, at a large Reynolds number,
the resulted scour depths at the side of the piers were deeper
than those in front of the piers. Vagheﬁ et al [24] investigated experimentally the scour around circular bridge piers
with two different diameters and different inclination
angles under clear-water conditions and different discharge
rates toward downstream. The obtained results revealed
that increase in the inclination angle leads to a signiﬁcant
decrease in the scour depth, sediment ridge and scour hole.
Wang et al [25] made it clear that the scour hole around the
upstream of the pier in multiple piers is approximately the
same as the single pier. Khajeh et al [26] investigated the
scour pattern around inclined cylindrical pier located in a
180 ﬁxed-width bend utilizing an experimental model.
They ﬁgured out that maximum and minimum scour depth
around an inclined pier occur on the outer and inner sides of
the bend, respectively. Kitsikoudisa et al [27] found that
increasing in gravitational angles result in milder vortices
form around the pier and consequently scour decreases.
The literatures review has revealed that researchers are
mostly focused on the ﬂow pattern and scouring around
bridge piers located in a straight path, and sometimes in
uniform and ﬁxed-width bends. This paper presents the
experimental results on local scouring around cylindrical
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and cubic pier located at different positions in a 90-degree
convergent bend under clear-water and different ﬂow conditions. In order to achieve better understanding of the
subject, the effect of important parameters such as; the
geometric shape and dimensions of the pier, pier position in
a convergent bend and different discharge rates are studied
on local scouring around pier. Finally, the results are
compared with the other researchers’ results in straight and
uniform bend channels.

2. Materials and methods
2.1 Dimensional analyses
There are several parameters involved in estimating local
scour around the bridge piers. Many researchers from the
different points of views have considered several parameters for the scouring problem [4, 8, 15, 16, 19, 20]. In this
research, the effective parameters on scouring are identiﬁed
according to the goals and limitations of the laboratory.
Then, using dimensional analysis, the relationship between
the scouring and the effective parameters is studied. Generally, the scour geometry around pier in a bend depends on
pier characteristics such as length and width of pier, pier
position in a bend, sediment properties such as speciﬁc
gravity, grain size, and friction angle, ﬂow conditions e.g.,
ﬂow depth and discharge rate or Froude number, ﬂuid
properties e.g., density, viscosity and temperature and
channel geometry e.g., slope and central radius of bend and
time. Accordingly, the most important parameters are
shown in equation (1).
f 1 ðds ; L, b, V, t; h; g,d50 ; y, t,u; q; qs ; o; Rc, S0 Þ

ð1Þ

In which, ds is the maximum scour depth, L is length of
pier, b is width or diameter of pier, V is the approach ﬂow
velocity, t is dynamic viscosity, h is location of pier in
bend, g is gravitational acceleration, d50 is median grain
size, y is the approach ﬂow depth, t is time of scour, u is
friction angle of sediment, q is density of water, qs is
density of sediment particles, o is temperature of ﬂow, Rc is
central radius of bend and S0 is bed slope. Which through
dimensional analysis and the Buckingham theory, can be
rewritten as equation (2). The equation (2), is a dimensionless relationship on scour around pier at a 90convergent bend.
f2



ds L b t
gy d50 TV qs Rc
; ; ; ; h; u; S0 ; t,o; 2 ;
;
; ;
y y y vy
V y y q y

ð2Þ

In which, Vgy2 is reverse Froude number and vyt is the
reverse of the Reynolds number, which shows the effect of
viscous forces on scour. Since the Reynolds number is more
than 2000 in the range of these experiments, therefore, the
ﬂow is turbulent. In turbulent ﬂows, the effect of viscous
forces is negligible toward inertial forces. Thus the effect of
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the Reynolds number can be ignored and removed from the
equation [28]. Whereas, according to ﬁgure 4, ﬁrst, we
calculated the equilibrium time in clear water conditions.
Therefore, the equilibrium time has been proved in all
experiments and can be eliminated from equation (2). The
studies showed that there are not signiﬁcant differences in
scouring depth at different temperatures [29]. Subsequently, by simplifying and removing other constant
parameters such as pier length, bed slope, ﬂow depth,
central radius of bend, median grain size, gravitational
acceleration, dynamic viscosity and friction angle of sediment, equation (3) was ﬁnally derived. In fact, the equation
(3) is a dimensionless
  relationship for the maximum relative scour depth dys as follows:


