UNIVERSITY OF
WEST LONDON

The &fw’ University

]/

UWL REPOSITORY

repository.uwl.ac.uk

Pressure-flow scour under a bridge deck in clear water conditions

Abdelhaleem, Fahmy Salah, Mohamed, Ibrahim M., Shaaban, Ibrahim ORCID logoORCID:
https://orcid.org/0000-0003-4051-341X, Ardakanian, Atiyeh, Fahmy, Wael and Ibrahim, Amir
(2023) Pressure-flow scour under a bridge deck in clear water conditions. Water, 15 (3). p. 404.

http://dx.doi.org/10.3390/w15030404
This is the Published Version of the final output.

UWL repository link: https://repository.uwl.ac.uk/id/eprint/9733/

Alternative formats: If you require this document in an alternative format, please contact:
open.research@uwl.ac.uk

Copyright: Creative Commons: Attribution 4.0

Copyright and moral rights for the publications made accessible in the public portal are
retained by the authors and/or other copyright owners and it is a condition of accessing
publications that users recognise and abide by the legal requirements associated with these
rights.

Take down policy: If you believe that this document breaches copyright, please contact us at
open.research@uwl.ac.uk providing details, and we will remove access to the work
immediately and investigate your claim.

Rights Retention Statement:


mailto:open.research@uwl.ac.uk
mailto:open.research@uwl.ac.uk

8 water

Article

Pressure-Flow Scour under a Bridge Deck in Clear
Water Conditions

Fahmy Salah Abdelhaleem ?, Ibrahim M. Mohamed 2, Ibrahim G. Shaaban 3*, Atiyeh Ardakanian 3, Wael Fahmy 2

and Amir Ibrahim ?

Citation: Abdelhaleem, F.S.;
Mohamed, I.M.; Shaaban, 1.G.;
Ardakanian, A.; Fahmy, W.;
Ibrahim, A. Pressure-Flow Scour
under a Bridge Deck in Clear Water
Conditions. Water 2023, 15, 404.
https://doi.org/10.3390/w15030404

Academic Editor: Maria Mimikou

Received: 22 December 2022
Revised: 9 January 2023
Accepted: 13 January 2023
Published: 18 January 2023

1 Civil Engineering Department, Benha Faculty of Engineering, Benha University, Benha 13512, Egypt

2 Civil Engineering Department, Shoubra Faculty of Engineering, Benha University, Shoubra 11629, Egypt
3 Civil Engineering Department, School of Computing and Engineering, University of West London,
London W5 5RF, UK

Correspondence: ibrahim.shaaban@uwl.ac.uk

Abstract: The issues of scouring around a bridge have become prominent in recent research mainly
due to recurrent extreme weather events. Thus, designing a bridge with the appropriate protection
measures is essential to safeguard it against failure, which may take place due to scouring from high
flows resulting from extreme weather events. Bridges may become partially or entirely submerged
during extreme weather events such as large floods and are subject to pressure-flow scour, a condi-
tion where the flow is directed downward and under the bridge deck, creating an increase in flow
velocity and a corresponding increase in bed scour. This study aims to explore the pressure-flow
scour depth under a bridge deck without piers in the presence of two vertical wall abutments under
clear water experiments. Sixty-six tests were conducted involving the approach flow depth, bed
material size, contraction length, contraction width, and bridge opening for both pressure and free
surface flow conditions. An empirical equation was deduced to determine the maximum scour
depth, which could be applied as a preliminary design for bridges under pressure-flow conditions.
The experimental data were used to determine the performance of the earlier models of pressure-
flow scour. The results revealed that for pressure-flow conditions, the maximum scour depth in-
creased by a factor between 2.15 and 9.81 times the maximum scour depth under free surface flow
conditions. With same flow depth, when the relative bridge length was increased from 5 to 7.5 and
7.5 to 10, the maximum scour depth decreased by up to about 7.4% and 2.3%, respectively. When
the relative bridge width was decreased from 5.5 to 5.2 and 5.2 to 4.4, the maximum scour depth
increased by up to about 45.6% and 81.2%, respectively.

Keywords: bridge abutments; clear water scour; free flow; local scour; pressure flow; pressure scour

1. Introduction

Local scours at bridges are among the most common reasons for bridge failure [1].
The waterway at a bridge site may contract horizontally because of the presence of bridge
abutments or bridge piers and/or vertically when a bridge deck gets submerged. Clear
water scouring due to flow area contraction at the bridge site occurs because the corre-
sponding flow velocity at the contraction increases as the cross-section area decreases.
This increase in flow velocity produces additional bed shear stress, resulting in the trans-
portation of bed materials out of the area of contraction until the maximum scour occurs

Copyright: © 2023 by the authors. Li-
censee MDPI, Basel, Switzerland. This
article is an open access article distrib-
uted under the terms and conditions of
the Creative Commons Attribution
(CC BY) license (https://creativecom-
mons.org/licenses/by/4.0/).

when the flow velocity is equal to the critical velocity, or the bed shear stress is equal to
the critical shear stress in the contraction area [2]. Pressure-flow (vertical contraction)
scour occurs during floods or when a bridge deck is not high enough such that when the
water surface exceeds the lower elevation of the superstructure elements of the bridge,
the bridge deck and/or girder becomes a barrier to the flow. A bridge deck is considered
partially submerged (pressure flow) when the flowing water reaches the lowest element
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of the bridge. As the water level increases, the pressurized flow under the bridge increases
as the degree of submergence increases. However, when the flowing water passes over
the bridge, the flow is considered fully submerged (combined weir overflow) [3,4].

