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Abstract - Scour is classified as a very complex natural phenomenon that appears in front of piles and abutments of
bridges. Experimental methods in laboratories were developed in order to estimate the depth of the scour hole taking into
consideration different parameters such as hydraulic, geotechnical and structural parameters. These models are based on
experimental methods in laboratories and are affected by oversimplified setups, which lead to inaccurate results.
Engineering advanced methods such as the Computational Fluid Dynamics (CFD) are extensively used to solve complex
models in industrial and engineering applications. Among the wide range of known flow calculation codes, CFX, Fluent,
Numeca, Star-CD, Openfoam etc.. are mentioned. The objective of this paper is to treat the modelling methods and the
differences between them as well as the equations governing the flows and widely used in the Computational Fluid

Dynamics (CFD).
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1. Introduction

In 1967, Ohio Bridge collapsed when it was congested
with rush-hour traffic, resulting in the death of 46 people
[1]. Most recently, the I-35W Bridge across the
Mississippi River collapsed, causing 13 deaths and 145
injuries.[2] In the United States, during the period between
1989 and 2000, 503 of bridges collapsed causing much
material damage what drove researchers and engineers to
study the causes of the collapse of these bridges. [3] On
the night of 4 March 2001, the Hintze Ribeiro Bridge made
of steel and concrete collapsed in Portugal, killing 59
persons, among them three cars crossing the Douro river.
According to authorities, the collapse was due to
uncontrolled sand erosion, which affects the stability of the
bridge’s fondations. [4] Local scour is the removal of
materials around bridge foundations under the erosive
action of water which leads to their exposure and therefore
to the instability of the hydraulic structure.[5] Many
investigations were made by researchers in order to ensure
regular monitoring of scouring. On one hand, many
empirical equations are proposed in the literature [6,7] and
are based on experimental methods in laboratories thing
which makes their results unreliable. [8,9] On the other
hand, numerical models are used to simulate the turbulence
and estimate the impact of the Horseshoe Vortex among
the piers.[10] Local scour is caused by the apparition of the
Horseshoe Vortex at the base of hydraulic structures due to
the accumulation of water in the junction between the bed
and the pier [11] as shown in the figure 1 below. Local
scour around piers have been a subject of interest for many
researchers. Certainly, the physical model gives reliable

results except that the problem of scale limits it; in
addition, it is hard to keep Froud number (Fr) and
Reynolds number (Re) constant. [12]
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Fig. 1 Horseshoe vortex around circular pier

The depth and location of scour hole depends on on
erosion process and the transport of sediments that depend
on on materials types, the velocity of flow, and the shape
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of the pile.... The gathering of these parameters is difficult
to implement in a numerical simulation. Many models
have been used in the context of certain research, but they
are still unclear. The main objective of this paper is to
discover physical models and numerical ones and compare
between them.

2. Experimental Studies

Scour appears under different conditions, which make
s it hardly predictable and simulated. Before, the increase
of the power of computers and the development of
numerical methods the three-dimensional flow was
followed in laboratories.

2.1. Scour Downstream Dams

Many researchers studied local scour downstream
barrages. In this condition, scour is treated as a two-
dimensional scour as the variation of flow, and scour depth
in the third direction are neglected compared to the other
two directions.

(Balachandar et al., 2000)[13] studied scour under a
dam gate and found that scour occurs in two main phases.
The first one is characterized by the development of the
scour hole when the jet is directed towards the bed, and the
second is a refilling phase when the scour hole is already
filled by the materials eroded. The jet is directed towards
the free surface. Both phases rotated until equilibrium is
reached.

(Breusers, H (1965; 1967)) [14] suggested an
empirical equation Eq. (1) to calculate the scour depth as a
function of time after studying experimentally the scour
hole in a non-cohesive bed.

d = h (1)0.38

- (1)
where d, the maximum scour depth, h is the upstream
water depth, T is the time at which d; = h

(Chattarjee et al.; 1980; 1994) [15,16] measured the
scour hole in an erodible bed generated by a flooded jet
coming out from a sluice opening over an apron. An
empirical relation between the maximum scour depth and
time was also established. They also measured The flow
velocity of the submerged jet. The equilibrium is reached.