ds
b
ð3Þ
= f 3 ; h; Fr
y
y
where Fr, the Froude number and b/y, the relative pier
dimensions and h, the pier location are considered as the
ﬁnal variables.

2.2 Experimental model
An experimental model was built from Plexiglas as shown
in ﬁgure 3. This channel was comprised of a straight
section 4.5 m leg upstream and a straight section 2.00 m
leg downstream. It also contained a 90 bend with a
variable width which changed from 60 cm at the beginning to 30 cm at the end (convergence ratio of 0.5) which
became convergent. The central radius of the bend was
170 cm and the channel’s height was 40 cm. Furthermore,
a drain valve was installed to adjust the water level at the
end of the channel. Water was also pumped by a 5-inch
centrifuge pump to the primary reservoir of the main
channel through a magnetic ﬂowmeter. The ﬂow passing
through the main channel and the bend section entered
into two successive reservoirs.
In order to determine the size of sediment particles, a
sieve analysis was performed on the sand and the particle
size distribution chart was plotted according to ﬁgure 4. By
extracting the parameters of d16 = 0.8 mm and d84 = 1.15
mm from this curve, and substituting them in relation (4),
the geometric standard deviation (rg ) were calculated.
rﬃﬃﬃﬃﬃﬃ
2 d84
ð4Þ
rg ¼
d16
60
Also, the coefﬁcients of uniformity (CU = d
d10 ) and
2
d
curvature (CC = d 30d ) of the sediment sample were cal60

10

culated 1.38 and 0.97, respectively. In the above relations
d10, d16, d30, d50, d60 and d84 are sediment diameters which
are ﬁner than 10, 16, 30, 50, 60, and 84 percentage of bed
materials, respectively. The degree of uniformity of the
particle size distribution of a sediment is deﬁned by the
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Figure 3. Schematic view of 90 convergent bend. (a) Plan, (b) Experimental model.
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Figure 4. Particle size distribution chart.
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value of its geometric standard deviation. According to
Melville’s researches [29], if the geometric standard deviation is less than 1.3, the particle size distribution is of a
uniform type and d50 is as the representative and the
average diameter of the sediment particles. Also, Raudkivi
and Ettema [30] suggested the average diameter of sediment particles should be greater than 0.7 to prevent the
formation of ripple. In other study, Melville and Chiew [31]
was found that the maximum scour depth is equal to
2.4b. Therefor in this research, the uniform sand with a
median size d50 = 1mm, standard deviation of 1.23 and
speciﬁc gravity of 2.65 with thickness of 15 cm were used
as the bed materials and covered total length of ﬂume.
The size of pier in this study was deﬁned to meet the
criteria which have been deﬁned by other investigators.
Raudkivi and Ettema [30] suggested that ratio of pier
diameter to channel width should not exceed 0.16 to avoid
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wall effect on scouring. Melville and Sutherland [32]
deﬁned the ratio of the pier width to pier length (b/L) with a
maximum value of 1/3. Also, according to Gomeau’s
researches [17], the length of pier has no effect on shear
stress but the effect of geometric shape on shear stress is
very high. Therefore, in this study the cylindrical piers with
diameters of 40 and 60 mm and cubic piers with dimensions
of 40940 and 60960 mm fabricated from iron were used.
According to Oliveto and Hager [33] the water depth
should be considered greater than 20 mm in order to prevent roughening effects. Therefore, the water depth was
ﬁxed at 10 cm in all experiments.

