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Abstract
Local scour at the foot of monopile foundations is a major threat to the stability of offshore wind farms. This study presents 
a 3D numerical model to investigate the local scour around monopile foundations considering the influence of both 
flow velocity and particle size. The Reynolds-Averaged Navier–Stokes (RANS) equations with the Renormalization Group 
(RNG) k-epsilon (k − ε) turbulence model were coupled with a sediment transport model to simulate the flow-sediment 
interaction process. The results reveal that the maximum scour depth and the extent of the scour footprint increase with 
flow velocity and decrease with particle size. The scour rate is higher for finer sediments than for coarser sediments. The 
scour depth and footprint reach a plateau when the particle size is larger than a certain critical value. The critical particle 
size increases with the increase of flow velocity.

Article Highlights

• How scour depth formation is dependent on the sediment size and flow velocity.
• The increase and decrease in flow velocity increased the shear stress applied to the bed and thereby affecting scour-

ing.
• A change in the period in all scenarios has a significant effect on scour depth.
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1 Introduction

The global scale of offshore wind farms is escalating rapidly and vast wind offshore wind resources are being explored 
and exploited. For coastal engineers, the major challenge associated with offshore wind farms is to do with sedi-
ment and its dynamics. Unlike foundations placed on land, the foundations of offshore wind farms are exposed to 
harsh environmental conditions characterized by the marine environment, and the structure also must be stable on 
a continuously moving seabed [1, 2].
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Despite these challenges, the monopile foundation is the most popular concept of foundation for Offshore Wind 
Turbines (OWTs) due to its advantages such as its simplicity, prone and sensitivity to scour, applicability in soft and 
stiff soil, and convenience to construct [3, 4]. However, placing a structure in the marine environment causes gradi-
ents in the flow pattern and results in the removal of sediment near the foundation, preferably referred to as scour 
which threatens the stability of the foundation and structure [5–10].

The changes in flow pattern by the monopile foundation results in flow contraction, horseshoe vortex formation 
in front of the structure, lee-wake vortices behind the structure (with or without vortex shedding), reflection and 
diffraction of waves, wave breaking, turbulence generation, and pressure differentials in the soil leading to liquefac-
tion [5, 11–16].

The physical modeling of seabed scour is challenged with scaling effects. Scaling problems faced in mobile bed 
studies of scouring was highlighted by [9], indicating the various parameters with which peculiar challenges may 
be faced including morphological features, bed-structure response, etc.

On the basis that numerical modeling can be used to solve complex boundary limitations in physical modeling, 
Sim and Choi [17] used a Flow 3D, Computational Fluid Dynamics (CFD) model, to investigate this challenge. They 
extended the boundary condition to an indefinite length and examined the free span development under the 
indefinite boundary condition. The results were in qualitative agreement with the laboratory results; however, the 
numerical model further revealed that the propagation of scour holes does not cease but continues to develop 
although at a slow and constant speed.

Thus, predicting localized pressure scour requires not only traditional laboratory experiments but needed also 
some numerical simulations, which are beyond the reach of physical modeling. Thus, the various advantages and 
ease of work associated with numerical models have led to their increase in many engineering applications in recent 
times [18, 19]

Therefore, numerical studies of local scour have gained roots with the rapid development of CFD [20]. The use of 
Flow3D software in simulating the flow field and sediment transport in modeling scouring considering the sand-sliding 
mechanism and bed slope effect has also been applied [15, 21].

Recently, there is the inclusion of the free surface effect in the flow model and scour around a circular pile [21–23], 
local scour around bridge piers [24, 25] and backfilling process around a vertical pile [26, 27]. The value of the stiffness 
of a foundation depends on the properties of the soil, hydrodynamic conditions, dimensions of the foundation, and the 
depth of the bedrock [28]. In this regard, it is prudent to combine the hydrodynamic conditions and the soil conditions 
to make a good assessment in understanding how mobile the bed material is [6, 29].

