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Abstract. Local scouring around sloped bridge piers in steady currents was studied both experimentally and
mathematically. The effects of different inclination angles, flow intensities, flow depths, and pier size on local
scouring were investigated. The experimental results show that the scouring depth increases with an increase in
the values of discharge and pier width. The scouring depth for the sloped piers is smaller than the vertical piers
one and the maximum scouring depth continuously decreases as the pier inclination angle increases. Prediction
of the scouring depth around bridge piers using analytical models can be utilized in the feasibility studies of
different models, and evaluations of the parametric analytical. Therefore, it was tried to model the scouring
depth as a function of Froude number, flow intensity, and relative roughness parameters using non-dimensional
analysis. The regression analysis based models were introduced to determine the scouring depth at upstream side
of the pier using experimental tests data. Step-wise linear regression showed that the value of relative scouring
depth has considerably good correlation only with two non-dimensionless parameters of inclination angle and
normalized approaching flow depth. In this regard, some linear and nonlinear regression tools were utilized to
establish functional relationships between these variables. Statistical indices and residual analyses of the models
revealed the suitability of the models. Comparison of the experimental and predicted value of relative scouring
depth illustrates that the suggested models can reasonably predict this parameter.
Keywords.
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1. Introduction
Hydraulic structures constructed at alluvial beds may be
damaged during floods and the scouring of the river bed is
known as the main cause of damage [1–3]. Scouring is a
natural phenomenon caused by an interaction of the water
flow and sediment particles and occurs when the critical
condition for initiation of sediments transport exceeded
locally [4]. Scouring in the bed of bridge piers is the main
cause of bridge failure in the worldwide [5–9]. Many
investigations have been conducted to study the local
scouring phenomenon using vertical bridge piers and the
effect of countermeasures methods to decrease the local
scouring [10].
A few experimental and/or numerical studies are available on the effect of piers inclination on the local scouring.
It has been already known that the slope of the upstream
and downstream face of the pier, relative to the vertical
plane, is one of the most important parameters affecting
scouring. Breusers and Raudkivi [11] showed that in the
piers widened upward, the scouring depth increases and in
*For correspondence

the narrow piers in upstream the scouring depth decreases.
Sumer et al [12] investigated the conical piers with different side slopes and measured the bed shear stresses
around them. Fredsoe and Sumer [13] reported remarkably
reducing the non-dimensional scouring depth around two
conical piers with large side angle of 45 and 60. The side
slope increases in conical piers lead to increasing the pier
diameter at the bed level which causes to decrease the
relative scouring depth, but intensify the absolute scouring
depth. The large side slopes in the conical or semi-conical
piers cause these models become inapplicable as bridge
piers in the rivers because they have limited width. In
addition, a large value of blockage ratio was seen in conical
models. Considering these problems, used the inclined
piers instead of the conical ones, firstly proposed by Bozkus and Yildiz [14]. They investigated a downstream
inclined single pier with circular cross-section and reported
that increasing the inclination angle of the pier towards
downstream result in a significant decrease in local
scouring depth (figure 1).
Cesme [15] conducted a series of new experiments with
considering the inclination angle as an important parameter. The presented models are more practical and feasible
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Figure 1. Introduced model by Bozkus and Yildiz [14].

since they have dual piers that inclined in both upstream
and downstream directions (figure 2). Özlap [16] experimentally studied the inclination effect of the most upstream
and downstream piers on the local scouring around the
inclined group piers with 3 inclination angles of 5, 10,
and 15 under clear-water condition. The results revealed
that applying inclination in the group piers reduces substantially the scour depth; especially, scouring reduction
around the upstream pier is notable. However, the interaction of the wake vortexes between the piers is the most
important parameter that has not been considered in
investigation of the inclined piers. In addition, the maximum slope that can be applied in these models is limited by
the pier height.
Regarding these problems about inclined piers, it can be
concluded that the inclined piers have very advantageous
over the vertical piers, but fundamental changes should be
applied to overcome their hydraulically and structural
problems and make them more applicable. Therefore, in
this research, a new series of sloped models having roundnosed rectangular cross-section investigated and a large
values of inclination angle considered without any structural limitation in their designing. In addition, in comparison to the conical and inclined piers, it is expected that
considerable advantages would be achieved in terms of
both shortened construction period and reduced blockage
ratio. Figure 3 shows the proposed model piers that
experimentally and numerically investigated.

