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Investigation of Local Scour Hole Dimensions around
Circular Bridge Piers under Steady State Conditions

Omer Yavuz ESKi!
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ABSTRACT

The local scour around bridge piers is one of the main causes of bridge failures. In this study,
scour hole dimensions around circular bridge piers were investigated under clear water scour
conditions for various steady flow rates. The experiments were performed with four different
bridge pier diameters and seven different flow rates by using uniform sediment with a median
diameter of 1.63 mm and geometric standard deviation of 1.3. After each experiments the
bathymetry of scour hole was determined. New empirical equations to estimate scour hole
length, scour hole width and scour hole volume (¥) are proposed by using experimental
findings and experimental data available in the literature. The experimental results were also
compared with those calculated using several empirical equations given by previous studies.
Since there is a lack of data about scour hole dimensions, the experimental findings presented
in this study are useful for the researchers investigating the local scour process, and have
contributed to the few experimental data in the literature.

Keywords: Clear water scour, bridge piers, scour hole dimensions.

1. INTRODUCTION

Local scour around bridge piers is the one of the main reasons of the bridge failures. There
are many studies related to scour depth estimation [1, 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14,
15, 16, 17]. But there is still a lack of studies related to scour hole dimension estimation.

Yanmaz and Altinbilek [4] performed sets of experiments by using single cylindrical and
square bridge pier models under clear water conditions with uniform bed materials. They
proposed two equations to estimate the scour depth and the volume of the scour hole around
the cylindrical pier.
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Khwairakpam et al. [ 18] investigated local scour around circular bridge piers experimentally.
In their study, the experiments were conducted under clear water and steady state flow
conditions. On the basis of the experimental results, they proposed empirical equations to
estimate scour hole depth, scour hole length, scour hole width, scour hole area and scour hole
volume.

Das et al. [19] performed experiments to investigate equilibrium scour hole geometry around
a circular pier. They proposed some empirical equations to predict the scour hole depth, scour
hole length, scour hole width, scour hole area, and scour hole volume.

D’alessandro [20] performed experiments under clear water and steady state flow conditions
with uniform bed materials to investigate local scour around circular bridge piers. He
analyzed the effect of blockage on scour hole geometry in their experiments.

Hodi [21] carried out experiments to investigate scour geometry of circular bridge piers
influenced by flume width in the laboratory condition. The experiments were conducted by
using uniform sediment size under steady flow and clear water conditions.

Khan et al. [22] investigated local scour around various sizes and shapes bridge piers
experimentally. The experiments were performed under clear water and steady state flow
conditions with uniform sediment.

In this study, the shape of the scour hole around circular bridge piers was investigated under
different steady state flow rate conditions by using four different bridge pier diameters. The
dimension of the scour hole was determined after each experiment and new empirical
equations were proposed to estimate scour hole length, scour hole width and scour hole
volume (M).

2. THEORETICAL BACKGROUND

It is known that the dimension of the scour hole (scour length and scour width) is a function
of equilibrium scour depth ds [18, 19]. Thus the parameters effecting the scour hole around a
bridge pier are; density of the water (p), dynamic viscosity of the water (i), density of the
bed material (ps), median grain size of the bed material (dso), pier diameter (D), approach
flow depth (h), velocity of the water (V), acceleration due to gravity (g), equilibrium scour
depth (ds), and pier shape. Thus the value of the scour length can be written as

Ls :fl(p'ﬂ'pSJdSO'D'htV'g'ds) (1)
The independent parameters p, ps and g can be combined as g' where g' = [(ps — p)/p] g

[19] and under turbulent flow conditions the effect of pu can be neglected. In addition,
Densimetric Froude particle number (Fq4) has an important role for the scour process [10] and

it is defined as F; = V /,/(g'ds(). The non-dimensional parameters were obtained by means
of Buckingham = theorem as.

== (2, Fy) @)

Similarly scour hole width (W) and scour hole volume () can be expressed as,
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e AN (3)
== f(2.Fy) @)

Some of the relations predicting the scour hole dimension are as follows:

Yanmaz and Altinbilek [4] suggested the following equation to estimate the volume of the
scour hole.

. m ag 3db
¥_3tan¢u(tan¢u+ 2 ) (5)
where ¢ is the angle of repose of sediment.

Khwairakpam et al. [18] proposed Eq. (6), Eq. (7) and Eq. (8) to predict length, width and
volume of the scour hole, respectively.

