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Abstract: In alluvial rivers bridge piers often cause local scour, a complex phenomenon as a
result of the interaction between turbulent flow and bed material. In this paper, the results of an
experimental study on the scour hole characteristics around single vertical pier sets on a non-uniform
sand bed, under no seepage, and with downward seepage conditions, are described. In case of
downward seepage, turbulent statistics, such as Reynolds stress, higher order moments, TKE-flux,
and consequently sediment transport, decrease upstream of the pier, while increasing on both sides
of it, where the enhanced erosive capacity of the flow results in an increase in the scour hole width.
Moreover, the scour hole length shifts downstream. Empirical equations for the evaluation of
scour hole characteristics, such as the length, width, area, and volume, including the downward
seepage parameter, are proposed and experimentally tested. Model predictions give reasonably good
agreement with the experimental data.
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1. Introduction

Bridges play an important role in the transportation of goods and people across rivers. In
civil engineering, one of the most important issues is to protect bridge piers from collapse. In fact,
their foundation may be threatened by localized scour, as a result of the flow constriction of the
cross-sectional area, and the subsequent increase of the flow velocity [1]. Thus, in order to ensure the
protection of such structures, it is of a high priority to predict the flow field and sediment transport
around the bridge piers.

Many researchers have studied the vortice systems around piers, stating that they primarily
affect the local scour [2-6]. Melville and Coleman [5] stated that the flow field around a bridge pier
is characterized by down-flow, surface roller, and wake vortices, such as the horseshoe vortex, at
the base of the pier, and wake vortices behind the pier. According to Melville [2] and Chiew [4], a
horseshoe vortex increases the flow velocity near the bed, and the wake vortex carries the eroded bed
material downstream. However, the effect of the pier on flow separation, and the consequent sediment
transport, depends on turbulence.

Some studies have investigated the stochastics nature of turbulent flow around a pier [2,7-11],
but there still remains a lack information concerning the trend of higher order moments for the
fluctuating velocities.
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As the safety of the pier depends on the depth and volume of the scoured region around it, most
researchers focus on the estimation of the maximum scour depth around the pier [5,12-15], developing,
from laboratory and field data, empirical relations different from each other, for model or equation
parameters. Melville and Coleman [5] proposed a scour depth prediction model depending on several
parameters, such as flow depth, pier geometry, and flow intensity. Chavan and Kumar [14], from the
experimental data, developed an empirical equation for the estimation of the scour depth in alluvial
channels with a downward seepage.

Alluvial channels have granular permeable boundaries; hence, the flow field is a complex
interaction between the surface and subsurface flow, as water is either seeping in (upward seepage) or
seeping out (dlownward seepage) from the channel [15]. Shukla and Misra [16] quantified the water
loss as a result of seepage as nearly 45% of the total flow volume. Tanji and Kielen [17] observed that the
seepage losses in the earthen channels in semi-arid areas range between 20% and 50%. Kinzli et al. [18],
and Martin and Gates [19] estimated that water loss as a result of downward seepage was around 15%
and 40%, respectively. Moreover, seepage affects the channel morphology [20-22] and increases the
streamwise velocity near the bed [23-26].

The aim of this study is to deepen the description of the turbulent flow field around a single
vertical bridge pier set in a seepage-affected alluvial channel, and to develop empirical relations for
evaluating scour hole characteristics such as length, width, area, and volume, including the downward
seepage parameters.

2. Experimental Set-Up and Procedure

2.1. Experimental Facility

Experimental measurements have been carried out in a recirculating plexi-glassed tilting flume,
with dimensions of 20 m long, 1 m wide, and 0.72 m deep, supplied by an overhead tank, through
a regulating valve (Figure 1). The slope of the channel was 0.5%. Detailed information on the
experimental flume can be found in Chavan et al. [9]. Starting 2 m from the inlet, the bed of the flume
was made porous, placing a fine mesh on a pressure chamber at a length 15.2 m, width of 1 m, and
depth of 0.22 m. Two electromagnetic flow meters measured the seepage discharge. The test section
was 5 m, that is, it is 5 m to 10 m from the tailgate of the flume.

