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Computational fluid dynamics was used to analyze the factors of three failure 

mechanisms for bridges. Two mechanisms involved the scouring of bed material around 

foundation and support structures, while the third involved hurricane wave forcing on the 

bridges’ superstructures. Analysis was primarily numerical and was meant as a 

complement to previous experimental and analytical work. Computational models 

appeared to reveal previously-overlooked factors associated with experiments. 

Additionally, computational wave models appeared to be capable of reproducing 

experimental wave signals and associated forces to a high level of accuracy.  
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CHAPTER 1 

INTRODUCTION 

The beginning of the 21st century saw a great rise in the versatility and 

adaptability of computational mechanics codes. Specifically, in recent years 

computational fluid dynamics codes have grown at a pace matching machine numerical 

power. Due to the nonlinear nature of the Navier-Stokes equations, finding analytical 

solutions to anything but highly specific classes of fluid mechanics situations has proven 

difficult. Furthermore, added complexity arises when analyzing real-world applications in 

which multiple factors (complex structural boundaries, moving boundaries, and fluid 

boundary interaction) are present. Therefore the ability to numerically model analytically 

unsolvable problems has been a major milestone for the fluid dynamics and engineering 

community as a whole (Anderson 1995).  

Computationally inclined scientists have seen this increase in computational 

affluence as a path to replace expensive wide scale physical testing. Experimentalists 

however remain skeptical of numerical scheme reliability and its inherent disconnect 

from the physical nature of engineering design (Anderson 1995). This paper is an effort 

to bridge the gap between the physical and numerical community by providing 

numerical model validation in three distinct cases where fluid-boundary interactions are 

directly responsible for the structural failure. Included are two numerical models of 

physical case-studies and a numerically-verified new application of potential flow theory.  

The physical experiments modelled were the Sediment Erosion Rate Flume 

(SERF) tests at the University of Florida and the wave forcing experiments conducted 

by Sheppard and Marin (2009) in the University of Florida wave tank between 2005 and 

2009. The SERF is a physical flume device used in the measurement and prediction of 
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river bed material erosion rates (Crowley et al. 2012). In addition to producing a 

numerically accurate numerical model an emphasis was placed on classifying the fluid 

dynamic mechanisms of scour and initiating a constructive rhetoric for the strengths and 

limitations of this, and all, empirical scour measurement devices.  

The wave experiments modelled consisted of numerous wave tanks tests 

conducted to analyze the forcing associated with the impact of waves upon bridge 

superstructures as a result of structural damage sustained during hurricanes in the early 

2000s. A specific goal of the experiment, and therefore of the numerical model, was to 

accurately quantify the distinct vertical and horizontal forces associated with the wave 

impacts. Perhaps most importantly however was to address bridge deck structural 

integrity and failure prediction based on the wave-deck interaction.  

The new application of potential flow theory is an attempt to classify a previously 

over looked mechanism for hydraulically induced bridge scour. The analysis looked to 

further of the understanding of scour depth and grain size (D50) dependence. Much 

previous research has found a dependency between equilibrium scour depth (ys) and 

ratio between sediment grain size (D50) and pier width (b).  Examples include Ettma 

(1980), Froehlich (1988), Melville and Sutherland (1989), Garde et al. (1993), Sheppard 

et al. (1995), Sheppard (2004), Sheppard et al. (2004),  and Sheppard and Miller 

(2006).  Sheppard (2004) provided an analytical basis for the b/D50 dependency on 

equilibrium scour depth based upon potential flow theory.  However, the fundamental 

assumption behind the Sheppard (2004) analytical expressions was that potential flow 

theory, which is known to be applicable in higher elevations in a water column, is also 

applicable near the bed. Investigators in this analysis revisit the Sheppard (2004) 
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equations and provide more supporting evidence for their applicability near the bed 

through the use of high-end computational modeling.  

