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ABSTRACT 

In recent years, the focus on scour modeling has increased the understanding of the processes 

involved and the time scales associated with the scour hole development. Although there is still 

very little work outlining the backfilling process as well as modelling of the time scale 

development of the scour hole itself. The understanding of backfilling was furthered by Sumer 

et al. (2013), where they investigated the timescales and equilibrium scour depths related to 

backfilling. The initial numerical models focused on recreating the equilibrium scour 

conditions and only recently the time development of scour along with some focus on 

backfilling has been investigated with physical models.  

It is important to understand the backfilling conditions to optimize the scour protection 

measures for any given structure. The current research looks to build on this knowledge by 

presenting a model in OpenFOAM which has been calibrated to scour development in physical 

model tests conducted in Sumer et al. (2013). The base code has been developed by Song et al. 

(2020). The model uses the Immersed Boundary method to define the sediment bed boundary 

with an improved technique for calculation of y+ values (non-dimensional distance from wall 

to first live mesh node, based on near bed velocity) in the log-law region.  

The current version of the code has been extended to represent waves to allow modeling of 

hydrodynamic processes responsible for scour backfilling. The model recreates the physical 

model test setup with considerable accuracy. The backfilling patterns are also promising and 

the model shows potential to be developed as a tool to study the related time scales. 
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Introduction 

Scour around vertical pile has always been a very interesting problem (offshore wind 

foundations, fixed oil extraction platforms, etc.) with solutions being attempted by performing 

physical model tests (Baker, (1986), Roulund et al., (2005), Sumer et al., (2013),  Keshavarzi 

et al., (2014), etc.) and more recently, recreating specific cases in finite difference 

computational fluid dynamics (CFD) models (Sumer et al., (2014), Liu and García, (2008), 

Zhao and Fernando, (2007), etc.). The sediment dynamics around these structures are 

extremely complicated and depend on several factors such as sediment grain size, bed 

formations, pile size, hydrodynamic conditions, etc. These sediment physics are extremely 

important as they determine the erosion around the pile and the resulting scour hole formation. 

In industry, the design of the scour protection and mitigation techniques contributes to a 

significant portion of the project cost. 

More recently, focus has also been given to a phenomenon known as backfilling around the 

scour holes. Backfilling has been observed in existing scour holes after a change in the 

prevalent hydrodynamic climate. Some recent attempts have been made to understand the 

physics behind the phenomenon of backfilling (Baykal et al., (2017), Sumer et al., (2014) 

Petersen, (2014), etc.), but there are still very few studies utilizing CFD to understand the 

processes of scour and none which attempt to model the backfilling process. 

The current model attempts to calculate and understand the time development of the scour hole 

as well as the backfilling of the hole under a different set of hydrodynamic conditions. 

IBScourFoam model 

The numerical scour model has been implemented in OpenFOAM version 5.x (OpenFOAM 

Foundation, 2018), an open source computational physics platform based on C++ language. 

The model has been developed by Song et al., (2020), and uses immersed boundary technique 

to simulate the bottom boundary condition. Immersed boundary (IB) method was first 

developed by Peskin (1972) and uses a stereolithographic file (stl) to define a non-conforming 

surface on a regular grid. More details regarding the method and its details can be found in 

Mittal and Iaccarino, (2005) and are not included in the current text for the sake of brevity. 

The current model uses an innovative method for calculating the velocities in the log-law 

region of the boundary (Song et al., 2022) which results in a smooth velocity function in the 

near bed region. This is important when calculating the sediment transport resulting in a much 

more accurate calculation of scour hole development. 
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IB method 

The current model uses the discrete forcing method with a direct boundary condition imposition 

to calculate the variables in the boundary layer region. A schematization of the current IB 

method is shown in Figure 1. The IB cells are in red which have their cell centers in the fluid 

region. The IB points at which the variables are to be calculated is denoted by circle in Figure 

1. The white cells are dead cells and the blue cells are cells in the fluid column. An image point 

(IP, denoted with a triangle in Figure 1) is defined in the fluid region which lies on the extended 

normal through the IB Cell center (denoted with a cross in Figure 1) and the immersed surface. 

The fluid quantities calculated in the fluid column and the image point are transferred to the 

immersed boundary using wall models. The main advantage of IB method is that it is faster to 

work with than a deforming mesh and can be used for complex structures and boundaries with 

ease without sacrificing on the accuracy. 

