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Abstract: Scouring is one of the most common potential causes of bridge pile foundation failure
with loss of life, economic and environmental impacts. Comprehensive studies on the numerical
simulation of local scour around pile groups are still limited. This paper presents a numerical
simulation using Flow-3D software to calculate the maximum sediment scour depth and investigate
the mechanism around the groups of three cylinders in a tandem arrangement. A validation using
the experimental study was carried out to confirm the reliability of the present numerical model.
By using the Van Rijn transport rate equation and RNG k-ε turbulence model, the results of time
evolution of scour depth and bed elevation contour show good agreement with the experimental
study. The numerical simulation of three cylinders in a tandem arrangement were conducted with
pile spacing ratios, G/D of 2 and 3. The local scour is affected by the horseshoe vortex from the
downflow driven by the downward pressure gradient and rotates in front of the pile and the high
bed shear stress, triggered by flow acceleration. The deepest maximum local scour depth is always
obtained by the front pile as a shield pile, followed by the piles behind. The trend of the maximum
local scour depth in a tandem arrangement is in accordance with the experimental studies and has
a better agreement than previous numerical studies with the same model setup. This means that the
numerical model used to simulate pile groups is accurate and capable of calculating the depth of
sediment scour.

Keywords: numerical model; local scour; pile foundations; tandem; Flow-3D

1. Introduction

Currently, the use of offshore pile foundations has become commonplace [1–3], es-
pecially for bridge construction due to its structural efficiency, low cost, and ease of
construction [4–6]. In bridge construction, pile foundations are used to transmit the load of
the superstructure and substructure to a lower level, which is a stronger soil layer in the soil
mass [7]. However, several issues, including the scour phenomenon, must be addressed to
ensure the safety and stability of the offshore pile foundation which will directly affect the
bridge structure [8–10].

Scouring on bridge foundations is a natural phenomenon that occurs because the
presence of pile foundations affects the flow pattern and increases turbulence around the
pile foundation [11–13]. The blocked current in front of the pile triggers the formation
of a horseshoe vortex which erodes and transports the bed particles, then begins to gen-
erate the scour [12–15]. Reported by Lagasse et al. [16], in the United States, there are
488,750 bridges spanning rivers with scour-related bridge failures, costing $30 million per
year. Furthermore, over the last 30 years, about 823 total bridge failures were identified and
about 60% were caused by hydraulic failure modes including scour in pile foundations [17].
One of the deadliest bridge collapse tragedies due to excessive scouring under bridge
pile foundations was the collapse of the Schoharie Creek Bridge, NY State Thruway on
5 April 1987 as shown in Figure 1a, which claimed five vehicles which fell into the river,
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and 10 occupants died [18]. In Taiwan, six lives were lost due to the collapse of one of the
most extremely scour-critical bridges, the Houfeng Bridge, on 14 September 2008 during
extreme weather conditions with strong winds and heavy rain [19]. This shows that scour
is one of the most common potential causes of bridge pile foundation failure which causes
loss of life, economic and environmental impacts. Therefore, monitoring and assessment
of the scour depth around bridge pile foundation is necessary during the design [20],
operation and maintenance of hydraulic structures [21].
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Figure 1. Collapses of bridge pile foundations: (a) Schoharie Creek Bridge [18]; (b) Houfeng
Bridge [19]. Copyright 1996–2021, American Society of Civil Engineers.

One way to avoid serious damage is to monitor local scour around the bridge pile
foundation [22] and to ensure the safety and stability of the structure, thereby preventing
the loss of life and financial loss. Monitoring means understanding the local scour process
or mechanism around the bridge pile foundation, including the factors that influence the
occurrence of scour. Most conventional monitoring methods that use depth measuring
instrumentation such as bridge mounted sonar, acoustic doppler current profilers (ADCP),
ground penetrating radar (GPR), fiber bragg grating (FBG) sensor, numbered bricks, sliding
magnetic collar (SMC), and steel rod are based on the installation and maintenance of
expensive underwater monitoring devices that can be destroyed during a flooding event,
when the risk of scour is highest [23–25]. Therefore, experimental and numerical methods
have been carried out for the study of scour around bridge pile foundations in recent
decades. Due to limited computational capacity in the early years, researchers studied
experimental methods of local scour around bridge pile foundations through laboratory in-
vestigations. However, laboratory results may vary depending on the laboratory conditions
and cannot be used directly to guide design practice due to laboratory study simplifications
and assumptions that may render the results inapplicable to field applications [26]. In
addition, experimental studies only produce limited data output whereas large numbers of
values obtained are required to obtain reasonable information.

At present, with the development of computer science, various fields including local
scour have been applied in artificial intelligence (AI) and numerical methods. Homaei &
Najafzadeh [10] studied the influence of different parameters including flow conditions,
initial movement status of bed sediment, and piles arrangement on the reliability of
the scour depth which resulted in several findings, e.g., marine structures should be
assessed for scour under short period wave loading, and provided a recommendation
to limit pile spacing to less than four times the pile diameter. Moreover, to increase
the reliability of the safe scour depth around the piles, a higher number of piles should
be considered in parallel with the flow rather than normal to the flow. Another study
by Najafzadeh & Oliveto [27] conducted an assessment of four well-known AI models
including Evolutionary Polynomial Regression (EPR), Gene-Expression Programming
(GEP), Multivariate Adaptive Regression Spline (MARS), and M5 Model Tree (M5MT) for
the prediction of local scour depth in pile groups which presents nonlinear equations when
fed by a large number of datasets and benefits from automated procedures for selection
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of input variables. From this study, it was found that the most influential parameter to
predict the scour depth at pile groups is the ratio U/Uc between the approach flow velocity,
U, and the flow velocity, Uc, at the beginning of the sediment movement with Total Sobol
Index (TSI) of 0.514, and the opposite trend of scour with a ratio m/n (TSI = 0.023), between
the number, m, of piles inline with the flow and that, n, of piles perpendicular to the flow.