For the fine mesh, two river sands of median diameters (dsp), 0.395 mm and 0.5 mm, and standard
deviation (0g), 1.85 and 1.65, respectively, were selected. Both sands had standard deviation values
higher than 1.4, so they were non-uniform [27]. The sand bed thickness was 17 cm. Two perspex
circular piers with a diameter of (d) 75 mm and 90 mm, respectively, which were both 150 mm high,
were alternatively set at the center of the test section, 7.5 m from the tail end of the flume (i.e., 7.5, 0.5,
and 0). Both diameters of the piers were less than 10% of the channel width, so as to avoid a sidewall
effect on the scour depth [14].
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Figure 1. Schematic diagram of the experimental set-up.
2.2. Experimental Measurements

For each river sand and pier, experimental measurements of the instantaneous velocity have been
carried out along four vertical sections, set upstream (U), downstream (D), and laterally against (S1 and
S2) the pier; each section was 6 cm away from the face of the pier, with five discharges, and, for each
one, having three seepage percentages, that is, 0%, 10%, and 15%, respectively. Such percentages were
selected so as to obtain a seepage velocity less or equal to 1% of the mean velocity in the channel [28].
The combinations resulted in 15 test runs, as specified in Table 1.
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Table 1. Experimental conditions.

40f17

Standard
Pier dia. D A Flow Depth h Flow Rate Reynolds Froude o Seepage
Expt. Run (mm) ]?evmtlon of (m)P (m?/s) Q Nunfb er (Re) Number (Fr) Temp. (°C) Perce};tgage
River Sand o¢
1 75 and 90 mm 1.65 and 1.85 0.118 0.032 31,860 0.25 28 0
2 75 and 90 mm 1.65 and 1.85 0.118 0.032 31,860 0.25 28 10
3 75 and 90 mm 1.65 and 1.85 0.118 0.032 31,860 0.25 28 15
4 75 and 90 mm 1.65 and 1.85 0.121 0.034 34,001 0.2579 28 0
5 75 and 90 mm 1.65 and 1.85 0.121 0.034 34,001 0.2579 28 10
6 75 and 90 mm 1.65 and 1.85 0.121 0.034 34,001 0.2579 28 15
7 75 and 90 mm 1.65 and 1.85 0.123 0.036 36,039 0.2667 28 0
8 75 and 90 mm 1.65 and 1.85 0.123 0.036 36,039 0.2667 28 10
9 75 and 90 mm 1.65 and 1.85 0.123 0.036 36,039 0.2667 28 15
10 75 and 90 mm 1.65 and 1.85 0.126 0.038 38,052 0.272 28 0
11 75 and 90 mm 1.65 and 1.85 0.126 0.038 38,052 0.272 28 10
12 75 and 90 mm 1.65 and 1.85 0.126 0.038 38,052 0.272 28 15
13 75 and 90 mm 1.65and 1.85 0.129 0.04 39,990 0.28 28 0
14 75 and 90 mm 1.65 and 1.85 0.129 0.04 39,990 0.28 28 10
15 75 and 90 mm 1.65 and 1.85 0.129 0.04 39,990 0.28 28 15
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The instantaneous velocity was measured using an Acoustic Doppler Velocimeter (ADV), with an
acoustic frequency of 10 MHz and a sampling rate of 200 Hz for 5 min at each of the data points. Each
test run duration was 24 h. The duration of the experimental runs was set depending upon the criteria
of the equilibrium state for the scour depth, given by Kumar et. al. [29]. During the experimental
measurements, the signal-to-noise ratio (SNR) was kept at 15 or above, and the average correlation
coefficient between the transmitted and received signal was less than 70%. The ADV uncertainty was
evaluated by collecting 10 pulses over 5 min near the bed (z ~ 5 mm). The results are shown in Table 2,
where U, V, and W are the mean time velocities in an x (longitudinal), y (transverse), and z (vertical)
direction, respectively, and u’, v, and w’ are the corresponding fluctuating velocities, respectively.

Table 2. Uncertainty associated with Acoustic Doppler Velocimeter (ADV) data.

- - - — 0.5 — 0.5 —F 0.5
U (n/s) V (infs) W (infs) ') @'v’) (w'w’)
Standard deviation 222 %1073 99 %104 42 %104 1.0x 1073 9.1x1074 321 x107%
Uncertainty % 0.11 0.085 0.021 0.095 0.09 0.034

The ADV data were contaminated with spikes because of interference between the transmitted
and received signals. Acceleration threshold methods [30] were applied in order to remove the spikes,
by fitting velocity power spectra with Kolmogorov’s —5/3 scaling law in the inertial subrange, with
threshold values ranging between 1-1.5.