2.3 Experimental procedures
In order to calibrate the model and establish the condition
of clear water during the experiments, an experiment was
performed without a pier. Total length of ﬂume was covered by sand and the water depth was ﬁxed at level of 10
cm. The maximum discharge rate required for clear water
conditions was estimated as 11.2 L/S. Furthermore, an
experiment for 12 hours was performed on both cylindrical
and cubic piers with the discharge rate of 11.20 L/S and at
75 to calculate the equilibrium time (ﬁgure 5). It can be
seen from ﬁgure 5 that in the ﬁrst 150 minutes, approximately 95% of scouring occurs around piers due to the
strength of the vortex ﬂows. Therefore, the equilibrium
time is considered 150 minutes in all experiments.
In ﬁgure 5, Q is the ﬂow discharge rate. Initially a
cylindrical pier was installed at the desired position to
conduct experiments. Bed sediments were distributed
extensively throughout the length of the ﬂume. Prior to
starting the pump, the end valve was closed and clear water
was slowly led into the channel to prevent the formation of
ripples and roughness at the bed surface. After the level rise
in water, the pump was started with a small discharge rate
and it slowly increased by the main ﬂange valve. In the next
step, the ﬂow depth of 10 cm and the desired ﬂow rate and

Dimensionless scour depth
(ds/y)

1.2
1
0.8
0.6

Q=11.20 (L/S) & Fr=0.19
Equilibrium time=150 min
Equilibrium ds/y =1.01

0.4
0.2
0
0

150

300

450

600

750

Time (min)
Figure 5. Equilibrium time in the position of 75 degree.
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clear water conditions were achieved with precise adjustment of the valve and the lower gate. After 150 minutes
(the equilibrium time), the pump and the end gate were
closed and then water drainage in the channel started
slowly without affecting the bed topography. Then maximum scour depth around the pier was measured. Measurement was performed at different positions and
ﬂuctuations by means of a depth gauge with a precision of
millimeters.
Moreover, the bed topography was monitored at
intervals of 1 cm in the longitudinal, crosswise and altitudinal directions (x,y,z) using a laser meter. This was
performed in order to investigate the state of scouring
around the pier and changes in the bed. Ultimately, the
geometry and scour hole volume were plotted and calculated using the Surfer software (version 13.5.583). The
data extracted from the bed’s topography were arranged
in an Excel ﬁle. Then, by transferring data to Surfer
software, topographic and digital maps of the scour hole
around pier were drawn in two-dimensional and threedimensional layers. Finally, using the capabilities of this
software, the cross-sectional proﬁle was plotted and scour
hole volume was calculated. The same process was
applied for other piers in positions of 0, 30, 45, 60 and 75
degrees. Three discharge rates of 6.10, 8.23 and 11.20
L/S were considered. Ultimately, the scour status around
piers was studied in clear water conditions. The most
important geometric and hydraulic parameters are shown
in tables 1 and 2, respectively.

3. Results and discussions
Experimental observations indicated that the scour was
immediately formed around piers after adjusting the ﬂow
rate and depth. With the formation of the scour hole,
sediments from the cavity were transferred to the
downstream. After a while, they reached a location where
the pier’s effect on that region was reduced and the
inﬂuence of the vortices behind the pier became negligible. Moreover, scour reached the maximum value
(ﬁgure 6). Results were recorded for different piers
according to table 3.
It should be noted that bed topography and scour hole
around piers at a 90 convergent bend are directly related to
discharge rate, shape and dimensions of pier, and pier
position in the bend.