Figure 2. Proposed model by Cesme [15].

Figure 3. Definition sketch for (a) scour measurements around
the sloped pier and (b) cross-section of round-nosed rectangular
sloped piers.

1.1 Dimensionless analysis
The maximum scour depth, ds, around sloped bridge piers
are shown with a functional relationship of between different variable as Eq. (1):
ds ¼ f1 ðq; l; g; V; Vc ; D; d50 ; h; LBed ; bÞ

ð1Þ

where q and l are water density and viscosity respectively,
g is gravitational acceleration, V is depth averaged velocity,
Vc is critical depth averaged velocity, D is pier width (or
diameter), d50 is mean size of sediment particles, h is
approaching flow depth, Lbed is pier length at the bed level.
L is pier length at the upper section of the pier, and b is
angle of sloped pier in relation with vertical plane. With
selecting q, V, and D as repeating variables, the non-dimensional relationship achieved based on dimensionless
analysis as shown in Eq. (2):


ds
qVD V 2 V D h LBed
;
¼ f2
; ;
;b
; ;
l gD Vc d50 D D
D

ð2Þ

In the second parameter within the parentheses, if D
is replaced by flow depth h, the Froude number would
be appeared in Eq. (2). Ettema et al [17] showed that if
the flow around the bridge pier reaches the fully turbulent condition, the pier Reynolds number,
ReD ¼ qVD=l;will not be a significant parameter and
can be dropped from the Eq. (2). Then, Eq. (2) rearranged as the form of:
 2

ds
V V D h LBed
¼ f2
; ;
;b
ð3Þ
; ;
D
gD Vc d50 D D
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Equation (3) indicates that the dimensionless scouring
depth of sloped pier, ds/D, is a function of the parameters
V2/gD flow intensity V/Vc, relative roughness parameter
D/d50, normalized approaching flow depth h/D, normalized
pier length at the bed level LBed/D, and the angle of the
sloped pier b. In addition, it should be noted that to avoid
using zero degree angle in regression analyses, the angle of
a is utilized instead of b and defined as a ¼ 90  b .
While performing of experiments, these dimensionless
parameters are considered.
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2. Experimental study
2.1 Experimental set-up
All experiments were conducted in a flume of 1 m wide,
12 m long and 0.85 m deep (figure 4). The flume is
equipped with a pump of 80 L/s capacity. The water temperature in the flume was around 15 to 20 degrees centigrade. The center of pier models placed at 6 m downstream
of the flume entrance. The flow was controlled at the flume
outlet by means of a tail gate. In order to carry out sensitivity analysis, the measured stream-wise velocity with a
laser current meter was compared with the log law of this
hydrodynamic parameter (see figure 5). A 2D laser scanner
profiler with ±0.4 mm accuracy was utilized to digitize the
eroded surface at the end of the tests.
Figure 4a shows a sand pit of 2 m long, 1 m wide and
0.20 m deep that prepared in the test section. Only one type
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Figure 5. Velocity
(V ¼ 22 cm/s).

profile

in

direction

of sand as the bed material was used with d50 = 0.72 mm,
cs ¼ 26:5 kN/m3, /s ¼ 35 ; and rg ¼ 1:2. For the model
piers, two different widths of 40 mm and 60 mm were
selected. The length to width ratio of piers determined to be
3 in all models, so in piers with 40 mm width, the pier length
is 12 cm and in other ones equals 18 cm. Measurements
with various flow depths (e.g., h = 10, 12, 15, 18, and

Figure 4. Water flume (a) vertical view, (b) plan view.
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21 cm), velocities, and corresponding discharges were
taken. The experiments were performed for the sloped piers
with inclination angles of 0, 5, 10, 20, and 30. Experiments were conducted at the steady, clear-water state.
Table 1 summarizes the characteristics of the experiments.
During the experiments, erosion of the sediments was
measured at the upstream face of the model piers, ds, at a
certain time intervals. In addition, the aggradation downstream of the pier, d , was measured. In figure 3, the
recording locations of ds and d are shown. The value of the
scouring at downstream face of the pier has not been presented here because it has a relatively small value in
comparison with ds value. Running time is an important
parameter in scouring around the piers. Kumar et al [18]
stated the equilibrium of scouring established when no
more than 1 mm of increasing bed erosion happens within a
timeframe of 3 h. Based on this definition, in this research,
the experiment’s termination time, tmax, taken as 720 min
(12 h), which determined is sufficiently long enough to
reach the equilibrium state. It should be noted that finding
the ultimate equilibrium scouring depths is not the scope of
this study and the investigation of the pier slope effect on
reduction of scouring depth is the main motivation.