The measurement of bed deformations under water typically utilizes high-frequency sound wave
(ultrasonic) technology. The bed profiles around the pier were measured using Sea Tech 5 MHz
Ultrasonic Ranging System (URS), with four pairs of transducers fixed to a mechanical trolley moving
at a constant speed. The sound waves transmitted from the sensors were reflected by a solid object, the
time for the sound waves to travel from the sensor to the object and back to the sensor was recorded,
and the distance from the sensor to the reflective object was obtained. The URS uncertainty was
evaluated collecting 15 measurements near the bed (z * 5mm). The results are in Table 3.

Table 3. Uncertainty associated with Ultrasonic Ranging System (URS) data.

Statistical Parameters Standard Deviation Standard Di‘//;::;on about the Uncertainty %

0.00095 0.01834 0.07264

3. Results

3.1. Turbulence Characteristics

The distribution of the turbulent quantities, such as the sediment transport, is affected by the
interaction between the bridge pier and flow. Chavan et al. [9,31] observed that the velocity and
Reynolds stresses are negative upstream of the pier and close to bed, and downstream of the pier and
close to the free surface, because of reversal flow, which causes a horseshoe vortex at the bed and a
wake vortex at the free surface. In this paper, in order to deeply analyze the turbulent quantities and
sediment transport around a bridge pier, upstream (U), downstream (D) and laterally against (S1 and
S2) the pier, the distributions of the higher order moments (i.e., turbulence intensity and skewness),
turbulent kinetic energy budget, and fluxes of turbulent kinetic energy, have been experimentally
studied. In particular, as in the lateral sections, the turbulence quantities’ distributions are similar [9];
hereafter, only the lateral section S1 will be considered, in order to avoid the repetition of results.

3.1.1. Turbulence Intensities

Around the pier, the distributions of the fluctuating components of the streamwise and vertical
instantaneous velocity (cu and ow, respectively), expressed as root mean square (RMS), have been



Water 2019, 11, 1580 60f17

evaluated for the different discharges and percentages of seepage. In Figure 2, ou and ow, scaled with
the shear velocity (1*), are expressed as u* = v/ (t/p; where 7 = YRS is the bed shear stress, p is the flow
density, R is hydraulic radius, and S is the bed slope), versus the distance (z) from the bed, scaled with
the flow depth (h), represented as /i+, are shown.
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Figure 2. Non-dimensional distributions of turbulence intensities.

Upstream of the pier (U), ou and ow show similar trends. In particular, ou is lower near the bed,
because of the reversal flow. With respect of the zero seepage, ou is reduced by 15% in case of 10%
seepage, and by 22% averagely in case of 15% seepage. For the different seepage percentages, ou and
ow attain higher values at the edge of the scour hole (h+ = 0.1), then, increasing in /+; while ow shows
a nearly constant value, ou slightly decreases, oscillating around a constant value.

Downstream of the pier (D), where there is no obstruction to the flow, for the different seepage
percentages, ow shows an increasing trend, attaining higher values than in the section U, because of
the wake vortices behind the pier. Near the free surface, ow slightly decreases, because of the reduced
strength of the wake vortices in the presence of the lateral flow through the channel boundaries. For the
zero seepage percentage, ou shows a nearly constant value, while it slightly decreases, with scattering
trends, for the seepage percentages of 10% and 15%, respectively.

Laterally to the pier (S1), in the case of 10% and 15% seepage percentages, near the bed (h+ < 0.2),
ou and ow increase at an average about 20%-30% and 25%-35% with no seepage value, respectively,
because of the enhanced turbulence near the bed.

3.1.2. Skewness

Despite many studies on the hydrodynamics of the flows around bridge piers and downward
seepage, there is still a lack of knowledge about higher order moments of velocity fluctuations, which
contain information related to the flux of the Reynolds normal stress, retaining the sign details [32].