3.1 The effect of pier position on maximum scour
depth
Installation of pier in different positions from the 90
convergent bend causes the change in the ﬂow pattern. It
also has a signiﬁcant effect on the bed’s topography, depth,
dimensions and volume of scour hole around piers.
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Table 1. Effective geometric parameters on local scour.
Type of parameters
Geometric Parameters

Effective parameters

Range of differences

Pier type and Dimensions

Cylindrical piers:(diameters of 40 and 60 mm)
Cubic piers: (dimensions of 40*40 and 60*60 mm)
Metal
0, 30, 45, 60 and 75 degrees
0.001

Pier material
Pier position
Channel slope

Table 2. Effective hydraulic parameters on local scour.
Type of parameters
Hydraulic parameters

Effective parameters
Discharge rate
Froude number
Average depth of ﬂow
Median grain size of bed
Average thickness of bed particles
Roughness coefﬁcient
geometric standard deviation
Density (mass per unit volume of ﬂuid)
Speciﬁc gravity of bed particles

Range of differences
6.10, 8.23 and 11.20 L/S
0.1, 0.14 and 0.19
100 mm
1 mm
150 mm
0.0001
1.23
1 gr/cm3
2.65 gr/cm3

Figure 6. Schematic of the scour hole. (a) Around the cubic pier, (b) Around the cylindrical pier.

Figure 7 shows dimensionless cross-sectional proﬁle
of the scour hole around different piers in positions of 0,
30, 45, 60 and 75 and Froude number of 0.19. In this
ﬁgure, B represents the width of the bend or transverse
distance between inner and outer bank of the bend. It is
obvious that in angles of 0 and 30 degrees the proﬁle of
transverse scouring in all states is relatively symmetric,
whereas at angle 45, the transverse proﬁle tends gradually
to inner bend.

Due to the wider section of channel at the beginning of
the bend, the difference between the lateral pressure gradient and the centrifugal force is low. That balance at the
beginning of the bend leads to a decrease in intensity of the
secondary and spiral ﬂows. As a result, less scour depth is
observed. It should also be noted that in the ﬁrst half of the
bend (angle 0 to 45 degrees), main direction of the secondary ﬂow was in longitudinal direction and in middle of
the channel, so that ﬂow collision with the pier in this area
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Table 3. The results of maximum scour depth around piers in different positions.
Bridge

Location
cylindrical pier
cylindrical pier
cubic pier with
cubic pier with

Q = 6.10 L/S & Fr = 0.1

Q = 8.23 L/S & Fr = 0.14

Q = 11.20 L/S & Fr = 0.19

0
with diameter of 40 mm 110
with diameter of 60 mm 1.4
dimensions of 40*40 mm1.4
dimensions of 60*60 mm1.6

35

45

60

75

0

30

45

60

75

0

30

45

60

75

1.2
1.45
1.55
2.00

1.55
1.7
1.7
2.35

1.8
2.1
2.0
2.9

2.2
2.7
2.5
3.3

1.4
1.65
1.6
1.85

1.7
2.0
2.0
2.35

1.95
2.3
2.5
2.90

2.3
3.8
3.2
4.7

4.3
5.1
4.8
6.3

1.7
2.1
1.9
2.3

2.6
3.2
3.3
3.95

3.4
5.3
4.6
6.3

4.85
6.2
5.85
7.35

6.25
7.85
7.25
9.15

(a)

0.1

0

0

-0.1

-0.1

ds / y

Location 0
Location 30
Location 45
Location 60
Location 75

-0.3
-0.4

ds / hw

-0.2

-0.2

Location 0
Location 30
Location 45
Location 60
Location 75

-0.3
-0.4
-0.5

-0.5

-0.6

-0.6
-0.7

(b)

0.1

-0.7
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-0.8

0.45

0

0.05

0.1

B / Rc

(c)

0.1

0.15

0.2

0.25

0.3

B / Rc

(d)