The other method is numerical, which offers several advantages such as low cost and
low time consumption, high accuracy, and freedom from the modeling scale, making it an
effective method for the prediction of probable failures [12]. Flow simulations processed
with simulation software are similar in many ways to the setting up of experiments, where
Computational Fluid Dynamics (CFD) is always used to solve Navier-Stokes and continuity
equations for computational cells [23]. There are many types of CFD software that are able
to model sediment scour, one of which is Flow-3D. Flow-3D is a commercial CFD software
with a special hydraulic engineering applications module that solves fluid motion equations
and provides transient, three-dimensional solutions to multi-scale, multi-physical flow
problems using computational technologies [28]. Flow-3D, created by Flow Science Inc.,
has some advanced capabilities for numerically solving the Navier-Stokes equation for
free surface flow, known as the volume of fluid (VOF-method), and meshing complex
geometries, known as fractional area-volume obstacle representation (FAVOR method) [29].
Flow-3D provides the flexibility and utility for porous media flow, as well as easy setup for
complex structures [30]. Jalal & Hasan [31] argue that Flow-3D should be used to model
the scour processes around bridge pile foundations and has a good ability to analyze the
behavior of special liquids and gasses in solving problems of transients, free-surfaces,
and sediment transport. Therefore, Flow-3D software was chosen to model and simulate
sediment scour around the bridge pile foundation.

However, most of the studies only simulate and analyze the scour depth around
a single pile foundation. There are several studies tabulated in Table 1 related to numerical
simulation of local scour around bridge pile foundations which have been verified with
experimental results to examine the modeling setup and Table 2 for boundary conditions
using Flow-3D only provides limited information about scour behavior. In fact, pile groups,
as mostly used in offshore bridge pile foundations, also need to understand the scour
mechanism in order to comprehend their mutual influence effect between on local scour.
Only a few studies have looked at the numerical study of sediment scour around pile
groups, particularly with Flow-3D v11.2 software.

Table 1. Numerical model properties.

Properties
Numerical Research Wang et al. [32] Ghasemi [23] Zhang et al. [12] Omara & Tawfik [33] Jalal & Hasan [31] Nazari et al. [34]

Type of arrangements Single pile Single pile 3 piles, tandem Single pile Single pile Single pile
Channel dimension, L ×W × H (m) 2.7 × 0.8 × 1.0 1.0 × 0.4 × 0.3 19 × 8 × * 4.628 × 0.89 × * 1.12 × 0.46 × 0.28 5.1 × 0.405 × 1.2

Packed sediment thickness (m) * 0.12 0.12 0.2 0.127 0.2
Pile diameter, D (m) 0.03 0.03 1.5 0.089 0.0508 0.04
Pile spacing, S (m) * * 2 * * *
Water depth (m) 0.25 0.3 * * 0.15 0.2

Flow velocity, υ (m/s) 0.225 * 2 0.2927 0.25 0.56
Flow rate, Q (L/s) * 19 * * * 45
Turbulence model k-ε RNG k-ε RNG k-ε RNG k-ε RNG k-ε RNG k-ε

Critical shields number definition
Soulsby-

Whitehouse
eq.

*
Soulsby-

Whitehouse
eq.

Soulsby-Whitehouse eq.
Soulsby-

Whitehouse
eq.

Soulsby-
Whitehouse

eq.

Bed-load transport rate equation * * Meyer, Peter and
Müller eq. Van Rijn eq. Meyer, Peter and

Müller eq.
Meyer, Peter and

Müller eq.
Bed roughness/d50 ratio, Crough 2.5 * * 2.5 1.0 *

Sediment size, d50 (mm) 0.15 0.72 5, 10, and 20 1.8 0.385 0.72
Angle of repose, ϕ (degrees) * * 32 * 32 45
Critical shields number, θcr 0.048 0.031 0.048 0.05 0.05 *

Entrainment coefficient 0.018 * 0.018 0.005 0.018 0.018
Bed-load coefficient * * 8 0.053 12 8

Min. and max. cell size (m) 0.008 * * 0.003 and 0.025 0.005 and 0.01 0.006 and 0.01
Total amount of cells >42,000,000 20,000 * * 252,000 1,100,000

Max scour depth for present model (m) 0.055 0.034 0.74 0.0397 0.036 0.042
Max scour depth for experimental (m) 0.043 * 0.79 0.04 0.04 0.041

Experimental studies Wang et al. [32] Heidarpour
et al. [35]

Gengsheng Wei
et al. [36]

Ahmed & Rajaratnam
[37] B W Melville [38] Balouchi &

Chamani [39]

* data not available.
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Table 2. Boundary conditions.

