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Abstract: This study proposes a new empirical model for estimating local scour along the base
of longitudinal training walls for granular riverbeds. The model’s performance was rigorously
assessed through experiments conducted in an open-channel flume, encompassing variations in
granulometric characteristics, slope, and flow rates. The investigation involved a comparative analysis
of six commonly employed equations for scour estimation. The results consistently demonstrated a
tendency of the selected equations to overestimate scour depth within the longitudinal structures.
In contrast, the new proposed equation considers factors such as the well-graded granular bedding
represented by the Coefficient of uniformity (Cy) and the embedment of the longitudinal wall. This
allows for a more robust identification of the scour behavior of longitudinal walls. This research
enhances our comprehension of local scour in riverbeds. It provides engineers and researchers with
a valuable tool for more accurate predictions, thereby contributing to the improved design and
maintenance of river environment structures.
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1. Introduction

As technology and science progress, river courses without human intervention are

Base of Longitudinal Training Walls.
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becoming rare, while different engineering projects focused on improving navigation and
reducing flood risks are more commonplace [1]. Scour represents a primary mechanism
within the realm of water erosion, whereby it engages in the excavation of bed materials
and induces a reduction in the structural integrity of fortifications safeguarding riverbanks
or margins [2—4]. These erosional processes are mainly influenced by local scour, a phe-
nomenon where sediment near the surface of the riverbed is rolled up and transported
downstream [5].

Longitudinal hydraulic structures, such as retaining walls, are widely used worldwide
to protect the conditions that allow the stability of slopes, protecting populations settled
along the riverbanks [6] and improving the strength of the cross slopes of the riverbed,
which directs the flow to an undulating current. Therefore, the scour analysis of such
structures is a critical step to identify possible adverse situations due to turbulent flow and

that its foundations are exposed to the action of the stream flows [6,7].

Natural rivers, mainly in areas with little intervention, flow over a bed or sediments
deposited by dragging and deposition due to their size and environment. These are
called alluvial rivers and present variable granulometric conditions, which vary in gravel
composition (with an average diameter of 2 mm), variable percentages of sand (with an
average diameter of 0.1 mm), and slopes greater than 0.5% [8,9]. Likewise, they present
a Coefficient of uniformity (C,) greater than 20, which indicates that the sediment is
40/). well-graded and homogeneous in composition [10,11].
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Various factors influence the scour phenomena, encompassing parameters like flow
regime, discharge, sediment dimensions, morphology, channel width, bed slope, flow
velocity, and cross-sectional geometry [12,13]; the latter impedes the precise assessment of
the utmost scour depth along the foundation of longitudinal structures [14] since a high
scour depth increases the instability of the walls, which can cause terrain loss, a change
in the river course, a change in the slope, economic loss, and eventually (in a worst-case
scenario) human fatalities [15].

Over the years, diverse mathematical expressions to estimate scour have been pro-
posed. These approximations are used in modern-day engineering; however, to the author’s
knowledge, they have not been validated for well-graded granular bedding. Most of these
equations are based on physical models with scour conditions in clear water (where there
is no sediment transport toward the structure). This condition mainly occurs on thick
riverbeds and is helpful for experimentation, enabling a reliable calculation of the maxi-
mum scour depth [16]. In hydraulic structures, general scour is often analyzed considering
the physical components of contraction, as it often becomes the leading cause of erosion
due to increased streambed material’s drag in the flow’s cross-section and changes in the
flow regime [17].

The equations for general scour presented by Blench [18] and by Lacey [17] were
initially developed to use a system of specific units. Later, Lischtvan and Lebediev [19]
proposed a new method that uses dimensionless variables by adding the contraction vari-
able. Other methods are available to estimate this phenomenon, such as those presented
by several authors [20,21]. These mathematical expressions commonly analyze streambed
material size and the riverbed width. Nonetheless, only Laursen and Toch [20] consider
sediment transport, while Komura [22] explicitly considers flow velocity. Recently, Khos-
ronejad et al. [14] developed an equation that evaluates the river’s sinuosity to predict scour
in curved vertical walls. Mathematical expressions for calculating local scour were devel-
oped to estimate the scour development, especially in bridge abutments and piers or spurs.
Also, these equations are frequently used to analyze longitudinal walls [23]. In contrast,
other equations consider the shape of the abutment without the tilt angle, which is better
for the case of longitudinal walls [24-27]. Finally, authors such as Khosronejad et al. [14]
and Mussetter et al. [28] consider the tilt, enhancing the prediction of those structures.