0.2
0.1

0

0
-0.1

-0.1
Location 0
Location 30
Location 45
Location 60
Location 75

-0.3
-0.4

-0.2

ds / y

ds / y

-0.2

Location 0
Location 30
Location 45
Location 60
Location 75

-0.3
-0.4
-0.5
-0.6

-0.5

-0.7
-0.6
-0.7

-0.8
0

0.05

0.1

0.15

0.2

0.25

0.3

B / Rc

-0.9

0

0.1

0.2

0.3

0.4

B / Rc

Figure 7. Cross-sectional proﬁle of scour hole around piers in different Positions under Fr = 0.19. (a) Cylindrical pier with diameter of
40 mm, (b) Cylindrical pier with diameter of 60 mm, (c) Cubic pier with dimensions of 40 9 40 mm, (d) Cubic pier with dimensions of
60 9 60 mm.

caused the maximum scour occurred in front and bottom of
the pier. On the other hand, in the second half of the bend,
especially with the increasing ﬂow, the difference between
lateral pressure gradient and centrifugal force was
increased. The imbalance caused an increase in the

intensity of the secondary and spiral ﬂows and consequently the shear stresses reached the maximum values. It
was also observed, that in the second half of the bend
(angles more than 45), the narrowing and convergence of
the bend have a great inﬂuence on the longitudinal ﬂow.
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The continuity between ﬂow lines were greater and secondary ﬂows moved towards the inner bend. It is interesting
to mention that, maximum scour depth occurred in
upstream and around the pier.
As can be seen from ﬁgure 7, by increasing pier position
and convergence in second half of the bend and reaching
the angle of 60 and 75, the extent of scour hole increases
signiﬁcantly. Subsequently, scour hole extends up to
channel wall in this area. It is also noteworthy that maximum depth and volume of the scour hole around the
cylindrical and cubic piers occur in second half of the bend
and at an angle of 75.
Comparison of the maximum scour depth around the
cylindrical and cubic piers in different positions have been
depicted in ﬁgure 8. It is apparent that, by increasing the
pier position from 0 to 75 at the end of the bend, the scour
depth of the cylindrical pier with a diameter of 40 mm
decreases up to 4% in comparison to the cubic pier with a

(a)

0.40

dimension of 40940 mm. Moreover, for the cylindrical pier
with diameter of 60 mm, the scour depth reduce up to 17%
in comparison with cubic pier of 60960 mm. Overall, the
maximum scour depth around the cylindrical pier is calculated to be fewer than 21% compared to cubic pier.

3.2 The effect of ﬂow discharge rate on maximum
scour depth
This research shows that dimensions, depth and volume of
scour hole around piers are directly related to discharge
rate. In other words, increasing the ﬂow discharge rate leads
to an increase in the depth and volume of scour, but the
shape of scour hole is different and affected by convergence
of the bends.
Laboratory observation showed that in low discharge
rates and especially in the ﬁrst half of the bend, the power

fr=0.1

ds max/y

0.60

0.20
0.10

0.40
0.20

0

Pier 40

15

30

45

60

0.00

75

Location (degree)
Pier 60 pier 40*40 Pier 60*60

(c)