Therefore, in this study, a 3D integrated numerical model is developed using Flow3D software to investigate the phe-
nomenon of sediment transport (Local Scour) around an offshore wind farm monopile foundation; particularly taking 
into consideration the effect of flow velocity and particle size on the changes in scour depth and extent. In other words, 
the paper aims to study how scour around a monopile foundation is affected by flow velocity and particle size. This is 
important because it can help engineers to design more stable and reliable offshore wind farms.

2  Theoretical model

In this section, the governing equations and boundary conditions used to develop the 3D numerical model in Flow3D 
are presented. The free surface is usually handled by the Volume of Fluid (VOF) technique, which was pioneered by Hirt 
and Nicholas [30]. The model addresses all the physics surrounding the problem or phenomenon of scouring, making it 
possible to fully understand scouring.

2.1  Momentum equation

The following three equations (RANS equations) are used to describe the incompressible viscous fluid motion by Yakhot 
and Orszag [31]. The equations of motion for the fluid velocity components (u, v, and w) with some additional terms in 
the three-coordinate x-, y-, and z directions are as follows:
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where xi is the Cartesian coordinate, Ai is the area fraction, VF is the volume fraction, ui is the velocity, ρ is the fluid density, 
p is the average hydrodynamic pressure, Gi is the body acceleration, fi is the viscous acceleration (i = x, y, z).

2.2  Viscous accelerations model

The viscous accelerations are written as:

in which τij is the shear stresses (i, j = x, y, z):

where μ is the dynamic viscosity.

2.3  Turbulent transport model

K-ε model has proven to provide approximations to many types of flows [32]. In the RNG model, the empirical constants of 
the equation in the k-ε model were explicitly derived. The k-ε model consists of two transport equations for the turbulent 
kinetic energy kT and its dissipation εT, a widely used and sophisticated model [33]. An additional transport equation is 
solved for the turbulent dissipation, εT:

where CDIS1, CDIS2, and CDIS3 are all dimensionless user-adjustable parameters and have defaults of 1.44, 1.92, and 0.2 
respectively for the k-ε model.

In the transport equation for kT, the convection and diffusion of turbulent kinetic energy, diffusion, and dissipation 
due to viscous losses within the turbulent eddies, and the production of turbulent kinetic energy due to shearing and 
buoyancy effects were all included where buoyancy only occurs if there is a non-uniformity in the flow density and the 
effects of gravity and non-inertial accelerations are inclusive. The transport equation then is represented by:

where VF, Ax, Ay, and Az are Flow3D’s FAVOR™ functions, PT is the turbulent kinetic energy production.
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2.4  Sediment scour model

In this study, the mechanisms of entrainment and deposition are treated as two opposing signs of progress that 
occur at the same time, which are combined to determine the net rate of the exchange between the packed sedi-
ment and the suspended sediment. Therefore, the entrainment lift velocity of sediment was computed according to 
Mastbergen and Van Den Berg [34]:

where αi is the entrainment parameter, the recommended value is 0.018, ns is the outward pointing normal to the packed 
bed interface, d* is the dimensionless diameter of the sediment, θi is the local shields parameter which is calculated based 
on the local bed shear stress, θcr,i is the critical shields parameter, g is the magnitude of the acceleration of gravity, di is 
the diameter, ρi is the density of the sediment species, and ρf is the fluid density.

The settling velocity of the sediment was computed according to Soulsby [35]

where vf is the kinematic viscosity of the fluid.
This study also used the model of [35, 36] to predict the volumetric flow rate of sediment per unit width over the 

surface of the packed bed; expressed as:

where θi is the dimensionless local bed shear and Φi is the dimensionless bed-load transport rate.
The suspended sediment concentration is calculated by solving its transport equation:

where Cs, i is the suspended sediment mass concentration of species i, which is defined as the sediment mass per volume 
of the fluid-sediment mixture, us,i is the sediment velocity of species i, and Df is the diffusivity.