2.2. Scour Around Vertical Cylinders

Local scouring can occur as Clearwater scour or Live
bed scour: In effect, the first regime is produced when the
sediments are at rest, i.e. they do not move around the
structure, in the second regime, sediment transport occurs
from upstream to downstream of the pile. [58] The two
types of scour have been investigated by many scientists.
[18,19] Based on many experiences and field
measurements, (Melville et al.;2000;1997;1988) [20-22]
Made detailed studies in order to make this phenomenon
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more comprehensive, they conclude experimentally that
the generation of characterizes scour the Horseshoe vortex
in the scour hole after the appearance of the downward
flow in front of piles.

Van Rijn (2018) [23] made different experiences on
piers and used many equations to calculate the depth of
scour hole and conclude the differences between the main
used equations.

Whitehouse  (2004)[24] made experiences on
monopole and three different large marine foundations in
currents and waves then he studied the maximum scour
depth produced by waves and steady currents. He provided
good indications of the potential scour that can be
developed under current conditions and 'live bed' waves or
current regimes and confirmed that Foundations are
less sensitive to this natural phenomenon in areas where
waves dominate.

(Breusers el al., 1977) [25] analyzed field data and
laboratory experiments and found that maximum scour
depth depends on many parameters such as shape of the
pile, velocity of the flow, angle of attack and the depth of
the flow. As a conclusion, they estimate the scour
depth through these parameters.

(Oscar et al., 2008) [56] presented experiments aimed
at studying the characteristics of the development of scour
holes around a circular cylinder embedded in the sand. In
the experiment, the measurements of scour hole were taken
by a laser distance sensor (LDS) in different azimuthal
half-planes in order to study the spatiotemporal variation
of geometric properties of the developed scour hole. These
measurements show that the scour begins upstream and on
the sides of the cylinder then surrounds it and spreads to
the region behind it. The slopes of the developing scour
holes exhibited three regions with different slopes, which
were attributed to the action of the vortices.

Boujia (2019) [5] proposes a technique for continuous
monitoring of scour using sensor buried in two types of
soil: dry sand and a soft clayey soil. Some issues were
investigated: the effect of soil type, the effect of the
geometry and materiel of the sensor. The erosion of the
soil around the pile causes the variation of the height of the
rod, and consequently of its vibration frequency. By
correlating the vibratory response of the rod to its free
height, the scour depth around the pile can be determined.

(Sumer el al.; 1998; 2001) [27,28] studied scour
around group of vertical piles and a large vertical one. For
two or three piles, different configurations have been
studied. They conclude that scour depth is influenced by
the spacing between piers and the side-by-side
configuration increase the depth scour while the in-line
layout will decrease it.
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3. Comparative study of the different cfd

methods
3.1. Numerical Studies

In recent years and with the ever-increasing
capabilities of computer hardware and software, CFD
(Computational Fluid Dynamics)[17,40,44,54,55] has been
widely used to solve flow equations in industrial and
environmental applications. Significant progress has been
made recently in the use of numerical simulation to study
flow and scour around hydraulic structures. The
development of numerical models to predict sediment
transport is a challenge as simulations require more
computer resources. Numerical methods, and to cope with
this situation, have been developed, and in parallel, the
computer resources themselves have been multiplied.

The numerical modeling is essentially based on two
elements: A hydraulic module and a morphological
module. The first one is used to solve the Navier-Stokes
equations for the flow field, and the second one to deal
with the bed erosion and the sediment transport. The
sediment-laden flow is treated as a two-phase flow
including liquid phase and sediment phase or as a one-
phase flow in which water and sediments are modelled as a
mixture. Multiphase models are categorized into the Euler-
Euler type and the Euler Lagrange type. The Euler-
Lagrange model treats the sedimentary phase as
movements of a number of individual particles. This
approach succeeds in capturing individual dynamics and
collective natural sand grains. (Li et al., 2014) [29]
Developed a 3d Euler Lagrange Model to predict scour
around offshore structures. The model kept the physical
properties of each phase, and it represents the vortices of
the wake side of the cylinder. Many other models of the
Euler Lagrange type have been studied recently.[30,31].
The disadvantage of this approach is that it requires a large
number of particles, which in turn requires extensive
computing resources. The Euler Euler Approach describe
the fluid and sediment phases. It is usually very
complicated because it needs to solve the equations of
continuity and momentum for the two phases and also to
describe the turbulence characteristics for both fluid and
sediments as confirmed (Chen et al., 2011).[32] Many
models have been established to treat the nondiluate
transport of sediments in open channels.[33] (Li et al.,
2008) [34] developed a biphasic numerical model using a
one-equation turbulence closure in order to predict
sediment transport under oscillating laminar flow
conditions. Single-phase flow models are limited in the
particle motion side, fluid/particle and particle/particle
interactions are not taken into account and this at high
concentrations of sediments generally near the bed. In
these models, the interaction between dispersed phases and
continuous phases are neglected and advection-diffusion
model is solved in order to determine the volumetric
concentration of sediments. In the studies of (Liang el al.,
2005) [35] and (Roulund et al., 2005) [36] the advection-
diffusion model has been strongly applied to numerous
numerical studies of scour problems.
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3.2. The Turbulence Model