The third order correlation, My, is expressed as [33] follows:

My, = flm

u A
e

In particular, M3 (2%)and My (%) express the longitudinal and vertical flux of streamwise RNS
(urur) and vertical RNS (wrwr), respectively, and M1, and M, indicate the advection of (w’w’) and
(u'u"), in x-direction and z-direction, respectively. They are shown in Figure 3, together with the
vertical profiles of the skewness factors in the streamwise (Su = ﬁ/u*s) and vertical (Sw = w’3/u.%)
direction, respectively.

Upstream of the pier (U), near the bed, positive M30 and M12 and negative M03 and M21 show
the flux of streamwise RNS and the diffusion of vertical RNS in streamwise direction, and the flux of
vertical RNS and the diffusion of streamwise RNS in a downward direction, respectively. By increasing

where, 1l = o5 and (I + m) = 3.
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h+, M30 and M12 become negative, and M03 and M21 become positive. The positivity of M30 and
M12 decreases in the seepage runs, showing that the flux of the streamwise RNS and the diffusion of
the vertical RNS results in a lower mobility of the bed material.

Near the bed, the positive and negative values of the streamwise and vertical skewness
factors confirm that the transport of the turbulent kinetic energy are in streamwise and downward
directions, respectively.

In section D, near the bed, M30 is negative, while M03 is positive, suggesting that the streamwise
and vertical RNS fluxes are in an opposite direction to the flow, and in an upward direction, respectively,
showing ejections. By increasing i+, M30 and MO03 attain an opposite sign, becoming positive and
negative, respectively. Near the bed, M12, is positive, while M21, is negative, showing that the
diffusion of vertical and streamwise RNS is in the flow and in downward directions, respectively. By
increasing h+, M12 becomes negative, while M21 becomes positive, showing the diffusion of vertical
and streamwise RNS in the opposite direction to the flow, and in the upward directions, respectively.
In section D, near the bed, positive Sw and negative Su show that the transport of the turbulent kinetic
energy is in the opposite direction to the flow, and in an upward direction, respectively, increasing the
seepage percentage. The results confirm the dominance of the secondary currents downstream from
the piers, because of the formation of wake vortices; however, downward seepage limits the strength
of the wake vortices.

In the Section S1, near the bed, M30 and M12 increase with the seepage percentage, because of the
increased particle mobility in the seepage runs. Similarly, the increased M03 and M21 in the seepage
runs, correspond to the increasing vertical flux of RNS, and the advection of streamwise RNS in a
downward direction, respectively. In the section of S1, in the seepage runs, the distributions of the
skewness that factor their increase with i+, clearly show the increased movement of bed particles.
These results show the prevalence of a high turbulent activity, resulting in enhanced sediment transport,
laterally to the pier, in the case of seepage runs.
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Water 2019, 11, 1580 8 of 17

0.8+
A
s} &
064
S o
A B * A
o % &
0.4 N g’ 5
= O§ n  *
o] * Gﬁ
a CRH
0.24 45 A ’0
[s} & Ao L
b C&A ‘A‘ a
0.0 T T T T T J r T T T t T T T J
200 -5 <10 -5 0 5 10 15 20 <20 -5 -0 50 5 10 15 20
Su Sw
089 . @ No Seepage
b) Section D
0.74 (b) Section A 10% Seepage
O  15% Seepage
0.6
0.54
o 044 Qo
0.3 Ag
0.2 o
i %
0.1 §
0.0 T T T 1 r T T T 1
5.0 25 0.0 25 5.0 5.0 25 0.0 2.5 5.0
Mz Mpz
0.8+
0.74
0.6
0.54 g
e 0.44 3%
0.3 4
0.2 o
& $°
0.1 0%‘
0.0 T T > T 1 T T T T 1
5.0 2.5 0.0 25 5.0 5.0 25 0.0 2.5 5.0
M, My,
0.8 1
0.6
Lo
+ e&x o}
= O Aa
0.2 §|0
Sler
) z..DA
A
OO L T % T T T T L T T T T T T T 1 ] T L L) L] M T M 1
=20 -15 -10 -5 0 5 10 15 20 =20 <15 -10 10 15 20

Figure 3. Cont.