 
Figure 1 Immersed Boundary schematic (Song et al., 2020) 

Hydrodynamic model 

The hydrodynamics of the IBScourFoam model uses the framework of RANS equations. The 

3D RANS equations can be written as: ∇. 𝐮 = 0 𝜕𝐮𝜕𝑡 + ∇. (𝐮 ∙ 𝐮) = − ∇𝑝𝜌 + ∇. [(𝜈 + 𝜈𝑡)∇𝐮] 
where, u is the Reynolds averaged flow velocity, p is the mean pressure, 𝜌 is the water density, 𝜈 is the kinematic viscosity and 𝜈𝑡 is the eddy viscosity. For the turbulence closure, the k-ω 

SST-SAS model (Egorov and Menter, 2008) modified to be used with IB method is used.  

The model assumes that the IP and the corresponding IB cell lie on the same log-law velocity 

profile calculated using, 𝑢+ = 1𝜅 ln(𝐸′𝑦+) 

where, 𝑢+ = 𝑢/𝑢𝜏  and 𝑦+ = 𝑦𝑢𝜏/𝜈  are the dimensionless velocity and wall distance 

respectively, 𝜅 is the von Karman coefficient and 𝐸′ is a wall roughness parameter related to 

the roughness of the boundary.  



 

 – 4 –   

With the hydrodynamic variables at the IP (𝑢𝐼𝑃) and the wall distances (𝑑𝐼𝑃, 𝑑𝐼𝐵) known, the 

log-law can be written as, 𝑢𝐼𝑃𝑢𝜏 = 𝑢𝐼𝑃𝑦𝐼𝑃+ 𝜈/𝑦 = 1𝜅 ln(𝐸′𝑦𝐼𝑃+ ) 

The shear velocity, 𝑢𝜏 is then calculated using a wall function and computed iteratively by 

calculating the IP y+ value, 𝑦𝐼𝑃+ , using Newton-Raphson method, 𝑦𝐼𝑃,𝑖+1+ = 𝑦𝐼𝑃,𝑖+ + 𝜅𝑦𝑢𝐼𝑃/𝜈1 + ln(𝐸′𝑦𝐼𝑃,𝑖+ )  
The normal and tangential velocity in the IB cell is then calculated using the equation, 𝑢𝐼𝐵,𝑡𝑎𝑛 = 𝑢𝐼𝑃,𝑡𝑎𝑛 − (𝜕𝑢+𝜕𝑦+)𝐼𝑃,𝑡𝑎𝑛 (𝑦𝐼𝑃 − 𝑦𝐼𝐵)𝑢𝜏 

𝑢𝐼𝐵,𝑛𝑜𝑟𝑚 = 𝑢𝐼𝑃,𝑛𝑜𝑟𝑚 𝑑𝐼𝑃𝑑𝐼𝐵 

Morphodynamic model 

In the morphodynamic routine, the bed shear stress is used to compute the sediment transport 

using conventional formulations (Engelund and Fredsøe, (1976), van Rijn, (1984), etc.). The 

value of the 𝑞0 (bed load transport rate) is used in the Exner equation to calculate the bed 

deformation. In the current study, the bedload formulation given by Engelund and Fredsøe, 

(1976) is used to calculate the q0; 𝑞0√𝑅𝑔𝑑𝑑 = {18.74(𝜃 − 𝜃𝑐) (𝜃12 − 0.7𝜃𝑐12) , 𝑖𝑓𝜃 > 𝜃𝑐0, 𝑖𝑓𝜃 < 𝜃𝑐  

where, 𝑅 is the submerged specific gravity (1.65), 𝑑 is the sediment grain size, 𝜃 = |𝜏|/(𝜌𝑔𝑑) 

is the Shields number and 𝜃𝑐 is the critical Shields number, calculated from modified fit to the 

Shields diagram (Parker et al., 2003). The Shields number is adjusted for local bed slope and 

flow direction using; 𝜃𝑐 = 𝜃𝑐0 (𝑐𝑜𝑠𝛽√1 − sin2 𝜙 tan2𝛽𝜇𝑠2 − 𝑐𝑜𝑠 𝜙 𝑠𝑖𝑛𝛽𝜇𝑠 ) 

where, 𝛽 is the local bed slope angle, 𝜙 is the angle between velocity and bed slope and 𝜇𝑠 is 

the static friction coefficient. 