Each sediment species in suspension moves at a velocity caused by the different inertia and drag forces for each 
grain with different mass densities and sizes. With the assumptions that there are no strong interactions between 
each grain and that the velocity difference between the suspended grains and the fluid-sediment mixture is mainly 
the setting velocity of the grains, the sediment velocity of species i was calculated as;

where u denotes the velocity of the fluid-sediment mixture, which was obtained by solving the continuity and 
Navier–Stokes equations closed with the RNG k-ε turbulence model and cs,i is the suspended sediment volume 
concentration.

2.5  Model setup

The numerical model for the fluid-seabed—pile was set up in a rectangular domain of 2 m × 1 m x 60 cm (long x wide 
x deep) respectively with packed sediment consisting of uniform granular sediment with a median diameter d50 of 
1.63 mm as shown in Fig. 1. A 10 cm-diameter pile with a height of 60 cm was situated 1.4 m away from the inlet of 
the domain and at the exact center in the y-direction, 0.5 m. This pile had an embedded length of 30 cm with the 
remaining 30 cm above the bed level. The domain was filled with sediment at a bed thickness of 0.3 m, and fluid was 
allowed into the domain from the  Xmin at a height of 7.5 cm.

Figure 2 shows the mesh grid for the model. The domain had uniform mesh cells of size 0.2 cm and 25.5 cm,75.0 cm.
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2.6  Add boundary conditions

2.6.1  Boundary conditions

Appropriate boundary conditions are very important at the external boundaries and internal interface and are 
required to solve the Navier–Stokes governing equations.

1. Advective and diffusive fluxes are set to zero at the rigid walls where the fractional open areas vanish.
2. Tangential stresses are as well set to zero at the free surfaces due to the vanishing velocity derivatives that are across 

the surface. At the inlet boundary, a defined fluid velocity is set and introduced into the domain and the fluid is 
allowed to move out of the domain without returning to the system with an outflow boundary condition set to the 
outlet,  Xmax.

3. The Outflow boundary is adopted at the outflow boundary, which is a radiation boundary condition; to avoid the 
reflection of flow and overcome the limitation of physical dimensions. Therefore, it was imagined that there is a 
mathematical continuation of the flow beyond the end of the computed region. Thus, there is no sponge layer or 
damper used in the domain.

4. At the  Zmax boundary, the specified pressure is set at zero with a fluid fraction of zero as fluid is expected not to exit 
that boundary. The pile surfaces are treated as a no-slip boundary, and the turbulence properties are estimated from 
the law of the Wall boundary condition.

3  Model validation

In this section to ascertain the accuracy of the simulation results, the present numerical model was validated against 
a set of published experimental and other numerical test results.

Fig. 1  The computation 
domain used for the simula-
tion

Fig. 2  Domain setup in Flow-
3D model
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3.1  Comparison with Aksoy and Eski’s [37] physical experiment

The model was validated with the same experimental setup by Aksoy and Eski [37]as shown in Fig. 3. In the experiment by 
Aksoy and Eski, four piles of different diameters were used for the investigation at different discharge rates. One out of the 
four piers was selected for the model validation; and in this case, the 11 cm diameter pile was based on a lot of decision-
influencing factors such as the influence of the blockage effect, the domain size, amongst others, and not by random selection 
or some convenient sampling procedure.

For the two investigations, the maximum scour depth measured, ds = 4.7 cm. It can be seen that the maximum scour depth 
measure for the two different models are the same and equal however with a slight difference in the measured extent of 
the scour with the experimental investigation of [37] yielding an extent of 7.5 cm whereas the present numerical simulation 
produced 7.0 cm. Hence, the difference in the extent was 0.5 cm as presented in Table 1.

3.2  Comparison with Wei [38] and Zhang [10] numerical model

The present numerical model is compared with results from [38]. It was found that the velocities in the x-direction at the 
piers are low and the pattern is closely similar to that observed by [38] with a slight difference in the magnitude of velocities; 
which can be attributed to factors including but not limited to fluid depth, bed thickness to water column ratio, and distance 
traveled by the fluid before it comes into contact with the structure.

