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Abstract: Throughout the lifespan of a bridge, morphological changes in the riverbed affect the
variable action-imposed loads on the structure. This emphasizes the need for accurate and reliable
data that can be used in model-based projections targeted for the identification of risk associated
with bridge failure induced by scour. The aim of this paper is to provide an analysis of scour depth
estimation on large sand-bed rivers under the clear water regime, detect the most influential (i.e.,
explanatory) variables, and examine the relationship between them and scour depth as a response
variable. A dataset used for the analysis was obtained from the United States Geological Survey’s
extensive field database of local scour at bridge piers, i.e., the Pier-Scour Database (PSDB-2014).
The original database was filtered to exclude the data that did not reflect large sand-bed rivers,
and several influential variables were omitted by using the principal component analysis. This
reduction process resulted in 10 influential variables that were used in multiple non-linear regression
scour modeling (MNLR). Two MNLR models (i.e., non-dimensional and dimensional models) were
prepared for scour estimation; however, the dimensional model slightly overperformed the other
one. According to the Pearson correlation coefficients (r), the most influential variables for estimating
scour depth were as follows: Effective pier width (r = 0.625), flow depth (r = 0.492), and critical and
local velocity (r = 0.474 and r = 0.436), respectively. In the compounded hydraulic-sediment category,
critical velocity had the greatest impact (i.e., the highest correlation coefficient) on scour depth in
comparison to densimetric Froude and critical Froude numbers that were characterized by correlation
coefficients of r = 0.427 and r = 0.323, respectively. The remaining four variables (local and critical
bed shear stress, Froude number, and particle Reynolds number) exhibited a very weak correlation
with scour depth, with r < 0.3.

Keywords: bridge scour; sand-bed; principal component analysis; multiple non-linear regression;
PSDB-2014

1. Introduction

The courses of large European rivers have been altered over the centuries of urban-
ization to provide support for development, such as flood protection, fairway routes,
energy production, and water use for domestic and industrial consumption, agriculture,
or recreation [1]. The proximity of rivers and large cities inevitably means that river flow
interacts with the built environment, most often with hard and critical infrastructure [2].
Bridges stand out from other structures in the infrastructure since their elements are typi-
cally placed in the main channel, and thus, they are continuously exposed to river flow. In
this context, bridges are subjected to multiple hazards of various severity that can occur
simultaneously, such as flooding, scouring, and seismic loading, resulting in bridge failure.

Appl. Sci. 2023, 13, 5365. https://doi.org/10.3390/app13095365 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13095365
https://doi.org/10.3390/app13095365
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-8592-4138
https://orcid.org/0000-0002-8796-5264
https://doi.org/10.3390/app13095365
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13095365?type=check_update&version=2


Appl. Sci. 2023, 13, 5365 2 of 19

Throughout the lifespan of the bridge, the riverbed morphology changes, which
in turn affects the variable action-imposed loads on the structure [3] and increases the
risk of failure [4]. Numerous researchers have identified scour as the most common
cause of failure among all other hydraulic-related causes [5–7]. Climate change has a
significant impact on bridge safety since their long life span does not allow a reliable
estimation of the impact of climate change [8,9]. The annual costs of adaptation to
reduce the risk of bridge scour under projected future climate change scenarios are
estimated at €541 million in Europe for the period 2040–2070 [10]. Therefore, potential
threats to bridge safety have been identified during maintenance, which ensures their
resilience [11,12] and reduces potential direct and indirect losses [13]. Obstacles to
reliable estimation of potential scour are numerous: the unknown accuracy of field data,
the uncertainty of laboratory data upscaled to the prototype scale, and an overall lack of
understanding of the interaction between the turbulent flow and the erodible riverbed.
Scour is initiated when the flow velocity exceeds a threshold for entrainment of sediment,
and it lasts until after the flood peak [14]. Thereafter, as the flood stage recedes, the
scour hole refills and its depth decreases [15,16]. As scour is the most common cause of
bridge failure, there is an apparent need for accurate and reliable data that can be used
in model-based projections of the risks associated with bridge scour.

Most of the existing scour prediction models available in the literature are derived
from laboratory data [17]. Using a pump and a tail gate in the laboratory provides con-
trolled hydraulic conditions for experimental data collection. Establishing a specific flow
environment in a laboratory limits the range of laboratory conclusions [18]. Furthermore,
upscaling to field prototype bridge piers is a daunting task that can lead to unreliable
extrapolated data. It is fair to say that laboratory-based scour models are adequate
only for the limited range of variables for which they were developed. With the aim
of avoiding extrapolation issues, the accuracy of these models should be additionally
confirmed with field measurements. Therefore, it is necessary to gain a perspective on
scour potential under field conditions [19]. Regardless of the data collection method,
most of the scour prediction equations are based on conventional regression methods
to provide explicit expressions that are easy-to-use and readily applicable to practice.
However, conventional methods are limited to conditions similar to those under which
the data were collected. This leads to biased results that often overestimate scour depth,
i.e., a so-called conservative approach [20,21]. To describe the scour process, the scour
database should be extensive and structured because many local variables are required
to capture the complex flow environment in the bridge opening.

Recently, artificial intelligence (AI) has become a prominent tool that has the capa-
bility to capture complex scour processes governed by a large number of influencing
variables. Recent studies have used AI techniques for scour prediction. Dong et al. [22]
developed four machine-learning models: a back propagation neural network (BP NN),
a genetic algorithm neural network (GA NN), a convolutional neural network (CNN),
and a deep belief network (DBN NN) to predict local scour based on a combination of
laboratory tests and field observations. Pandey et al. [23] developed scour equations
using a genetic algorithm (GA) on a large experimental dataset. Rady [24] applied
the adaptive neural fuzzy inference system (ANFIS) and genetic programming (GP)
methods for pier scour assessment. Muzzammil et al. [25] implemented gene expression
programming (GEP) to derive a new equation for pier scour estimation in a bed of a
mixture of clay and sand. To evaluate the performances of developed AI models, the
abovementioned authors conducted comparisons with traditional methods (regression
technique, dimensional analysis, and functional relations) and concluded that AI meth-
ods showed better scour depth prediction. Although AI-based models have proven to be
more accurate than conventional models, they have a tendency to overfit data. Generally,
AI models learn to fit the selected data set as closely as possible, but learning the model
for a particular data set might make it inappropriate for unseen data. Moreover, in the
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case of insufficient scouring of input data, it might occur that the AI model has a biased
outcome due to overfitting issues.

The United States Geological Survey (USGS) has published an extensive field database
of local scour at bridge piers, “A Pier-Scour Database” [26], collected for 270 bridges
spanning over 433 rivers in 29 countries, resulting in a total of 1858 measurements of flow,
bridge geometry, and river morphology. The database is structured as a digital spreadsheet
with measurements organized as rows and values of variables under each measurement
organized in columns, e.g., scour depth around bridge piers (ds), pier width (b), pier
length (l), angle of flow attack (θ), effective pier width (bef), pier type and nose shape,
approach flow depth (y), approach flow velocity (v), bed material type, median sediment
size (d50), geometric standard deviation of sediment particles (σg), approximate recurrence
interval for measured flow rate (RI), stream slope (S), date, type, time, and location of
measurements, etc.

As this extensive PSDB-2014 database has been available since 2014, it has been used
in several studies focusing on pier scour. Benedict and Caldwell [18] aimed to define
the maximum scour depth in South Carolina by developing an envelope curve. They
evaluate the upper bound of the flow-scour relationship by combining pier scour data
from other sources for effective pier widths up to 9 m. Benedict and Knight [27] evaluated
the HEC-18 model by comparing the PSDB-2014 experimental database since the HEC-18
model was developed on a scarce laboratory dataset. Rathod and Manekar [28] designed a
new universal scour model utilizing the GEP method on the PSDB-2014 database. They
compared the new GEP model with five existing conventional scour equations and found
a good correlation with Jain and Fischer model Equation (14). Pandey et al. [29] used
the PSDB-2014 database to modify laboratory-based Melville and Coleman’s equation
and make it applicable to field conditions. The authors filtered the PSDB-2014 database
to retain only non-uniform gravel beds in clear-water conditions and introduced new
K-factors. Ali and Günal [30] collected a new laboratory dataset and complemented it
with the corresponding PSDB-2014 laboratory subset to train the ANN model with the
Levenberg-Marquardt algorithm. Shahriar et al. [31] used the PSDB-2014 database to
compare four pier scour models and assess their performance through error statistics and
the probabilistic distribution of predictions.