Most published studies have paid attention to free surface flow scours [5,6]. Mean-
while, pressure-flow scours have received less attention [7]. Abed [8] introduced the first
study on pressure-flow pier scour at a bridge with piers. She deduced experimental equa-
tions for predicting the pressure-flow scour depth at a bridge pier based on 25 experi-
ments governed by clear water scour conditions. In such studies, differentiating between
the pressure-flow scour and the pier scour was difficult as all experiments comprised both
a bridge deck and a pier model. Arneson and Abt [9] developed a laboratory formula to
estimate the scour hole due to the pressure flow beneath a bridge deck. This equation is
also employed in HEC-18 to determine the scour depth under pressure flow conditions
(see Table 1). Umbrell et al. [3] experimentally studied a scour under a bridge deck with-
out abutments and piers under pressure flow conditions. They analyzed their experi-
mental results by applying the continuity equation of flow passing under and over the
bridge’s deck. Lyn [4] evaluated the HEC-18 equation for estimating pressure-flow scour.
He reported that the experimental time to attain the equilibrium scour depth of the data
sets of Arneson [10] and Umbrell et al. [3] might be insufficient. He also reanalyzed those
data and developed a design equation (see Table 1). Guo et al. [11] deduced an analytical
solution based on the energy and mass conservation laws for pressure-flow scour. Their
theoretical solution can predict the maximum pressure-flow scour and a corresponding
scour profile. Lin et al. [12] employed particle image velocimetry and flow visualization
techniques to explore the flow structure under a partially submerged deck. According to
the Froude number and submergence ratios, they defined four types of flow structures
beneath the deck. Shan et al. [13] performed an analytical and experimental study to pro-
pose an equation for the maximum pressure-flow scour depth. They combined their ex-
perimental data with the data sets of Arneson and Abt [9] and Umbrell et al. [3] to deduce
a design model. They also agreed with Lyn [4] that the pressure-flow scour at highway
bridges required an improved model. Dankoo et al. [14] experimentally developed a for-
mula to estimate the amount of scour at bridge piers in compound channels with vegeta-
tion under pressurized flow conditions. Kocyigit and Karakurt [15] experimentally inves-
tigated the pressure flow and combined weir overflow at bridge decks under clear water
conditions. They considered the approach flow depths, girder depths, bed materials, and
degrees of submergences and developed two equations for pressure flow and combined
weir overflow to predict the maximum depth of scour (see Table 1). They reported that
new experiments are required to fill a gap in the available literature.

A review of the available literature on pressure-flow scour at bridges revealed that
experiments on a wider range of parameters are needed [15]. Most recent studies have not
explored the direct effect of the median particle diameter of bed materials [7]. Likewise,
the effects of bridge length (length of contraction) and the aspect ratio of the channel
(bridge width to channel width) on the scour depth have not been reported in any study.
This study aims to experimentally explore the maximum scour depth at a bridge deck
with two girders and without piers under pressure flow governed by clear water condi-
tions in the presence of two vertical wall abutments. The effects of bridge length and the
aspect ratio of the channel on the pressure-flow scour were tested. A total of 66 laboratory
tests were performed: 55 runs for pressure-flow conditions (partially submerged) and 11
runs for the free surface flow conditions (atmospheric flow). The approach flow depth,
bed material size, bridge length, bridge width, and submergence ratios (relative bridge
openings) were studied for both flow conditions.
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Table 1. Prediction equations for the pressure-flow scours.

Model/ Equation Remarks
Arneson and Abt [9] Ve = critical velocity
V. V. =CJg(S, —1d dso)'/®
% _508+1272%+ 44422 1 0192 e = CY9(Sy = Ddso(a/ds0)
Ya Vb Ya Ve C=152
Un;brell etal [3]V 0.603 w = flow depth overtopping bridge
YT _ 1102 [—a (1 - —)] + 0.06 C=1.58 in critical velocity, V. equation
Ya Ve 4
Lyn [4]
v, 2.95
% — min [0.21 (—”) ,0.6]
a Ve
Guo etal. [11] h=vya—yo= (hsthy)
£ Fi=inundation Froude number
1+ +m
p +h) d F = ta
Yo 1428 & NERPEED
Fi A, m, = constanta parameters

HEC-18 Equation [2]

o=y, +t— Y, K.=0.0077 (English units)

K,Q? 3/7 Q = flow discharge (ft%/s)
Y2 = [m] dw = diameter of the smallest non-transporta-
m 0.20 ble particle in the bed material (= 1.25.ds0)
t=05 [M Vb hg = girder depth
Yé
Shan et al. [13]
6/7
Vo(ya —w) ! Vo Ya)"? w701 Ku = constant = 6.17 m?/s
yo= [0e T o ey (- ™),
K, d& Vi Ya
Melville [16]
Vs Va Va
—=0.75(——0.4), 04<—<1
Ya Ve I}/c
% = 045, 1<2<25
Ya V.
Kumcu [17]
+ Vi Vi
B 065+05-2, 05=-2<1
T 10254012522, 1<-2<18
Ya Ve Ve
hg = girder depth
Kocyigit and Karakurt [15] Fv"= densimetric Froude number of the flow
h i der the bridge deck
% 0962 — 0.1872% + 0.443F; + 0.672-2 passing tnc -t Hhe bridge dee
Vb Yb Yb F* = b