Over the years, several authors have proposed different approaches for calculating
maximum scour depth in longitudinal structures despite considering almost the same
condition for granular bedding. The main problem of scouring in longitudinal walls has
not been thoroughly studied compared to scouring on bridge abutments. The latter can
be observed when considering the few specific estimation methods for scouring walls. Al-
though the equations that can predict scour in abutments are applied to walls, there is still
no mathematical relation to estimating the maximum scour depth for longitudinal walls in
rivers with well-graded granular bedding and embedded walls. Hence, there is uncertainty
in engineering designs of longitudinal walls, as there can be a lack of consideration of rele-
vant parameters (geometric, hydraulic, or geotechnical) or the possibility of being outside
the application ranges in specific conditions [14,28]. The current equations for predicting
maximum scour depth in longitudinal structures do not consider wall embeddedness,
which can influence how vortices are produced and, thus, create greater local scour [17].
The case of the equation described by Mussetter et al. [28] considers wall thickness, which
makes a shock in the flow at the structure’s entrance, generating local scour at the initial
point, which can be reduced by embedding the wall into the riverbanks. In practice, this
embedding minimizes the vortices caused by the shock at the wall’s entrance. However,
the authors did not initially assess further details on the specific information about the
produced scour.

The main objective of this research is to propose a new mathematical expression for
estimating the local scour depth in longitudinal walls in rivers with well-graded granular
bedding, using physical modeling in a channel with certain conditions of fixed bedding,
slope, and flow rate.
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2. Materials and Methods
2.1. Experimental Setup

The experiments were conducted at the Laboratory of Experimental Hydraulics of Uni-
versidad Santo Tomas (Tunja, Colombia). A5 m x 0.3 m X 0.4 m (length, width, and depth,
respectively) laboratory-scale experimental flume (HM 162, G.U.N.T. Gerdatebau GmbH,
Hamburg, Germany) with a closed flow circuit was used for the different experiments
(Figure 1a). Various flow conditions (0.008, 0.017, 0.025, and 0.030 m3/s) and different
slopes (0.5 and 2.5%) were analyzed to determine the changes in the maximum scour depth.
Eleven measurement points were located along the experimental flume (Figure 1b). This
configuration allowed obtaining information on scour depths from the initial point where
the water interacts with the wall to its final edge.

Gravel Fixed Bed

Movable Bed

Check Points

Solid Retention Grid

Lo Retention Box

(b)

Figure 1. A complete view of the experimental flume (a) and the composition of the measurement
points (b).

According to Look [29] and Sotiropoulos and Diplas [14], it is recommended that the
longitudinal protection walls should be embedded within the lateral slope of the channel
in order not to contract the width of the channel and, therefore, not to generate an obstacle
to the flow, which can cause scour by a direct collision of the flow with the beginning of
the wall. Thus, the experimental development takes into account this concept of lateral
embedment of the wall, and the longitudinal wall is assumed to be the wall of the hydraulic
channel used for the experimental development.

2.2. Riverbed Composition

The granulometric curve was constructed by referencing typical river curves charac-
terized by granular beds with mean sediment diameters ranging from 20 to 35 mm and
Coefficient of uniformity (C,) of 24.81 and 24.96, respectively [8,9,30], obtained through the
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dgo/d1g ratio corresponding to diameters for which 60% and 10% of the particles of the soil
(in weight) are equal or less between each other. To establish a theoretical granulometric
curve for sediments with a mean diameter of 7.75 mm within a well-graded granular bed
while ensuring a Coefficient of uniformity (C,) significant than 20, we performed scaling
on the curves derived from actual rivers [31,32]. Additionally, the proportions of each
constituent of the bed (fine sand, coarse sand, and gravel) based on the sediment passing
through specific laboratory sieves were calculated.