Based on the mass balance, the Exner equation is then used to calculate the change in bed 

elevation; (1 − 𝑛) 𝜕𝑧𝑏𝜕𝑡 = −∇. (𝑞0 𝜏|𝜏|) 

where, 𝑧𝑏 is the bed elevation and 𝑛 is the porosity of the bed. 

A sand slide model is then applied to calculate the effect of local bed slope and get a stable stl 

mesh deformation which is physically correct and mesh independent (Song et al., 2020b). 
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Numerical model 

For the purpose of the current study, the physical models developed in Sumer et al. (2013) have 

been used to calibrate the models capabilities. Figure 2 and Figure 3 shows the physical test 

flume in comparison with the CFD model. The numerical model domain is 250D x 15D x 

11.25D in dimensions. The immersed boundary ‘bed’ is kept at 0.2m from the bottom of the 

mesh (Figure 4), so that the actual water column in the numerical wave tank is 0.4m (the same 

as the physical model test).  

The resolution of the model domain mesh is increased gradually to 8.5mm around the pile. The 

resolution of the bed ‘stl’ file is also varied by gradually increasing from a distance of 1m from 
the pile up to 2m behind the pile. The minimum resolution of the stl file is 5mm to capture the 

slope in the scour formation process correctly. 

The total domain comprises of 4 million cells, and with a time step of 0.0075sec the model 

required ~25min/1sec on 32 processors for hydrodynamic simulations and ~40min/1sec with 

sediment and bed update switched on. The simulation details are summarized in Table 1. The 

hydrodynamic (H, U) and sediment properties (𝑢𝜏, d50, ϴc) have been selected based on the 

values reported in Sumer et al. (2013). Roughness height (𝑘𝑠) is considered as a calibration 

parameter. Static friction coefficient (µs) is based on the angle of repose for the given sediment 

grain size (~32°). Value of sand slide diffusivity is based on the work carried out in Song et al., 

(2020b) 

 
Figure 2 Physical model test flume (Sumer et al. (2013) 
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Figure 3 Computational model domain for current study 

 

Figure 4 Model domain with immersed boundary 

Table 1 Parameters for the scour around a vertical circular pile case 

Parameters Values 

Water depth 𝐻 (m) 0.4 

Mean flow velocity 𝑈 (m/s) 0.386 

Time scale factor 𝛼 0.2 

Shear velocity 𝑢𝜏 (m/s) 0.019 

Roughness height 𝑘𝑠 (m) 0.005 

Grain size 𝑑50 (mm) 0.17 

Critical Shields number for a flat bed 0.089 

Static friction coefficient 𝜇𝑠 0.63 

Diffusivity for sand slide (m2/s) 0.0005 

Hydrodynamic time step 𝛥𝑡ℎ (s) 0.0075 
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Model results 

The model was first simulated for a period of 60 seconds to achieve fully developed flow 

conditions. After 60 sec, sediment transport and bed update were switched on and the model 

was simulated until equilibrium scour conditions were achieved.  

At the inlet boundary a measured velocity profile from the physical model test was applied. 

Figure 5 shows the velocity vectors near the vertical pile. Considering the smooth bed 

characteristics, the flow behind the pile is in agreement with the typical findings for a steady 

flow around a pile (Roulund et al., 2005) in which weak anti-clockwise circulation behind the 

piles develop. Furthermore, the downward flow, just in the front of the pile can be seen clearly 

resulting in the formation of a horseshoe vortex, shown in Figure 6. 

The sediment transport model of Engelund and Fredsøe, (1976) is used in the current model to 

calculate bed load transport. The model shows good correlation with the time development 

against the measured initial scour depth development which was found to be equal to 41 

seconds in Sumer et al. (2013) (Figure 7). It is important to note that the discrepancies between 

the numerical model and the physical model are extremely small and are noticeable in the figure 

due to the high resolution of the vertical scale. The maximum difference between the physical 

and numerical model S/D value in the figure, results in a difference of 8mm scour depth, which 

is well within expected error values. The theoretical tangent line depicting the initial time 

during which a significant amount of sediment transport occurs is plotted which was found to 

be 43 seconds in the current CFD model. The value matches well with the empirical 

formulation given by Sumer et al., (1992) as, 

𝑇 = 𝐷2(𝑔(𝑠 − 1)𝑑503 )1/2 𝑇∗ 

and the normalized time scale, 𝑇∗ is given as, 

𝑇∗ = 12000 𝛿𝐷 𝜃−2.2 

where, 𝛿 is boundary layer thickness. 