/ g(Sg — 1)ds

2. Materials and Methods
2.1. Experimental Setup

All experiments were accomplished in a 17.6 m long, 0.60 m wide, and 0.60 m deep
recirculating flume with a steel horizontal bed and glass walls in the hydraulic laboratory
of the Faculty of Engineering, Menoufia University, Egypt. A tailgate was located at the
downstream end of the flume to adjust the selected approach flow depth. An ultrasonic
flowmeter installed on the feeding pipe with a reading accuracy of + 1.0% was used to
measure the flow rate. Point gauges with an accuracy of + 0.1 mm, were employed to
determine the flow depth and bed levels. Moreover, the flow velocity was measured using
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a SonTek acoustic Doppler velocimeter (San Diego) with a side-looking 3D probe. A sam-
pling rate of 200 Hz was used to measure the water velocity profiles. The model of the
bridge deck was adjustable in the experiments to be perpendicular to the direction of flow
and measured 0.50 m long, 0.60 m wide, and 0.25 m deep based on a two-lane bridge
scaled at 1 to 100. Two girders beneath the bridge deck, 1.50 cm high and 0.80 cm wide,
were used and kept constant in all tests. Two wood pieces, 2.5 cm wide and 0.50 m long,
were glued to the flume as vertical wall abutments from both sides. Three piezometric
tubes were installed on the bridge deck to observe the pressure head along the bridge
deck (Figure 1). The chosen coordinate system had an origin at the surface of the bed level
on the centerline of the working section where the bridge deck begins. The horizontal
coordinates, x and y, are nondimensionalized by the length of the bridge in the longitudi-
nal direction.

A working section 8.0 m long, 0.60 m wide, and 0.30 m deep was placed 6.0 m down-
stream of the flume inlet and filled with a 0.30 m-thick layer of sand as bed material. Three
different sizes of sand with median diameters of dso = 1.093, 1.469, and 2.575 mm were
employed to examine the bed material size effect on the scour depth under pressure flow.
The geometric standard deviations (og) for the three bed material samples were 1.302,
1.198, and 1.274, the uniformity coefficients (Cu) were 1.611, 1.292, and 1.612, and the cur-
vature coefficients (Cc) were 0.937, 0.951, and 0.983, respectively. The dry bed materials’
angle of repose was about 31°, and the specific gravity of the bed materials was S =2.65.
The tested bed materials are uniform because og < 1.4, Cu < 3.0, and Cc < 1.5 [15, 18]. The
armoring effect would not occur in this study as o4 < 1.3 [19,20].

A flume discharge of 18 1/s with five approach flow depths of y.=8, 9, 10, 12, and 15
cm was tested. The tests were conducted in a semi-uniform flow. A clear water condition
was attained in all experiments as the approach velocity (Va) to the computed critical ve-
locity (V) obtained using Neill’s [21] equation, V; = 1.52./g(S; — 1)dso(Ya/ds0) "/, is less
than one (V/Ve < 1) [15, 22]. In this study, the computed Vi/V.varied between 0.436 and
0.907. The experiments were executed at five different degrees of submergence for pres-
sure-flow conditions and one case for the free surface flow condition. Three bridge lengths
were considered (L =50, 75, and 100 cm), and three bridge widths were tested (ber =55, 52,
and 44 cm). Table 2 represents the values of the tested parameters in these experiments,
The model of the bridge deck was installed at the middle of the working section, at 10.0
m downstream of the flume inlet where the boundary layer is fully developed (Figure 2).
Guo et al. [23] and Shan et al. [13] defined the equilibrium time for the scour depth for
three continuous hours, and the changes in scour at a reference point were less than 1 mm.
In this study, preliminary runs showed that 10 h of test duration was adequate to attain
the equilibrium condition.

For each run, bed materials in the working section were leveled. Water was released
to the flume gradually from the downstream end until the flow depth was greater than
the tested flow depth. Then, the pump was switched on such that the bed materials would
not be disturbed or transported. Thereafter, the discharge was measured. When the flow
discharge was adjusted, the considered water depth was adapted employing the tailgate.
Then, the deck was slowly slid to the model. The flow discharge and depth were checked
again, and the test began. For each run, the piezometric tube was used to observe the
pressure head along the bridge deck. Flow depths were determined using the point
gauges. Five vertical velocity profiles were measured along the centerline of the test sec-
tion. At the end of the test, the pump was switched off and the water was drained very
slowly; then, the deck was removed from the flume. The bed elevations were surveyed
using the point gauges to define the scour profiles and determine the maximum scour
depth. The experimental data for the pressure and atmospheric flows are summarized in
Table 3.
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(b)

Figure 1. Experimental apparatus: (a) bridge deck and vertical wall abutments; (b) elevation and
side view.
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Sec A-A

(b)

Figure 2. Definition diagram for tested apparatus: (a) 3D view; (b) side view and sec A-A.