The common theme present in the studies presented for discussion was the 

effort taken to use numerical methods to determine fluid structure interaction effects on 

possible causes for coastal structure vulnerability. 
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CHAPTER 2 

COMPUTATIONAL MODELS AND NUMERICAL ALGORITHMS 

2.1 Governing Equations Formulation 

The set of non-linear partial differential equations governing fluid flow is known 

as the Navier-Stokes equations. When the fluid is taken as incompressible the three-

dimensional Navier-Stokes equations are a set of four equations: three momentum 

statements (for each flow direction), and one of mass continuity.  The momentum 

equations are presented in vector form, for brevity, as: 

VPg
Dt

VD 


2   

in which V is the velocity vector, t is time, ρ is the fluid density, g is the gravity vector, 

and μ is the fluid dynamic viscosity. While assuming the fluid flow to be incompressible 

ρ and μ are considered constant. Additionally, a continuity relationship may be 

established: 

0














z

w

y

v

x

u
 

in which u is the velocity component in the x direction, v is the velocity component in the 

y direction, and w is the velocity component in the z direction. If the flow is laminar these 

equations completely describe all components of the flow. 

To evaluate these partial differential equations numerically a continuous integral 

must be obtained that applies across the entire control volume continuum. This 

continuous integral form of the governing equations is presented as follows: 

𝑑

𝑑𝑡
∫ 𝜌𝜒𝑑𝑉 + ∫ 𝜌(𝑣 − 𝑣𝑔) ∙ 𝑑𝑎 = ∫ 𝑆𝑢𝑑𝑉

 

𝑉

   
 

𝐴

 

𝑉
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𝑑

𝑑𝑡
∫ 𝜌𝜒𝑣𝑑𝑉 + ∫ 𝜌𝑣 ⊗ (𝑣 − 𝑣𝑔) ∙ 𝑑𝑎 =  − ∫ 𝑝𝐼 ⋅ 𝑑𝑎 +

 

𝐴

∫ 𝑇 ⋅ 𝑑𝑎 + ∫ 𝑓 𝑑𝑉
 

𝐴

 

𝐴

 

𝑉

 

 

In which ρ the fluid density, 𝜒 is the porosity, V is the continuum volume, v is the 

velocity, vg is the grid velocity, a is the face area vector, Su is the control surface, I is the 

identity matrix, T is the viscous stress tensor, and f is any additional body force placed 

on the fluid. Gravity would be an example of one such additional fluid body force.  

The next step in preparing the governing equation for numerical analysis is to 

convert the continuous equations to one of finite sums. This translation from a 

continuous integral to a finite set of equations allows physical problems to be broken 

into many parts, solved as a set of multiple smaller problems, and pieced together. The 

domain is discretized into many control volumes for which the equations are solved and 

summed together. The discretized momentum formulation for control volume-i when 

summed across the face, f, of each volume is as follows:  

𝜕

𝜕𝑡
(𝜌𝜒𝑑𝑉)𝑖 + ∑[𝑣𝜌(𝑣 − 𝑣𝑔) ⋅ 𝑎]𝑓 =  ∑(𝑝𝐼 ⋅ 𝑎)𝑓 + ∑ 𝑇 ⋅ 𝑎

𝑓𝑓𝑓

 

Correspondingly the discretized mass flow equation is: 

∑ �̇�𝑓 = 

𝑓

∑(�̇�𝑓
∗ + �̇�𝑓

′ ) = 0 

𝑓

 

In which �̇�𝑓
∗ is the uncorrected face mass flow rate and �̇�𝑓

′  is the mass flow correction.  

The uncorrected mass flow rate is the flow rate which is solved directly from the 

discretized equations. However, because the governing equation is a continuous 

integral approximated by sums it is sometimes necessary to add a mass flow correction 

to ensure continuity is enforced throughout the control volume.  
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Although this control volume formation is discrete there is no guarantee that the 

system will behave linearly or that there will be a unique solution to any given set of 

conditions. It is therefore necessary to adopt a finite volume scheme that relates the 

discretized equations to an implicit linearized system of equations based on a 

representative grid. Within the finite volume approach, this grid corresponds to a 

physical domain split into many finite control volumes known as cells. This finite number 

of cells is an indication of the number of degrees of freedom within the linear system.   