2.2 Using undisturbed flows to verify
the experimental results
Figure 5 shows measured velocity profile in the depth near
the location that the model piers would be installed. The
measured depth averaged velocity profiles compared with
the logarithmic law (Eq. 4) of the velocity profile:


uf
z
uðzÞ ¼ ln 30
ð4Þ
ks
j
where z is the vertical distance from the bed level, uf is the
friction velocity, ks is Nikurase Roughness and jð¼ 0:41Þis
von Kármán constant. This velocity profile is presented for
the depth averaged velocity of V = 22 cm/s.

2.3 Verification of the experimental results
The results of the test for base model (cylinder with circular
cross section) was verified with the numerical data. To do
this, the equation of Melville and Chiew (1999) was used to
estimate the time development of scouring around the
cylinder circular pier under the steady and uniform flow
conditions. The temporal development of the scour depth is

calculated by an exponential function (Melville and Chiew
[19]), expressed as:
"

 1:6 #
 Vc
ds
t 

¼ exp 0:03 ln
ð5Þ
te 
dse
V
where dse is the equilibrium scour depth, and te is the time
that the scour depth approached to the equilibrium state.
The equilibrium scour depth are estimated as follows:
dse ¼ kyD ki kd

ð6Þ

where dse is the equilibrium scour depth, kyD is the flow
depth and pier diameter coefficient, ki is the coefficient of
flow intensity, and kd is the particle size coefficient. Figure 6 shows
the

 time development of the relative scour
depth ds =dse for the experimental results and the
numerical data achieved from Eq. (5).

3. Experimental results
The time development of scouring depth at upstream face
of the pier (ds) for D = 40 mm, h/D-3.75 and different
slopes is shown in figure 7. The rate of mean bed level
variation (averaged over 3 h) at the upstream face of the
model piers is less than 1 mm; i.e., about 0.005D per hour.
The scouring depth for all tests reaches equilibrium state
approximately passing about 7 h from the beginning of the
test and then the scouring remains almost constant with no
considerable changes during the test running.

3.1 Experiments with sloped piers
Table 2 lists the experimental data obtained from five different discharge values for the model piers of 40 mm, and
60 mm width (b = 0). In all cases, the maximum scouring
depth observed at upstream edge of the pier. In addition,
aggradation of the scoured sediments, showed with d ,
observed at the pier downstream.
Data in table 2 shows that the scouring depth increases
with increasing the discharge value, which lead to increase
the sediment aggradation at the downstream of the pier. In
addition, as the pier is widened, the maximum scouring
depth and the amount of aggradation downstream of the
pier increase remarkably. Moreover, with increasing the
pier width, not only the scouring depth increases, but also
the scoured area expands in all directions and a large zone

Table 1. Summarized characteristics of the tests.

Parameter
Value

Flow rate (L/s)
65

Depth averaged velocity (m/s)
0.225

V/Vc
0.92

d50 (mm)
0.72

Critical shields number
0.031

Duration
(h)
35 and 48

Froude
number
0.232
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Figure 6. Time development of the maximum scour depth resulted from the experimental test and numerical data (Melville and Chiew
1999) for cylindrical circular pier.
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Figure 7. Time history of scouring depth at upstream face of the piers (D = 40 mm, h/D = 3.75).

Table 2. Experimental
b ¼ 0 ðor a ¼ 90 Þ.
No.
1
2
3
4
5
6
7
8

data

for

the

pier

with

Table 3. Experimental
b ¼ 5 ðor a ¼ 85 Þ.

data

for

the

pier

with

D (mm)

LBed (cm)

Q (L/s)

ds/D

d0 (mm)

No.