Table 2. Values of experimental parameters.

Parameter Values
Approach flow depth, ya 8,9,10,12, and 15 cm
Girder dimension 1.5 cm height and 0.8 cm width
Bridge length, L 50, 75, and 100 cm
Bridge width, bur 55,52, and 44 cm
Median diameter, dso 1.093, 1.469, and 2.575 mm

Geometric standard deviations, oy 1.302, 1.198, and 1.274

Table 3. Laboratory data and computed scour number.

Test Ya yb L bur hs Va dso Og Fa F. ys Scour
(cm) (c) (cm) (cm) (cm) (m/s) (mm) (-) (-) (-) (cm) number

1 15.0 6.00 50 55 7.50 0.200 1.093 1.302 0.165 0.128 8.22 0.948

2 15.0 9.00 50 55 4.50 0.200 1.093 1.302 0.165 0.128 5.86 0.990

3 15.0 10.50 50 55 3.0 0.200 1.093 1.302 0.165 0.128 2.49 0.866

4 15.0 12.00 50 55 15 0.200 1.093 1.302 0.165 0.128 0.42 0.828

5 15.0 12.75 50 55 0.8 0.200 1.093 1.302 0.165 0.128 0.45 0.880
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3.6
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0.6
5.0
3.0
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1.0
0.5
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1.8
0.9
0.5
4.0
2.4
1.6
0.8
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5.0
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2.0
1.0
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5.0
3.0
2.0
1.0
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5.0
3.0
2.0
1.0
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5.0
3.0
2.0
1.0
0.5
5.0
3.0
2.0
1.0
0.5
5.0
3.0
2.0
1.0
0.5
0.0

0.250
0.250
0.250
0.250
0.250
0.300
0.300
0.300
0.300
0.300
0.333
0.333
0.333
0.333
0.333
0.375
0.375
0.375
0.375
0.375
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
0.300
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0.300
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0.300
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0.300
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1.093
1.093
1.093
1.093
1.093
1.093
1.093
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2.575
2.575
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1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093
1.093

1.302
1.302
1.302
1.302
1.302
1.302
1.302
1.302
1.302
1.302
1.302
1.302
1.302
1.302
1.302
1.302
1.302
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1.302
1.198
1.198
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1.198
1.274
1.274
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1.302
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1.302
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0.230
0.230
0.230
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0.303
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0.303
0.355
0.355
0.355
0.355
0.355
0.423
0.423
0.423
0.423
0.423
0.303
0.303
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0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.303
0.165

0.179
0.179
0.179
0.179
0.179
0.236
0.236
0.236
0.236
0.236
0.276
0.276
0.276
0.276
0.276
0.330
0.330
0.330
0.330
0.330
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.236
0.128

9.73
7.51
5.58
4.01
2.14
10.39
9.27
8.17
6.120
4.69
11.62
10.44
9.26
8.03
6.51
13.13
10.73
9.76
9.23
9.08
9.12
8.13
7.14
5.36
4.09
8.78
7.83
6.69
5.09
3.81
9.77
8.81
7.51
5.45
4.37
9.46
8.53
7.19
5.57
4.23
16.00
12.98
12.58
8.57
6.58
27.12
24.60
21.49
15.98
12.47
0.41

1.186
1.201
1.140
1.109
1.003
1.389
1.477
1.467
1.362
1.270
1.624
1.693
1.662
1.625
1.507
1.954
1.854
1.832
1.866
1.897
1.262
1.363
1.364
1.286
1.209
1.228
1.333
1.320
1.259
1.181
1.327
1.431
1.401
1.295
1.237
1.296
1.403
1.369
1.307
1.223
1.950
1.848
1.908
1.607
1.458
3.062
3.010
2.799
2.348
2.047
1.028



Water 2023, 15, 404

8 of 21

57
58
59
60
62
63
64
65
66

12.0
10.0
9.00
8.00
10.0
10.0
10.0
10.0
10.0

12.00
10.00
9.00
8.00
10.00
10.00
10.00
10.00
10.00

50 55 0.0 0.250 1.093 1.302 0230 0.179 0.51 1.043
50 55 0.0 0.300 1.093 1.302 0.303  0.236 3.30 1.330
50 55 0.0 0.333 1.093 1.302 0355  0.276 3.34 1.371
50 55 0.0 0.375 1.093 1.302 0423  0.330 3.74 1.467
50 55 0.0 0.300 1.469 1.198 0.303  0.236 1.81 1.861
50 55 0.0 0.300 2.575 1.274 0.303  0.236 0.73 1.181
75 55 0.0 0.300 1.093 1.302 0.303  0.236 3.14 1.073
100 55 0.0 0.300 1.093 1.302 0.303  0.236 3.00 1.314
50 52 0.0 0.300 1.093 1.302 0.303  0.236 4.62 1.300

2.2. Dimensional Analysis

Many parameters affected the pressure-flow scouring process. A functional relation-
ship between the maximum scour depth and independent variables associated with pres-
sure-flow scour according to [15, 19] can be expressed as