1.00

0

pier 40

15

30

45

60

fr=0.19

0.60
0.40
0.20
0.00

0

15

30

45

60

75

Location (degree)
pier 40

pier 60

pier 40*40

75

Location (degree)
pier 60 pier 40*40 pier 60*60

0.80

ds max/y

ds max/y

0.30

0.00

(b) fr=0.14

0.80

pier 60*60

Figure 8. Comparison of maximum scour depth in different positions. (a) Fr = 0.1, (b) Fr = 0.14, (c) Fr = 0.19.
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and speed of the horseshoe vortices and wake vortices
around pier was low and as a result, the maximum scour
depth was also lower. On the other hand, by increasing
ﬂow discharge rate in second half of bend at angles of 60
and 75 degrees, ﬂow velocity increased dramatically.
Also, due to the convergence in this area, the continuity
between horseshoe vortices and wake vortices reached its
maximum amount. In general, the power of destruction
and erosion of vortices in this area were very high and
extended across the channel. Generally, in low discharge
rate, the shape of scour hole was a pattern of the pier
shape. Also, by increasing discharge rate and developing
the secondary ﬂow, vortex systems formed in real form
around pier.
Figure 9 shows an example of dimensionless crosssectional proﬁle of scour hole around cubic pier with
dimensions of 60960 mm and cylinder pier with diameter of 60 mm in the critical position i.e., angle of 75
under different Froude numbers. It is clear, by increasing
Froude number, the scour depths around pier increases.
Furthermore, the cross-sectional proﬁle and dimensions
of the scour hole around piers are asymmetric in different
Froude numbers. As another fruit of convergence in
bend, it is obvious that by increasing Froude number, the
stretch and the tendency of scour hole to inner bend is
greater.
Maximum scour depth around both piers relative to
changes of Froude number have been compared in ﬁgure 10. As can be seen from this ﬁgure, the maximum scour
depth around piers is increased signiﬁcantly with the
increasing Froude number in all positions, so that with 80%
increment of Froude number, maximum scour depth around
cylindrical and cubic piers increases up to 197% and 213%,
respectively. Altogether, maximum scour depth around the
cylindrical pier is less than cubic pier in all Froude
numbers.
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3.3 The effect of geometry and dimensions of pier
on maximum scour depth
Experimental observations showed that the geometry and
pier dimensions strongly affected scouring around the pier.
In other words, by increasing the pier dimensions, the
horseshoe vortices were formed around pier in wide surface. However, the depth and volume of scour also were
increased, but their value varied in different positions and
ﬂow discharge rates.
It was also observed that, confronting cylindrical piers,
thanks to their aerodynamics, the horseshoe vortices traversed regular paths around pier. Hence, better symmetry
was observed in the scour hole around the pier comparing
with the cubic pier. Its dimensions and depth were also
lower than the cubic one. On the other hand, the cubic pier
acted as a wall against the ﬂow due to its non-aerodynamics
and non-curved body. In collision of the ﬂow with the cubic
pier, severe shear stresses and irregular horseshoe vortexes
popped up far from the pier, so that an asymmetric scour
hole was seen and the scour hole expanded, even to the
channel walls especially at 75 degrees. Convergence degree
in the bend also affected scouring in a way that an increase
in the continuity and concentration in the ﬂow around the
pier occurred. In other words, the scouring intensity was
increased. It was also observed that the intensity and power
of the horseshoe vortices increased compared to wake
vortices, so that, the maximum scour depth in front and
around the pier was increased. As another result, due to the
weakness of the wake vortices, minimum scour depth
occurred behind and downstream the pier.
Figure 11 shows the changes of the maximum scour
depth around the cylindrical and cubic piers with different
dimensions. According to ﬁgure 11, the scour depth
decreasing around cylindrical piers compared to the cubic
piers in all cases. Therefore, the maximum scour depth
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Figure 9. Cross-sectional proﬁle of scour hole around pier under different Froude number. (a) Cylindrical pier with diameter of 60 m,
(b) Cubic pier with dimensions of 60 9 60 mm.
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Figure 10. Comparison of maximum scour depth around different piers relative to Froude number changes. (a) Cylindrical pier whit
diameter of 40 mm, (b) Cylindrical pier with diameter of 60 mm, (c) Cubic pier with dimensions of 40 9 40 mm, (d) Cubic pier with
dimensions of 60 9 60 mm.