A turbulent flow is composed of "fluid threads"
which, instead of keeping their individuality by sliding
only on each other as in a laminar flow, exchange fluid
particles between them. The flow regime is characterized
by a dimensionless number called the Reynolds number
Re. There are three main areas of simulation: direct
numerical simulation (DNS), large-eddy simulation (LES)
and purely statistical modelling [37]. According to the
theory of Kolmogorov, the turbulent agitation is
composed of wvortex structures whose sizes are
continuously distributed over a range of length scales,
bounded by the geometry of the flow, and below by the
Kolmogorov scale, the seat of viscous dissipation.

3.2.1. DNS

Direct Numerical Simulation (DNS) consists in
solving explicitly all the scales of turbulence by solving
the Navier-Stokes equations numerically. The resulting
three-dimensional and unsteady field describes reliably
and accurately the turbulent agitation.[38] The DNS is
conceptually the most straightforward, and easiest
approach however the computational cost is incredibly
high because the resolution of the smallest dissipative
scale needs very fine computational meshes. Another
drawback of this approach is that the high fines of the
turbulence structure require the prescription of initial and
boundary data at an important level, which is not without
serious difficulties at times. In addition, DNS solves all
scales of turbulence, and its computational cost is
proportional to Re3. A series of direct numerical
simulations has been investigated by (Wissink et al.,
2008)[39] around a circular cylinder at Re from 3300 to
3900 and with the maximum number of meshes of about
5x108.

3.2.2. RANS

In realistic flows, an alternative is to be interested only
in the average quantities and thus to obtain the system of
equations verified by these quantities. To do this, it is
necessary to apply the mean operator on the instantaneous
equations by practicing the Reynolds decomposition on the
unknowns of the problem. The new equations obtained are
called averaged equations. The RANS simulations only
need to represent the gradients present in the mean field,
the rest being modeled. The main disadvantage of these
methods comes from the modeling of the turbulence. The
modeling is often based on simplifications which are only
true under certain assumptions. The flow field has been
studied around circular piers using the RANS approach by
many researchers, such as (Majumdar et al., 1989)[57]
(Nagata et al., 2005)[41] and (salaheldin et al., 2004).[42]

3.2.3. LES

Large Eddy Simulation consists in solving the
averaged Navier-Stokes equations. The contributions of
the largest scales of turbulence are computed and only the
smallest structures are modeled. Concerning the solved
equations, the solved quantities are filtered, and only the
structures larger than the characteristic size of the filter are
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solved. The effect of the smallest structures of the
turbulence appears through terms that require a modeling.

3.2.4. Statistical Approach

Models based on the statistical approach are the most
common. They are based on the classical Reynolds
decomposition into mean and fluctuating quantities.

3.2.5. DES

Detached Eddy Simulation is a combination between
RANS and LES that was proposed in 1997. According to
spalart (2009)[43], It is about using LES far from the
boundary layers and near the walls RANS; this hybrid
approach was introduced in order to reduce the
computational resource consumption of LES and DNS, the
RANS near the walls requires less mesh than LES or DNS,
knowing that the dominant quantity is the average one in
this area. This table represents the major differences
between the different numerical modelling methods.