L, = {3.958 (%) - 2.371} d, + {—2.649 (g) + 5.082} (6)
W, = {6.204 (%) - 5.412] d, + {—4.435 (%) + 7.597} (7)
¥, = {-1.520 (1) + 3.661} et se0m/D)-0716)ds (8)

where the units of the ds, Ls, W, are cm and ¥ is cm?®.

Das et al. [19] have given the following equations to estimate length, width and volume of
the scour hole.

2 =5065(7) ©
2e = 5576(%) (10)
i—z =0.161 e(“m(%)) (11)

where ¥, is the characteristic volume of pier below the water level.

3. EXPERIMENTAL SET-UP, MEASUREMENT DEVICES AND METHOD

The scheme of the experimental set-up is given in Fig. 1. The flume is 18.6 m long, 0.80 m
wide and 0.75 m high. The slope of the flume was fixed to 0.006. The bed material was
uniform granular sediment with median diameter dso of 1.63 mm, geometric standard
deviation of 1.3 and angle of repose of sediment ¢ of 33°. Sediment layer thickness was 0.26
m. The bridge piers were located at 11.5 m from the upstream end of the flume. Before each
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experiment, the flume bed was readjusted by using a system moving on the rails over the side
walls along the flume. The flow rates and approach flow depths were measured by using
electromagnetic flow meter and ultrasonic level sensors (ULS), respectively.

It is observed that the scour depths did not change after 320 minutes in the case of the largest
flow rate and pier diameter. So the duration of the experiments was designated as 480 min
which is sufficient to reach the equilibrium scour depth and scour hole dimension.

The scheme of the experimental setup is given in Figure 1.

Tl /[ 11.5m

A
v
v

‘_. ULS (ultrasoniclevel sensor)

Main tank _@ ® »

Fig. I - The scheme of the experimental set-up

4. EXPERIMENTAL RESULTS

28 experiments were performed by using seven different steady flow rates and four different
circular bridge pier diameters.

The features of the experiments are given in Table 1 where D is pier diameter, Q is flow rate,
y is approach flow depth, Fqis densimetric Froude particle number and (V/V.) is flow
intensity.

The critical velocity V. is determined from the equation given below [23].

Ve

= 5.75log (5,53 diso) (12)

*c

where w,_ is the critical shear velocity which can be calculated by using the following
relations [7]:

u., = 0,0115 + 0,0125d5,™* for 0,1mm < dsy< Imm (13)
u,, = 0,0305d50*° — 0,0065ds5,” " for Imm < ds< 100mm (14)

In these relations u,  is in m/s and the sediment size ds is in mm.

Clear water scour was observed since the flow intensity parameters (V/V.) are smaller than
1 during the experiments.
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Table 1 - The features of the experiments

Experiment D Q y Fq V/V.
No (cm) (I/s) | (cm)
AEl 8 43 19.5 | 1.70 | 0.49
AE2 8 47 20.2 | 1.79 | 0.51
AE3 8 53 20.7 | 1.97 | 0.56
AE4 8 57 21.3 | 2.06 | 0.58
AE5 8 62 22.3 | 2.14 | 0.60
AE6 8 66 22.7 | 2.24 | 0.63
AE7 8 71 23.4 | 2.33 | 0.65
AES8 11 43 19.5 | 1.70 | 0.49
AE9 11 47 20.2 | 1.79 | 0.51
AE10 11 53 20.7 | 1.97 | 0.56
AEll 11 57 21.3 | 2.06 | 0.58
AE12 11 62 223 | 2.14 | 0.60
AE13 11 66 22,7 | 2.24 | 0.63
AE14 11 71 23.4 | 233 | 0.65
AE15 15 43 19.5 | 1.70 | 0.49
AEl6 15 47 20.2 | 1.79 | 0.51
AE17 15 53 20.7 | 1.97 | 0.56
AE18 15 57 21.3 | 2.06 | 0.58
AE19 15 62 22.3 | 2.14 | 0.60
AE20 15 66 22.7 | 2.24 | 0.63
AE21 15 71 23.4 | 233 | 0.65
AE22 20 43 19.5 | 1.70 | 0.49
AE23 20 47 20.2 | 1.79 | 0.51
AE24 20 53 20.7 | 1.97 | 0.56
AE25 20 57 21.3 | 2.06 | 0.58
AE26 20 62 22.3 | 2.14 | 0.60
AE27 20 66 22.7 | 2.24 | 0.63
AE28 20 71 23.4 | 2.33 | 0.65

The measured parameters are given in Table 2 where d; is equilibrium scour depth, Wy is the
scour hole width, L is the scour hole length and ¥ is the scour hole volume.