Although the equations have now been approximated as a linear system, solving 

them simultaneously as a coupled system can prove challenging. Additionally, 

numerical instabilities can arise when solving large coupled systems leading to model 

convergence issues. A segregated approach is therefore taken to split the equations 

into transient, source, convective, and diffusive terms. These separated terms are then 

solved separately within each cell. The discrete form of the control volume equations 

when related to the finite volume method is: 

𝜕

𝜕𝑡
(𝜌𝜒𝜙𝑑𝑉)𝑖 + ∑[𝜌𝜙(𝑣 ⋅ 𝑎 − 𝐺)]𝑓 =  ∑(Γ∇𝜙 ⋅ 𝑎)𝑓 + ∑(𝑆𝜙𝑉)𝑖

𝑓𝑓𝑓

 

In which ρ the fluid density, 𝜒 is the porosity, ϕ is an arbitrary cell scalar value, V is the 

cell volume, v is the velocity, a is the face area vector, G is the grid flux, and S is the 

volumetric source term.  
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2.2 Turbulence Models 

Taylor and von Karman (1937) proposed a qualitative definition of turbulence as 

irregular motion that makes its appearance in fluids, gasses or liquid, when they flow 

past solid surfaces (Biswas and Eswaran 2002). A more modern, quantitative, definition 

characterizes turbulence by the random fluctuation of flow parameters away from the 

mean in both space and time (Pope 2002). These random fluctuations, even when 

small, can grow in a manner described mathematically as chaos in which seemingly 

negligible differences in input parameters can produce diverging solutions in a few 

number of iterations. 

The chaotic nature of turbulence can be seen analytically in the governing 

equations as instantaneous velocity and pressure terms, which become difficult to 

quantify if the flow extends beyond the laminar range. Even if the flow is considered 

incompressible, homogenous, and isothermal velocity terms appear in the form of a 

nonlinear divergence located in the convective portion of the Navier-Stokes momentum 

equations as: 

𝒗 ⋅ ∇𝒗 

For which, v is the velocity vector in each dimension. This equation can be made more 

accessible if presented in Cartesian coordinates as: 

 

 𝑋 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛: 𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
 

𝑌 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛: 𝑢
𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+ 𝑤

𝜕𝑣

𝜕𝑧
 

𝑍 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛: 𝑢
𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
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in which u is the velocity component in the x direction, v is the velocity component in the 

y direction, and w is the velocity component in the z direction. These velocity terms 

describe the transfer of kinetic energy that commonly dominates turbulent fluid flows. 

While turbulent, incompressible flows contain pressure terms that are linear, they 

often interact with velocity terms which are highly nonlinear. This nonlinear interaction 

makes both terms difficult to quantify. Moreover, these nonlinear parameters frequently 

span many orders of magnitude and occur across a wide range of time and length 

scales (Moin and Mahesh 1998). As such there is no analytical solution for solving 

general turbulent fluid flow problems.  

As with many phenomena prone to chaotic behavior mathematically, complete 

models have been difficult to formulate. Therefore the most common way of accounting 

for these flow fluxes is to use a method known as decomposition. The decomposition 

method is based on the mathematical concept that any variable which is a function in 

both space and time can be broken into the sum of two parts: the mean value and a 

fluctuating component. This is represented by: 

𝜙(𝑥, 𝑡) =  𝜙(𝑥) + 𝜙′(𝑥, 𝑡) 

In which 𝜙 is an arbitrary variable, 𝜙(𝑥) is the time independent component of 𝜙 

and 𝜙′ is the fluctuations from the mean value as a function of both space and time. 