Vs = f(ya' Yb» L' B' b' bbr' hs' hgr Var Vbr Uy, dso; Ug; Sg; PV, g) (1)

where s is the maximum scour depth, fis the functional symbol, y. is the approach flow
depth, y» is the flow depth under the bridge deck, L is the bridge length (contraction length
= abutment length), B is the flume width, b is the width of the wall abutment, bsr= (B — 2b)
is the bridge width (contraction width), hg is the girder depth, hs is the submerged height
of the deck, Va is the approach flow velocity, Vs is the flow velocity underneath the deck,
u* is the shear velocity, dso is the median bed material size, og is the geometric standard
deviation, Sy = (ps/p) is the specific gravity of the bed materials, ps is the density of the bed
materials, p is the density of water, v is the kinematic viscosity of water, and g is the grav-
itational acceleration (Figure 2). Using the Buckingham Pi theorem, the following dimen-
sionless relationships are expressed as follows:

Yo _ g b bor Py Bs Vo p o g ooy @

Yao " VaYa B yayaWoWp Yo
where F. is the approach Froude number (F, = 1, /\/ﬁ) and R is the approach Reynolds
number (R = Vaya/v). The effect of the Reynolds number can be neglected, when the flow
is fully turbulence (R > 10,000), [24]. The flume width and the girder depth were kept
constant in all experiments (B = 60 cm and hg = 1.5 cm, respectively). The terms hs/y. and
Vi/Vi were dependent on the approach flow depth and the depth under the bridge deck
(hs = ya = y» — hg). The term u+/V5 is only dependent on the height under the bridge deck
(bridge opening), and the parameter y+/y. included the same effect as that of u+/Vs [15]. The
densimetric Froude number (F; = V,/,/g(Sg — 1)y,) was used as three different bed mate-
rials were involved in this study, and the effect of the flow intensity Va/V: was included in
F." according to Carnacina et al. [25]. The relationship in Equation (2) can thus be simpli-
fied and arranged as follows:

_=f(_,—,—,ag,I,Fa*) 3)

3. Results and Discussion

A nonlinear regression analysis was applied to fit the independent variables given
on the right-hand side of Equation (3) to the laboratory data using IBM SPSS (Statistical
Package for Social Sciences) advanced statistics software for defining the constant coeffi-
cients that give the best fitting. The analysis produced an empirical equation for the com-
bined vertical contraction due to the deck of the bridge and horizontal contraction due to
the vertical wall abutments governed by clear water scour conditions as follows:
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v, Yo\ ~087 /L -0.19 by, -4.24 ds, -0.21 113
~==1.55 (—) (—) (-) <_) g Fr)162 (4)
Ya Ya Ya B Vb (o) (R

This relationship (Eq. 4) is valid for the considered range of parameters in this re-
search (0.313 < y»/y.< 0.85, 3.33 < L/y.< 10, 0.733 < bi/B < 0.917, 0.009 < dso/y»< 0.074, 1.198 <
09<1.302, 0.128 < F,"< 0.33). The coefficient of determination (R?) for Equation (4) was 0.92,
and the adjusted R? = 0.912. This denotes that the degree of agreement between the pa-
rameters is reasonably good. Bu/B, Fu', 05, and ys/ys were the most significant variables in
Equation (4) as p < 0.001 for these variables. Figure 3 depicts the observed scour depths
against the estimated values for the pressure flow. The agreement between the observed
and computed values revealed that Equation (4) could estimate the pressure-flow scour
depth and could be applied as a preliminary design for bridges under pressure-flow con-
ditions.

The reliability of the present laboratory data was examined using 35 data points to
compute the relative maximum scour depth (ys/ya) using the earlier pressure-flow scour
equations of Arneson and Abt [9], Umbrell et al. [3], Lyn [4], Guo et al. [11], HEC-18 Equa-
tion [2], Shan et al. [13], Melville [16], Kumcu [17], and Kocyigit and Karakurt [15] (Table
1). Moreover, Figure 3 plots the measured ys/y. for pressure-flow conditions and those
calculated by the abovementioned models and Eq. (4). All the models except that of
Kumcu [17] underpredicted the maximum scour depth for pressure-flow conditions,
which is undesirable in engineering practice. Notably, the data of Arneson and Abt [9]
and Umbrell et al. [3] gave many negative scour values, revealing unrealistic behaviors.
The data of Kocyigit and Karakurt [15] also produced some negative values of scour
depth. In this regard, Kocyigit and Karakurt [15] developed an empirical equation that
involved the independent dimensionless parameter hg/yp. The actual girder depth (k) or
number of girders was not examined in the current study. All negative scour values were
eliminated and were not considered in the comparison. The computed negative scour val-
ues confirmed the conclusions of Lyn [4], where, as in the experiments of Arneson and
Abt [9] and Umbrell et al. [3], an equilibrium scour state was not achieved.

A statistical analysis of the predictive errors for the tested models was performed.
The statistical characteristics of the errors, including the average, minimum and maxi-
mum errors, variation coefficients of the errors, and root mean square error (RMSE) are
listed in Table 4. The RMSE indicated that the worst performance during the testing was
obtained from the model of Arneson and Abt [9]. The other prediction models [2, 3, 4, 11,
13, 15, 17] performed well with the current laboratory data. The computed RMSE for the
model of HEC-18 Equation [2] as an error indicator was 0.390, the lowest RMSE among
those of the tested models. This implies that this model performed better using the tested
data set. The equations of Lyn [4], Guo et al. [11], Shan et al. [13], and Kocyigit and Kara-
kurt [15] yielded roughly the same RMSE values.