The schematic sketch of the scour hole is given in Figure 2.
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Fig. 2 - Schematic sketch of the scour hole [18]

After each experiment, the longitudinal and cross sections were measured by means of laser
meter with a resolution up to 0.2 mm. A grid was determined to measure the scour hole
dimensions. Each grid cell has a dimension of 2*5 cm. That means measurements were taken
for every two centimeters along the flow direction and every five centimeters along the

channel cross-section. The scour hole volume was calculated by means of measured data for
each experiment.

The measured longitudinal and cross sections are given in Figure 3 and 4, respectively.

Table 2 - The results of the experiments

Experiment ds W Ls ¥
No (cm) (cm) | (cm) (cm?)
AEl 3 29.8 21 173.56
AE2 5.5 29.6 26 664.22
AE3 8 29.6 32 1553.31
AE4 9 33.6 34 2674.39
AES 10 394 38 5571.06
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Table 2 - The results of the experiments (continue)

Experiment ds W L Vv
No (cm) (cm) | (cm) (cm?)
AE6 10.2 39.8 38 5365.91
AE7 11.2 40 46 7073.01
AES8 4.7 31 28 590.04
AE9 6.7 30 32 1344.90
AEI10 10.4 47.8 42 3364.78
AEI11 11.3 44.4 44 4651.27
AEI2 12.8 50.8 50 7372.02
AE13 13.7 59.2 54 10138.80
AEl4 14.6 53 60 15721.23
AE15 4.4 33.6 36 2404.00
AE16 6.8 44.2 42 2169.93
AE17 11.9 48.6 52 6905.75
AEI18 13.3 56.6 58 7775.07
AE19 15.9 62 68 15579.21
AE20 16.6 62.2 70 22329.12
AE21 18.4 69.4 84 26596.91
AE22 7.2 51.6 44 2551.91
AE23 8.7 54.6 52 3894.75
AE24 10.2 61 58 9951.24
AE25 13.8 69 70 15444.34
AE26 16.1 71.4 76 28393.91
AE27 19.2 79 88 31081.73
AE28 20.6 79.2 96 42944.73
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Fig 3 - The longitudinal sections measured after each experiment a) D=8 cm, b) D=11 cm,
¢) D=15 cm, d) D=20 cm.
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Fig 3 - The longitudinal sections measured after each experiment a) D=8 cm, b) D=11 cm,

¢) D=15 cm, d) D=20 cm. (continue)
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Fig 4 - The cross sections measured after each experiment a) D=8 cm, b) D=11 cm,
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Fig 4 - The cross sections measured after each experiment a) D=8 cm, b) D=11 cm,
¢) D=15 cm, d) D=20 cm. (continue)

As seen from the graphs, the width and the length of the scour hole increase with the flow
rate as expected. Accordingly, the volume of the scour hole increase with the flow rate. The
equilibrium scour depth values increase depending on flow rate and diameter of the bridge
pier. The maximum scour depth and scour hole volume were observed in the case of the
largest flow rate (Q= 71 I/s) and pier diameter (D=20 cm).

28 additional experimental findings obtained by previous studies were taken into account to
propose a more comprehensive and general equations. The features and the results of the
additional experiments are given in Table 3 and Table 4, respectively. Only four scour hole
volume data can be obtained from literature.
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Table 3 - The features of the experiments obtained by previous studies ((A1-A16)
D’Alessandro [20]; (B1-B4) Das et al.. [19]; (C1-C5) Hodi [21]; (DI-D3) Khan et al.

[22])

Experiment | D y dso Fq4 v V/V,
No (cm) | (cm) | (mm) (m/s)
Al 3 12 | 051 | 264 | 024 | 0.86
A2 3 12 | 051 |2.64| 024 | 0.86
A3 10 12 | 051 | 264 | 024 | 0.86
A4 9 12 | 051 | 264 | 024 | 0.86
A5 8 12 | 051 |2.64| 024 | 0.86
A6 7 12 | 051 | 264 | 024 | 0.86
A7 9 12 | 051 | 264 | 024 | 0.86
A8 8 12 | 051 |2.64| 024 | 0.86
A9 7 12 | 051 | 264 | 024 | 0.86