Specifically this method is implemented by decomposing velocity and pressure 

components as such: 

𝑢𝑖 = 𝑢�̅� + 𝑢𝑖
′ 
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𝑝𝑖 = 𝑝�̅� + 𝑝𝑖
′ 

In which barred variables represent mean values and primes as the fluctuations 

away from the mean as a function of space and time. The difficulty of solving these 

equations arises when deriving an analytic method for predicting these fluctuating 

components. This inability to account for these terms leads to a lack of closure in the 

governing equations because implementation of this technique will result in six 

unknowns and only four governing equations. It is therefore necessary to empirically 

approximate some of the terms.  Usually, in the context of turbulent flow, the viscous 

fluxes are approximated empirically.   

Although the complex details of turbulence is thought to be beyond current fluid 

mechanics models it is generally possible to capture the mean flow quantities related to 

turbulence. It is therefore necessary to invoke a turbulence model that provides some 

method of averaging erratic flow quantities in an effort to quantify the mean flow 

characteristics (Celik 1999). A common way of approximating this mean flow field is by 

a stochastic time averaging method known as the Reynolds Averaged Navier Stokes 

(RANS) method, which utilizes the aforementioned decomposition technique. 

Within the RANS formulation the nonlinear velocity terms in the governing 

equations are replaced with a turbulence tensor referred to as the Reynolds stress 

tensor. In this tensor, scaling arguments are used to label specific parameters as 

negligible and mean values are considered constant. From there, the remaining terms, 

referred to as “Reynolds Stresses,” are deemed to dominate the flow. The Reynolds 

Averaged Navier Stokes equations, presented in Einstein notation for clarity, then take 

the form: 
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where the only terms which require an additional model are the apparent “Reynolds” 

stresses, defined as: 

jiij uu   

RANS model formulations are typically presented with one or two equations for 

determining the Reynolds Stress. These equations often provide independent mean 

transport equations for two parameters: turbulent length scales and turbulent kinetic 

energy. In the case of single equation models, one of the above parameters is chosen 

and an attempt is then made to approximate the other from the modeled quantity. This 

formulation often leads modern RANS equations to be referred to simply as “One” or 

“Two” equation models. 

Within the Reynolds time averaging nomenclature there are two major 

assumptions that must be made: local turbulence isotropy and local equilibrium within 

the flow (Celik 1999). Because of these basic assumptions the RANS models have 

inherent limitations when describing anything more than the macroscopic effects of 

turbulence.   

In an effort to more accurately describe the physical phenomenon that takes 

place in turbulent fluid flow, complex fluid models have been proposed that address the 

problem of calculating turbulence at vastly different scales. Modern theory suggests that 

turbulence is not isotopic but rather dependent on the scale at which it occurs (Pope 

2002). Small scale turbulence tends to more closely exhibit close to isotropic behavior 

while large scale fluctuations are much more erratic (Celik 1999). More advanced 
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models therefore calculate turbulent eddies on multiple, vastly varied, scales within the 

continuum.  

Although a great deal of turbulence closure models have been formulated, four 

have been chosen, due to their popularity and robustness, for discussion. Of the models 

chosen one is of the advanced eddy formulation and three from the Reynolds Averaging 

family. For ease of navigation they are presented in decreasing order of complexity as: 

Large Eddy Simulation (Advanced Hybrid), K-Epsilon (Two Equation RANS), K-Omega 

(Two Equation RANS), and Spalart-Allmaras (One Equation RANS). Of the RANS 

models chosen all are of the linear eddy viscosity formulation and therefore adhere to 

the Boussinesq hypothesis of a linear relationship between the Reynolds Stress Tensor 

and the mean Strain Rate Tensor (Pope 2002). 

2.2.1 Direct Numerical Simulation 

Although not a turbulence model a moment will be taken to discuss Direct 

Numerical Simulation (DNS) as a starting point for turbulence in computational fluid 

mechanics. The DNS method works on the assumption that the governing equations 

are correct in their current form. No turbulence model is used in the DNS approach and 

as such all velocity terms, linear and nonlinear, must be calculated directly across all 

dimensional scales from the governing equations. Accordingly, there is no reliance on 

empirically based mean flow parameters such as the Reynolds Stress tensor since the 

velocity fluxes are directly numerically calculated. 