Water 2019, 11, 1580 90f17

0.8+
. No Seepage
0] 0o (c) Section S1 a8 X 10% Seipgage
06] N Qo O 15% Seepage
b R
051 be b
] S g Q
1 04 Py A Lo
034 o
£33 e
0.2 N 7~
3 o
0.14 o ga
0.0 . . .
250 25 0.0 25 5.0 5.0 2.5 0.0 25 50
0.84 MM Mox
074 6
0.6
2o
0.5 0 t&
8 b
L 04
< égf F.29)
034
- O, ;%8
024 %Aa 'Qﬁ
A
0.1 © %i o=
0.0. : : : .
50 25 0.0 25 50 50 25 00 25 50
MI.’ M 1
0.81
Y “ A &
0.6 "% &o
b o
5 e o
0.4+ ! OQ
+ [eaN ' A O
Er o
B 3 0
0.2+ A ®
g 0O @A
5 St
0.0 T T T T T 1 T T T T T T T T 1
H 5 5 E 5 7

'
n

Su Sw

Figure 3. Non-dimensional distribution of third order moment and skewness factors in streamwise and
vertical direction for without seepage (NS), 10% seepage (S), and 15% S runs in the following sections:
(a) upstream the pier (U); (b) downward the pier (D); (c) laterally to the pier (S1).

3.1.3. Turbulent Kinetic Energy Flux (TKE-Flux)

TKE-flux significantly describes the bed material movement in a sandy channel. The streamwise
and vertical TKE-flux are calculated as follows [34]:

frw = 0.75(ururur + urwrwr)
frw = 0.75(ururwr + wrwrwr)

)

and are scaled with the shear velocity u*, thus obtaining (Fku = fku/u* 3) and (Fkw = fkw/u* 3), respectively.
The vertical profiles of the TKE-flux around the pier, for all of the experimental conditions, are shown
in Figure 4. In particular, upstream of the pier (U), near the bed (i.e., h+ < 0.2), Fku is positive and
Fkw is negative, in agreement with the bed erosion as a result of the flow separation upstream of the
pier. However, in the case of seepage runs, the absolute values of Fku and Fkw decrease, because of the
lower erosive capacity of the reversal flow. Downward the pier (D), near the bed, FKu and FKw show
slightly negative and positive values, respectively, with absolute values decreasing with the seepage
percentage. This trend shows the hindered flow and the effects of low-speed incoming fluid particles.
Moving towards the free surface, approximately at the edge of the scour hole (h+ = 1), FKu and FKw
become positive and negative, respectively.
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Figure 4. Non-dimensional distributions of turbulent kinetic energy flux (TKE-flux) in the following
sections: (a) U; (b) D; (c) S1.

Laterally to the pier (51)1, near the bed, the increased positive and negative values of Fku and
Fkw with a downward seepage show the enhanced erosion of the bed material in respect to the

other sections.



Water 2019, 11, 1580 11 0f 17

3.1.4. Turbulence Production, Dissipation, and Diffusion

To deeply understand the trend of the velocity fluctuations, it is essential to consider the production,
dissipation, and diffusion of the turbulent kinetic energy, expressed as follows:

Turbulence production ty = _W§
Turbulence dissipation £ = 155_59(%) @)
Turbulence diffusion tp = %

where ty, ¢, and tp were scaled with h/us2, and are denoted by Tp, Ep, and Tp, respectively. In Figure 5,
the vertical profiles of the production (Tp), diffusion (Ep), and dissipation (Tp) of the turbulent kinetic
energy around the pier, for all of the experimental conditions, are shown.
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Figure 5. Non-dimensional distributions of turbulent production (Tp), turbulent kinetic energy
dissipation (Ep), and diffusion (Tp) for NS, 10% S, and 15% S in the following sections: (a) U; (b) S1;

(c) D.

The turbulence production (TP) comes from the exchange of energy between the mean flow
velocity and the velocity fluctuations. Therefore, the positive TP expresses the energy flowing from
the mean flow velocity to the velocity fluctuations, while, on the contrary, the negative TP shows the
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energy flowing from the velocity fluctuations to the mean flow velocity. In Figure 5, it is possible to
observe that in the section of U, near the bed, in the seepage runs, the decreased TP, with respect to
sections D and S1, is evidence of lower turbulence intensities and moment transfer, as the reversal
flow is hindered by the seepage flow. On the contrary, in sections D and S1, when the downward
seepage is applied, a higher TP shows the enhanced turbulence level in the sections, because of more
energy being converted into the turbulent fluctuations. Consequently, in section U, near the bed, in the
seepage runs, the ED is higher than in sections D and S1. Moreover, in sections D and S1, near the bed,
in the seepage runs, lower TD values correspond to a gain in TP, and a consequent reduction in ED.