Table 4. Error statistics for different models using current laboratory data sets.

Average Minimum Maximum

Model/ Statistical Characteristics Variance RMSE
Error Error Error
Arneson and Abt [9] 0.522 —0.241 2.477 0.157 0.650
Umbrell et al. [3] 0.463 0.028 2.135 0.045 0.509
Lyn [4] 0.402 -0.017 2.112 0.047 0.455
Guo etal. [11] 0.357 -0.225 0.980 0.120 0.494
HEC-18 Equation [2] 0.280 -0.146 2.053 0.085 0.390
Shan et al. [13] 0.385 —0.041 2.190 0.051 0.445
Melville [16] 0.544 0.001 2.488 0.088 0.618
Kumcu [17] -0.420 -0.919 1.347 0.082 0.506

Kocyigit and Karakurt [15] 0.430 0.166 1.773 0.015 0.447
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Figure 3. Observed relative maximum scour depth (ys/ya) versus those predicted: (a) using Equation
(4); (b) using the literature equations, see Table (1).
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3.1. Free Surface and Pressure-Flow Scour

To evaluate the effect of pressure-flow against atmospheric flow conditions, the la-
boratory data were used to present the relative maximum scour depth (ys/ya) at different
relative bridge opening (yv/ya) for pressure-flow conditions and for the case of atmos-
pheric flow conditions (ys/ya = 1.0) (Figure 4). The pressure-flow conditions produced a
larger scour depth than that of the atmospheric flow conditions, which is consistent with
Melville [16]. For the pressure and free surface flow conditions, the maximum scour depth
increased when the densimetric Froude number increased. In addition, the relative scour
depth increased as the relative bridge opening decreased and as the submergence ratios
(hs/ya) increased (hs= ya— hg — y»). The maximum scour depth increased by up to about 77%,
73%, 69%, 58%, and 46% for range of the relative openings of yu/y. = 0.31~0.40, 0.51~0.60,
0.61~0.70, 0.71~0.80, and 0.76~0.85, respectively, compared with the maximum scour
depth under atmospheric flow conditions. Decreasing the bridge openings increased the
bed shear stress, which increased the scouring potential of flow. For the pressure-flow
conditions, the maximum scour depth was 2.29 to 11.30 times larger than the atmospheric
flow scour depending on the densimetric Froude number, the submergence ratios, and
bridge openings. Abed [8] believed that the maximum scour depth increased by a factor
ranging from 2.3 to 10, whereas Carnacina et al. [25] reported that the maximum scour
depth increased by a factor of 2.52 times that under atmospheric flow conditions. It should
be noted that these two previous investigations comprised both pressure-flow scour and
pier scour. Guo et al. [11] defined the scour number (ys+ys)/(ys+1) where h= (y-ys) as simi-
larity numbers to describe the bridge pressure-flow scour. The present laboratory data
were employed to compute the scour numbers and are listed in Table 3. The computed
scour numbers at same inundation Froude number (F; =V, /\/g(¥, — ¥p)), agree well with
the analytical solution of Guo et al. [11].

I * yb/ya=0.31~0.40 ;
/&
- o yb/ya=0.51 ~ 0.60 /
| s yblya=0.61 ~0.70
L X yb/ya=0.71 ~0.80 C
I ¥ yblya=0.76 ~ 0.85 .
L O yb/ya=1.00 (no deck)
| o
0.10 0.15 0.20 0.25 0.30 0.35
F *

Figure 4. Relative maximum scour depth (ys/ya) versus the densimetric Froude number (F.") for dif-
ferent relative bridge openings (ybv/ya).



Water 2023, 15, 404

12 of 21

¥/Ya

1.6

1.5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

3.2. Water Surface Profile and Velocity Field

In all pressure-flow experiments, the downstream low chord of the bridge deck was
found partially submerged. Thus, the bridge under pressure-flow conditions operates as
an outlet orifice. The water surface level on the upstream side of the deck is higher than
that on the downstream end as the deck acted as a flow barrier. During the tests, a dye
injection was used and indicated that there were vortices on the upstream side of the deck
extending toward the downstream part of the deck. A shear layer was formed at the lower
side of the bridge deck, whereas vortices were formed between the two girders. Moreover,
a reverse flow was observed just upstream and downstream of the deck. The movement
of the shear layer to the free water surface on the downstream end of the bridge deck
caused water surface fluctuations. The thickness of the shear layer and the strength of the
vortices increased as the relative opening (y/ys) decreased, and the approach densimetric
Froude number increased. The flow observations under the pressure-flow conditions
agreed with the flow descriptions of Picek et al. [26] and Lin et al. [12]. The measurements
of the water surface profiles are depicted in Figure 5. According to this figure, the water
surface elevation increased in the upstream face of the bridge deck and decreased just
downstream of the deck (heading-up occurrence). This is the most important feature of
the measured water surface profiles. The relative flow depth y/y. increased gradually as
the relative opening decreased. It was observed that the water surface upstream of the
deck increased under atmospheric flow, which implied the effect of the two vertical wall
abutments. The relative water surface in front of the deck increased by a factor of 11, 9, 6,
5, and 4 times the relative water surface in front of the deck under atmospheric flow con-
ditions for yu/ya=0.35, 0.55, 0.65, 0.75, and 0.80, respectively. The densimetric Froude num-
ber had a significant influence on the water surface profile under pressure-flow conditions
as the heading-up was proportional to the velocity. The relative flow depth y/y. increased
as the relative bridge width (bu/ys) decreased. The relative bridge length L/y. had a rela-
tively small effect on the water surface profiles.