Within the DNS theory, turbulence is dictated by eddy formation and decay 

described by the governing differential equations. Turbulence itself is then described as 

consisting entirely of different scale eddies. Formations of large scale eddies tend to 

become unstable and release energy in the form of turbulence. This release of energy is 
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classified by the creation of multiple, smaller eddies. This process continues until the 

scale at which eddies can no longer be sustained is reached (Kolmogrov 1941a). At this 

minimum eddy scale turbulent energy is no longer converted into smaller eddies but 

rather released as heat. This release of heat is known as the turbulent kinetic energy 

dissipation rate and is generally given the symbol ε. This minimum turbulent scale, 

below which eddies cannot exist, is derived in a set of classical turbulence papers 

known as Kolmogorov’s theory of turbulence (Kolmogorov 1941a). Contained in this 

theory is a set of equations dubbed “Kolmogorov’s Scales” which dictate this minimum 

scale beyond which eddy formation ceases to occur. These scales are given as: 

𝜂 = (
𝜐3

𝜀
)

1
4

 

𝑢𝜂 = (𝜀𝜈)
1
4 

𝜏𝜂 = (
𝜈

𝜀
)

1
2
 

in which 𝜂 is the minimum length scale, ν is the kinematic viscosity, ε is the turbulent 

kinetic energy, 𝑢η is the minimum velocity scale, and 𝜏n is the minimum time scale. 

Turbulence is then shown to be contributed to by eddies that span widely varied time 

and length scales. As such capturing these phenomena numerically requires grid size 

and time steps to be on the order of these minimum scales (Pope 2002). Consequently, 

analysis has shown that computation time for DN simulations grow cubically as 

Reynolds numbers increases. Due to the small time step and grid size constraint DN 

simulations are regarded as the most computationally intensive approach to solving a 

flow condition currently in implementation (Lee et al. 2013).  
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Although DNS simulations are generally considered to be the closest to 

physically correct there are still some assumptions which must be made with 

Kolmogorov’s theory. Energy is assumed to cascade from large eddies down through to 

smaller ones (Pope 2002). While this is considered to dominate the process, 

experiments and simulations have shown the existence of upward energy flowing from 

smaller eddies to larger ones. This reversal of energy dissipation progression is known 

as turbulent backscatter. Currently the research community is divided on whether it can 

be captured by the governing equations alone (Moin 1998). Another assumption which 

must be made to implement a DNS scheme is that turbulence occurrences are entirely 

random. While this assumption generally holds there are situations where stable, large 

scale turbulent structures can form (Pope 2002). 

Due to the extremely high computation cost and existence of numerical 

instabilities DNS is not readily used by industry or significant portions of the engineering 

community. Its current application has remained limited to small, low Reynolds number 

flows of academic and scientific interest regarding the micromechanics of turbulence 

(Anderson 1995). Currently the largest DN simulation to date was conducted by 

Argonne National Laboratory and University of Texas at Austin researchers in 

November of 2013. The simulation spanned 242 billon degrees of freedom and required 

260 million processor core hours. Even so, the simulation was limited to a Reynolds 

number of ~5000 and the academic problem of channel flow between two infinite 

parallel plates (Lee et al. 2013). 

2.2.2 Large Eddy Simulation 

The Large Eddy Simulation (LES) is a hybrid theory first presented by Joseph 

Smagorinsky (1963). Within the LES formulation, an attempt is made to bridge the gap 



 

28 

between highly expensive direct simulations, which calculate all scales of turbulent 

eddies, and Reynolds Averaged methods, which calculate only the mean. The 

assumption within the LES formulation is that turbulent flow characteristics are primarily 

dominated by the physics of large scale eddies within the continuum. Large scale eddy 

formation and decay is therefore solved directly in a manner similar to full scale DNS. 

Smaller scale eddies are considered less important to the overall flow and modeled 

using an averaged approach consistent with the RANS formulations (Celik 1999). This 

approach provides more accurate results than those of RANS calculations however 

computation costs can still be considerable (Cd-adapco 2012). 