Table 1. Major differences between Numerical Modeling Methods

DNS RANS LES
Dependence
of Reynolds Strong weak Medium
Number
Computing Very long Weak Medium
time
Mesh 106 107 1013

(Aghaee et al., 2010) [59] developed two numerical
models for simulation of the turbulent flow around circular
cylinders, the first one with the RANS approach and the
second with the LES. As a result, the RANS needs a few
grids for simulation, but it is still unable to show the
horseshoe vortex and the Lee wake vortices around the
bridge pier, unlike the LES method. Also, the shear stress
in the LES approach is more intensive and extensive than
in the RANS approach.

3.3. Governing Equations
The three-dimensional Navier-Stokes and continuity
equations can be written for LES and RANS as follows :

gui _

(2)

6xi

9%y
9 (a—]) +

Where x;= 1, 2, 3 denotes the stream-wise, span-wise
and vertical directions respectively, u; : time-averaged or
filtered velocity components in the mentioned directions,
P time averaged or filtered pressure, p the fluid density, 9
the kinematic viscosity of the fluid, and 7;; Reynolds shear
stresses or sub-grid shear stresses.
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—ulu] , u;: the fluctuating part of

. the Reynolds constraints

Where: : 7;; =
viscosity and —puju
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In order to estimate the Reynolds constraints, The fluent
computational code proposes the standard k — & model.
This model assumes that the turbulence regime is fully
established in the entire domain and that the effects of
molecular viscosity are negligible compared to those of the
turbulent viscosity. The turbulence field is thus introduced
in term of Kinetic energy k and its rate of dissipation ¢.
The equations governing k and & can be written as follows:

ok  ouik _ 0 (8 ok _

ot 0xj 0xj (O‘k 6XJ> tP—e (4)

Oe | duje _ 0 (9 Ot s_

at ' ox;  ox; (og axj) +Cre kP Coeie O
0ul au] du;

P= 0G5 (6)

Where: 9; is the eddy VISCOSIty and is defined as:
9, =C,— (7

(Aghaee et al., 2010) (45) prescribed the five
constants as: C, = 0.09, Cy, = 1.44, Cy, = 1.92, 0 = 1,
o.=1.3 and defined the Reynolds shears stress as :

§ = 19t (Bul 3U]) _ §k81]

0xj
3.4. Examples of Numerical Simulation of Local Scour
Some of the most important and frequently referenced
papers on numerical local scour simulation in recent years
are briefly summarized below :

(8)

(Richardson and Panchang, 1998) [45] simulated the
flow structures around a bridge pier with and without scour
using FLOW3D with the k-e RNG model. They found,
after comparison with an experimental model, that the 3D
hydrodynamic model simulates the complex flows around
the bridge piers well.

Brers (1999)[46] proposed a numerical simulation of
flow and scour at pipelines. He used a k-g turbulence
closure model to calculate the flow field.

(Thanh et al., 2014) [47] used a numerical model to
simulate the evolution of a scour hole developed around
the bridge pier using FSUM based on a finite-difference
method to solve the Reynolds averaged Navier-Stokes
equations (RANS) and the equations for sediment
concentration and bed morphology. They conclude after a
comparison of numerical results with experimental data
that the maximum scour depth appears at the two front
edges of the pier.

(Tseng et al., 2000) [48] used the Large Eddy
Simulations (LES) to conduct the numerical simulation of
flow around square and circular piers. They found
that the downward flow on the upstream face of the
abutments and bridge piers exists and benefits the
creation of the horseshoe.
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(Sumer et al., 2002)[49] used a finite volumic
hydrodynamic model in order to simulate the 3D flow
around a pile. They were able to capture all the steps of
scour process (the horseshoe vortex, the sediment
transport, the shape of the scour hole). They also calculate
the equilibrium scour depth and compare it with the
measures made in the laboratory.

(Roulund et al., 2005) [36] conducted a numerical and
experimental investigation of flow and scour around a
circular pile exposed to a steady current. The flow was
simulated using the hydrodynamic model EllipSys3D with
a k-o turbulence model, and the free surface effects were
neglected.

(Kamil and Othman, 2002) [50] developed a
numerical CFD model using FLUENT-CFD in order to
simulate the scour around cylindrical piers. Numerical
results have allowed calculating the variation of bed shear
stress and thus the variation of scour depth with time.