3.2. Scour Hole Characteristics

Marine structures such as bridges, docks, and so on, are supported by piers embedded into the
sand. The piers obstruct the flow of water, and result in a distortion of the flow pattern and local
scour. Such scour can have detrimental effects on the stability of the structure, and hence it is essential
to evaluate scour hole characteristics, such as the depth, length, width, area, and volume, so as to
prevent the structure from the adverse effects of bed erosion. Obstruction to the flowing stream by
piers develops a vortex system in the flow field around them. A horseshoe vortex, upstream of the
pier and near the bed, is dominant in the vortex system, and is responsible for sweeping out the bed
material around the pier, producing a local scour hole. Moreover, a wake vortices system arises behind
the piers, which is shed from their sides as a result of flow separation. Because of the vertical axes, the
vortices suck the sand into their cores as they move downstream, and increase the scouring action
along their line of movement. The variation in the flow pattern as a result of the piers results in the
erosion of the bed material around the piers in both longitudinal and transverse directions. The lateral
flow through the channel boundaries, in the form of downward seepage, leads to an enhancement of
mass and momentum transfer.

Hence, in the presence of downward seepage, additional forces may be exerted, and this results in
enhancing the rate of sediment transport. In this section, the effect of downward seepage on scour hole
characteristics is studied.

3.2.1. Geometry of Scour Hole

The experimental measurements carried out in the flume showed that scour starts upstream of the
pier, and that the scour hole increases in size over time (Figure 1 shows a snapshot of the scour hole
after an experimental run of 24 h, with various dimensions of scour hole). The slope of the scour hole
is slightly milder downstream than upstream of the pier. In Figure 6, the length of the scour hole in a
longitudinal direction along the centerline is shown, for different flow rates and increasing in seepage
percentage. While the scour depth is decreasing, the scour hole length is increasing, and, moreover, the
scour hole length is slightly shifting downstream.
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—4—NS  ——NS
—A—10 —A—10
—0—15 —0—15%S

N >§7/// /-
b \\E\ 7
o\

-100 T T T 1
-0.38 -0.19 0.00 0.19 0.38

X (m)

Depth (cm)

Figure 6. Longitudinal bed profile along the centerline.
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Upstream of the pier, in the seepage runs, the reversal flow hindered by the lateral flow through the
channel boundaries results in a reduction of the scour depth and the scour length, while downstream
the pier, the increased momentum transfer results in the erosion of the bed material and an increase in
the scour length. Similarly, from Figure 7, it is possible to observe that the scour hole is wider in the
seepage runs than in no seepage run.
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Figure 7. Lateral bed profile upstream from the piers.

This phenomenon depends on the turbulent characteristics of the flow—increasing the turbulence
near the bed, laterally to the pier, in the seepage runs, enhances the bed erosion, and, therefore, increases
the scour hole width.

3.2.2. Dimensional Analysis

The scour process is mainly influenced by the flow and fluid characteristics, the geometry of the
piers, and the bed material properties [15]. However, the lateral flow through the river boundaries also
plays significant role in modifying the channel geometry. So, it is necessary to include the downward
seepage parameters for the prediction of scour hole characteristics. In this study, the seepage Reynolds
number (Res = Vsd50/v) is used as a dimensionless seepage parameter. Hence, in the analysis of the
scour hole characteristics, such as the length (Is) and width (ws) of the pier, the following independent
parameters can be considered to affect the scour process:

lS/ Ws, = f (d50/ Og/ g/ v, h/ u/ VS/ R) (3)

where, dsg (mm) is the median sand diameter, o, ( \dga/ d16) is the standard deviation, g (m/s?) is the
gravitation acceleration, v (m?/s) is the kinematic viscosity, & (m) is the flow depth, U (m/s) is the depth
average velocity, Vs (m/s) is the seepage velocity, and R is the hydraulic radius (m). Applying and
suitably modifying Equation (1), it can be rearranged as Equation (2).