2.3. Equations for Scour Depth Prediction

The most common scour equations were used in this study. These are described
as follows:

Equation (1), Lischtvan-Lebediev [19]. The equation is used for cohesionless soils; it
considers flow contraction due to the presence of abutments and piers and the specific
weight of the water. Consequently, it requires a correction through adjustment factors for

bridge evaluation.
1
5 T+z
«xH3
Hsi = | ————5— 1
’ [0.685[),710-284)] @)

where H; = maximum scour depth (m), H = water depth (m), D,, = average diameter
of the riverbed (mm), B = frequency coefficient, which depends on the return period
(see Appendix A), ¢ = Coefficient that depends on the concentration of the transported
material (from tables described by Blench [18]), Z = exponent as a function of the average
particle diameter, and « = Section coefficient dependent on hydraulic characteristics (see
Appendix A).

Equation (2), Mussetter et al. [28]. The equation can be applied to longitudinal walls;
it contemplates the maximum amount of scour in angles («) conditions that vary from 0° to
90° for a flow parallel and perpendicular to the longitudinal wall.

H

== (0.73 + 0.1471Fr2>cos x + AFr3 sina 2)

H

where H; = maximum scour depth, H = water depth (m), and Fr = Froude number.
Equation (3), Borges [23]. The equation estimates scour in walls, which considers its

thickness and length.

Y, Los( Yo 060 /7 \ —0.09
— =0.267Fr7° — -
Y, 0.267Fr Dsg 3 3)

where Y; = maximum scour depth (m), Y,, = water depth (m), L = length of the wall (m),
E = wall thickness, and D5 = average particle size.

Equation (4), Froehlich [26]. The equation estimates scour in a mobile bed as in clear
water, for abutments, and a concentrated flow on flooding zones.

043
% = 2.27K¢Ky (;) Ol 11 (4)
where Hs = maximum scour depth, H = water depth, K f= Coefficient that depends on the
shape of the abutment (from tables described in [26]), Ky = Coefficient that depends on the
attack angle of the flow (from tables described in [26]), L = length of the abutment, and F; =
Froude number of the section obstructed by the abutment.

Equation (5), Pereira [33]. The equation estimates local scour in abutments perpendic-
ular to the current and flow conditions higher than critical in curved channels.

Hs 108 Hn 0.365 L 0.163
5 = 0425F108( 1 -
f = 0425Fr 8 ( S 5 (5)
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where H; = maximum scour depth, H;,, = average flow depth, L = curve length, D5y =
average particle size, and B = width of the abutment.

Equation (6), Khosronejad et al. [14]. The equation calculates local scour in longitudinal
walls for granular material; it evaluates the layout slope of the wall and estimates that an
increase in the formed angle decreases the scour.

H; a8 37T (k7110
= 1909(Fr38) ® + - Fry — —eks/H) 6
Deg (Frso) ™ + sFra— e (6)
where H; = maximum scour depth, s = sinuosity, # = angle between the longitudinal wall
and the shore, D5y = average particle size, Fr = Froude number, Fr; = densimetric Froude
number, and ks = roughness of the bed.

2.4. Statistical Validation

The validation was carried out by comparing the data obtained in the experiments and
the current scour equations described above. Mean Normalized Error (MNE), Mean Predic-
tion Factor (MPF), Mean Square Error (MSE), and Root Mean Square Error (RMSE) [31,34],
were calculated using SPSS software (IBM Corp. Released 2015. IBM SPSS Statistics for
Windows, Version 23.0. Armonk, NY: IBM Corp).

Equation (7), Mean Normalized Error (MNE): The normalized absolute deviation
between the expected and the measured data is expressed as a percentage. It has an
acceptable maximum value of 200. It is obtained through:

100 N |Xmi — Xci|
MNE = — —_—
N z; sz'

@)
where X,,;; = real data (measured), X,; = theoretical data (calculated), i = initial value, and
N = total amount of data.