To formulate the LES equations, the discretized Navier-Stokes equations are put 

through a filtering process, (in lieu of averaging). This filtering process determines the 

smallest eddy to be calculated directly, beyond which the RANS approach will take 

over. Through algebraic manipulation the filter equations can be presented in a manner 

similar to the segregated flow equations with the exception of the Reynolds Stress 

tensor. That term is then replaced by the Boussinesq approximation tensor as: 

𝑇𝑡 = 2𝜇𝑡 𝑆 −  
2

3
 (𝜇𝑡 ∇  ∙ 𝑣 +  𝜌𝑘)𝐼 

In which T is the turbulent stress tensor, μt is the subgrid scale viscosity, S is the strain 

rate tensor, v is the vector velocity, ρ is the fluid density, k is the turbulent kinetic 

energy, and I is the identity matrix. From there the strain rate tensor, S, is resolved as: 

𝑆 =  
1

2
(∇𝑣 +  ∇𝑣𝑇) 

Because the LES formation makes no attempt to calculate small scale eddy 

structures a model is needed to close the governing equations and define turbulent 

viscosity beneath a specified resolution at which eddy calculate is deemed 
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unnecessary. This is appropriately referred to as a subgrid scale model. Although 

multiple subgrid scale models have been put forward the most widely used is the Wall-

Adapting Local-Eddy Viscosity (WALE) model due to its relative ease of use. 

Additionally, the majority of the LES computational effort has been placed in optimizing 

the WALE method for high performance computing (CD-adapco 2012). The WALE 

method is therefore presented here, in place of other subgrid methods, as 

representative of the LES formulation. 

The WALE model presents a mixing length argument similar to that of Prandtl 

Turbulence Theory in which subgrid scale viscosity is defined as: 

𝜇𝑡 =  𝜌Δ2𝑆𝑤 

Where ρ is the fluid density, Δ is the grid filter width, and Sw is a deformation parameter. 

The grid filter width is then defined as a delta function as: 

Δ = {
𝐶𝑤𝑉

1
3                              𝐼𝑓 𝑙𝑒𝑛𝑔𝑡ℎ 𝑠𝑐𝑎𝑙𝑒 𝑙𝑖𝑚𝑖𝑡 𝑖𝑠 𝑛𝑜𝑡 𝑎𝑝𝑝𝑙𝑖𝑒𝑑

min (𝜅𝑑, 𝐶𝑤𝑉
1
3)            𝑖𝑓 𝑙𝑒𝑛𝑔𝑡ℎ 𝑠𝑐𝑎𝑙𝑒 𝑙𝑖𝑚𝑖𝑡 𝑖𝑠 𝑎𝑝𝑝𝑙𝑖𝑒𝑑

 

In which Cw is an empirical coefficient, V is the cell volume, κ is the von Karman 

constant (Generally taken to be 0.41), and d is the wall distance. The deformation 

parameter is defined as: 

𝑆𝑤 =  
𝑆𝑑: 𝑆𝑑

3
2

𝑆𝑑: 𝑆𝑑

5
4 + 𝑆: 𝑆

5
2

 

Where Sw is the deformation parameter, S is the strain rate tensor defined above, and 

Sd is a modified strain tensor defined as: 

𝑆𝑑 =  ∇𝑣 ∙ ∇𝑣 + (∇𝑣 ∙ ∇𝑣)𝑇 

for which v is the velocity vector. 
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 The Large Eddy formulation is considered a significant step up from formulations 

which only consider mean flow parameters across the entire field (Figure 2-1). Since 

large eddy configurations are calculated from the governing equations solutions more 

accurately reflect the physics of turbulent fluid flow. A consequence of calculating these 

additional eddy structures is a significant increase in computation time over two-

equation models. Although LES models do not approach the machine power required 

for a DN simulation studies have shown an order of magnitude increase in computation 

time over comparable two-equation schemes.  Another inherent limitation of LE 

simulations is their disregard of small scale eddy structures and the related assumption 

of isotropic turbulence in those regions. 