(Khosronejad et al., 2012) [51] carried out
experiments and numerical simulations to study clear
water scour around three bridge piers using the FSI-
CURVIB method with a k-w closure model. One of the
objectives of their study is to investigate the influence of
grid resolution on the ability to predict the phenomenon by
the model. The major finding is that the URANS model is
not able to predict the horseshoe vortex system and the
scour rate in the junction between the circular, square piers
and the bed, unlike the diamond shape pier.

(Abdelaziz el al., 2010) [52] used the flow-3D code to
simulated the flow field and developed a module for
sediment transport in open channels. They got good
agreement with experimental data, but the maximum scour
depth was underestimated, and the downstream slope was
over-estimated.

(Bouabdellah et al., 2018) [53] carried out a numerical
simulation using a Finite Volume Method (FVM) and
Detached Eddy Simulation (DES) as a turbulence model to
capture the horseshoe vortex in the junction between the
bed and the pier. It has been proven that the longitudinal
biconcave pier shape reduces the bed shear stress at the
junction between the pier and the bed by 10 % to 12 %.

4. Scour Protection System: Riprap

The principle of riprap protection is very simple:
scouring occurs because the grains of soil that make up the
bed is small enough to be carried away by flood currents.
Suppose a mat or mass of riprap is placed on the bed
around a pile. In that case, each one is heavy enough so
that the most violent currents cannot move them, the
materials of the bed removed from the action of the current
will not be carried away, and the bed will not be scoured in
the protected zone.

Experience proves that riprap, however heavy it may
be, is always displaced since the level reached by the
riprap against the shaft of a pile always drops with time

and must be maintained by recharging it. It is very
important to understand the mechanism of this
displacement. It is not the riprap on the surface of the pile
that is dragged away if it has been chosen wisely heavy
enough. The bed scours where the riprap stops, and the
riprap slides into the ditches thus dug. They move by what
the foot of their slope is ruined. The solution "riprap"
presents a great variety of types of profiles and structures;
however, the dimensioning always passes by definition
(calculation) of the mass (or diameter) of the constituent
materials (unitary block) and this, whatever the part of the
work concerned.

A simple rule for choosing the size of these ripraps is
to take blocks whose beginning of the movement appears
for the double value of the maximum speed that can be
used. The latter is usually calculated by taking the average
velocity Q/S (where Q is the water flow rate and S is time).
The ISBASH formula then gives the coefficient m from
the driving speed, and the riprap blocks are sized as

follows:
v

Zg(]/sy-]/)dso

m =

©)

With: V: the average admissible speed for the stability of
the riprap

g: acceleration of gravity
¥s: the density of the sediment

Y: density of the water
dso: average diameter of the riprap

The table below allows us to define the class of riprap used
for protection against scouring according to all parameters
defined above

Table 2. Characteristic velocities of riprap for an average density of

2.6 /m3
class of riprap (;:O 0,85 1 1,2 15
1600-1500 kg 1,28 | 538 | 634 | 76 9,5
400-1600 kg 0,84 | 436 | 513 | 6,16 | 77
100-400 kg 053 | 346 | 408 | 49 | 611
25-100 kg 0,33 | 2,73 | 3,22 | 3,86 | 4,82
5-25 kg 02 | 213 | 25 | 3,00 | 3,76
1-5kg 0,12 | 1,64 | 1,92 | 2,31 | 2,88
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5. Conclusion

The main objective of this paper is to make a
comparative study of different numerical models that have
been used and to cite their disadvantages and advantages.
In order to use one of these models to study, the scour
phenomenon and the maximum scour depth to provide
techniques to combat this problem. The basic knowledge is
that the DNS is very efficient to model turbulent flow, but
it requires much more computing resources and more time.
In LES, the contributions of the largest scales of
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turbulence are computed and only the smallest structures
are calculated. Concerning the solved equations, the solved
quantities are filtered quantities, only the structures larger
than the characteristic size of the filter are solved. The
RANS simulations only need to represent the gradients
present in the mean field, the rest being modelled. The
main disadvantage of these methods comes from the
modelling of the turbulence. The modelling is often based
on simplifications which are only true under certain
assumptions. The DES represent a combination between
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