 

 – 8 –   

 

Figure 5 Velocity field in the plane of symmetry 

 

Figure 6 Vortex shedding behind the pile 
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Figure 7 Scour formation and time scale comparison 

Backfilling of scour 

The scour depth bathymetry generated after a duration of 180seconds was used as an input and 

the backfilling of the scour hole was checked under regular waves. Note that the physical model 

test is carried out against irregular waves as running a physical model test for O(3-5) hours 

caused bed formations like ripples which affected the backfilling. The present study uses a rigid 

lid model as the most important aspect of scour bed formation is accurately calculating near 

bed velocity. As such, in the current model the waves are schematized by calculating the wave 

orbital velocity under a given wave and applying the velocity profile over the water column. 

This also allows the CFD model to be much faster than the alternatives, such as Volume of 

Fluid (VOF) method.  

To make sure the results are comparable to the physical model tests, the wave bottom orbital 

velocity is the kept same as the measured average wave orbital velocity, by applying a velocity 

profile at the inlet boundary that is varying in space and time. The measured average near bed 

wave orbital velocity was ~0.2 m/s in Sumer et al. (2013).This value is reported for a Tp of 4 

sec and an Hs of 0.1m. A regular wave with a wave height of 0.078m and same Tp of 4 seconds 

was calculate to produce the same near bed velocity of 0.2 m/s.  

Please note that these are preliminary results. Calibration of the backfilling simulations is also 

being carried out to understand the important parameters that affect the process. Figure 8 shows 

the pattern and locations where backfilling occurred during these early periods of the 

simulation. The simulation shows that the area of sedimentation formed exactly behind the 

vertical pile experiences erosion (blue) and the deeper parts on the sides have deposition. This 

is due to the reason that in alternating flows, the velocities ‘behind’ (this the side of the pile 

that was downstream in the simulation with only currents) the pile increase when the flow has 
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a direction opposite to the direction in the case with a stationary current and the area 

experiences erosion. The eroded material that was eroded is then deposited at the side of the 

pile. In a period of 140 seconds, the backfilling was around 1.5cm near the pile. It is difficult 

to ascertain with any confidence the rate of backfilling with respect to physical model tests as 

the simulation run time is insufficient to draw conclusions from. Further simulations are needed 

to assess the trend of the deposition in the scour hole.  

The time scale of backfilling, as stated earlier, is in the O(4-5) hours. Current CFD model and 

computational capabilities do not allow for these timescales to be modelled feasibly. Special 

techniques are being developed during this research will be used to accommodate these 

timescales and allow numerical modelling of backfilling processes. 

 
Figure 8 Difference map between equilibrium scour and backfilling conditions after a period of 140 seconds 

Conclusion and Future Work 

In the present work, the numerical model, IBScourFOAM built on the OpenFOAM platform 

has been used to recreate the time scale development of scour hole formation under the action 

of currents and an attempt is also made at initiating backfilling of the scour hole under the 

action of regular waves. The model uses Immersed Boundary methodology to simulate bottom 

boundary and is highly flexible in its application while preserving accuracy. 

It is seen through the preliminary results that the model is very well capable of representing the 

hydrodynamics around a vertical pile as well as calculating scour time development accurately. 

Vortex shedding and velocity profile development is found to correlate well with literature 

values. To achieve equilibrium scour hole conditions, the simulations need to be run for an 

impractical duration and as such the future work will focus on developing new techniques that 

will allow it. Nevertheless, computational resources are relatively less compared to other 

available methods in CFD such as, two phase models and volume of fluid methods.  

In addition, further research with comparing backfilling with long duration simulation is being 

carried out. As second step, the aim is to use irregular waves in the model, with the aim to 

obtain more similar backfilling results between the physical model and the numerical model. 

The research is aimed at bridging the gap between academic interests and practical applications 
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and towards that end will focus on attempting to represent scour development and backfilling 

with reasonable computational resources in full scale applications. 
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