D (mm)

LBed (cm)

Q (L/s)

ds/D

d0 (mm)

40.00
40.00
40.00
4.00
40.00
60.00
60.00
60.00

12.00
12.00
12.00
12.00
12.00
18.00
18.00
18.00

15.00
21.60
30.00
39.60
46.20
15.00
30.00
39.60

0.81
0.84
0.89
0.97
1.09
0.69
0.73
0.87

4.80
5.50
5.90
6.70
7.50
9.80
10.60
11.70

9
10
11
12
13
14
15
16

40.00
40.00
40.00
40.00
40.00
60.00
60.00
60.00

19.00
19.00
19.00
19.00
19.00
25.00
25.00
25.00

15.00
21.60
30.00
39.60
46.20
15.00
30.00
39.60

0.60
0.67
0.73
0.82
0.95
0.6
0.64
0.63

3.90
4.70
5.20
5.80
6.40
8.70
9.80
10.60

of scoured area creates around the pier. Table 3 indicates
the obtained experimental results for the piers with inclination angle of b = 5, and width of 40 and 60 mm. As
obvious from data in table, the scouring depth for this pier

group is smaller than those observed for the vertical piers
(b = 0). The averaged value of scouring depth reduction is
about 18% relative to the vertical one. Despite the pier
inclination angle, aggradation of sediments also occurred at
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the downstream of the piers. In these models, by increasing
the discharge value, the scouring depth increases considerably, but the rate of increase is much more than that in the
vertical models.
Similar data for the piers with b of 10 and 20 indicate
that the maximum scouring depth decreases as the pier
angle, b, increases (tables 4 and 5). The values of maximum ds in these models are smaller than the associated
values in models with b of 0 and 5. In addition, in these
models the decrement rate of scouring is considerable as
compared with the other ones. The data revealed that the
aggradation at downstream face of the piers reduces with
decreasing the scour depth. The aggradation occurred when
the eroded sediments from the scouring hole at upstream
and two sides of the pier accumulated at the pier downstream. Therefore, decreasing the erosion at upstream face
led to decrease in aggradation at downstream.
Table 6 presents the results of the tests conducted with
the maximum used inclination angle; i.e., b = 30. It is
seen that the ds decreases substantially as the pier inclination angle increases even further. As expected, these model
piers have smaller values of scouring depth among the
sloped piers and also the values of aggradation are considerably less than that of other models. It can be concluded
that with an increase in the inclination angle of piers, not
only the upstream slope of the pier weaken the downward
jet and prevent it directly hitting to the bed, but also the

Table 4. Experimental
b ¼ 10 ðor a ¼ 80 Þ.

data

for

the

pier

with

No.

D (mm)

LBed (cm)

Q (L/s)

ds/D

d0 (mm)

17
18
19
20
21
22
23
24

40.00
40.00
40.00
4.00
40.00
60.00
60.00
60.00

26.00
26.00
26.00
26.00
26.00
32.00
32.00
32.00

15.00
21.60
30.00
39.60
46.20
15.00
30.00
39.60

0.48
0.49
0.53
0.61
0.72
0.43
0.49
0.56

3.50
4.00
4.70
5.10
5.60
6.90
7.80
8.90

Table 5. Experimental
b ¼ 20 ðor a ¼ 70 Þ.

data

for

the

pier

with

No.

D (mm)

LBed (cm)

Q (L/s)

ds/D

d0 (mm)

25
26
27
28
29
30
31
32

40.00
40.00
40.00
4.00
40.00
60.00
60.00
60.00

41.00
41.00
41.00
41.00
41.00
47.00
47.00
47.00

15.00
21.60
30.00
39.60
46.20
15.00
30.00
39.60

0.48
0.49
0.53
0.61
0.72
0.43
0.49
0.56

4.00
4.40
4.70
5.00
5.50
6.40
7.30
8.00

Table 6. Experimental
b ¼ 20 ðor a ¼ 70 Þ.

data

for

the

pier

with

No

D (mm)

LBed (cm)

Q (L/s)

ds/D

d0 (mm)