This paper presents a preliminary analysis of the variables influencing the pier scour
on large sand-bed rivers under the clear-water regime. Due to the lack of scour equations
based on field measurements and the low accuracy of the laboratory-derived equations
deployed for field data, this study uses a comprehensive PSDB-2014 database. The objective
of this paper is to identify the most influential variables affecting scour on large sand-bed
rivers using the structure as presented by the flow chart (Figure 1). First, the collection of a
large database is required, i.e., in our case, obtaining the PSDB-2014 database. Second, filling
the original database with more potentially important variables that were not originally
included. Herein, these variables are designed as additionally calculated variables, such as
Froude number, shear stress, and other similar variables that cannot be directly measured.
Third, filter measurements from the collected database that are not related to specific
environmental conditions, i.e., eliminate measurements to obtain a relevant dataset. Fourth,
reduce unnecessary variables to the filtered subset with only influencing variables using
principal component analysis (PCA). Fifth, perform sensitivity analysis to examine the
strength of correlation between the influencing variables and the scour depth using the
Pearson correlation matrix. At this point, a reliable scour prediction model can be designed
and tested. In this paper, a dimensional regression-based model is proposed for scour
depth estimation in large sand-bed rivers in clear water regimes. Several already existing
models applicable to the aforementioned conditions were selected and compared with the
model developed in this study to put this investigation in a relative perspective.
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Figure 1. Flowchart of the proposed methodology to identify the most influential variables before
developing a new model.

2. Methodology
2.1. Influencing Variables

The original PSDB-2014 database covers a wide range of directly measured flow,
sediment, and geometry variables. From all measured variables in the original PSDB-2014
database, the following 13 variables were selected for the purpose of this study: ds, b, l, θ,
bef, pier type, nose shape, y, v, d50, σg, RI, and S. Since this dataset contains only directly
measured variables, it is of keen interest to include several other variables commonly used
in scour prediction equations. Thus, this study introduces 8 additional variables calculated
using the measured data from the PSDB-2014 database: channel width (B), Froude number
(Fr), local bed shear stress (τ), critical bed shear stress (τc), critical velocity (vc), critical
Froude number for incipient motion (Frc), densimetric Froude number (Frd), and particle
Reynolds number (Rep) (Table 1). By including the aforementioned additional variables,
information about the flow regime, clear-water or live-bed scour, and particle entrainment
threshold conditions are taken into account. These additional variables are not given in
the original PSDB-2014 database, but they are often used in scour research (e.g., [32,33]).
With this addition, a comprehensive dataset of 21 independent variables was created with
essential information on flow, sediment, and morphology at each location.

Table 1. Additional variables included in the analysis.

Additional Variable Equation

Froude number Fr = v√
g·y (1)

local shear stress τ = γw·y·S (2)

critical shear stress [34] τc = 0.25·

d50·
[ (

γs
γw
−1
)
·g

ν2∗

] 1
3
−0.6

·g·(ρs − ρw)·d50·tan(Φ∗) (3)

critical velocity [35] vc =
√

ρrel
∗·g·d50·

(
0.0024·

(
y

d50

)
+ 2.34

)
(4)

critical Froude number Frc =
vc√
g·y (5)

densimetric Froude number Frd = v√
(ρrel

∗−1)·g·d50
(6)

particle Reynolds number Rep =
d50·
√

ρrel
∗ ·g·d50

ν∗
(7)

* ν is kinematic viscosity of fluid. Φ is the angle of repose of the particle [36]. ρrel is the submerged relative mass
density of sediment particles.

2.2. Data Filtering

After the expansion of the subset (containing 13 initial variables) with the additional
computed 8 variables, data filtering was conducted to retain only data relevant for the aim
of the paper, i.e., to study measurements referring to large sand-bed rivers. To obtain this
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data, several sets of filtering criteria were defined that correspond to the flow regime and
riverbed morphology of the large rivers.

The first set of filtering criteria is related to the flow regime. The flow of large rivers is
subcritical due to the nature of the flow in lowland areas; hence, the Froude number can be
used to distinguish subcritical and supercritical flow regimes. In open-channel flow, the
critical flow regime is lower than its theoretical value (Fr = 1) since the flow transition from
wide channel to contraction is gradual. Different studies identified the transition between
subcritical and supercritical flow regimes to be within the interval 0.7 < Fr < 0.85 for field
conditions. For example, in the study by Azamathulla et al. [37], Fr values varied from
0.7 to 0.8, as in several other reports [18,29,38]. In this study, measurements with Fr > 0.75
were filtered out, i.e., applying Rady’s approach [24]. Additionally, erroneous data related
to Froude number were also filtered out—measurements of approach flow velocity (v) with
missing or zero values were removed.

The second set of filtering criteria was applied to preserve the data corresponding
to large sand-bed rivers. To restrain the dataset to sand-bed rivers, the following criteria
were used: sediment particle median size (d50) ranging between 0.0625 mm and 2 mm.
The geometrical standard deviation of the sediment (σg) presents a measure of the non-
uniformity of the sediment [28]. Uniform sediment gradation associated with uniform sand
is considered to be less than 1.3 [27] because larger σg values would indicate the presence of
coarser gravel particles. After applied filtration, the average value of σg is 3.0, which shows
slightly non-uniform sediments, which indicates potential bed armoring and consequently
reduces scour depth [39]. To restrain the dataset to large rivers, measurements of flow
depth (y) lower than 1.5 m were excluded from further analysis. The original PSDB-2014
database [26] contains no information regarding the river widths. Benedict and Knight [40]
have applied basin data to correlate known channel widths against drainage area, flow
depth, and stream slopes. To validate filtering criteria for large rivers, correlation by
Benedict and Knight [40] was used herein to calculate channel widths, of which 69% are
greater than 30 m.

Finally, the filter that takes into account the scour depth error margin range has
been applied. If only large rivers are considered, the accuracy of riverbed morphology
measurement has to be taken into account, especially when equipment limitations do not
allow detailed riverbed mapping. Therefore, from the original PSDB-2014 database, an
additional 140 measurements were excluded where scour depth was in the error margin
range of less than 0.2 m. Moreover, the original PSDB-2014 database contains multiple
measurements collected at the same location under different hydrologic events, including
multiple scour depth values. To prepare the database for the analysis of cause-and-effect
relationships, it is important to maintain the independence of the measurements, i.e.,
only one measurement should be retained for each bridge. Therefore, for the second set
of filtering criteria, only the measurements with the largest scour depth were considered
(568 exclusions). The association of scour depth with hydraulic conditions in the PSDB-2014
database is not extensively documented. For some multiple measurements, scour depth and
flow depth are inversely proportional, which may be a consequence of an undocumented
hydraulic event, e.g., a recent flood. In addition to the second set of filtering criteria, only
the most recent measurements have been retained (291 exclusions). Some measurements
date from the early 1900s, so their reliability is low due to technical limitations such as
the development of guidelines and instruments for bathymetric and hydraulic surveys.
Overall, a total of 859 measurements were excluded.