Equation (8), Mean Prediction Factor (MPF), is a statistical indicator used to compare
the prediction accuracy of functional relations. With it, the behavior of the data set is shown.
The MPF has an ideal value equal to 2.

Xmi . Xci ) (8)

1Y (
MPF = — Max ;
N 1221 Xei " X

where X,,;; = real data (measured), X,; = theoretical data (calculated), i = initial value, and
N = total amount of data.

Equation (9), Mean Square Error (MSE). The mean squared error measures the ran-
domness of the information used to estimate. For this reason, the MSE is always positive
and not 0. For the MSE, the higher the value, the worse the model is. A value of MSE =0
would be a perfect model.

N

— 1 7. .2
MSE = ﬁ;(yz yi) ©)

where §J; = theoretical data (calculated), y; = real data (measured), i = initial value, and
N = total amount of data.

Equation (10), Root Mean Squared Error (RMSE) represents the standard deviation of
the residual values of the mean squared error. The residual values measure the variation
between the points or data of the regression line. The Root Mean Square Error represents
the level of dispersion of the residual values of the MSE, i.e., it indicates the concentration
of data at the line of best fit.

RMSE = v MSE (10)
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3. Results and Discussion
3.1. Riverbed Composition

Figure 2 shows the Coefficient of Uniformity (Cy) for the granulometric curves. The
data showed values between 24.96 and 24.81 with a median diameter of 35.21 and 22.86 mm,
respectively. These curves were scaled to generate the theoretical granulometric curve with
a Cy of 20.49 and an average diameter of 7.75 mm, obtained through the dgp/d1g ratio.
According to the results, the necessary volumes of fine sand, coarse sand, and gravel were
obtained (46, 26, and 28%, respectively).

Cu=24381
100 Dm =22.86 mm

Cu =24.96
60 Dm=35.21 mm

Percentage passing (%)

Cu=20.49
#p Dm=7.75mm

100 10 1 0.1 0.01
Particle size (mm)

Figure 2. Particle size distribution of the bed materials used in the model.

After 160 min, the start of a constant scour is observed. Another 60 min were added to
demonstrate the linearity of the values of maximum scour depth, with an average value
of 97 mm up to a maximum value of 97.5 mm in the analysis conducted between 200 and
220 min. With the implemented diameters (Figure 3) and channel depth, the necessary
conditions were fulfilled to exclude viscosity and macro roughness effects, which are
diameters larger than about 0.9 mm and flow depths above 20 mm [35].

100

75-

50

25+

Scour (mm)

0

rrrrrrrrrrrrrrrrrrri
0 22 44 66 88 110 132 154 176 198 220

time (min)
Figure 3. Temporal evolution of maximum scour depth during the preliminary experiment.

3.2. Experimental Results

The present work focuses on the analysis of scour throughout the experimental time,
also called “temporal scour evolution”; likewise, the term “equilibrium condition” refers
to the maximum scour depth reached throughout the experimental development, which
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does not show variation throughout the experimental procedure. Twenty experiments
were conducted varying the longitudinal slope and the flow rate, considering the typical
characteristics of rivers with well-graded granular bedding. Throughout the different
experiments, the inlet flow rate was kept constant, which added to the slope, and the
clash of the flow against the sediment maintained a turbulent flow during the 220 min
of modeling. According to the data obtained (Figure 4), the slope of the channel affects
the maximum scour depth, as a greater slope increases the scour depth and creates a
removal of sediment from the bottom of the riverbed, mainly in the first checkpoints, due
to the shock of the flow at the entrance that drags the sediment [36]. Although there are
certain variations in some control points concerning the scour depth, the scour along the
longitudinal wall on the left and right sides of the granular bedding behaves similarly
in each of the conditions analyzed in the investigation. Therefore, the size of the bed
implemented is considered adequate since, as can be seen in the results obtained, the bed
arranged does not scour entirely along the entire length of the bed, so it can be inferred
that the control or measurement points placed along the bed are sufficient to analyze the
behavior of the scour depth for each of the conditions set out in the research.