Furthermore, similar to [10] who validated their model numerically using the parameters of [38], the results from this 
study are in good agreement with [38] but with some differences in scour depth as shown in Fig. 4. Nevertheless, the full 
principles associated with scour (such as; deposition and erosion profiles, velocity profiles, etc.) were observed in all three 
cases. The scouring depth produced by this study was 0.87 m, which is 0.58D. From the results of [38] a scouring depth of 
0.79 m which is 0.52D was produced while that of [10] produced a scour depth of 0.74 m which is 0.49D. The differences in 
the scour depths may be said to be a result of the differences in some of the model settings such as the total number of cells, 
cell size, uniformity, and/or un-uniformity of cells among others. Nonetheless, the results are in good agreement with a micro 
range of margins. Thus, affirming the reliability of the simulation results from this study to achieve the desired objectives.

Fig. 3  Setup of experimental 
laboratory work conducted by 
Aksoy and Eski [37]

Table 1  Model validation 
comparison results

D is pile diameter, ds is maximum scour depth and Ls is the scour extent in the x-direction

Results D (cm) dS (cm) Ls (cm)

Aksoy and Eski 11 4.7 7.5
Present work 11 4.7 7.0
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4  Results

This paper aims to develop a 3D numerical model to investigate scouring around monopile foundations. In this sec-
tion, A total of four simulations were undertaken to appreciate the changes in scour depth and extent (i.e., the entire 
footprint of the scour) with respect to all other parameters except for fluid flow velocity and sediment particle size 
which were adjusted. The numerical model is set up in a domain as presented in Fig. 1. Table 2 tabulates the input 
parameter for the four scenarios.

4.1  Yardstick simulation

After 360 s of simulation time, results produced showed the progressiveness of the transport of sediment and excava-
tion of sediment at the foot of the foundation which was a result of the downflow of the fluid at the stagnation point 
and the vortices created as presented in Fig. 5. Sediment deposition was observed at the lee-side of the pile as flow 
velocity in that region reduced significantly thereby making the bed shear threshold not being met or overcome by 
the stress applied there by the fluid.

As shown in Fig. 6, there was a reduction in the bed level by 6.8 cm in front of the pile foundation, with an increase 
in the bed elevation behind the pile foundation through sediment deposition, which was recorded at some 1.57 cm 
above the initial bed level. The maximum scouring depth of 9 cm which is 0.9D was first recorded after 142 s of simula-
tion time at the 191 data point when the scour depth was at equilibrium with the extent of scour at 19.37 cm*32.78 cm 
(x*y directions). Upon the final simulation time of 360 s, the maximum scour depth had stabilized but the scour extent 
had increased to some 28.31 cm*37.25 cm (x*y directions).

Although the bed deforms generally (general scour), upon the introduction of the fluid into the domain, it was 
observed that at the immediate foot of the foundation, there is the creation of a pit (local scour) which results from 
the obstruction of the flow by the foundation. The general bed level changes are attributed to the dynamics with 
regard to the hydrodynamics. A 3D representation of the bed transformation in time with respect to fluid flow and 
sediment response in space and time, x is shown in Fig. 7.

Fig. 4  Scour depth compari-
son with [10, 38]
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Table 2  Simulations and their parameters

Simulation Parameter (s) Domain
d50 (mm) Fluid Veloc-

ity (m/s)
Fluid 
Depth (cm)

Pile diameter, 
D (cm)

Period (s) Pile Height 
(cm)

X (m) Y (m) Z (m)

Yardstick 0.75 0.64 7.5 10 360 60 2 1 0.6
Increased velocity 0.75 0.74 7.5 10 360 60 2 1 0.6
Reduced velocity 0.75 0.54 7.5 10 360 60 2 1 0.6
Coarse sediment 1.55 0.64 7.5 10 360 60 2 1 0.6
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4.2  Effect of coarse sediment

Particle diameter is an important factor that affects scouring. The larger the particle diameter, the more resistant the 
sediment is to erosion. This is because larger particles have more inertia and are therefore more difficult to dislodge.