A10 10 12 | 051 |2.64| 024 | 0.86

All 8 12 | 051 |2.64| 024 | 0.86
Al2 7 12 | 051 |2.64| 024 | 0.86
Al3 9 12 | 051 |2.64| 024 | 0.86
Al4 7 12 | 051 |2.64| 024 | 0.86
AlS 8 12 | 051 |2.64| 024 | 0.86
Al6 7 12 | 051 |2.64| 024 | 0.86
Bl 11 | 12,5 1 0.825 | 2.14 | 0.247 | 0.682
B2 15.5 | 12.5 | 0.825 | 2.14 | 0.247 | 0.682
B3 13 | 12.5 1 0.825 | 2.14 | 0.247 | 0.682
B4 11 | 12,5 1 0.825 | 2.14 | 0.247 | 0.682
Cl 2 10 | 085 | 2.1 | 0.25 | 0.76
C2 2 10 | 085 | 2.1 | 0.25 | 0.76
C3 3 10 | 085 | 2.1 | 0.25 | 0.76
C4 3 10 | 085 | 2.1 | 0.25 | 0.76
C5 4.5 10 | 085 | 2.1 | 0.25 | 0.76
Dl 5 82 | 054 | 282 0.264 | 0.936
D2 4 82 | 054 | 2.82]0.264 | 0.936
D3 3 82 | 054 | 2.82]0.264 | 0.936
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Table 4 - The results of the experiments obtained by previous studies ((A1-A16)
D’Alessandro [20]; (B1-B4) Das et al.. [19]; (C1-C5) Hodi [21]; (DI-D3) Khan et al.

[22])

Experiment Ls ds Wi Vv
No (cm) (cm) | (cm) (cm?)
Al 20.25 5.05 21.6 No data
A2 23.25 5.44 27.8 No data
A3 50.4 12.27 | 564 No data
Ad 42.67 | 10.83 49 No data
A5 42.08 | 10.55 | 47.8 No data
A6 32.15 5.68 31.6 No data
A7 43.56 | 1095 | 50.4 No data
A8 4129 | 10.04 | 46.8 No data
A9 37.75 8.81 43.2 No data
A10 4536 | 11.09 | 50.6 No data
All 38.11 9.37 45.8 No data
Al2 39.14 9.32 46.1 No data
Al3 41.78 8.66 43.2 No data
Al4 32.85 8.11 40.6 No data
Al5 40.49 9.94 47.6 No data

Al6 38.45 9.42 45.2 No data
B1 46 9.2 53 5835
B2 58 11.2 60 9545
B3 48 9.6 49 6842
B4 42 8.2 48 4780
Cl 10.43 247 10 No data
C2 9.13 1.93 7 No data
C3 18.26 443 18.5 No data
C4 13.04 2.67 12 No data
C5 21.3 5.5 22.75 No data
Dl 22.5 7 225 No data
D2 19 59 19 No data
D3 17 4.8 17 No data
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New empirical relations to estimate scour hole length (Ls), scour hole width (W;) and scour
hole volume (¥) were investigated by using the experimental findings obtained by present
study and previous studies. The proposed relations were obtained by using the least squares
method which minimizes the sum of squared residuals. Eq 15, Eq 16 and Eq 17 are proposed
by using the experimental data obtained from the present study and experimental findings
obtained by D’Alessandro [20], Das et al. [19], Hodi [21] and Khan et al. [22].

Ly ds\ 054 0.32

=339 (3) F¢ (15)
Ws _ ds\%33 01

T=21(3) K (16)
v dg\ 195

The comparison between the experimental results including the previous studies and
computed values by using Eq 15, Eq 16 and Eq 17 are given in Figures 5, 6 and 7,
respectively. The proposed equations were evaluated in terms of determination coefficient
(R?) and scatter index (S7). The SI indicates normalized measure of errors and lower values
of SI means better model performance. These parameters are defined as follows:

2

- (18)

n JE— [
Ei: 1(ds,measuredi _ds,measured) (ds,computedi _ds,computed)

RZ_

- 2 [
\/Z?zl(ds,measuredi_ds,measured) Z?=1(ds,computedi_ds,computed)

2
n
Zi= 1(ds,measuredi _ds,computedi)

SI(%) =j n -100 (19)

ds,measured

where d, ed aNd dg compurea are the arithmetic mean of the measured and computed scour
depth values, respectively.

As shown in Figures 5, 6 and 7 the predicted scour hole dimensions are in good agreement
with those obtained from experiments. the determination coefficient values (R?) were
calculated as 0.98, 0.95 and 0.97 for Ly, W, and ¥, respectively. That means a strong
relationship exist between the calculated and measured scour hole dimensions. So, the
proposed equations can predict reliable scour hole dimension values. In addition computed
scatter index values (S7) support this strong relationship.