= e e — )
£ W—;" 204
g a0- 40
]
E 60 60
E
% 80 80
=
- T T T T T T T T T T 1 T T T T T T T T T T 1
o 1 2 3 4 5 6 7 8 9 1 N o 1 2 3 4 5 6 7 8 9 1 1
(@ (b).
e 20
g a0- 40
]
E 60 60
E
X 80 80
=
= T T T T T T T T T T 1 T T T T T T T T T T 1
o 1 2 3 4 5 6 7 8 9 1 1 o 1 2 3 4 5 6 7 8 9 10 1
(c). (d)
E 20
5
g 7 -~ 0.008 m%s —# 0.017 m%s
E 60 3 3
g =+ 0.025m%s -+ 0.03m’/s
% 80
=
- T T T T T T T T T U 1
o 1 2 3 4 5 6 7 8 9 10 10
Measurement points (e) N

Figure 4. Maximum scour measurements for the eleven control points for different discharges and slope
configurations. slope = 0.5% (a), slope = 1% (b), slope = 1.5% (c), slope = 2% (d), and slope = 2.5% (e).

An increase in the scour depth can also be observed as the flow rate increases (Figure 4).
The dreadnought inside the scour bottom is produced by the washing of material and the
deposition of particles that are transported from upstream, where due to the diameter of
the particles, part of this material cannot be removed by the action of the central vortex
that the flow of water presents [23]. In general, the adjustment of the riverbed in each
experiment, the dragging, and the decanting of the material in the checkpoints caused the
value of the scour depth to not increase despite the flow rate increase.

The channel width (0.3 m) used in the study can be considered sufficient to determine
the scour behavior in well-graded granular beds of sands and gravels with a mean diameter
of less than 10 mm. The above is consistent with research conducted by Radice and
Davari [37] who analyzed roughness elements as a scour countermeasure in pillars, having
a 0.4 m wide channel, and introducing additional characteristics that further decrease the
section, but which, in turn, do not generate effects on the scour analysis for the conditions
evaluated. Similarly, Borges [23] used a 0.45 m wide channel section as a scenario for scour
analysis and comparison with that presented in channels with larger cross sections. It can
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be highlighted that the size of the bed implemented can be considered adequate since,
according to the results obtained, the bed does not scour along the entire length of the
channel. It was also possible to observe sediment entrainment at the initial points and
sediment deposition at the final points, so it can be inferred that the measurement points
arranged along the bed and the depth and length are sufficient to analyze the behavior of
the scour depth.

In the experiments, the value of maximum scour depth for a slope of 2.5% and
discharge of 0.03 m3/s reached 97.5 mm, observed in the second monitoring point. It is
a significantly high value with which the instability of the longitudinal structure occurs.
Table 1 compares the average depth change between the lowest proposed slope of 0.5% and
the highest (2.5%), where differences that reach 83 mm were obtained. This is a significant
difference and we can observe the direct effect of the slope on the maximum scour depth. It
should be noted that there was no symmetry in the scour because, along the wall, there
was sediment at the beginning of the channel and deposition at the end of it. However, the
channel’s symmetry does not affect the equation proposed since it depends on the Froude
number and the densimetric Froude number, which can vary and be measured at any point
of the channel with well-graded granular material.

Table 1. Maximum scour depth (mm) Comparison between maximum (2.5%) and minimum (0.5%) slope.

Slope (%) Discharge (m®/s) Maximum Scour Depth (mm)

1 2 3 4 5 6 7 8 9 10 11

0.008 10 10.6 3 5 44 7.8 8.2 8.8 2 24 6

05 0.017 2.5 6 8.2 0 55 5 10 10 27 21 5.6
’ 0.025 28 345 27.6 15.6 15 10 14.7 85 11.9 11.5 11.3
0.03 28 40 36.1 26 19.5 12.5 14.8 15.5 15.2 16.9 144

1 2 3 4 5 6 7 8 9 10 11
0.008 29.7 28.2 21.9 26.9 179 129 16.9 17.7 18.2 10.8 12.3
25 0.017 56 57 56 38.9 37.6 239 24.1 27.1 19.2 189 23.2
’ 0.025 58.9 64 92 85 98 80 61.2 58.9 40 24.5 24.2
0.03 62.1 97.5 83.5 80 83.9 68.7 74.5 27.8 249 22.8 29.8