33
34
35
36
37
38
39
40

40.00
40.00
40.00
4.00
40.00
60.00
60.00
60.00

58.00
58.00
58.00
58.00
58.00
64.00
64.00
64.00

15.00
21.60
30.00
39.60
46.20
15.00
30.00
39.60

0.34
0.38
0.41
0.44
0.50
0.32
0.34
0.40

3.70
3.90
4.20
4.50
4.90
5.90
6.70
7.40

cross-section and the increased length of the pier help to
decrease the scouring.
The development of the local scouring mainly caused
with streamline contraction at the two sides of the pier, and
the horseshoe vortex in front of the pier. Cross-section of
the pier can considerably affect the flow pattern and the role
of these parameters. Streamlining the front of the pier can
reduce the strength of the horseshoe vortexes, and streamlining the downstream end can reduce the strength of the
wake vortexes [20]. Previous studies confirmed that in
circular piers, the scouring firstly is observed at two sides of
the pier at h = ±45 relative to the flow direction, and the
flow separation is the only reason of scouring initiation and
development. Then, the scouring is extended from the
h = ±45 to the h = 0 (channel axis) and the vertical
down-flow intensified the bed erosion at this point. In
rectangular shaped piers, the flow separation is initiated
from the sides of the pier at about h = ±55 and the
scouring is extended to the upstream with considerable
delay relative to the circular ones. In addition, it is not
observed any extension to the downstream because of the
pier length. The high length of the pier in all models causes
the eroded sediments accumulated at two sides of the pier
and do not transferred to the downstream. In addition, the
considerable decrease in aggradation is due to the streamlined form of the model at the downstream, which lead to
decrease the effect of wake vortexes behind the pier.

3.2 Effect of dimensionless parameters
on the scouring depth
3.2a Effect of flow intensity: The effect of different
dimensionless parameters, which obtained in the dimensional analysis, on normalized scour depth is important. To
investigate these effects, figures 8, 9, 10 and 11 are constructed based on these parameters. Figure 8 shows the
variation of normalized scouring depth with the flow
intensity. Five different flow intensities ranging between
0.476 and 0.685 were tested along all configurations.
Results showed that the bed scouring intensifies as flow
intensity rises and they depend together linearly. It is
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Figure 8. Variation of normalized scour depth respect to the
flow intensity (D = 40 mm, L = 12 cm).
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obvious that at high flow intensities, the scouring at
upstream region take places faster and greater relative to
the low values of flow intensities. In addition, the value of
the inclination angle affects ds/D simultaneously with the
flow intensity. When the inclination angle increases, the
effect of flow intensity on scouring is decreased. In pier
having b = 5, the difference between the ds/D in high
and low values of flow intensities is about 45%, however,
in pier with b = 30, this difference reaches to almost
30%.
3.2b Effect of pier size: Figure 9 presents the variation of
normalized scouring depth versus the pier size. In this
study, two pier diameters of 40 mm and 60 mm are used
along the tests. The effect of pier size on scouring depth is
not considerable and only about 15–20% increase in maximum scour depth was observed when the pier diameter
increases from 40 to 60 mm. In addition, deposition of
sediments at the downstream section of the pier increased
by increasing the pier diameter.

B=10
B=20

0.2

B=30

0
40

50
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70

80

90

100

110

D/d50

Figure 9. Variation of normalized scour depth respect to the pier
size (V = 0.15 m/s, L = 12 cm).
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Figure 10. Variation of normalized scour depth respect to the
relative flow depth (D = 40 mm, L = 12 cm).
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3.2c Effect of flow depth: The effect of flow depth that ranges
from 100 to 210 mm are tested also in this study. Since in the
present study, two size of pier are examined, firstly the
variation of scour depth with the flow depth is investigated
by 40 mm diameter pier and then the effect of pier size and
relative scour depth have been studied. Figure 10 shows the
variation of normalized scour depth regarding to the relative
flow depth. As seen in this figure, when the flow depth
increases (increasing the relative flow depth) and the pier
diameter is constant, the scouring depth and the scouring
hole size also increase. In addition, the simultaneously effect
of pier inclination angle and the flow depth on scouring is
obvious. In pier having b = 0, by increasing the relative
flow depth from 2.5 to 5.25, the normalized scour depth
increases about 32%, however, in pier with inclination angle
of b = 30, the ds/D increases almost 24% with increasing
the 50% of the relative scour depth. It is concluded that the
inclination angle also affect the flow depth effect, in which
by increasing the inclination angle, the effect of flow depth is
decreased approximately up to 8%.
In figure 11, it is presented the effect of relative flow
depth on scouring depth while the pier diameter kept constant. Regarding that only three flow depth are examined in
model piers with 60 mm diameter, the three relative flow
depth is also considered. This figure shows that at a constant flow depth, increasing the pier diameter causes to
generation of deeper scouring hole. On the other hand, the
effect of pier size outweighs the effect of relative flow
depth. However, the slope of the ds/D variation line for both
pier diameters of 40 mm and 60 mm is close to each other.
This shows that the effect of 60 mm diameter pier on
scouring depth is similar to the 40 mm diameter pier.

h/D

Figure 11. Variation of normalized scour depth respect to the
relative flow depth but constant pier diameter (L = 12 cm).