around the cylindrical pier with diameter of 40 mm
decreases by 17% in comparison to the cubic pier of 40940
mm. Also, the cylindrical pier with diameter of 60 mm
reduces by 24% in comparison to the cubic pier with
dimensions of 60960 mm. The calculations show that with
an increment of 50% in cylindrical diameter and cubic
dimensions of piers, the maximum scour increases up to
24% and 37%, respectively. Also, the maximum scour
depth around the cylindrical piers occur in the pier’s front
and upstream, while it was in pier’s front and ﬂow facing
edges of the cubic piers.
According to ﬁgures 7, 8, 9, 10 and 11, it can be seen
that by increasing parameters such as the Froude number,
the pier dimensions and position of the pier in the convergent bend, especially in the second half of the bend
(angles more than 45), the strength and speed of the wake
vortices around the pier increase signiﬁcantly, which spread
the scour hole.
The size and dimensions of the scour hole around the
various piers at 75 and in the discharge rate of 11.20 L/S

have been depicted in ﬁgure 12. As can be seen, size and
dimensions of the scour hole around the cubic piers
increase in comparison to the cylindrical piers in all cases.
In other words, volume of the scour hole around the cubic
pier with dimensions of 40940 mm increases by 15% relative to the cylindrical pier with a diameter of 40 mm. It
also increases up to 30% at a 60960 mm cubic pier
in comparison to a cylindrical pier with a diameter of 60
mm.

3.4 Comparison of the results with other studies
As noted in the literature, many researchers investigated the
local scour around bridge piers in straight channels and
sometimes in uniform bend and presented the well-known
empirical relations to estimate the maximum scour depth
(Masjid et al [4], Shen and Shneider [5], Froehlich [7],
Breusers et al [8], and SCU [9]). In this study, a range of
effective parameters on tests were investigated and compared with the other studies (ﬁgure 13).
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Figure 11. Comparison of maximum scour depth around cylindrical and cubic piers with different dimensions. (a) Fr = 0.1, (b) Fr =
0.14, (c) Fr = 0.19.

Figure 13 shows the comparison of the results of the
maximum dimensionless scour depth with the other
researchers’ results for cylindrical piers with diameters of
40 and 60 mm. As can be seen, in all graphs the maximum
scour depth increases with the increasing Froude number. It
should be noted that, despite the increasing in the scour
depth, its amount varies and depends on the ﬂow conditions, type of bend and channel. As an example, from the
analysis of the ﬁgure 13(a), at the angle of 60 and Froude
numbers of 0.1, 0.14 and 0.19, the maximum scour depth
around the cylindrical pier with a diameter of 60 mm
increases up to 62%, 58% and 7%, respectively, compared
to the results of Masjedi et al [4]. The same values for the
pier with a diameter of 40 mm is estimated by about 80%,
35% and 20%, respectively (ﬁgure 13(b)). Studies show
that increase in depth is due to the combined effect of the
ﬂow velocity and the convergence.
Investigating the effect of sediment transport on the
scour depth in comparison with the other researchers’
results is an important issue in this study. As can be seen

from ﬁgure 13, the maximum scour depth in our case,
clear water conditions, is more than that in the live-bed
conditions (Froehlich [7]). In fact, in live bed conditions,
sediments pass through the movement threshold. In other
words, there is a general movement in the sedimentary
particles. In this condition, the scour hole is ﬁlled with the
upstream sediments and less scour occurs. According to
the ﬁgure 13, the maximum scour depths around the
cylindrical piers with diameter of 40 and 60 mm are
increased in clear-water conditions by about 5% and
13.5%, respectively, compared to Froehlich’s results in
live-bed conditions. Furthermore, it is clear that, as the
pier position in the bend increases, the maximum scour
depth increases. But the maximum scour depth in the
convergent bend is bigger than that of the straight channels and channels with uniform bend. Laboratory observations showed that increasing the pier position in a bend
combined with the narrowing leads to an increase in the
intensity of secondary currents and shear stresses around
the pier. Consequently, the maximum scour depth
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Figure 12. Maximum volume of scour hole at a 75 under discharge rate of 11.20 L/S. (a) Cylindrical pier whit diameter of 40 mm, (b)
Cylindrical pier with diameter of 60 mm, (c) Cubic pier with dimensions of 40 9 40 mm, (d) Cubic pier with dimensions of 60 9 60 mm.

increases relative to the other channels. As another result
of the comparison with the results of Masjedi et al [4], the
maximum scour depth around the cylindrical pier with a
diameter of 40 and 60 mm increases up to 118% and
124%, respectively. By comparing the results of this study
and Masjedi et al [4], the maximum scour depth around
the cylindrical pier with a diameter of 60 mm occurs at
angles of 75 and 60 degrees, respectively.