3.3. Analysis of Existing Equations Used to Predict Scour

To analyze the equations that predict the maximum scour depth, data from point 4 to
point 11 were used. In contrast, values of points 1 to 3 could not be utilized as a hydraulic
jump occurs, which means that this depth data do not represent a real scour on the wall
due to a natural erosive action of the flow. The maximum value of scour was used as a
representative value in the data obtained from sampling points 4 to 11. Atypical data were
adjusted through the calculated error to generate theoretical consistency with increased
flow rate and slope. In this manner, the final comparative values were obtained and used
to ascertain the efficacy of the predictive equations.

Figure 5 compares the predictive equations and the data obtained in the experimental
model. The results of equations [14,23] and Mussetter et al. [28] tend to show higher
dispersion. On the other hand, among the equations validated in this research, the best
adapted to the evaluated variables and conditions is the equation proposed by Lischtvan
and Lebediev [19], as it shows a low dispersion, which translates into an accurate prediction
of scour in longitudinal walls in rivers with well-graded granular bedding.
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Figure 5. Maximum Scour depth estimation by current equations.

3.4. Development of a New Mathematical Expression to Calculate Local Scour

This paper proposes a new mathematical expression to improve the prediction of scour
depth in longitudinal walls in a condition of wall embeddedness and well-graded granular
bedding. A dimensional analysis of the variables that influence the physical model was
conducted to attain this expression. These were PI numbers and were analyzed according
to the relationship between the experimental data obtained for %‘ where a linear regression

model was applied. The data with r> < 0.75 were discarded and the PI numbers with
values close to 1 were used: the Froude number (Fr) and densimetric Froude number (Frd).

With PI numbers, a model of exponential adjustment is created through which values
for the coefficients of each variable are obtained. After that, more than 100 mathematical
iterations were conducted, from which more than ten different equations to estimate local
scour were formulated. These equations were analyzed according to the scour measured
through the experiments and a linear regression model for each equation was attained.
The equation with an r? closest to 1 was selected from the regression models of each
equation. Lastly, a new Equation (11) was proposed to estimate the depth of local scour in
longitudinal walls in rivers with well-graded granular bedding.

5 0,043 # Erd0 % 4 p2158 (11)
Yn

Figure 6 shows the correlation between the observed scour depths and those calculated
with the new proposed mathematical expression, which delivered a 12 of 0.8567.

Figure 7 shows a three-variable diagram depicting the dimensionless relationship
among critical variables: the Froude number (Fr), the densimetric Froude number (Frd),
and the dependent variable, scour depth (H;s), relative to flow depth (Y};). This diagram
facilitates the calculation of scour depth as a function of the Froude number, which was sub-
sequently validated against experimental data obtained from physical models representing
well-graded granular beds and longitudinal structures.
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Figure 6. Lineal regression of the results of the proposed equation and the experimental data to
estimate the maximum local scour.
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Figure 7. Maximum Scour depth estimation by the prediction equation.

3.5. Validation of the New Mathematical Expression to Calculate the Local Scour

Table 2 shows the statistical analysis for comparing the equations to predict scour. In
this analysis, the proposal from Aguirre-Pe et al. [38] was considered and error correction
was conducted to establish a maximum acceptable value of 200 for the MNE. The result
allowed a representative margin for the proposed mathematical equation to improve the
prediction of maximum scour. Data showed that the novel equation obtained an MNE of
68.72%, which was only surpassed by Lischtvan-Lebediev’s equation [19] (MNE of 63.03%).
Likewise, it can be observed that the equations from Khosronejad et al. [14], Froehlich [26],
and Mussetter et al. [28] tend to overestimate scour, as they exceed the initially proposed
value for the MNE. On the other hand, although the Pereira [33] and Borges [23] equations
deliver MNE values within the suggested range, their results tend to underestimate the
calculated scour.
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Table 2. Statistical estimators were obtained by comparing experimental measurements with the
prediction equations.