After filtering the original PSDB-2014 database, a total of 348 independent measure-
ments have remained relevant for estimating maximum scour depth on large, alluvial,
and sand-bed rivers. Since scour depth is 10% greater in clear water than in live-bed
conditions [41], the clear-water regime is the desired condition for estimating scour depth
in this study. To distinguish whether flow conditions are clear-water or live-bed scour,
the expression Fr − Frc > 0.2 by Jain and Fischer is used for validation [38]. Interestingly,
after filtering by using the aforesaid expression, 98% of the 348 remaining measurements
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fall within the clear-water scour conditions, even though the clear-water criterion was not
applied in the filter, which validates the reliability of the applied data filters. The range of
original and additional variables before and after filtration is shown in Table 2.

Table 2. Range of original and additional variables with their symbols, measurement units, ranges,
average values, and standard deviations before and after filtering.

Variable
Before Filtering After Filtering

Range Average Standard
Deviation Range Average Standard

Deviation

Original

ds 0–10.4 1.1 1.3 0.21–7.8 1.5 1.3
bef 0.21–28.7 2.3 2.5 0.24–11.6 2.0 1.9
b 0.21–19.5 1.6 1.6 0.24–11.6 1.3 1.4
l 0.21–39.6 6.3 5.3 0.37–25.3 6.3 4.7
θ 0–85.0 6.1 10.3 0–600 6.6 9.6

d50 0.001–228.6 14.7 25.0 0.06–1.82 0.59 0.41
y 0–22.5 3.9 3.2 1.5–22.5 5.6 3.4
v 0–5.4 1.4 0.8 0.20–3.9 1.4 0.71

RI 1–500 53.6 50.9 1–500 63.1 69.4
σg 1.2–20.3 3.3 2.8 1.4–20.3 3.0 1.2
S 0.00007–0.02 0.00086 0.00152 0.00007–0.0036 0.00052 0.00044

Additional

B 5.4–692.5 71.5 67.1 10.5–692.5 75.3 80.7
vc 0.15–55.7 2.4 3.2 0.76–11.6 2.8 1.7
τ 0–180 21.3 21.8 0.015–1.7 0.25 0.21
τc 0.025–3.9 0.87 0.77 0.13–0.56 0.32 0.10
Fr 0–1.98 0.28 0.21 0.039–0.55 0.20 0.10
Frc 0.19–5.77 0.40 0.34 0.19–1.0 0.38 0.13
Frd 0–629 11.1 23.4 1.6–88.9 16.0 9.9
Rep 0.0025–274,834 8222 19,074 1.2–195.2 42.1 43.7

Original
Pier type Single and group

Not affectedPier nose shape (drag
coefficient) [42]

Cylindrical (1.2), Round (1.33), Square (2.0),
Sharp (1.0), Triangular (1.72)

2.3. Variable Reduction

Estimation of scour depth requires the detection of the most significant input variables
relevant to the complex scour process in large sand-bed rivers. This can be achieved using
principal component analysis (PCA), which has already been proven to be an effective
decision-making tool for dimensionality reduction when many variables are involved [43].
PCA determines which variable influences scour depth the most by analyzing how much
each variable contributes to the variance. Therefore, PCA was applied to the filtered dataset
of 348 measurements and a total of 21 variables (including the observed scour depth ds).
PCA interprets data with principal components—linear combinations of the input variables
that are orthogonal to each other. In this study, there are 21 principal components as well as
21 input variables. The first principal component explains the largest amount of variability
in the dataset; the second principal component accounts for the next largest variance;
etc. The principal components are lines in the coordinate system with a corresponding
eigenvalue—the sum of the squared distances between the orthogonally projected observed
data onto the line and the origin of the coordinate system.

Variable reduction in PCA analysis is based on the number of retained principal
components without diminishing the total variance of the scour dataset. A commonly
used criterion for reducing the number of variables is the Kaiser-Guttman criterion, which
considers only those principal components whose eigenvalues are greater than 1. Apply-
ing the Kaiser-Guttman criterion for variable reduction would keep the first 7 principal
components and thus eliminate only 2 variables. Since the Kaiser-Guttman criterion was
previously proven to be inaccurate because it overestimates the number of principal com-
ponents [44], it was decided to use a more stringent criterion. If we discard the principal
components whose eigenvalues are less than 2, then the first three principal components
remain. The first three principal components explain 56% of the variance of the entire
dataset. The variables that contribute the most to the first three principal components
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can be identified as influential (bef, y, d50, v, vcr, τ, τcr, Fr, Frc, Frd, Rep, B, b, l, and S),
while other variables (σg, θ, RI, pier type, and nose shape) can be excluded from further
analysis. The results of the PCA analysis are presented in the form of a loading plot, in
which the variable vectors are positioned with respect to the first two principal components
(Figure 2a). Variables located near the center of the coordinate system have the smallest
impact on the variance of the dataset (within the inner dashed circle) and are therefore
eliminated from further analysis. When two variable vectors are perpendicular to each
other, they are not correlated at all, while variables whose vectors are close to each other are
highly correlated. The contribution of each variable to the first three principal components
can be evaluated by the squared cosine values (Figure 2b). Since the principal components
are axes of the rotated coordinate system, the squared cosine represents the quality of the
variables after rotation. The values in bold are the maximum squared cosine values for
each variable. Therefore, only the variables that have the maximum squared cosine for one
of the first three principal components are retained for further analysis.
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Based on the PCA results, 5 variables were discarded from further analyses, and all
remaining variables can be classified into the following categories: pier geometry (b, l, and
bef), hydraulic (y, v, τ, and Fr), compounded hydraulic-sediment variables (vc, Frc, and Frd),
sediment properties (d50, τc, and Rep), and channel properties (B and S). Previous studies
have concluded that d50 can be eliminated from the development of the scour equation
since its range of values is small when compared to the other variables, which consequently
leads to biased results [19]. Since only field data are used in this study, d50 is expected
to be negligible due to reaching large values of the ratio b/d50 [45,46]. In order to obtain
information on sediment properties, only τc and Rep were retained for developing the
equation, while d50 was discarded.
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Similarly, the variables describing pier geometry (θ, b, l and bef) are also close together.
The angle of flow attack (θ) is not a reliable variable for scour prediction because flow
direction depends on the water level and changes over time. This makes the measurement
of θ arbitrary and should be used only when it can be reliably estimated [24]. The former
debate was supported by the PCA results, which suggested that θ and l should not be used
in scour prediction, leaving b and bef as the only descriptors of pier geometry. Taking into
consideration the difficult approximation of complex pier geometry (in the case of a group
of piers, pile caps, etc.), this study uses bef as the pier geometry variable, which is reduced
to b when no other data is known but can be adjusted for pier alignment when necessary.

Both variables from the channel properties category (B and S) can be excluded. Al-
though river width was an important variable for validating the filter applied to obtain a
database corresponding to the large rivers, it is not necessary to include it in the develop-
ment of the equation since this paper focuses on local scour. Stream slope is a local variable,
originally measured in PSDB-2014 near the bridge. Since S was only used for estimating
shear stress, a variable that estimates the drag force of flowing water, it can be eliminated
from scour equation development.

The remaining variables are a combination of commonly used variables in scour
prediction as well as variables that are rarely used in scour research on field conditions (τ,
τc, Rep). Although τ has been previously recognized as an influential variable for scour
prediction [47], it is usually omitted from conventional scour equations due to difficulties
in obtaining direct measurements in a complex flow environment [19]. However, τ and
v are both variables that reflect drag forces in front of the pier. Since it is challenging to
measure v in situ during the flood, perhaps it can be replaced by τ. Locally measured
variables (y and S) in the original PSDB-2014 database allow τ to be estimated for each
pier. Since it is not sufficiently investigated how much local value of τ contributes to ds
compared to v, its importance for the local scour process will be evaluated in this study. The
incipient motion of sediment starts when τ exceeds the critical shear stress (τc). Instead, in
equations for estimating scour depth, vc is mainly used because it is easier to measure and
is proportional to τc. In this study, it is decided to retain both critical variables τc and vc, in
order to evaluate their contribution to ds estimation. Particle Reynolds number (Rep), which
is a measure of eddy currents around particles, is an important variable for estimating
the transport of sediment mixtures [48]. Previous research by Vonkeman and Basson [49]
demonstrates that replacing vc with Rep in the HEC-18 scour equation can improve scour
depth prediction.