Bridge Location —S-yb/lya=0.35

i ——yb/ya=0.55
——yb/ya=0.65
-=-yblya=0.75
—=-yb/ya=0.80
—yb/ya=1.00
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Figure 5. Relative flow depth y/ya in the nondimensional streamwise distance x/ya: (a) for different
relative bridge openings yb/ya and F." = 0.236; (b) for different densimetric Froude numbers and y/ya
=0.55; (c) for different relative bridge lengths L/y. and ys/y.= 0.55; and (d) for different relative bridge
widths bur/ya and yu/ya = 0.55.

Seven vertical velocity profiles of dimensionless mean streamwise velocity (u/Va) at
dimensionless longitudinal distances (x/y) starting from the upstream to the downstream
of the deck for different relative openings are plotted in Figure 6. Fifteen vertical points
were measured for every vertical velocity profile along the centerline of the flume (B/2).
The measured vertical velocity profile like that observed in open channels (logarithmic
profile) was observed at nondimensional streamwise distances of x/y. =—7.0). As the flow
approached the bridge deck, the vertical velocity profile was affected near the water sur-
face at x/y.==5.0. A small reverse flow near the free water surface was observed at x/y. =
=5.0 with ys/ya = 0.35. The velocity was negative or close to zero depending on the sub-
mergence ratios at just below the free surface at x/y. = -2.5. This refers to the observed
reverse flow near the free water surface and denotes the formation of the shear layer up-
stream of the bridge deck. Under the bridge deck (x/y.=0.0 to 5.0), vortices were observed,
and the thickness of the shear layer increased under the bridge deck (Figure 6). The ob-
served velocity profile under the bridge deck at x/y.=2.5 was similar to the velocity profile
in pipe flow. The thickness of the shear layer increased as the relative opening ybv/ya de-
creased. The vertical velocity distribution just downstream of the deck was similar to that
of horizontal jet flow. After the flow passed through the bridge deck (x/y. = 6.0), negative
velocities were observed toward the free surface as the shear layer moved toward the free
surface, and this generated vortices at the water surface. Downstream of the bridge deck
at x/ya = 6.0, the development of a boundary layer flow was dominant near the bed. The
near-bed velocity gradients were clearly higher than that of x/y= 2.5. The gradient was
almost vertical. This indicated that shear stresses were generated under the bridge deck.
For each vertical profile, the maximum velocity was found to be almost in the middle of
the vertical profile. The observations of the velocity field in pressure-flow scour agrees
well with the depictions by [12,27,28]. It is worth mentioning that the pressure flow accel-
erated the flow near the abutments, resulting in scour holes in front and alongside them.
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Figure 6. Vertical distributions of the nondimensional mean streamwise velocity u/Va at centerline
of the channel and at different nondimensional streamwise distances x/ya, Fa"=0.236 and at: (a) ys/ya
=0.35; (b) yu/ya = 0.55; (c) yu/ya = 0.65; (d) yo/ya = 0.75; (e) yv/ya = 0.80; and (f) yv/ya=1.00 (no deck).

3.3. Pressure-Flow Scour Profile

The observed scour first developed in the central part of the flume upstream of the
bridge deck and then progressed laterally. A scour was also observed in front of the abut-
ments. Figure 7 shows the centerline profiles of the scour hole for the pressure and atmos-
pheric flow conditions at Fa" = 0.236 and dso = 1.093. According to Figure 7, the observed
location of the maximum scour depth was below the deck and close to its downstream
side. This was because the flow was accelerated in the streamwise direction; the maximum
velocity was observed under the bridge deck, which was greater than the critical velocity
of the bed material particles. According to Hahn and Lyn [29], the observed location of
the maximum scour depth was after the downstream end of the bridge deck. This study
agrees well with the measurements of Guo et al. [23] and Shan et al. [13] but is contrary to
Hahn and Lyn [29]. A scour hole was observed under the free surface flow conditions in
the no-deck case (hs/y. = 0.0). This indicated that the maximum scour depth in the present
experiments resulted from both pressure-flow scour and abutment scour. The maximum
scour depth under the pressure-flow conditions was notably larger than those under the
free surface flow conditions, which corresponded to the velocity distribution. The up-
stream slope of the scour hole was steeper than the downstream slope, which implied that
the equilibrium scour depth was not sustained. The maximum scour depth and the up-
stream and downstream scour slopes increased when the relative openings decreased as
scour particles were deposited at the downstream side. The increase in the relative open-
ings decreased the bed shear, which increased the scouring potential of flow. The relative
openings did not affect the location of the maximum scour depth. Although the maximum
scour depth marginally decreased as the bridge length increased, the scour hole length in
the streamwise direction increased as the bridge length increased. This revealed that un-
derneath the longer deck, the velocity distribution becomes uniform along the bridge deck
length and the bed elevation redistributes during the test to produce a longer and super-
ficial scour hole. The maximum scour depth significantly increased as the bridge width
decreased under pressure-flow conditions.
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Figure 7. Relative scour depth ys/ya in the nondimensional streamwise distance x/ya for Fa* = 0.236
and for: (a) different relative bridge opening y»/ys; (b) different relative bridge lengths L/ya and ys/ya
=0.55; and (c) different relative bridge widths (bvr/ya) and yu/ya = 0.55.