Boundary conditions

Numerical Research
Wang et al. [32] Ghasemi [23] Zhang et al. [12] Omara & Tawfik

[33]
Jalal & Hasan

[31] Nazari et al. [34]

X Min Left boundary Specified velocity Volume flow rate Specified velocity Specified velocity Specified velocity Volume flow rate
X Max Right boundary Outflow Outflow Outflow Outflow Outflow Outflow
Y Min Front boundary Symmetry Wall Symmetry Symmetry Symmetry Wall
Y Max Back boundary Symmetry Wall Symmetry Symmetry Symmetry Wall
Z Min Bottom boundary Wall Wall Wall Wall Wall Wall
Z Max Top boundary Symmetry Symmetry Specified pressure Specified pressure Symmetry Symmetry

In this study, a numerical simulation of three cylindrical piles with a tandem arrange-
ment will be presented to calculate the sediment scour depth and analyze the mechanism.
As a common pile group configuration, a tandem arrangement parallel to the direction of
the water flow is recommended for design in terms of maximum scour, rather than piles
arranged crosswise with flow [12,40], due to the shielding effect of the front pile upstream
to downstream of the rear pile, which results in a smaller horseshoe vortex which then
eventually generates minimum scour depth [41,42]. Mostafa [43] mentioned the advan-
tages of the structural design aspects of the tandem pile group arrangement in supporting
marine structures such as higher ultimate lateral capacity and lower displacement and
bending moments compared to pile groups with side-by-side arrangement. Three piles
were used in this numerical simulation because their composition consists of front, middle,
and rear piles which will provide more information about the scour mechanism around
the pile group compared to two tandem piles in a group. Due to limited numerical studies
of scour around three piles in a tandem arrangement, this study is necessary.

Wang et al. [32] performed a numerical study of sediment scour depth of two piles
in a tandem arrangement. The channel size of 2.7 m × 0.8 m × 1 m (L × W × H) with
0.03 m pile diameter and pile spacing of 2D was built using Flow-3D software. As for
sediment properties, fine sand with an average grain size (d50) of 0.15 mm has a bulk density
of 1990 kg/m3. The depth and velocity of the water were set to 0.25 m and 0.225 m/s,
respectively. Uniform mesh of 0.008 m was generated in this study with a total of more
than forty-two million cells. Due to its compromised model accuracy and the requirement
for simulation power, k-ε turbulence model was chosen which can achieve reasonably high
resolution with low CPU time requirement. The boundary conditions applied are the same
as for the single pile study in Table 2. After running for 180 min, the maximum local scour
depths around the front and rear piles were 0.058 m and 0.043 m.

Zhang et al. [12] modeled sediment scour around three cylindrical piles in a tandem
arrangement with different spacing ratios, G/D of 2, 3, and 4 for pile diameters of 1.5 m us-
ing Flow-3D software. The geometry size of the channel is 40 m× 18 m× 7 m (L ×W × H)
with water depth of 3 m and velocity of 2 m/s. There are two types of sediment particle
used including fine gravel and medium gravel with a size of 5 mm and 10 mm. RNG k-ε
and Meyer, Peter and Müller eq. were used as turbulence model and bed-load transport
rate equation, which are the same as the parameters used in the model verification of
Gengsheng Wei et al. [36], as well as the applied boundary conditions. The minimum
grid size of 0.1 m for x and y directions was applied around the piles, and 0.05 m for z
direction in sediment and water layers. After running for 500 s, for G/D = 2, the maximum
scour depth of the front, middle, and rear piles were around 0.59 m, 0.17 m, and 0.23 m
respectively. For G/D = 3, the maximum scour depth were 0.61 m, 0.23 m, and 0.29 m, and
for G/D = 4, the maximum scour depths were 0.53 m, 0.28 m, and 0.35 m.

Hassan et al. [44] simulated a numerical model of scour using Flow-3D software
consisting of 2 cylindrical piles with a diameter of 0.055 m arranged in tandem. The
spacing of the piles used varies from 2 to 10 times the pile diameter. The length of the
domain was set at 52D with a fixed bed at the inlet to prevent upward movement at the
beginning of the simulation. Uniform sand (d50) of 0.85 mm was placed as bed sediment
with a thickness of 0.15 m. The minimum and maximum cell sizes used in this numerical
study were 0.003 m and 0.025 m. The boundary conditions applied are similar to the
previous study by Zhang et al. [12], the only difference being the wall boundary conditions
on the front and back sides. However, this study does not clearly explain the maximum
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sediment scour depth generated for the front and rear piles. After running for 5 min for
the flow of V/Vc = 0.91, Hassan et al. [44] reported that the scouring depth recorded at the
rear pier was the smallest in all simulations.

Based on the literature review of previous related studies on numerical simulation of
local scour around pile groups in tandem arrangement using the Flow-3D software above,
all studies agree that the maximum scour depth generated by the front pile is always deeper
than that of the rear pile. However, the scour depth around the three piles in a tandem
arrangement by Zhang et al. [12] consisting of the front, middle, and rear piles showed an
interesting trend, i.e., the scour depth around the middle pile is the smallest due to the
shadow effects of the front pile, and flows to the lateral side of the front pile, leading to
a lower flow velocity around the middle, then accelerating in the rear pile.