3.2d Effect of inclination angle: The effect of inclination
angle on the scouring depth was investigated by setting its
value to 0 ; 5 ; 10 ; 20 and 30 . Figure 12 shows variation
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Figure 12. Variation of normalized scour depth respect to the
inclination angle (D = 40 mm, L = 12 cm).

in equation y ¼ f ðx1 ; x2 ; . . .; xk Þwith the measured data set,
the most widely used evaluation indices are considered
including; Correlation Coefficient (R), Average of Sum of
Square Error (SSE/n), Average of Absolute Error (AAE/n)
and the distribution of standardized value of residuals (eis).
In the introduced indices, n shows the number of the data
set. The entire constant coefficient estimated by the method
of Least Square Errors, which involves minimizing the sum
of the square of the residuals set [22].
Table 7. Values of ai parameters in Eq. (7).
Test No.

15
21.6
30
39.6
46.2

a0

a1

a2

0.02307
0.02817
0.02433
0.021481
0.03257

1.82500
1.86000
1.84600
1.8139
1.89700

0.38700
0.40150
0.38950
0.39450
0.41800

1.2

(a)
1.0

4. Analysis program

0.8
0.6
0.4
0.2

4.1 Regression analysis

0.0
0

0.2

0.4

0.6

0.8

1

1.2

0.8

1

1.2

Predicted (ds/D)
1.2

(b)
1.0
Measured (ds/D)

One of the most widely used statistical tools that utilized to
analyze the multifactor data is Regression Analysis (RA). It
is appealing because a conceptually simple method provided to investigate the functional relationships between
different variables. It may be broadly utilized to develop
relationships among variables, and provide a simple
method for establishing a functional relationship between
dependent and independent variables, such as
y ¼ f ðx1 ; x2 ; . . .; xk Þ. In many problems, however, the
selection of dependent variables for the RA model is not
predetermined and, often, the first step of the analysis may
be the selection of these variables. Some techniques, such
as step-wise, forward, and backward selection procedures,
can be used for this purpose [21].
After selecting the k terms (among i terms) of variables,
which will be included in the equation y ¼ f ðx1 ; x2 ; . . .; xk Þ
and statistical evaluations, the form of function f and its
regression coefficient (R2), are determined. Therefore, at
first, it is assumed that in the range of measurements,
function y ¼ f ðx1 ; x2 ; . . .; xk Þestimates dependent variable
based on the independent variables. Then, the assumption is
checked by residual analysis. To compare the fitted model

Q

1
2
3
4
5

Measured (ds/D)

of normalized scouring depth in terms of inclination angle
at different flow depths for pier diameter of 40 mm.
It is clearly seen that the scouring depth decreases significantly as the b increases and trend of change at various
flow depth is similar. For flow depth of 100 mm, the difference between ds/D values at b of 0 and 30 is about
60% and corresponding value for flow depth of 210 mm
diminishes slightly to 55%. In addition, for a constant value
of inclination angle, the influence of flow depth was also
investigated. At b = 0, when the flow depth rises from 100
to 210 mm resulted about 25% increase in ds/D ratio. This
increment value is about 32%, 36%, and 38% for b of 5,
10, 20 and 30, respectively. It means that the effect of
flow depth at different values of inclination angles
approximately is constant.
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Figure 13. Measured versus predicted values of ds/D: (a) selected and (b) linear, models.
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This methodology was used to present a functional
relationship for predicting the value of scouring depth (ds)
at the pier upstream in terms of associated variables. The
value of ds/D, obtained from the tests, are dependent on the
values of the different parameters including V2/gD, flow
intensity (V/Vc), relative roughness parameter (D/d50),
normalized approach flow depth (h/D), normalized pier
length at the bed level (LBed/D), and the angle of the sloped
pier (b or a(90 - b)). Therefore, these parameters selected
as independent variables and ds/D was defined as a function
of abovementioned non-dimensional variables. Step-wise
linear regression showed that the value of ds/D considerably
has good correlation only with these two a, and h=Ddimensionless parameters.