After the variable reduction analysis performed on the filtered dataset, 10 influential
variables remained (Table 3), forming a filtered subset relevant to the development of
functional dependencies. Since the focus of this study is on the functional dependencies
between scour depth and selected variables, dependent variables were retained with the
aim of testing which of them has a greater impact on scour depth. Full variable names can
be seen at the end of a paper in the list of symbols.

Table 3. Influential variables selected for developing new regression-based models.

Influential variables bef y v vc τ τc Fr Frc Frd Rep

3. Results
3.1. MNLR—Multiple Nonlinear Regression

Multiple nonlinear regression (MNLR) is a mathematical method that establishes a
functional dependence between variables to predict the target variable. The optimization
process finds the best fit for the model based on the principle of least squares. In Section 2.3,
10 influential variables were chosen as suitable for scour analysis on large sand-bed rivers.
In order to model the data between the response ds and the explanatory influential variables,
the following dimensional and non-dimensional models were proposed:
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ds = a·
(

be f

)b
·(y)c·(v)d·(vc)

e·(τ) f ·(τc)
g·(Fr)h·(Frc)

i·(Frd)
j·
(

Rep
)k, (8)

and non-dimensional model:

ds

y
= a·

( be f

y

)b

·
(

v
vc

)d
·
(

τ

τc

) f
·(Fr)h·(Frc)

i·(Frd)
j·
(

Rep
)k. (9)

Both models were fitted to the filtered dataset by using MNLR, and the extracted
parameters (a, b, c, d, e, f, g, h, i, j, and k) were used to form two new regression-based
models presented in Table 4.

Table 4. Parameters obtained applying MNLR technique on both dimensional and non-dimensional
models.

a b c d e f g h i j k

dimensional 3.29 0.49 1.19 −0.91 −0.99 −0.011 0.019 0.38 0.26 0.97 −0.44
non-dimensional 0.002 0.48 −0.90 −0.047 −0.33 −2.50 1.16 −0.094

The performance of MNLR dimensional and non-dimensional models was validated
with a commonly used statistical measure, i.e., the coefficient of determination (R2). R2

shows how closely the scour depth, predicted by the MNLR dimensional and nondi-
mensional equations, resembles the observed scour depth with values of 0.51 and 0.45,
respectively. The same observation was made by Ali and Günal [30], who noticed that
dimensional scour data were more accurate than those based on dimensionless data. Based
on R2, the dimensional MNLR model was adopted for further analysis. Too many influenc-
ing variables reduce the number of degrees of freedom and also increase R2. Hereby, the
adjusted R2 is useful because it corrects the original R2 in such a way that if the number
of variables increases, the number of degrees of freedom decreases, as does the adjusted
R2. For the developed model, the adjusted R2 = 0.50 does not change significantly in
comparison with the original R2, which confirms that the number of selected variables is
sufficient and not overused.

The dependency between measured scour depth values (ds) and those predicted by
the MNLR dimensional model (ds,pred) is presented in Figure 3. The gray continuous line
shows ideal agreement between measured and predicted values, i.e., ds,pred = ds. Data points
that lie below the line of agreement indicate overprediction (54% of predicted values are
greater than actual measured values), while data points that lie above the abscissa represent
underprediction (46% of predicted values are lower than measured values).
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A prediction interval of 95% was calculated using the following equation:

= ds ∓ t95·SE·

√√√√
1 +

1
n
+

(
ds − ds

)
SSxx

(10)

where t95 is the two-tailed Student’s T-Distribution for 95% fit, SE is the standard error,
which considers the squared ratio of the residual sum of squares by degrees of freedom, n
is the number of entries, (ds) is the average of all measured scour depths, and finally SSxx is
the sum of squares of the deviations of measured scour depths from their mean value.

The individual dependance of each variable on the residual (the difference between
measured and predicted scour depth) is presented as a series of graphs merged into Figure 4.
Upper and lower limits represent the 95% prediction intervals in Equation (10) illustrated
by the red dashed lines for the purpose of detecting potential outliers. This means that 95%
of all measurements would deviate from predicted values within the region between the
dashed red lines. If the data falls outside the 95% prediction interval region, it can be marked
as a potential outlier. The red dots show the data with the best prediction—residuals within
5% of the total deviation. A common feature for all the graphs is the homoscedasticity of
residuals over the entire range of explanatory variables, indicating that there is no bias in
the model in any part of the data range.
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Since all the scour data only contains measured variables, there is no additional
metadata that could be used to expand the filtered dataset, and therefore only collected
variables were analyzed in order to detect outliers. All points lying outside of the prediction
interval were considered potential outliers. There are 5 outliers detected based on model
overprediction, whose residuals have a negative value, and 10 outliers based on model
underprediction, whose residuals have a positive value. Outliers are detected based on
prediction intervals in Figure 4 and presented as isolated points with associated IDs in
Figure 3, where green dots illustrate overprediction and red dots underprediction. Potential
outliers and their corresponding influential variable values are presented in Table 5, sorted
from minimal to maximum residual. The lack of data does not allow the detection of true
outliers, and therefore, outliers can only be detected based on their common features. The
only identifiable common feature of all potential outliers is the Froude number value. One
of the data points (#Obs348) has a very low Froude number value (Fr = 0.07), making it
unreliable, while the other one (#Obs293) is at the boundary conditions for clear-water
scour (Fr − Frc = 0.06). Therefore, of the initial 15 potential outliers, two were detected as
true outliers and removed from further analyses. When outliers were removed from the
model, the performance of the dimensional model increased from R2 = 0.50 to R2 = 0.54.

Table 5. List of potential outliers with corresponding measured and calculated influential variable values.

ID bef y v vc τ τc Fr Frc Frd Rep ds ds,pred Residuals

Obs96 4.88 9.81 2.13 5.11 38.51 0.27 0.22 0.52 27.57 17.90 0.67 3.50 −2.83
Obs293 11.58 4.85 2.68 2.30 95.08 0.31 0.39 0.33 29.82 28.11 2.50 5.15 −2.65
Obs252 5.54 13.47 2.35 7.44 72.45 0.26 0.20 0.65 32.61 14.39 1.80 4.08 −2.28
Obs52 9.63 3.60 0.79 1.30 7.76 0.49 0.13 0.22 5.46 117.86 0.43 2.36 −1.93
Obs57 2.50 9.33 1.55 4.09 17.38 0.33 0.16 0.43 16.63 31.55 0.43 2.22 −1.79
Obs340 5.97 8.35 1.22 3.28 11.47 0.37 0.13 0.36 11.37 47.57 5.15 2.95 2.20
Obs307 0.61 2.77 1.13 1.14 5.17 0.42 0.22 0.22 8.86 79.52 2.87 0.65 2.22
Obs346 6.10 22.52 2.43 9.11 66.29 0.34 0.16 0.61 24.65 36.96 7.10 4.73 2.37
Obs324 1.07 4.54 1.77 2.17 53.46 0.31 0.26 0.33 19.65 28.11 3.66 1.27 2.38
Obs343 4.33 5.67 2.93 3.32 32.81 0.25 0.39 0.45 41.99 13.07 6.22 3.57 2.65
Obs329 1.07 4.15 1.71 2.00 48.80 0.31 0.27 0.31 18.97 28.11 4.05 1.23 2.82
Obs316 0.61 2.19 0.67 0.97 4.52 0.42 0.14 0.21 5.27 79.52 3.29 0.47 2.82
Obs344 4.37 5.21 2.44 2.98 16.62 0.26 0.34 0.42 33.88 14.39 6.43 3.26 3.17
Obs347 4.27 9.78 2.90 5.62 9.60 0.25 0.30 0.57 41.55 13.07 7.65 3.86 3.79
Obs348 10.09 9.00 0.65 3.60 48.40 0.36 0.07 0.38 6.24 43.61 7.80 2.90 4.90

3.2. Comparison with Different Scour Models

To evaluate the relative performance of the dimensional model developed on specif-
ically filtered data in the present study, a comparison with already developed empirical
scour models was conducted (Figure 5). The link between selected models (Table 6) is
their applicability for scour depth prediction in sand-bed rivers during the clear-water
regime. However, there are some differences between them based on: variables used for
scour prediction; source of large-scale data (field, combination of laboratory and field, and
numerical data); and equation development technique (1 conventional MNLR equation,
2 recent MNLR equations, and 2 GEP methods). The conventional MNLR technique is
an approach to developing functional dependencies using dimensional analysis and the
Buckingham PI theorem to attain dimensional consistency. GEP is one of the evolutionary
algorithms that can create simple and explicit equations and is therefore often used for
developing scour depth expressions. Two governing variables that are included in all scour
equations are water depth (y) and pier width (b), as presented in Table 6.