MNE MPF MSE (mm?) RMSE (mm) Equation Reference

63.03 4.67 0.0015 0.0381 Lischtvan-Lebediev [19]
219.54 2.78 0.0024 0.0485 Froehlich [26]
170.53 211 0.0012 0.0353 Pereira [33]
110.41 2.93 0.0053 0.0690 Borges [23]
1816.46 3.20 0.0038 0.0619 Mussetter [28]
201.93 3.06 0.0023 0.0483 Khosronejad et al. [14]

68.72 3.60 0.0010 0.0321 Proposed equation This research

As proposed by Aguirre-Pe [38], an acceptable limit for MPF is 12 was established.
Accordingly, the MPF values obtained for each equation tend to overestimate the MPF value;
thus, there is a wide dispersion in the relations between the observed and the calculated
values. The closest equation is the one described by Pereira [33], with a difference of
1.49 compared to the proposed equation. In the case of the MSE and the RMSE, a value of
0 is ideal as it would represent an optimal model. The proposed equation delivers better
performance with MSE = 0.001 mm?, and RMSE = 0.032 mm.

4. Conclusions

The proposed equation considers conditions other researchers have not considered,
such as the condition of a well-graded granular bed, longitudinal walls, and wall em-
bedment. The experimental models have identified the slope and flow rate as the most
influential variables in the local scouring of longitudinal walls. An increase in these param-
eters during the experiments resulted in exponential growth in local scour. It is essential
to highlight that only the Lischtvan—Lebediev equation tends to estimate measured scour
more accurately, and it is observed that the Mussetter, Froehlich, and Khosronejad equations
overestimate scour. At the same time, those proposed by Borges and Pereira underestimate
scour. Finally, the validation of the equations employing statistical estimators shows that,
in comparison with the other equations, the equation proposed in this research presents
improvements in most of the validated statistical estimators; however, it is necessary
to confront the resolution capacity of this new equation with experimental data under
natural conditions.
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Appendix A

Calculation of & and f coefficients.

Qg

= (A1)
len/453 B,

5
where o = Section coefficient, Q = Design flow associated with the return period, Y;; = Mean
depth of flow, and B, = Effective section width.

B = 0.7929 4 0.0973 Ln(T) (A2)

where B = frequency coefficient, and T = Return period selected for the design ranging
from 15 to 1500 years.

Table Al. x values for cohesive and non-cohesive soils.

Cohesive Soils Non-Cohesive Soils
Ym (mm) X 1/(1+x) d (mm) X 1/(1+x)
0.80 0.52 0.66 0.05 0.43 0.70
0.83 0.51 0.66 0.15 0.42 0.70
0.86 0.50 0.67 0.50 0.41 0.71
0.88 0.49 0.67 1.00 0.40 0.71
0.90 0.48 0.67 1.50 0.39 0.72
0.93 0.47 0.68 2.50 0.38 0.72
0.96 0.46 0.68 4.00 0.37 0.73
0.98 0.45 0.69 6.00 0.36 0.74
1.00 0.44 0.69 8.00 0.35 0.74
1.04 0.43 0.70 10.00 0.34 0.75
1.08 0.42 0.70 15.00 0.33 0.75
1.12 0.41 0.71 20.00 0.32 0.76
1.16 0.40 0.71 25.00 0.31 0.76
1.20 0.39 0.72 40.00 0.30 0.77
1.20 0.38 0.72 60.00 0.29 0.78
1.28 0.37 0.73 90.00 0.28 0.78
1.34 0.36 0.74 140.00 0.27 0.79
1.40 0.35 0.74 190.00 0.26 0.79
1.46 0.34 0.75 250.00 0.25 0.80
1.52 0.33 0.75 310.00 0.24 0.81
1.58 0.32 0.76 370.00 0.23 0.81
1.64 0.31 0.76 450.00 0.22 0.83
1.71 0.30 0.77 570.00 0.21 0.83
1.80 0.29 0.78 750.00 0.20 0.83
1.89 0.28 0.78 1000.00 0.19 0.84
2.00 0.27 0.79
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