Measured experimental results were also compared with those calculated by using equations
given by Yanmaz and Altinbilek [4], Khwairakpam et al. [18] and Das et al. [19]. The results
are given Figures 8, 9, 10, 11, 12, 13 and 14, respectively.
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Fig. 5 - Comparison of measured and calculated L values obtained by proposed equation
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Fig. 11 - Comparison of measured and calculated ¥ values obtained by Khwairakpam et al.
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According to the R? and SI values given in the figures, the equation proposed by
Yanmaz&Altinbilek is in good agreement with experimental results obtained for volume
values. The R? values obtained for Khwairakpam et al. equation are smaller than those
obtained from other equations. The main reason could be the large number of empirical
coefficients used in the equations.

Scatter index and determination coefficient values corresponding to proposed and given by
other researcher’s equations are given in Table 5.

Table 5 - Scatter index and determination coefficient values of various equations

Yanmaz and | Khwairakpam Das at al. [19] Present
Altinbilek [4]| atal. [18] ) Equation

SI(%)| R? |SI(%)| R? |SI(%)| R? [SI(%)| R
Lo | - - [ 31.20] 0.68 [ 21.25{0.90 | 630 | 0.98
ws | - - 4492|039 [33.26 [ 0.82 | 10.32 | 0.95
Vv [21.28]0.96 | 33.24 | 0.91 |86.40 | 0.85 | 18.93 | 0.97

As shown in Table 5 the best agreement between measured and calculated parameters
obtained by using present equations given in this study. The differences of the present
equations are to involve the densimetric Froude particle number (Fg4). According to the results
it is revealed that F4 has an important role to estimate scour hole dimensions.

The statistical convenience of the proposed equations Eq 15, Eq 16 and Eq 17 were also
established by applying Fisher (f) test. If the calculated f value is greater than the critical f
value, then the experimental data explain the regression equation with 0.01 confidence level.
To compute the f value following equation is used.

__ SSR/Y,

f= SSE /9, (20)

where SSR is the sum of squared residuals, SSE is the sum of squares for error, 9, is the
number of the independent variables (k), and 3,=n-k-1, (n is the number of the data). SSR
and SSE can be calculated from the following equations:

—_—\2
SSR = Z;Ll(xicomputed _ xlmeasured) (21)
SSE = Zlﬂ=1(xi7neasured _ xicomputed)z o)

where xmeasured gre the arithmetic mean of the observed and computed values.

The critical value of f depends on the number of the data and selected significance level. The
critical values of f for the 0.01 significance level are 5.18 for Eq 15 and Eq 16, and 5.42 for
Eq 17. The f values were computed as 438, 1231 and 447 for the equations of 15, 16 and 17,
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respectively. Eventually, the significance of the proposed equations Eq 15, Eq 16 and Eq 17
are demonstrated.

5. CONCLUSION

In this study, scour hole dimensions around circular bridge piers were investigated under
clear water scour conditions for various steady flow rates.

Four bridge piers with different diameters and seven different flow rates were used during
the experimental tests. According to the experimental findings and experimental data
available in the literature, three equations were proposed to estimate scour hole length (L),
scour hole width (W) and scour hole volume (¥). The experimental results were also
compared with those calculated using several empirical equations given by previous studies.
The best fit between observed and calculated values was obtained by the proposed equation
in this study. The statistical convenient of the equations were also investigated. The following
conclusions were obtained according to the results of this study:

* The scour hole length, width and depth were increased with the pier diameter and mean
flow velocity. The maximum scour hole occurred in the case of maximum rate of the flow
and largest pier diameter used.

* The scour hole length, width and volume values were calculated by means of Equation
15, Equation 16 and Equation 17 and the results of the equations are in good agreement
with experimental findings. The biggest difference of the proposed equation is that it
contains the Froude particle number (F4) which has an important role to estimate the scour
hole dimensions.

* To indicate the best fit equation scatter index (SI%) values were computed for proposed
and available equations given in the literature by using the observed and calculated scour
hole length, width and volume values. According to the SI values it is revealed that
proposed equations give the best fit between measured and calculated parameters and can
be used to predict scour hole dimensions.

Since there is a lack of data about scour hole dimensions, the experimental findings are useful
for the researchers investigating the scour hole dimensions and have contributed to the few
experimental data in the literature.
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