The comparisons between previously developed empirical models (Table 6) and the
dimensional model developed in this study, Equation (17), are presented in Figure 5, where
the line of agreement indicates the perfect match between observed and predicted data,
i.e., ds,pred = ds. The circle points, obtained by using our dimensional model and the filtered
dataset, are the same as in Figure 3. However, Figure 5 also displays the lines that were
constructed by using predicted ds,pred data obtained by utilizing different models from
Table 6. The following discussions will explain the performance of all models from Table 6.
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when using the filtered data.

Table 6. Summary of selected previously developed scour models and two models developed in
this paper.

Author Dataset Method Equation

Annad and Lefkir,
2022 [19]

field
(PSDB-2014) MNLR ds = 0.318·K1

∗ ·K2
∗ ·b0.76·y0.515 (11)

Rathod and
Manekar,
2022 [28]

field and
laboratory

(PSDB-2014)
GEP ds = y·

[(
b

b+1.6·y

)
+
(

b·v
y·(b+v)

)
+

(
b
y

34.12·y
Frd

+2σg

)]
(12)

Hassan and Jalal,
2021 [50]

numerical on a
large scale GEP

ds =

b·
[

7.24· v
vc
· b

B −
(

v
vc

)2
· b

B −
v

vc
·
( b

B

)2
+

b
B

b
B ·

v
vc −

y
b −

b
B
+
{

y
b ·

b
B ·Frpier

∗ +
( b

B

)2·Frpier
∗
}
·K2

2∗ · v
vc

] (13)

Jain and Fischer,
1979 [38]

field and
laboratory

conventional
MNLR ds = 1.84·b·

( y
b

)0.3·(Frc)
0.25 (14)

Azamathulla et al.,
2010 [37] field MNLR ds = 1.82·y·

(
d50

y

)0.042
·
(

b
y

)−0.28
·
(

L
y

)−0.37
·Fr0.42·σg

−0.031 (15)

Our non-
dimensional model

field
(PSDB-2014) MNLR ds

y = 0.002·
(

be f
y

)0.48

·
(

v
vc

)−0.90
·
(

τ
τc

)−0.047
·(Fr)0.33·(Frc)

−2.5·(Frd)
1.16·

(
Rep

)−0.094. (16)

Our dimensional
model

field
(PSDB-2014) MNLR ds = 3.29·

(
be f
)0.49·(y)1.19·(v)−0.91·(vc)

−0.99·(τ)−0.011·(τc)
0.019·(Fr)0.38·(Frc)

0.26·(Frd)
0.97·

(
Rep

)−0.44 (17)

* K1 is 1.2 for live-bed scour and 1 for clear-water scour. K2 is 1.1 for round, 1 for square, and 0.9 for a sharply
pierced nose. Frpier is the pier Froude number, calculated as follows: Frpier =

v√
g·be f

.

Annad and Lefkir [19] (AL abbreviated) proposed a new scour equation obtained by
the same dimensional MNLR technique and the identical PSDB-2014 database as used in
this study. The authors have retained almost all observed measurements (1249 of 1858),
except for those that lack information regarding bridge pier shape. However, they have
included only 4 variables: b, y, pier shape nose correction factor (K2), and live-bed vs.
clear water correction factor (K1). Considering that their approach was similar to ours
(the same database and the same modeling technique), their equation almost matches the
dimensional model developed in this study (Equation (17)). According to Figure 5, there
are similarities between the performance of our model and that of the AL model that can be
assigned to the fact that in the AL model there was no restrictive data filtering, i.e., almost
the whole span of measurements was considered.

Rathod and Manekar [28] (RM abbreviated) developed the GEP model for scour depth
estimation using the PSDB-2014 database. In order to develop a unique and universal scour
equation, the authors integrated laboratory and field datasets to obtain larger variable
ranges. Even though the RM model was developed using the GEP method and on the
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combined nature of the data (lab and field), the model has a similar performance in
comparison to the model developed in this study, probably due to the application of the
PSDB-2014 database. Assuming that the type of technique selected for model development
does not affect scour prediction performance as much as the filtering of the dataset, the
performances of the RM and AL models are expected to be very close, as shown in Figure 5.

Hassan and Jalal [50] (HJ abbreviated) numerically simulated scour around the bridge
pier on a real scale to evaluate the performance of predicting scour depth with the GEP
model. They used a numerical dataset consisting of 243 observations collected in a clear-
water regime and calibrated with the results from the Melville laboratory model [51]. The
authors carried out a sensitivity analysis of influential variables and showed that y has the
greatest influence on the predicted ds, followed by the ratio of velocities v/vc, the ratio of
pier width B/b, the pier Froude number Frpier, and finally the pier shape factor Ks with the
weakest influence. According to Figure 5, the HJ model tends to underpredict scour depth.
Unfortunately, only ranges of nondimensional variables are given in their study, so the
real span of variable values remains unknown. However, it can be assumed that Hassan
and Jalal [50] collected numerical data in terms of lower water depths since flow depth
turned out to be the most significant variable. This assumption is supported by the work of
Melville and Sutherland [52], as they claim that flow depth does not play an important role
in scour when the y/bef ratio is above 2.6. The final difference is that they have taken into
account the ratio of pier width B/b, so it can be assumed that contraction scour has a more
important role in their dataset.

Jain and Fischer [38] (JF abbreviated) is one of the many existing regression-based
scour equations. The JF model was selected for this comparison process among other
regression-based models because previous research [28], which applied the PSDB-2014
database, claims that the JF model is superior to the other conventional models. The JF
model is developed in conditions of higher Fr values and sand-bed sediment properties
(0.25–2.5 mm with a median of about 1.5 mm). Even though Jain and Fischer collected
data in similar conditions that were applied for data filtration in this study, it is still an
overly predictive and conservative method. The first reason for overprediction in JF model
performance is related to including laboratory-based data, and the second reason is the
traditional methodology of developing equations where coefficients were generated to
form an envelope for all collected data.

Azamathulla et al.’s [37] (Az abbreviated) model presented the lowest performance
amongst all equations selected for comparison in this study. Data in [37] were collected
from different studies available in the literature to develop their MNLR model based on
398 field measurements collected over a non-cohesive and uniform riverbed. A possible
reason for such low performance could be the larger range of sediments, with d50 values
ranging from 0.12 to 108 mm and a median of 54 mm. Although information regarding the
angle of flow attack is not available in their study, the authors included pier length in their
equation. However, it can be assumed that piers were skewed, as otherwise, it would have
no effect on scour depth [53]. Azamathulla et al. also provided an explicit equation for
the GEP model, but when the PSDB-2014 measurements were input into the equation, the
computed results were unreasonable, such as negative values of scour depth. In addition,
parts of an equation of the developed MNLR model are vague, such as the exponent of the
variable σg.