4)

u h Vd
L, W, _f{ s 50, g}

V&R ’ %’ 9
where Ls (Is/D) is the dimensionless scour length and Ws (ws/D) is the dimensionless scour hole width.
The dimensionless characteristics of the scour hole are a function of the following dimensionless
parameters: the Froude number is F; (U/ 4/gR); h/d50 is aspect ratio, Vsdsy/v is the Seepage Reynolds

number (Res), and oy is the standard deviation. Starting from Equation (2), the length and width of the
scour hole can be expressed as follows:

Ls = a(Fy)" (h/dso)° exp(Res) (o) ©)

W, = a(Eg)" (h/dso)” exp(Re;)" (o) ©)
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where g, b, ¢, d and e, are the empirical parameters evaluated through experimental measurements
with both sands.

The seepage Reynolds number is stated in an exponential, form in order to fulfil the condition
without seepage. The final forms of Equations (3) and (4) are the following ones:

—0.644
Ls = 0.06(F4)** (h/ds)">* exp(Res)* (o) %)

—0.705
Ws = 0.02(F)** (/dso)** exp(Res)*™" (o) 8)

The area and the volume of the scour hole are the function of the scour depth. Hence, Equation (2)
can be modified as follows:

U b Vs @} o

,—gR s g/ 9 ’ D
where, As = as/ap, and as is the scour hole area and ap is the pier area, and Vs = vs/up, where vs is the

scour hole volume and vp is the pier volume.
From the dimensional analysis, the following expressions for the dimensionless area and volume

AS/ Vs—f{

of the scour hole result in the following:

1.69
d
As = 0.49(F)*™ (h/dsp)** exp(Res)O'324(Bs) (10)
d 2.17
Vs = 0.81(Ey)%% (h/dso)"® exp(Res)3'15(Bs) (11)

Scour hole characteristics, such as the length, width, area, and volume, have been calculated from
Equations (5), (6), (8) and (9), and the results have been compared with the measured values, as shown
in Figure 8. The overall agreement between Equations (5), (6), (8) and (9), and the measured values is
good, with R? ranging between 0.88 and 0.92.
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Figure 8. Comparison between the predicted and observed values of the dimensionless (a) scour
length (Equation (5)), (b) scour width (Equation (6)), (c) scour area (Equation (8)), and (d) scour volume
(Equation (9)).
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4. Summary and Conclusions

In order to deepen the impact of the downward seepage and the turbulent flow characteristics on
the scour geometry around a pier, an experimental measurement of the instantaneous velocity with
different percentages of with seepage (10% S and 15% S) and without seepage (NS) have been carried
out in four different sections around a pier, for two different diameters (75 and 90 mm).

Upstream of the pier, the streamwise turbulence intensities, with respect of zero seepage, are
reduced by 15% in case of the 10% seepage, and by 22% in case of the 15% seepage, respectively.
Downstream of the pier, the higher values of vertical turbulence intensities show the presence of wake
vortices. Laterally to the pier, the streamwise and vertical turbulence intensities are higher in the
seepage runs than without seepage. Upstream of the pier, the positivity of M30 and M12 decreases,
thus increasing the seepage percentage. Downstream of the pier, decreasing the negativity of M30 and
the positivity of M03, respectively, with seepage, shows ejections. Laterally to the pier, the streamwise
and vertical turbulence intensities increase by 20%—-35% in the seepage runs, resulting in an enhanced
in sediment transport.

Upstream of the pier, in the seepage runs, a reduction in TKE-flux confirms the lower erosive
capability of the flow. However, the erosive capacity is found to be increased laterally to the pier,
by the application of downward seepage. A pronounced effect of seepage has been found on TKE
budget. Upstream of the pier, a reduction in the turbulence production, in the case of seepage runs, is
in agreement with a lower turbulence level in the same section. From the turbulence statistics of the
flow around the pier, in the seepage runs, it has been observed that they decrease upstream of the pier,
which results in a lesser scour depth, while they increase laterally the pier, which results in a wider
scour hole and shifting towards the downstream of the scour hole length.

The primary characteristics of the scour hole, like the length and width, were physically measured;
and the area and volume were measured by using commercial software Surfer®. Finally, with the help of
the experimental results obtained from the laboratory flume, empirical relationships for the prediction
of the scour hole characteristics, like length, width, area, and volume, including the downward seepage
parameter in terms of the seepage Reynolds number, have been developed. Considering that the
laboratory flume is a distorted model of a river, the obtained expression showed a good fit with the
estimated values.
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