In this study, a verification model was developed to ensure applicability and accuracy
by comparing the depth of sediment scour generated by the numerical model and the
experimental model. Furthermore, this model will be used to simulate the scour depth
around three cylindrical piles in a tandem arrangement and analyze the scour mechanism
around the piles. In addition, the trend of the scour depth in this numerical result will
be compared with the results of an experimental study of scour depth with a tandem
arrangement as a re-verification.

2. Numerical Method

As the software used in this study, the Flow-3D v11.2 CFD package developed by Flow
Science Inc. uses two methods to estimate the location of the free surface and obstacles:
VOF and FAVOR. Since the free surface is one of the external boundaries of the liquid,
a precise representation of the free-surface dynamics requires a good characterization of
the boundary conditions at the free surface. Therefore, the VOF method is used to track the
liquid/gas interface [45] which defines the fluid volume function, the method of solving the
VOF transport equation, and determination of the boundary conditions at free surfaces, the
three main components of Flow-3D. Secondly, the FAVOR method is a formula for defining
general geometric area in a rectangular grid. This method models a complex geometric
region with area and volume porosity functions and describes the obstacle surface in the
mesh cell [28].

2.1. Governing Equations

In the Flow-3D software, the RANS (Reynolds-Averaged Navier-Stokes) equation
is used as the equation governing the motion of an incompressible viscous fluid around
a bridge pile foundation which describes the three-dimensional motion of viscous fluid
substances. The motion equations for fluid velocity sections (u, v, and w) with some
additional terms in the three x-, y-, and z-coordinates are as follows:

∂u
∂t +

1
VF

(
uAx

∂u
∂x + vAy

∂u
∂y + wAz

∂u
∂z

)
= − 1

ρ
∂p
∂x + Gx + fx

∂v
∂t +

1
VF

(
uAx

∂v
∂x + vAy

∂v
∂y + wAz

∂v
∂z

)
= − 1

ρ
∂p
∂y + Gy + fy

∂w
∂t + 1

VF

(
uAx

∂w
∂x + vAy

∂w
∂y + wAz

∂w
∂z

)
= − 1

ρ
∂p
∂z + Gz + fz

(1)

where VF is volume fraction, Ai is area fraction, ρ is fluid density, p is average hydrody-
namic pressure, and Gi and fi are body acceleration and viscous acceleration.

2.2. Turbulence Model

Turbulence is a chaotic and unstable fluid motion caused by a lack of stabilizing force
which consists of high-frequency oscillations and the development of several types of
eddies with varying energies [28]. This is mainly determined by the Reynolds number.
The natural instability that occurs in the flow at high Reynolds numbers does not reduce,
resulting in the formation of eddies of different length scales. There are six turbulent flow
models offered in Flow-3D software: the Prandtl mixing length model, the one-equation
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model, the two-equation (k-ε) model, renormalized group (RNG) model, two-equation
(k-ω) model and the large eddy simulation (LES) model.

An assessment of turbulence models for modeling sediment scour around bridge pile
foundations using Flow-3D software is provided by several studies which are summarized
in Table 1, resulting in RNG k-ε as the most widely used turbulence model. In this study,
the RNG k-ε turbulence model was chosen because of its accuracy in describing low-
intensity turbulent flow which has a stronger shear region with greater precision, and
can significantly reduce computation time compared to the Large Eddy Simulation (LES)
model, which requires a very fine mesh [12,33]. The RNG k-ε turbulence model [46,47]
applied statistical methods to the derivation of the averaged equations for turbulence
quantities, such as turbulent kinetic energy and its dissipation rate. This model, which
has a wider applicability than the k-ε model, uses equations similar to the k-ε model, in
which the equation constants are derived explicitly in the RNG k-ε turbulence model. The
governing equations of the RNG k-ε turbulence model are as follows:

∂kT
∂t

+
1

VF

{
uAx

∂kT
∂x

+ vAy
∂kT
∂y

+ wAz
∂kT
∂z

}
= PT + GT + Di f fkT − εT (2)

∂kT
∂t + 1

VF

{
uAx

∂kT
∂x + vAy

∂kT
∂y + wAz

∂kT
∂z

}
= CDIS1 · εT

kT
(PT + CDIS3 · GT)

+Di f fε − CDIS2 ε2
T

kT

(3)

where kT is the specific kinetic energy associated with turbulent velocity fluctuations in the
flow (turbulent kinetic energy), VF, Ax, Ay, and Az are the FAVOR functions of Flow-3D,
and PT and GT are the turbulent kinetic energy production and turbulent buoyancy pro-
duction. Di f fkT and Di f fε are the diffusion terms of turbulent kinetic energy and diffusion
of dissipation, and εT is the rate of turbulent energy dissipation. CDIS1, CDIS2, and
CDIS3 are all dimensionless user-adjustable parameters, and have defaults of 1.44, 1.92 and
0.2, respectively.

2.3. Sediment Transport Model

The sediment scour model assumes many species of non-cohesive sediment with
varying properties, such as grain size, mass density, critical shear stress, angle of repose,
and entrainment and transport parameters [12,31]. Sediment scour models predict the
behavior of packed and suspended sediments, including sediment advection, erosion,
settlement, and deposition [28] around bridge pile foundations in the three-dimensional
flow capabilities of Flow-3D [48].