3.3. Variable Sensitivity Analysis

The Pearson correlation coefficient (r) (Figure 6) interprets the strength of the cor-
relation between selected variables in the filtered subset and measured scour depth (ds).
The Pearson correlation coefficient varies in range from −1 to 1. A value of −1 indicates
a perfect negative correlation, a value of 1 a perfect positive correlation, and a value of
0 indicates no correlation at all. If variables are classified into four categories: pier geometry
(bef), hydraulic (y, v, τ, and Fr), compounded hydraulic-sediment variables (vc, Frc, and Frd),
and sediment (τc, and Rep), then the pier geometric variables are the most influential, fol-
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lowed by compounded hydraulic-sediment, hydraulic, and finally the sediment variables.
Based on Pearson correlation coefficients, bef proved to be the most influential variable for
estimating ds (r = 0.625), which is the same observation that was already stated in previous
investigations [28,30]. The second most influential variable is y (r = 0.492), followed closely
by vc and v, r = 0.474 and r = 0.436, respectively. In the compounded hydraulic-sediment
category, vc has the greatest impact on scour depth in comparison to Frd and Frc, which are
defined by r = 0.427 and r = 0.323, respectively. The remaining four variables (τ, τc, Fr, and
Rep) show a very weak correlation with scour depth, with r < 0.3.
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4. Discussion

In the present study, large, alluvial, and sand-bed rivers were taken into account with
the intention of evaluating the significance of several influential variables in estimating
maximum scour depth. Comparing four different categories, i.e., pier geometry (bef),
hydraulic (y, v, τ, and Fr), sediment (τc, and Rep), and compounded hydraulic-sediment
variables (vc, Frc, and Frd), it was elucidated that pier geometry variables are the most
influential ones. Rating pier geometry variables above hydraulic variables was expected
because more than 70% of the data used in this study exceeds the threshold value of
y/bef = 2.6, over which the flow depth is no longer significant for the pier scour process [52].

The approach velocity and the flow depth have the next largest impact on scour depth,
while local shear stress and Froude number remain the least important variables. The
latter confirms the traditional approach assumptions that the equilibrium state of scour
depth primarily depends on both the pier width and approach flow velocity, while flow
depth is just an indirect effect of the downflow magnitude [38]. The introduction of new
hydraulic variables such as τ and Fr is supposed not to significantly contribute to the
variance of scour depth due to their unreliable estimation and small ranges of values. A
similar conclusion can be drawn regarding the sediment variables. In this study, d50 was
excluded from analysis, suspecting that it has a negligible effect, so two new sediment
variables (τc, Rep) were included in the scour depth equation. Even though it was expected
that Rep would play a more significant role owing to a larger standard deviation than d50,
both sediment variables τc and Rep yielded the lowest Pearson correlation coefficients,
which shed light on sediment properties in general (d50, τc, and Rep) as being insignificant
on scour depth variance. In order to consider the effect of sediment properties, it was
recommended to use compound hydraulic-sediment variables such as vc, Frc, and Frd that
consist of both the acting forces of the flow and sediment properties. In this study, the
compounded hydraulic-sediment variables and hydraulic variables had a similar impact
on the scour prediction because the average values of their Pearson correlation coefficients
were 0.408 and 0.340, respectively. A comparable observation was made by Török et al. [54],
who deem that shear Reynolds number, a function of grain size and shear velocity, is a more
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adequate variable for evaluating sediment transport than Rep, d50, or other variables whose
evaluation is based only on sediment properties. Furthermore, at the beginning of this
paper, there was a doubt concerning which variable should be used to assess the incipient
motion of sediment, vc or τc. The doubt originates from the fact that vc is a function of y and
d50, while τc is a function of d50. The assumption that the compound hydraulic-sediment
variable would be more significant was verified by Pearson correlation coefficients of vc
and τc with values of 0.474 and −0.006, respectively. After vc, which proved to be the most
influential variable in the category of compounded hydraulic-sediment variables, Frd and
Frc are next in the sequence. It was expected that Frd would show a stronger association
with scour depth since it has been previously determined as the most influencing variable
in the group of variables that describe sediment properties [55–57].

The introduction of sediment variables into the scour depth equation showed negligi-
ble effects. However, this observation does not mean that they can be completely excluded
from the scour analysis, as sediment properties have a significant effect on the scour process.
Equations developed for different compositions of riverbed sediments behave differently,
as evidenced by the comparison process performed in this work. The Az model showed
the lowest performance and was based on sediment ranges that tend toward gravel grain
sizes. The fact that sediment variables play an important role indicates that it is necessary
to take sediment size into account when filtering data sets to achieve certain environmental
conditions. However, if sediment properties are selected as one of the scour variables in the
equation, it is better to include them through compounded hydraulic-sediment variables
than to take them directly because of their small contribution to the variance of the data set.

Recently, regression-based AI models have become widely used in scour studies
because of their simple structure and their ability to find functional dependencies among
a large number of scour-related variables. However, AI-based models tend to overfit the
training dataset, and they are only appropriate for the range of variable values taken for
the training. To avoid the aforesaid issues, it is important to appropriately choose specific
environmental variables (flow regime, complex pier geometry, pier alignment, sediment
uniformity and grain sizes, bridge in the bend, etc.) and their value ranges in order to
filter the dataset adequately for AI-model training. If the data are too dispersed, the
development of a unique and universal scour equation remains an option. For many years,
researchers have been struggling to find a universal equation, which means finding an
envelope for a dispersed cloud of data that will predict scour oversafely, i.e., the so-called
conservative method.

To avoid overprediction, a best-fitting curve that passes through a cloud of datasets
while minimizing the sum of the squared distances should be created. However, it is
unlikely to develop such a curve with a machine learning algorithm trained to match the
data as closely as possible to a dispersed and scattered dataset. For example, Rathod and
Manekar [28] developed two GEP models: one based on a combination of field and labo-
ratory data and one based on laboratory data only. The GEP model, whose development
was based only on laboratory data, showed much better performance owing to smaller
variable ranges and, consequently, a less scattered dataset. Furthermore, comparisons
performed in this work (Figure 5) showed that the AL and RM models are superior to all
other scour models. Although the models utilize different techniques such as MNLR and
GEP, the deviation between them is quite small, and they have a high similarity in scour
prediction. This possibly stems from the same dataset used (PSDB-2014), indicating that
any prediction model’s performance highly depends on the data and less on the method
used for its development. The same can be said for the selection of influencing variables. In
the AL and RM models, only 4 and 5 variables, respectively, were introduced, while in this
study, 10 variables were considered for the development of the equation without improving
the performance of the model. Without the detection of environmental conditions and the
application of a specific filter, the data set will be too dispersed or too gathered, and neither
the complex curve of the AI technique nor the trivialized envelope curve of the regression
model will provide a more accurate prediction.
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However, it must be emphasized that the dimensional MNLR model Equation (17)
provided a low R2 value (R2 = 0.5) due to the presence of scatter in the dataset. Previous
equations that used the same PSDB-2014 dataset (AL and RM) performed better, as in-
dicated by higher R2 or lower RMSE values. The reason could be that they used almost
all field measurements without excluding multiple measurements for the same bridge.
Such a collection of data with similar measurements could lead to overfitting. However,
in this study, the independence of the measurements was maintained in the final set of
filtration criteria by retaining only one measurement for each bridge, which eventually led
to the exclusion of 46% from the original dataset. Another reason for the scatter is that the
filtered dataset contains only field data where the scour regime is unknown; it is difficult to
determine whether some measurements have reached an equilibrium or maximum state.