214

presented in table 7. In order to evaluate Eq. (7), a new
fitted linear relationship is defined as follows:
 
ds
h
¼ a0 þ a1 a þ a2
þe
ð8Þ
D
D
Where a0 , a1 , a2 and e are regression parameters of the
linear model, with values of -9.925, 0.555, 0.28 and
11.304, respectively with values of R2 ¼ 0:940.
To evaluate the suitability of Eq. (7), the measured and
predicted values of scouring depth, ds/D, are compared in
figure 13a. It is obvious that almost all data are near the
symmetric line and they fall between  10% error lines. A
similar graph for the linear model has been prepared and

4.2 Numerical results
To establish a functional relationship between introduced
dependent and independent variables, more than 500 different simple equations in the form of ds =D ¼ gða; h=DÞare
investigated by regression tools and ranked by statistical
indices. Evaluation of the suggested relationships indicated
that the following relationship has the best competence of
fitness with the measured data set:
 a2
ds
a1 h
¼ a0 a
ð7Þ
D
D
Therefore, this relationship, with R2 value of 0.945, was
selected to determine the scouring depth among proposed
models. The values of ai parameters are determined from
regression analyses of each test and can be described as
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Figure 14. Scatter plots of ds/D (a) suggested and (b) linear,
models.

Figure 15. Normal distribution of ei: (a) suggested, (b) linear;
models.
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illustrated in figure 13b. Less scattering of data around the
y = x line in figure 13a and data presented in table 7
clearly reveal that Eq. (7) can predict scouring depth (ds/D)
better than the linear Eq. (8).
Another index to assess the suitability of the fitted
equation is the standardized residual (eis), defined as
eis ¼ ðyi  y^i Þ=S:D. For the most suitable equations, values
of the standard deviation and mean of this index must be
almost equal to unity and zero, respectively. In addition, if
enough number of data set is available, an approximately
independent normal distribution is expected for the value of
eis [22].
For the suggested and linear models, the scatter plot of
residuals presented in figure 14. This figure shows that
the values of eis fall almost between (-1, ?1) and randomly distribute around zero. In addition, it is concluded
from this figure that there is no distinct pattern at the
distribution of eis, and they do not change in a systematic
way with predicted ds/D values. As a rule, the model is
acceptable when the values of eis fall between (-2, ?2)
and are randomly distributed around zero, and residual
plots do not have a distinct pattern of variation. A new
introduced parameter, ei, defined as the difference
between measured and predicted values of a dependent

variable. Figure 15 displays the normal distribution of
this parameter value. As indicated, an independently
random quantity, with a constant variance and a mean
value of about zero obtained for the value of ei
parameter.