According to Hyperinfo Corp. [49], the sediment scour consists of five sediment
transport mechanisms that can express all sediment transport processes. In the first stage
called drift, the sediment will settle due to gravity. Then, it will move with the current
flowing at a certain height above the packed bed. After that there will be scour where the
sediment is trapped in the water flow and moves or settles with it. In the fourth stage
called bed-load transport, in reaction to the shear stress of the fluid flow, the sediment
rolls and slides along the packed bed surface. Lastly, the deposition if suspended grains
on the sediment bed, known as deposits, will settle and solidify due to gravity, buoyancy,
and friction. Several important parameters used to determine the sediment scour model
include critical shields number definition, bed-load transport rate equation, maximum
packing fraction, bed shear stress, and some parameters of sediment characteristics.

2.3.1. Critical Shields Number

Critical shields parameter θcr,i correlates with the minimum or critical bed shear stress
τcr required to remove sediment particles from the packed bed interface [48]. Sediment
erosion can occur depending on the size of the sediment, its density, and body forces acting
on it [28].
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θcr,i =
τcr,i

gdi

(
ρi − ρ f

) (4)

where g is gravity in absolute value, di is sediment grain size, and ρi and ρf are mass density
of sediment grain and fluid density.

In the Flow-3D software, the critical shields number θcr,i can be defined as the pre-
scribed value and calculated value using the Soulsby-Whitehouse equation. The prescribed
value means that the critical shields number is calculated by Flow-3D itself, then the other
is determined using the equation of Soulsby-Whitehouse below [50].

θcr,i =
0.3

1 + 1.2d∗,i
+ 0.055 [1− exp (−0.02d∗,i)] (5)

d∗,i = di

[
g(si − 1)

v f

]3

(6)

where d∗,i is the dimensionless grain size with si = ρi/ρf and v f is the fluid kinematic
viscosity. The critical shields number θcr,i can be specified with a default value of 0.05 [36].

2.3.2. Bed-Load Transport

Bed-load transport Φi is defined as the mode of sediment transport by rolling or
bouncing across the packed sediment bed surface. Three formulas for the volumetric
sediment transport rate per bed width are known in Flow-3D software, including:

Meyer, Peter and Müller equation [51]

Φi = βMPM,i
(
θi − θ′cr,i

)1.5cb,i (7)

where βMPM,i is the bed-load coefficient which has a value for low transport from 5.0 to
5.7, intermediate transport is 8.0, and very high transport is up to 13.0.

Nielsen equation [52]

Φi = βNie,i θi
0.5(θi − θ′cr,i

)
cb,i (8)

where βNie,i is the bed-load coefficient which has a default value of 12.0.
Van Rijn equation [53]

Φi = βVR,i d∗,i−0.3
(

θi
θ′cr,i

− 1.0
)2.1

cb,i (9)

where βVR,i is the bed-load coefficient which has a default value of 0.053. Then cb,i for all
equations is the volume fraction of species i in the bed material.

In order to obtain the closest results in the numerical simulation of local scour around
the bridge pile foundation, Omara et al. [54] modeled the bed-load transport parameters of
sediment scour by comparing three equations, resulting in the Van Rijn equation model
with results rather close to those obtained by Ahmed & Rajaratnam’s [37] experimental
study. Therefore, the Van Rijn equation model is applied in this numerical study.

2.3.3. Maximum Packing Fraction

The maximum packing fraction is the fraction which is the volume of all sediment
species/open volume in the cell, where the cell is ‘packed’ and the drag function in the
cell goes to infinity (no flow). This is equivalent to (1—porosity) with the highest packing
fraction set to 0.64 by default, as shown analytically for uniformly randomly packed
spheres. The maximum packing fraction is 0.55 to 0.7 since the sand has a porosity of
0.3 to 0.45.
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2.3.4. Bed Shear Stress

The shear stress applied to the packed bed’s surface by fluid is calculated using the
standard wall function for 3D turbulence flow, considering the roughness of the wall. Crough
is the user-definable coefficient obtained by the ratio of Nikuradse roughness ks to the
median grain diameter in packed sediment d50 which has a recommended value of 2.5 [36].

2.3.5. Sediment Characteristics

Some parameters of sediment characteristics use for modeling sediment scour in the
Flow-3D software, such as type of sediment, sediment diameter size, mass density, critical
shields number, entrainment coefficient, bedload coefficient, and angle of repose (degree)
must be determined by the user depending on the actual conditions in the field. The
entrainment coefficient is needed to compute the lifting velocity, or the velocity at which
the grains leave the packed bed, as well as to scale the scour rate which has a default value
of 0.018 [36]. However, Omara et al. [54] found that 0.005 gave good results for numerical
study of local scour around bridge pile foundations. Then, the angle of repose parameter is
used to change the local critical shields value for a slope effect that represents the greatest
slope angle of the bed before grains start to slide on their own, which is usually between 30
and 40 degrees with a default value of 32 degrees [36].

2.4. Meshing

As one of the important factors in modeling sediment scour to obtain accurate results,
finer mesh cell size is needed to obtain better results. Mesh can be described as a grid block
covering a range of geometric figures and fluid flow [49]. In Flow-3D, orthogonal meshes
are specified in cartesian or cylindrical coordinates. This software uses the FAVOR method
to smooth block fractional sections of grid cell faces and volumes, in order to eliminate
the stairstep effect that can occur with a simple cartesian grid system [28]. To be effective,
the mesh cell size must be checked for adequacy by clicking the FAVOR before running
the simulation.