5. Conclusions

Most of the existing scour prediction equations available in the literature are derived
from laboratory data since flume experiments provide controlled hydraulic conditions and
straightforward data collection. On the other hand, the limited range of flow conditions in
the flume limits the wider application of derived scour equations, i.e., their application to
the prototype conditions. The USGS dataset PSDB-2014 provides a wide range of on-site
measured flow, sediment, and geometry variables related to scour; thus, this dataset was the
most representative source of scour data for large sand-bed rivers. The measured variables
from the dataset were expanded to include eight additional calculated variables commonly
used in scour prediction equations and consequently filtered to retain measurements taken
only for large sand-bed rivers. After filtering the original dataset, 98% of the remaining
measurements were within the clear-water scour conditions, even though the clear-water
criterion was not applied in the filter, which validates the reliability of the applied data filter.

Several influential variables were removed by using the PCA, as well as two commonly
used variables, θ and d50, as they showed low impact on the scour depth. Since the
measurement of θ is arbitrary and changes with flow severity, it should be used only
when it can be reliably estimated, which is not often the case. Since the pier length was
also eliminated by the PCA and taking into consideration the difficult approximation
of complex pier geometry with a single variable, this study selected bef as the only pier
geometry variable, combining the information of pier geometry and alignment with the
flow, if available. PCA has eliminated the characteristic sediment size as well, which
can be explained by focusing on sand-bed rivers where sand is uniform and therefore
has a significantly smaller range than other variables. To take into account riverbed
composition, compounded hydraulic-sediment variables (vc, Frc, and Frd) were retained,
and consequently, 10 influential variables were classified into four categories: pier geometry
(bef), hydraulic (y, v, τ, and Fr), sediment (τc, and Rep), hydraulic-sediment variables (vc,
Frc, and Frd), and compounded. Afterward, the variables from these categories were used
to determine the scour model variables.

The proposed dimensional MNLR model designed for scour estimation on the selected
data subset has a firm similarity with the two other models (AL and RM) developed
using the same PSDB-2014 dataset but with different filters or methods. The comparison
performed in this work indicates that the filtering method has a greater influence on the
model’s performance than the model type (MNLR or GEP). However, the MNLR model
developed in this study, Equation (17), yielded a low R2 value of 0.5 due to the scatter of
the dataset, which could be a consequence of excluding multiple measurements for the
same bridge locations. Since, at the time of the field measurement, it is not known whether
the equilibrium or maximum state has been reached, dispersion in the results is expected.

Furthermore, the selection of influential variables that can be reliably measured or
estimated is crucial when creating a database for scour estimation. Based on the Pearson
correlation coefficient, bef proved to be the most influential variable for estimating ds in
this study, and the second most influential variable is y, followed closely by vc, v, Frd, and
Frc. The remaining four variables (τ, τc, Fr, and Rep) exhibit a very weak correlation with
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scour depth, probably resulting from errors in the measurement of variables used for their
calculation. The fact that compounded hydraulic-sediment variables were highly influ-
ential for our dimensional model indicates that it is necessary to use sediment size when
filtering data to reduce the uncertainty associated with the acquisition of a representative
bed sample.
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Glossary
Symbol Unit Description
ds [m] scour depth
v [m/s] local approach flow velocity (upstream of the pier)
vc [m/s] critical velocity
y [m] approach water depth (upstream of the pier)
b [m] nominal pier width
l [m] pier length
bef [m] effective pier width normal to the flow
θ [◦] angle of attack
B [m] the channel width
S [1] stream slope
τ [Pa] local bed shear stress
τc [Pa] critical bed shear stress
Fr [1] Froude number
Frc [1] critical Froude number for incipient motion
Frd [1] densimetric Froude number
Rep [1] particle Reynolds number
RI [years] recurrence interval for measured flow rate
g [m/s2] gravitational acceleration
d50 [mm] sediment median grain size
d95 [mm] the size at which 95% of the sediment particles are smaller
σg [1] geometrical standard deviation of sediment (measure of non-uniformity)
ρrel [1] submerged relative mass density of sediment particles (ρrel = [(ρs − ρ)/ρ] − 1 = 1.65)
ρs [kg/m3] mass density of sediment particles (equal to 2650 kg/m3)
ρw [kg/m3] mass density of water (equal to 1000 kg/m3)
γs [N/m3] specific gravity of sediment (equal to 25,996.5 N/m3)
γw [N/m3] specific gravity of water (equal to 9810 N/m3)
K1 [1] the live-bed vs. clear-water correction factor
K2 [1] the pier shape correction factor
ν [m2/s] kinematic viscosity of fluid (ν = 1.6 × 10−6 m2/s)
Φ [◦] angle of repose for sediments
r [1] Pearson correlation coefficient
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17. Harasti, A.; Gilja, G.; Potočki, K.; Lacko, M. Scour at Bridge Piers Protected by the Riprap Sloping Structure: A Review. Water
2021, 13, 3606. [CrossRef]

18. Benedict, S.T.; Caldwell, A.W. Upper Bound of Pier Scour in Laboratory and Field Data. Transp. Res. Rec. 2016, 2588, 145–153.
[CrossRef]

19. Annad, M.; Lefkir, A. New Formula for Calculating Local Scour around Bridge Piers. Adv. Eng. Forum 2022, 45, 57–64. [CrossRef]
20. Gaudio, R.; Grimaldi, C.; Tafarojnoruz, A.; Calomino, F. Comparison of formulae for the prediction of scour depth at piers. In

Proceedings of the First European IAHR Congress, Edinburgh, UK, 4–6 May 2010; pp. 6–12.
21. Zhang, G.; Hsu, S.A.; Guo, T.; Zhao, X.; Augustine, A.D.; Zhang, L. Evaluation of Design Methods to Determine Scour Depths for

Bridge Structures; FHWA/LA.11/491; Louisiana State University: Baton Rouge, LA, USA; Federal Highway Administration:
Washington, DC, USA, 2013.

22. Dong, H.; Sun, Z.; Li, Z.; Chong, L.; Zhou, H. Artificial Intelligence for Predicting Local Scour Depth around Piers Based on
Dimensional Analysis. J. Coast. Res. 2020, 111, 21–25. [CrossRef]

23. Pandey, M.; Zakwan, M.; Sharma, P.K.; Ahmad, Z. Multiple linear regression and genetic algorithm approaches to predict
temporal scour depth near circular pier in non-cohesive sediment. ISH J. Hydraul. Eng. 2018, 26, 96–103. [CrossRef]

24. Rady, R.M.A.E.-H. Prediction of local scour around bridge piers: Artificial-intelligence-based modeling versus conventional
regression methods. Appl. Water Sci. 2020, 10, 57. [CrossRef]

25. Muzzammil, M.; Alama, J.; Danish, M. Scour Prediction at Bridge Piers in Cohesive Bed Using Gene Expression Programming.
Aquat. Procedia 2015, 4, 789–796. [CrossRef]

26. Benedict, S.T.; Caldwell, A.W. A Pier-Scour Database: 2427 Field and Laboratory Measurements of Pier Scour; Data Series 845; U.S.
Geological Survey: Reston, VA, USA, 2014; p. 32.