To appreciate the changes that the physical parameters impose on the maximum scour depth, a simulation was run 
to comprehend the changes caused by an adjustment of the particle size (i.e., coarser (1.55 mm) than in the Yardstick 
scenario) as shown in Figs. 8 and 9. The equilibrium scour was first recorded after 150 s of the simulation time and thus 
the 201 data recording point. The equilibrium scour was first recorded after 150 s of simulation time and thus the 201 
data recording point. The scour extent at the time the scour depth was in equilibrium was 19.37 cm*25.33 cm (x*y direc-
tions). After the final simulation time of 360 s, the extent of scouring had increased to 20.86 cm*29.80 cm (x*y directions).

Compared to the yardstick simulation, the time for equilibrium scour depth to be met was elongated because the 
bed-shearing threshold had increased. For the same depth of sediment excavation to be achieved, the turbulence effect 
had to be persistent on the bed for quite a while then in the case of the yardstick simulation. Thus, the coarser the particle 
size, the greater the critical shear stress or bed shearing threshold. Therefore, the intensity of the disturbance caused 
to the bed was resistible in a higher value than in the case of the first scenario when the particles were fine. Hence, the 
susceptibility of the bed to scouring was alleviated and thus accounted for the increase in time taken for the fluid to 
cause the same effect (i.e., equilibrium scour and maximum scour depth).

t=0 s t=60 s

t=120 s t=360 s
Fig. 5  Cross-sectional illustration of bed elevation changes around the pile in the x–z plane
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4.3  Effect of increased flow velocity

Flow velocity is one of the most important factors that affect scouring. The higher the flow velocity, the greater 
the shear stress on the seabed, which can lead to more sediment being eroded and transported. The shear stress is 
proportional to the square of the flow velocity. This means that doubling the flow velocity will quadruple the shear 
stress. Therefore, scouring is a non-linear process, and it can increase very rapidly with increasing flow velocity.

As the flow velocity was increased as shown in Figs. 10 and 11, the maximum scour depth occurred quite earlier at 
some 81 s of simulation time at the 110th data point with a recorded scour extent of 23.84 cm*34.27 cm (x*y direc-
tions). The depth of scouring remained at equilibrium till the end of the run-time but the extent and general foot-
print of the scour kept changing and at the final simulation time of 360 s, the scour extent was 26.82 cm*28.31 cm 
(x*y directions).

It can be inferred that the increase in flow velocity increased the shear stress applied to the bed, leading to the 
removal of sediment at a shorter time compared to the yardstick simulation making the bed more susceptible to 
scour. Thus, the critical shear stress of the bed is exceeded by the stress imposed on it by the disturbance caused 
by the flow-induced vortex with high intensities and suspension capacities.

t=0 s t=60 s

t=120 s t=360 s
Fig. 6  Scour formation pattern around the pile in the x–y plane
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4.4  Effect of reducing flow velocity

Since scouring is a non-linear process, and it can decreases very rapidly with decreasing flow velocity. The flow velocity 
was reduced to understand its impact on scour footprint, thus the extent and the maximum scour depth. As shown in 
Figs. 12 and 13, a decrease in flow velocity reduced the scour extent. A maximum scour depth of 9 cm was first recorded 
after 281 s of simulation time at the 377th data point when the scour depth was at equilibrium with the extent of scour at 
17.88 cm*32.78 cm (x*y directions).