There are several requirements for the maximum cell size ratio in the meshing setup
by [49] including that the aspect ratio (x:y:z) for individual cells does not exceed 3:1 in any
two directions. For neighboring cells, the adjacent ratio (x:x, y:y, or z:z) must not exceed
1.25 in the same direction. The mesh setup between each block (nested or linked) should
not exceed 2:1, while the best result can be generated by cells with a cell size ratio of 1:1.

2.5. Boundary Conditions

The geometry-based boundary conditions are addressed by the choice of component
type or by other component-specific properties that are related to a specific physical
model/equation as in several assessments of boundary conditions for modeling sediment
scour from different studies, given in Table 2. In this study, the boundary conditions
applied to the numerical model are shown in Figure 2.
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is applied at the top boundary to determine the pressure at the boundary which will follow
the hydrostatic distribution if the fluid elevation is also defined, while the wall boundary
conditions are applied to other boundaries which include the front side, back side, and the
bottom boundary conditions in order to apply the no-slip and zero-velocity condition at
the boundary.

3. Verification of the Present Model

To confirm the reliability of the present numerical model, a validation using the exper-
imental study was carried out. The maximum sediment scour depth from the experimental
results obtained by Khosronejad et al. [55] was used as a verification and then compared
with the numerical results obtained using Flow-3D software. The numerical model was
setup in the same way as the experimental study, representing actual field conditions, and
then run until an equilibrium scour depth was reached.

3.1. Experimental Setup

The experiment was started under clear-water scour conditions with flat-bed elevation
and continued until it reached an equilibrium depth. A high-definition digital camera
was installed to observe the time evolution of scour, and was used to determine the final
equilibrium scour depth [55]. This situation is thought to be obtained when the scour depth
increases at a rate of less than 5% of the pile diameter over a 12-h period [56].

The dimensions of the channel were setup as 10 m long, 1.21 m wide and 4.5 m high
with a pile diameter D of 0.1651 m which is located 4 m downstream of the inlet. The
sediment particles have an average diameter d50 of 0.00085 m at a depth of 0.2 m. The
experiment was carried out at a bulk inflow velocity of 0.25 m/s, which corresponds to
a uniform flow depth of 0.186 m, a Reynolds number Re = 46,000 and a Froude number
Fr = 0.18 for approximately 50 min until the equilibrium depth was reached. The maximum
scour depth measured was about 0.076 m occurring at an angle of 45◦ from the upstream
horizontal plane.

3.2. Numerical Setup

The numerical setup including geometry and other related parameters were modeled
in the same way as the experiment conducted by Khosronejad et al. [55] to verify the
applicability and accuracy of this numerical model by using Flow-3D software. The
simulation time is set to 50 min or equal to 3000 s and uses the International System of
Units (SI) as the simulation unit. Some of the important factors that must be considered in
the numerical setup include sediment scour and turbulence, geometry, and meshing.

3.2.1. Sediment Scour and Turbulence

Several parameters are used to determine sediment for the validation model in this
numerical study using Flow-3D software such as the critical shields number defined by
Soulsby-Whitehouse equation, while the bed load transport rate equation uses the Van Rijn
equation. The maximum packing fraction and bed roughness/d50 ratio are 0.64 and 2.5
for fine sand sediment with an average particle size diameter d50 of 0.00085 m which has
a density of 1602 kg/m3, while the critical shields number, entrainment coefficient, bed
load coefficient, and angle of repose are 0.05, 0.005, 0.053, and 32◦, respectively.

Some of the parameters used such as maximum packing fraction, critical shields
number, and angle of repose are based on the default values of the Flow-3D software.
However, other parameters follow the recommendation of previous studies which proved
to give the best results for sediment scour. For the validation model, the RNG k-ε turbulence
model was used in this study because of its good performance in modeling sediment scour
and its accuracy in describing low-intensity turbulence flows that have stronger shear
regions with higher precision.
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3.2.2. Geometry and Meshing

The geometry model including the dimensions of the channel bed and pile was setup
in the same way as the experiment, with the same type of solid component for the pile and
the same type of packed sediment for the channel bed. However, there is one more solid
component that must be modeled at the outer side as the inlet before the fluid flow directly
enters the channel bed to prevent the upward movement of sediment at the beginning of
the simulation. The hydrodynamic entry length Lh in turbulent flow for an open channel
with a rectangular cross sections is calculated using the equation of Cengel & Cimbala [57],
yielding an entrance length of 6 m.

Dh =
4ab

2a + b
, Lh turbulent = 10 Dh (10)

where Dh is hydraulic diameter, and a and b are water depth and channel width.
The geometry size of this numerical model in the validation stage exactly matches the

experimental setup with the addition of a solid component to achieve a fully developed
flow velocity which has an entry length Lh of 6 m. For the meshing setup, several grid tests
were performed to check the sensitivity of the mesh modeled in this numerical study. In
addition, two mesh planes in the x and y directions with finer resolution were applied to
increase the accuracy of the model around the pile. The total number of 400,000 cells formed
by 400 × 50 × 20 cells in x, y, and z directions have met the requirements as described in
Table 3, assessed using the FAVOR option which produces a good solid geometry shape
and surface model, showing that the number of cells is sufficient.

Table 3. Mesh information.