On the other hand, by comparing diagrams of 13(a) and
13(b), it can be seen that in all researches, by increasing
the pier dimensions and ﬂow collision with the pier, the
scour depth increases. Analysis of the diagrams also
reveals that in spite of increasing the scour depth in convergence conditions, its value is lower than in uniform
bend and straight channels. As an example, as shown in
ﬁgure 7, by increasing cylindrical pier dimensions from
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Figure 13. Comparison of maximum scour depth values with the other researchers’ data for. (a) Cylindrical pier whit diameter of 60
mm (b) Cylindrical pier with diameter of 40 mm.

40 to 60 mm and for Fr=0.19, the maximum scour depths
obtained by Shen and Shneider [5], Breusers et al [8],
SCU [9], Masjid et al [4] increase by more than 16%,
44%, 22% and 42%, respectively, compared to the results
of this study.

4. Conclusion
In this research work, the experiments were conducted to
investigate the local scouring around pier in a 90 degree
convergent bend. Furthermore, the ranges of effective
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parameters on tests were investigated and compared with
the other studies. The obtained results were summarized as
follows:
• By increasing the pier dimensions, the maximum depth
and volume of the scour hole were increased significantly. On the other hand, the maximum depth and
volume of the scour depth around cylindrical pier were
also decreased relative to the cubic pier.
• The maximum scour depth when pier was located in
the second half of the bend was more than when pier
was located in the ﬁrst half of the bend. Depth and
volume of the scour hole around the both piers were
maximized at the angle of 75.
• In all cases, the scour hole around piers was strongly
affected by ﬂow discharge rate, so that by increasing
the Froude number, the depth and volume of the scour
hole were increased.
• In low discharge rate and when the pier was located in
the ﬁrst half of the bend (angles 0 to 45), maximum
scour depth was occurred at front and upstream of pier.
Subsequently, by increasing ﬂow discharge rate and
when pier was located in the second half of the bend,
maximum scour depth was occurred at the sides of the
pier (angles of 60 to 75).
• In all positions, an asymmetrical scour hole was seen
around piers relative to central axis of the channel,
so that scour hole was mainly tended to the inner
bend.
• The convergence was an important parameter on
maximum scour depth. A signiﬁcant increasing in the
scour depth was observed by increasing the convergence rate. It can be noted that, in all cases, maximum
scour depths obtained in this study were more
estimated relative to other researchers’ results in the
straight channels and channels with a uniform bend.
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List of symbols
ds
Maximum scour depth
L
Length of pier
b
width or diameter of pier
B
Width of channel
V
Velocity of ﬂow
t
Dynamic viscosity
o
Temperature of ﬂow
h
Location of pier in bend
g
Gravitational acceleration
Median grain size
d50
Sediment diameters which are ﬁner than 10
d10
percentage of bed materials
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d16
d30
d60
d84
y
t
u
q
qs
Rc
S0
#

vy
gy
V2
Fr
rg
CU
CC
Q
X,Y,Z

Sediment diameters which are ﬁner than 16
percentage of bed materials
Sediment diameters which are ﬁner than 30
percentage of bed materials
Sediment diameters which are ﬁner than 60
percentage of bed materials
Sediment diameters which are ﬁner than 84
percentage of bed materials
Flow depth
Time at maximum scouring
Friction angle of sediment
Density of water
Density of sediment
Central radius of bend
Channel slope
Effect of the viscous force (Reverse Reynolds
number)
Reverse Froude number
Froude number
Geometric standard deviation
Uniformity coefﬁcients
curvature coefﬁcients
Flow discharge rate
Cartesian coordinates
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