5. Validation of suggested models
To evaluate the precision of the models, the experimental
and numerical values of ds/D were compared for two pier
with width of 40 and 60 mm. Figure 16 shows the variations of scouring depth versus the relative of h/D for this
two pier. The graphs show that the suggested model in
Eq. (7) can reasonably predict the value of scouring depth.
Comparison of average error among the experimental and
predicted values indicates that the maximum error in the
prediction of ds/D is 21.4%. This means that the suggested
model has acceptable accuracy to predict the scouring
depth. This evaluation also indicates that the predicted
values of ds/D are closer to experimental ones at higher
values of h/D. In addition, the model can well predict the
experimental values for the both large and small values of
pier width.
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Figure 16. Variation of measured and predicted values of ds/D versus h/D; (a) pier width of 40 mm, (b) pier width of 60 mm.
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6. Conclusion
The aim of this study was to determine the effect of the
new-sloped model piers with round-nosed rectangular
cross-sections on development of local scouring, that the
maximum scouring was measured at upstream side of the
pier. To do this, a number of 40 experimental tests performed under near water threshold conditions, with uniform
bed material with a single bridge pier. The testes continued
up to 6 h. The physical tests were conducted for two different pier widths with a range of flow depths, velocities,
and corresponding discharges. In addition, the effect of
different inclination angles, flow intensities, flow depths,
and pier size were investigated. The inclination angle is the
most important parameter that was considered in this
research.
To determine the local scouring around piers, conduction
of experimental testing is both time consuming and costly.
Therefore, it is useful and sometimes inevitable to use
statistical based regression equations to estimate its value.
Two reliable correlations, based on regression analysis,
using test data presented here, were proposed here to estimate the local scouring around proposed new-sloped piers.
These models use some parameters, such as flow intensity,
relative roughness parameter, normalized approaching flow
depth, normalized pier length at the bed level, and the
inclination angle of the sloped pier, which are relatively
simple to use, although they need some constant parameters. The main conclusions of the experimental section of
this study are summarized as follows:
• The scouring depth increases with increasing the
discharge value and this lead to increase in the
sediment aggradation at the downstream of the pier.
• Five different flow intensities ranging between 0.476
and 0.685 were tested. Increasing the flow intensity
increases the normalized scour depth linearly. It is
obvious that at higher flow intensities, the scouring at
upstream region take place faster and greater relative
to the lower values of flow intensities. In addition, the
inclination angle affects the normalized scour depth
simultaneously with the flow intensity. With increasing
the inclination angle, the effect of flow intensity on
scouring decreases.
• Effect of pier size, 40 and 60 mm, on scour depth was
not considerable and only about 15–20% increases in
maximum scour depth is observed when the pier
diameter increases from 40 to 60 mm.
• Effect of flow depth ranging between 100 and 210 mm
was also tested. Increasing the flow depth (increasing
the relative flow depth) in state of constant pier
diameter, cause to increase the scouring depth and the
scouring hole size. In addition, simultaneous effect of
the pier inclination angle and the flow depth on
scouring is obvious. It is ranging from 20 to 40%.
Therefore, it is concluded that the inclination angle
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affect the flow depth effect, in which by increasing the
inclination angle, the effect of flow depth is decreased
approximately up to 8%. In other state, at a constant
flow depth, increasing the pier diameter causes generation of deeper scouring hole. It is obvious that the
slope of the line of normalized scour depth variation
for both pier diameters of 40 mm and 60 mm is close to
each other.
• To investigate the effect of pier inclination, five angles
of 0 ; 5 ; 10 ; 20 and 30 were tested. It was clearly
seen that the scouring depth decreases significantly as
the inclination angle increases. In addition, the effect
of flow depth at different inclination angles is similar
to each other. In addition, investigating the effect of
flow depth on scouring at a constant value of inclination angle revealed that increasing the flow depth lead
to increasing the scouring depth about 25%. This
shows that at different values of inclination angles, the
effect of flow depth variation is similar.
• Statistical indices and residual analyses of the models
show the suitability of the proposed models. In
addition, comparison of the experimental and predicted
values of normalized scouring depth illustrates that the
suggested models can reasonably predict this parameter. A comparison of maximum average error (%)
between experimental and predicted values displayed
that the scouring prediction is comparatively accurate.
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Özlap M C 2013 Experimental investigation of local scour
around bridge pier groups. M.Sc. thesis, Hydromechanics
Laboratory, Civil Engineering Department, Middle East
Technical University, Ankara, Turkey
Ettema R, Melville W B and Barkdoll B 1998 Scale effect in
pier-scour experiments. J. Hydraul. Eng. 124(6): 639–642.
https://doi.org/10.1061/(asce)0733-429(1998)124:6(639)
Kumar V, Raju K G R and Nandana V 1999 Reduction of
local scour around bridge piers using slots and collars. J.
Hydraul. Eng. ASCE 125(12): 1302–5. https://doi.org/10.
1061/(asce)0733-9429(1999)125:12(1302)
Melville B W and Chiew Y M 1999 Time scale for local
scour at bridge piers. J. Hydraul. Eng. ASCE 125(1): 59–65
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:1(59)
Richardson E V and Davis S R 2001 Evaluating scour at
bridge, 4th edition. Publ. No. FHWA NHI 01-001, HEC-18,
Federal Highway Administration, Washington, DC
Benjamin J R and Cornell C A 1970 Probability, Statistics
and Decision for Civil Engineering. New York, USA:
McGraw Hill
Soltani-Jigheh H, Soroush A and Rezaei M 2012 Estimating
undrained cyclic behavior of compacted mixed clayey soils
by statistical tools. Sci. Iran. 19(3):346–354. https://doi.org/
10.1016/j.scient.2012.04.005