Mesh Directions Number of Cells Minimum Cell
Size

Maximum Cell
Size

Maximum Adjacent
Ratio

Maximum Aspect
Ratios

x 400 0.00769 0.08443 1.08046 2.92517
y 50 0.01667 0.05091 1.20545 1.00000
z 20 0.0225 0.0225 1 1.65846

3.3. Validation Result

Simulation was run on a 64-bit PC with eight processors using the Flow-3D solver
version 11.2.0.16. The computational time required to calculate 50 min of physical time
is approximately 2 days and 17 h. In this study, scour depth is the parameter used to
verify the numerical model’s applicability and accuracy. Figure 3 shows that the present
numerical result and the previous experimental result [55] are similar in terms of the time
evolution of scour depth around a single pile. It is apparent that the current result and the
experimental result are in good conformity.

The local scour depth obtained from the experimental study increased significantly
during the first 20 min, then gradually decreased until it reached equilibrium at 0.0742 m
after approximately 50 min. However, the local scour depth obtained from this model
increased slightly more than the experimental result in the first 16 min before decreasing,
with a smaller scour depth than the experimental result until the end of the simulation
at 0.0721 m. The maximum scour depths obtained for both experimental and numerical
studies were 0.0762 m and 0.0725 m respectively at the same time after running for about
38 min. At the equilibrium stage, Figure 4 shows the present and experimental results in
terms of bed elevation contours for local scour around a single pile with various colors
representing the depth of scour and deposition.
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4. Numerical Simulation of Three Cylinders

In this study, numerical simulations of three cylinders were carried out in a tandem
arrangement to calculate the scour depth and analyze its mechanism using Flow-3D soft-
ware. The numerical setup of the previous validation model was applied to the geometric
model of Zhang et al. [12] to give the same perception and used pile spacing ratios, G/D 2
and 3, as a comparison. Simulation time was set to 500 s and used the International System
of Units (SI) as a simulation unit.
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4.1. Sediment Scour and Turbulence

The sediment scour setup in the validation model is applied in this numerical study.
However, other parameters such as sediment type, mean particle diameter d50, sand density,
and angle of repose are described in Table 4 below.

Table 4. Sediment properties.

Sediment Type Mean Particle Diameter, d50
(m)

Density
(kg/m3)

Angle of Repose
(Degrees)

Fine gravel 0.005 1922 35
Medium gravel 0.01 1682 36

As in the validation stage, the RNG k-ε was used in this study because of its good
performance and accuracy in modeling sediment scour with high precision of the validation
results in the previous simulation.

4.2. Geometry and Meshing

The geometry sizes for single and three cylinders with tandem arrangement in this
numerical study are adopted from Zhang et al. [12] with channel dimensions of 40 m ×
18 m × 7 m (L ×W × H), while the entry length is calculated using the equation of Cengel
and Cimbala [57], resulting in a length of 90 m. Cylindrical piles with a diameter of 1.5 m
are placed 21 m downstream of the inlet on a 3 m deep sediment bed.

As the most important factor for modeling numerical simulation, the mesh should be
structured with a finer cell size around the pile by two mesh planes in x and y directions to
achieve good accuracy for scouring, then increasing to the edge of the channel. However,
the efficiency of the simulation time also needs to be considered because of the large
number of cells, especially for the pile groups. The minimum and maximum cell sizes are
0.12 m and 0.6 m, respectively, in this numerical model of single and tandem arrangements,
with details tabulated in Table 5.

Table 5. Meshing setup.

Mesh Plane Pile Config. Mesh
Direction

Number of
Cells

Cell Size
Max. Adjacent Ratio Max. Aspect Ratio

Min Max
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As seen in Table 5, both the maximum adjacent ratio and aspect ratio meet the require-
ments of not exceeding 1.25 and 3.

4.3. Boundary Conditions

The boundary conditions for all numerical models in this study were set to be the
same as the validation model in the previous simulation. A specified velocity of 2 m/s
with 3 m water depth is defined as the inlet and the outflow as the outlet. Wall boundary
conditions are used for both left and right sides as well as the bottom of the channel, while
the top free surface uses the specified pressure boundary condition.
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4.4. Numerical Results and Discussion

The local scour mechanism around a single pile can be easily understood by observing
the fluid flow motion as shown in Figure 5. Water flows from the inlet at fully developed
velocity until it is obstructed by a solid cylindrical pile at x equal to 21 m then changes
the direction of the flow to a vertical downward plane, which is called downflow. At that
moment the flow velocity approaches zero at the upstream face of the cylinder, and the
stagnation pressure also decreases since the approached flow velocity drops from the free
surface to zero at the bed. The downflow driven by the downward pressure gradient
causes the horseshoe vortex to rotate in front of the pile generating scour. In addition, the
high bed shear stress triggered by flow acceleration is the main factor causing local scour
around the pile, because when the bed shear stress exceeds the critical value, the sediment
particles located at the top of the packed bed can be removed and taken into suspension.
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Figure 5. Streamline around single pile.

Aside from downflow, the stagnation pressure accelerates flow through the cylinder
in a sideways’ direction. The flow splits along the side of the cylinder, forming a wake
downstream behind the pile. A discontinuity in the velocity profile from flow to wake
causes the formation of concentrated vortices at the interface, known as cast-off vortices.
These vortices interfere with the horseshoe vortex near the bed, causing the trailing regions
of the horseshoe to fluctuate during vortex shedding. With a vertical low-pressure center,
the cast-off vortices function like a mini-tornado, lifting sediment from the bed, resulting
in sediment deposition [58].