27. Benedict, S.T.; Knight, T.P. Use of Laboratory and Field Data to Evaluate the Pier Scour Equation from Hydraulic Engineering
Circular 18. Transp. Res. Rec. 2017, 2638, 113–121. [CrossRef]

28. Rathod, P.; Manekar, V.L. Gene expression programming to predict local scour using laboratory and field data. ISH J. Hydraul.
Eng. 2022, 28, 143–151. [CrossRef]

29. Pandey, M.; Oliveto, G.; Pu, J.H.; Sharma, P.K.; Ojha, C.S.P. Pier Scour Prediction in Non-Uniform Gravel Beds. Water 2020,
12, 1696. [CrossRef]

30. Ali, A.S.A.; Günal, M. Artificial Neural Network for Estimation of Local Scour Depth Around Bridge Piers. Arch. Hydro-Eng.
Environ. Mech. 2021, 68, 87–101. [CrossRef]

31. Shahriar, A.R.; Ortiz, A.C.; Montoya, B.M.; Gabr, M.A. Bridge Pier Scour: An overview of factors affecting the phenomenon and
comparative evaluation of selected models. Transp. Geotech. 2021, 28, 100549. [CrossRef]

32. Qi, M.; Li, J.; Chen, Q. Comparison of existing equations for local scour at bridge piers: Parameter influence and validation. Nat.
Hazards 2016, 82, 2089–2105. [CrossRef]

33. Guo, J.; Suaznabar, O.; Shan, H.; Shen, J. Pier Scour in Clear-Water Conditions with Non-Uniform Bed Materials; FHWA-HRT-12-022;
Federal Highway Administration: Washington, DC, USA, 2012; p. 62.

https://doi.org/10.1080/15732479.2015.1102295
https://doi.org/10.1080/15732479.2020.1867198
https://doi.org/10.1080/23789689.2019.1593003
https://doi.org/10.3390/w14172612
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001951
https://doi.org/10.5194/nhess-22-795-2022
https://doi.org/10.2749/101686612X13216060213437
https://doi.org/10.1680/wama.11.00020
https://doi.org/10.1016/j.engstruct.2014.09.009
https://doi.org/10.1061/(ASCE)0733-9429(2008)134:6(810)
https://doi.org/10.3390/w13243606
https://doi.org/10.3141/2588-16
https://doi.org/10.4028/p-9xgtbb
https://doi.org/10.2112/JCR-SI111-004.1
https://doi.org/10.1080/09715010.2018.1457455
https://doi.org/10.1007/s13201-020-1140-4
https://doi.org/10.1016/j.aqpro.2015.02.098
https://doi.org/10.3141/2638-13
https://doi.org/10.1080/09715010.2020.1846144
https://doi.org/10.3390/w12061696
https://doi.org/10.2478/heem-2021-0005
https://doi.org/10.1016/j.trgeo.2021.100549
https://doi.org/10.1007/s11069-016-2287-z


Appl. Sci. 2023, 13, 5365 19 of 19

34. Shields, A. Application of Similarity Principles and Turbulence Research to Bed-Load Movement; Hydrodynamics Laboratory:
Washington, DC, USA, 1936; p. 47.

35. Shahmohammadi, R.; Afzalimehr, H.; Sui, J. Assessment of Critical Shear Stress and Threshold Velocity in Shallow Flow with
Sand Particles. Water 2021, 13, 994. [CrossRef]

36. Julien, P.Y. Erosion and Sedimentation; Cambridge University Press: Cambridge, UK, 1995.
37. Azamathulla, H.M.; Ghani Aminuddin, A.; Zakaria Nor, A.; Guven, A. Genetic Programming to Predict Bridge Pier Scour.

J. Hydraul. Eng. 2010, 136, 165–169. [CrossRef]
38. Jain, S.C.; Fischer, E.E. Scour around Circular Bridge Piers at High Froude Numbers; FHWA-RD-79-104; Federal Highway Administra-

tion: Washington, DC, USA, 1979; p. 70.
39. Dey, S.; Raikar, R.V. Clear-Water Scour at Piers in Sand Beds with an Armor Layer of Gravels. J. Hydraul. Eng. 2007, 133, 703–711.

[CrossRef]
40. Benedict, S.T.; Knight, T.P. Benefits of Compiling and Analyzing Hydraulic-Design Data for Bridges. Transp. Res. Rec. 2021,

2675, 1073–1081. [CrossRef]
41. Garde, R.C.J.; Kothyari, U.C. Scour around bridge piers. PINSA 64 1998, 4, 569–580.
42. Subedi, A.S.; Sharma, S.; Islam, A.; Lamichhane, N. Quantification of the Effect of Bridge Pier Encasement on Headwater Elevation

Using HEC-RAS. Hydrology 2019, 6, 25. [CrossRef]
43. Harasti, A.; Gilja, G.; Adžaga, N.; Škreb, K.A. Principal Component Analysis in development of empirical scour formulae. In

Proceedings of the 7th IAHR Europe Congress, Athens, Greece, 7–9 September 2022; pp. 271–272.
44. Zwick, W.R.; Velicer, W.F. Comparison of five rules for determining the number of components to retain. Psychol. Bull. 1986,

99, 432–442. [CrossRef]
45. Breusers, H.N.C.; Raudkivi, A.J. Scouring, 1st ed.; Taylor and Francis Group: London, UK, 1991; p. 152.
46. Laursen, E.M. Scour at Bridge Crossings. J. Hydraul. Div. 1960, 86, 39–54. [CrossRef]
47. Kiraga, M.; Popek, Z. Bed Shear Stress Influence on Local Scour Geometry Properties in Various Flume Development Conditions.

Water 2019, 11, 2346. [CrossRef]
48. Parker, G. Transport of Gravel and Sediment Mixtures. In Sedimentation Engineering; Garcia, M., Ed.; American Society of Civil

Engineers: Reston, VA, USA, 2008; pp. 165–251.
49. Vonkeman, J.K.; Basson, G.R. Evaluation of empirical equations to predict bridge pier scour in a non-cohesive bed under

clear-water conditions. J. S. Afr. Inst. Civ. Eng. 2019, 61, 2–20. [CrossRef]
50. Hassan, W.H.; Jalal, H.K. Prediction of the depth of local scouring at a bridge pier using a gene expression programming method.

SN Appl. Sci. 2021, 3, 159. [CrossRef]
51. Melville, B.W. Local Scour at Bridge Sites; University of Auckland: Auckland, New Zealand, 1975; p. 227.
52. Melville, B.W.; Sutherland, A.J. Design Method for Local Scour at Bridge Piers. J. Hydraul. Eng. 1988, 114, 1210–1226. [CrossRef]
53. Richardson, E.V.; Davis, S.R. Evaluating Scour at Bridges, 4th ed.; FHWA NHI 01-001; Hydraulic Engineering Circular No. 18;

Federal Highway Administration: Washington, DC, USA, 2001; p. 378.
54. Török, G.T.; Józsa, J.; Baranya, S. A Shear Reynolds Number-Based Classification Method of the Nonuniform Bed Load Transport.

Water 2019, 11, 73. [CrossRef]
55. Oliveto, G.; Hager, W.H. Temporal Evolution of Clear-Water Pier and Abutment Scour. J. Hydraul. Eng. 2002, 128, 811–820.

[CrossRef]
56. Oliveto, G.; Hager, W.H. Further Results to Time-Dependent Local Scour at Bridge Elements. J. Hydraul. Eng. 2005, 131, 97–105.

[CrossRef]
57. Tan, S.M.; Lim, S.-Y.; Wei, M.; Cheng, N.-S. Application of Particle Densimetric Froude Number for Evaluating the Maximum

Culvert Scour Depth. J. Irrig. Drain. Eng. 2020, 146, 04020020. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/w13070994
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000133
https://doi.org/10.1061/(ASCE)0733-9429(2007)133:6(703)
https://doi.org/10.1177/03611981211023757
https://doi.org/10.3390/hydrology6010025
https://doi.org/10.1037/0033-2909.99.3.432
https://doi.org/10.1061/JYCEAJ.0000426
https://doi.org/10.3390/w11112346
https://doi.org/10.17159/2309-8775/2019/v61n2a1
https://doi.org/10.1007/s42452-020-04124-9
https://doi.org/10.1061/(ASCE)0733-9429(1988)114:10(1210)
https://doi.org/10.3390/w11010073
https://doi.org/10.1061/(ASCE)0733-9429(2002)128:9(811)
https://doi.org/10.1061/(ASCE)0733-9429(2005)131:2(97)
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001487

	Introduction 
	Methodology 
	Influencing Variables 
	Data Filtering 
	Variable Reduction 

	Results 
	MNLR—Multiple Nonlinear Regression 
	Comparison with Different Scour Models 
	Variable Sensitivity Analysis 

	Discussion 
	Conclusions 
	References