Three different types of sand with median diameters (dso) of 1.093, 1.469, and 2.575
mm were tested to explore the effects of the bed material size on the maximum scour
depth (ys). The relative maximum scour depth ys/ya with the relative bridge opening
(yv/ya) for different relative median diameters of bed materials (dso/y») is depicted in Fig-
ure 8. It was found that for pressure-flow, as the bridge opening (yv) increased, the maxi-
mum scour depth decreased by up to about 54.8% for dso=1.093 mm, 55.2% for dso = 1.469
mm, and 56.6% for dso = 2.575 mm. It was observed that the maximum scour depth in-
creased when finer bed materials were tested. This is because increasing the bed material
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size increased the critical velocity of shields and correspondingly decreased the scour
depth.
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Figure 8. Relative scour depth ys/y. with the relative bridge opening for different relative median
bed materials (dso/yv).

3.4. Effects of the Bridge Length and Width

Majid and Tripathi [7] reported that the effects of the bridge length (L) (length of
contraction) and bridge width (ber) (contraction width) on the scour depth under pressure-
flow conditions have not been investigated in any study.

The current research examined three bridge lengths: L = 50, 75, and 100 cm (Figure
9). It was observed that the scour depth decreased as the bridge opening (yv) increased.
When the relative bridge length was increased from 5 to 7.5 and from 7.5 to 10, the scour
depth decreased by up to about 7.4% and 2.3%, respectively. The maximum scour depth
slightly decreased when a longer bridge was tested. This was because an increase in the
bridge length redistributed the velocity in the streamwise direction; thus, the velocity field
underneath the bridge deck became more symmetric during the test to produce a shal-
lower scour hole. Figure 9 plots the relative scour depth ys/ya with the relative bridge
opening yb/ya for different relative bridge widths (bbr/ya). Similar to the contraction length,
as the bridge opening height decreased, the scour depth increased. As the relative bridge
width decreased from 5.5 to 5.2 and from 5.2 to 4.4, the maximum scour depth increased
by up to about 45.6% and 81.2%, respectively. The scour depth significantly increased
when the bridge width decreased. This indicates that as the bridge width decreased, the
velocity field underneath the deck is notably increased; consequently, the shear stress in-
creased. The scour depth is a combined scour of both the contraction width and the pres-
sure-flow conditions. New experimental data are needed to further evaluate the contrac-
tion length and width of the pressure-flow scour and fill the gap in the literature.
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Figure 9. Relative scour depth ys/ya with the relative bridge opening yv/ya for (a) different relative
bridge lengths (L/ya) and (b) different relative bridge widths (bur/ya).

4. Conclusions

This study explored the scour depth beneath a bridge deck without piers for atmos-
pheric and pressure flows under clear water conditions in the presence of two vertical
wall abutments. Through the experiments, the effects of the flow depth, bed material size,
contraction length, contraction width, and bridge opening on the maximum scour depth
were examined in both flow conditions. A dimensionless relationship was deduced to
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predict the maximum scour depth due to the vertical deck and horizontal abutment con-
tractions. Statistical analyses were applied to assess the agreement of the laboratory data
with previously published models. The present laboratory equation can be employed in
the initial design of bridges under pressure-flow conditions. The experimental data were
used to analyze the predictive errors of the previous models. The results showcased that
the HEC-18 Equation performed better than the other tested models and gave the lowest
RMSE. Under the pressure-flow conditions, the maximum scour depth increased by a fac-
tor between 2.15 and 9.81 times that under the atmospheric flow conditions depending on
the densimetric Froude number and bridge openings. The most important features of the
measured water surface profiles were of the water surface elevation increase on the up-
stream side of the bridge deck, and the decrease just downstream of the deck. As the
bridge opening increased, the maximum scour depth decreased, while it increased in the
presence of finer bed materials. When the relative bridge length was increased from 5 to
7.5 and from 7.5 to 10, the maximum scour depth decreased by up to about 7.4% and 2.3%,
respectively. Decreasing the relative bridge width from 5.5 to 5.2 and 5.2 to 4.4, the maxi-
mum scour depth increased by up to about 45.6% and 81.2%, respectively. Scouring at
bridge abutments is the major cause of bridge collapses worldwide. Therefore, the next
steps in this research would be to expand the evaluation on the contraction lengths and
widths of pressure-flow scours by conducting more experimental assessments and enrich-
ing the literature on this less researched aspect. This further evaluation would contribute
to a better database for computing the scour risk of bridge foundations which is key for a
correct management approach and allocation of resources for maintenance and scour mit-
igation works.
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