The numerical results of the scour depth around a single pile are illustrated in Figure 6
where the maximum scour depth at t = 500 s is 0.79 m which occurs at an angle of approxi-
mately 45◦ from the flow direction. The local scour depth obtained increases significantly
up to t = 340 s, then gradually decreases until the end of the simulation.
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at t = 500 s. At the beginning of the simulation, after hitting the front pile, the current tends
to slow down and flow sideways towards the rear pile due to the acceleration, resulting in
a maximum scour depth that is deeper than the middle pile as shown by the line graph in
Figure 8. However, approximately at t = 240 s the maximum scour depth for the middle
pile increases slightly deeper than the rear pile until the end of the simulation. In this
simulation, the maximum local scour depths generated from the front are 0.84 m, 0.42 m,
0.35 m, respectively, where the piles behind are smaller due to the sheltering effect of
the pile in front, so that maximum local scour is always generated by the front pile in
a tandem arrangement.
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Figure 8. Sediment scour depth around three piles in a tandem arrangement (G/D = 2).

Furthermore, the sediment scour mechanism around the three piles in tandem with the
spacing ratio of 3 from the first simulation starts until t = 140 s seconds, and the local scour
produced by the rear pile is deeper than the middle pile. Figure 9 shows at t = 60 s that the
current flows at the lateral sides and through the middle pile with a lower velocity, then
changes direction to downflow in front of the rear pile causing scour due to the acceleration.
Nevertheless, this condition changes at approximate time t = 140 s with the local scour
depth in the middle pile deeper than the rear pile until the end of the simulation. As
shown in Figure 9 at t = 500 s, the wake vortex behind the middle pile produces sediment
deposition and the particles move by the water flow so as to cover the scour in front of the
rear pile.
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As shown in Figure 10, the deepest maximum local scour depth obtained by the front
pile is 0.83 m, followed by the middle and the rear piles with depths of 0.45 m and 0.23 m.
Similar to the previous simulation, for pile spacing ratio equal to 3 the maximum local
scour gradually decreases sequentially from the front to the rear pile.
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In addition, as one of the main factors causing local scour, the contour of excess shear
stress around three piles cylinders with G/D = 3 is given in Figure 11. This shows where
scouring may occur with the highest value marked by a red color indicating the maximum
local scour depth generated.
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Based on the numerical simulation results of local scour depths around groups of
three piles in a tandem arrangement with pile spacing ratios 2 and 3, the scour mechanism
around pile groups is more complex than that of single pile. There is interference movement
between the front, middle, and rear piles which will affect the local scour depth. However,
one interesting factor in these results is the trend of the maximum local scour depth
obtained in a tandem arrangement which gradually decreases from the front pile to the
rear pile. This is quite different from the results achieved by a previous numerical study of
three piles in a tandem arrangement by Zhang et al. [12] which stated that the maximum
local scour depth around the middle pile is smaller than that of the rear pile.

Several experimental studies on local scour around three piles in a tandem arrange-
ment were figured out as a verification of the present numerical results. Wang et al. [59] con-
ducted a local scour experiment around three piles with a diameter of 0.03 m in a tandem
arrangement under different pile spacings and velocities. The pile spacing ratios, G/D of 2
and 3 with a velocity of 0.28 m/s were taken as an example which resulted in local scour
depths at the front, middle, and rear piles of 0.041 m, 0.030 m, 0.016 m and 0.047 m, 0.031 m,
0.024 m, respectively. In addition, Zhou et al. [60] performed an experimental study of local
scour around three piles in a tandem arrangement under different pile diameters, flow
discharges, and pile spacings which resulted in the scouring depth gradually decreasing
from the front to rear piles. They reported that the last pile has the least scour depth due to



Water 2021, 13, 3623 17 of 19

the hiding effect from upstream to downstream. These experimental results confirm the
validity of the present numerical results on local scour depth around three cylindrical piles
in a tandem arrangement.

5. Conclusions

A study of the numerical model of sediment scour around three cylindrical piles
in a tandem arrangement has been carried out to calculate the local scour depth and
analyze the mechanism. According to the results obtained, it can be concluded that
Flow-3D is considered as effective software for simulating a numerical model of local scour
around bridge piles since the result of the validation model has good agreement with the
experimental study. This proves that the sediment scour model of Van Rijn equation as bed
load transport rate equation and RNG k-ε model as turbulence model used in this study
are accurate and capable to calculate the sediment scour depth.

Generally, the horseshoe vortex caused by the downflow driven by the downward
pressure gradient rotation in front of the pile and the high bed shear stress triggered by
flow acceleration are the main factors causing local scour around the pile. Moreover, in
a tandem arrangement the scouring mechanism is more complex than in single pile because
of the interference effect between the front, middle, and rear piles. The maximum local
scour depth obtained for both pile spacing ratios, G/D of 2 and 3 gradually decreases from
the front pile to the rear pile due to the sheltering effect of the pile in front. This trend
is in better agreement with the related experimental studies of local scour around three
cylindrical piles in a tandem arrangement, compared to the previous numerical study with
the same model setup.
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