Upon the final simulation time of 360 s, the maximum scour depth had stabilized but the scour extent had increased to 
some 22.35 cm*34.27 cm (x*y directions). In this case, even though the bed was susceptible to scouring, the mechanism that 
was to keep the sediment in suspension for further transportation away from their initial positions was not strong enough to 
move a large quantum of sediment. Thus, just a relatively smaller mass of sediment was relocated as the sediment particles 
were more resistant to the lift and drift mechanisms imposed on them.

  
t = 0 s     t = 60 s 

   
t = 120 s     t =360 s 

Fig. 7  3D representation of bed deformation and local scour formation
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5  Discussion

The emergence of scour around the monopiles is one of the main reasons for concern regarding the stability of 
monopiles. Which can weaken the foundation and make the monopile more likely to collapse. As a result, engineers 
and scientists are therefore interested in determining reliable methods of reducing and controlling local scour depth, 
in order to improve the safety of monopiles. Wave flowing around a monopile can cause the seabed to erode, creat-
ing a hole or depression called scour. This can happen because the water flows down and around the pile, creating 
vortices or swirls. The vortices can pick up and carry away sediment, leaving the seabed exposed. which can weaken 
the foundation of the monopile and make the monopile more likely to collapse. Both armoring devices and flow-
altering methods are the two most effective techniques in reducing local scour for monopiles. The best approach 
will depend on the specific site conditions and severity of the scour problem.

This study aims to investigate how flow velocity and sand particle sizes affect the depth and size of scour holes. 
Scour holes are a common cause of monopile failure, and governments and agencies spend billions of dollars each 
year to repair damage caused by scour.

  
t=0 s      t=60 s 

  
t=120 s       t=360 s 

Fig. 8  Scour at the pile front and deposition behind the pile for the coarse seabed
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5.1  Comparison of results

Comparing the observation for the four simulations as presented in Fig. 14, it was realized that the maximum scour 
depth in all the scenarios was the same (at 9 cm) but at different times. Nevertheless, the scour extent and footprint 
did cover different zones, thus the dimensions of the extent of scouring were not equal, hence differed in each 
scenario.

5.2  Comparison of results with previous studies

After achieving the scour depths results as shown in Fig. 14 based on the equation, we compared our study to other 
research with similar hydraulic conditions. Accordingly, this present research work is compared with other previous 
numerical works such as [39, 40], all based on the RAN equation and k − ε turbulence model equations. It was con-
cluded in all this research that the pile diameter plays a very significant role in local scouring. On the other hand flow 
velocity and particle size diameter greatly contribute to scour. This concludes that the shear stresses are proportional 
to the square of the flow velocity. This means that doubling the flow velocity will quadruple the shear stress. There-
fore, scouring is a non-linear process, and it can increase very rapidly with increasing flow velocity.

t=0 s t=60 s

t=120 s t=360 s
Fig. 9  Scour depth and extent for the coarse seabed
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6  Conclusions

In this study, a 3D numerical model is developed using Flow3D software to investigate the role of flow velocity and 
particle size in the changes in scour depth and extent. The present model was verified with results from other studies 
and found to be in good agreement.

With the changes in sediment size and flow velocity, the formation of significant scour depth and extent was observed 
for all four simulations conducted. The time record for maximum and equilibrium scour depth formation was dependent 
on the sediment size and flow velocity. With a coarser sediment size, the time for equilibrium scour depth to occur was 
extended compared to the yardstick simulation because the bed-shearing threshold had increased. An increase in flow 
velocity increased the shear stress applied to the bed, leading to sediment removal at a than the yardstick simulation, 
making the bed more susceptible to scour. Even though scour was observed for decreased flow velocity, a relatively 
smaller mass of sediment was relocated as the sediment particles were more resistant to the lift and drift mechanisms 
imposed on them.

t=0 s t=60 s

t=120 s t=360 s
Fig. 10  Propagation of scour around the monopile
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t=0 s      t=60 s 

  
t=120 s      t=360 s 

Fig. 11  Scour footprint at the foot of the foundation
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t=0 s     t=60 s

t=120 s t=360 s
Fig. 12  Extent of scour development
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t=0 s t=60 s

t=120 s t=360 s
Fig. 13  Scour footprint at a reduced flow velocity
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