 

 
Figure 2-1. Visualization of density gradients from large eddy simulation of exhaust flow 

from a 2-inch conic nozzle conducted by researchers at Argonne National 
Laboratory (Joseph Insley ANL 2013) 
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 Despite the relatively high computational power needed to simulate flows of 

engineering interest there has been a large number of scientific publications and 

industrial reports for use of the method. As computational power continues on the path 

to exascale computing (Argonne National Laboratory 2013) use of LES and other highly 

computationally expensive methods is expected to increase as access to 

supercomputing capability becomes more widespread.  

2.2.3 k-ε Models 

The k- ε model is a two equation turbulence closure model in which empirical 

parameters for mean flow values are solved. Like other RANS models the turbulent 

kinetic energy, k, is used to define the turbulence tensor. The model differs from other 

two equations models in its use of a turbulent energy dissipation rate, ε, as the second 

parameter to close the governing equations. 

The k-ε approximation traces its roots to Komogorov’s 1941 (1941a) theory 

describing turbulent kinetic and the rate at which the process progresses. However, the 

first formal theory was described by Jones and Launder (1972) as an empirical method 

for obtaining turbulent flow parameters to numerically evaluate the governing equations. 

This original formulation is commonly referred to as the standard k-ε model. And while 

it was considered a large breakthrough at the time, the model has inherent limitations 

(beyond the limits of mean flow models) and is generally not used in modern CFD 

analysis (Bardina et al. 1997). One such limitation with the standard model is its lack of 

realizability. Realizability places a constraint on the growth rate for turbulent kinetic 

energy with the grid. A shortcoming of initial formulation is the propagation of turbulent 

kinetic energy from stagnation points contaminating the surrounding solution. A second 
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limitation was the inherent problem of resolving boundary layers at the edge of the 

domain. Standard formulations exhibit significant instabilities and error around wall 

boundaries. As a consequence many modified k-ε models, which account for these 

limitations, are used currently. Popular variations of the original model currently in 

implementation include: Abe-Kondoh-Nagano (AKN), V2F, and the Realizable Two-

Layer models.  

The AKN and V2F models are typically suited for low Reynolds number flow in 

which head exchange through complex geometry is of interest. The V2F model 

specifically is known to capture skin friction and near wall turbulence quite well. The 

Realizable Two-Layer model is generally considered the most flexible model and it 

implemented in a wide range of applications. Most significantly, the Realizable Two-

Layer formulation allows for high wall distance values required when calculating shear 

stress due to surface roughness.  

A realizable, two-layer, k- model with two-layer all-y+ wall treatment was 

chosen for all studies presented in this thesis (Crowley et al. 2014).  This realizable 

model was developed by Shih et al. (1994), and it contains a different transport equation 

for the turbulent dissipation rate, , than the traditional k- approach.  It also 

parameterizes the model coefficient, C as a function of mean flow and turbulence.  In 

the standard k-approach, this term is assumed to be constant.  This parameterization 

appears to be consistent with experimental observations in boundary layers (Cd-adapco 

2012).   

 

 



 

33 

Specifically, in the realizable k- model, the standard transport equations are:   

𝑑

𝑑𝑡
∫ 𝜌𝑘𝑑𝑉 + ∫ 𝜌𝑘(𝑣 − 𝑣𝑔) ∙ 𝑑𝑎 =  

 

𝐴

 

𝑉

 

∫ (𝜇 +
𝜇𝑡

𝜎𝑘
) ∇𝑘 ∙ 𝑑𝑎 + ∫ [𝐺𝑘 + 𝐺𝑏 − 𝜌((ε − ε0) + Γ𝑀) + 𝑆𝑘]𝑑𝑉 

 

𝑉

 

𝐴
  (2-1) 

𝑑

𝑑𝑡
∫ 𝜌𝜀𝑑𝑉 + ∫ 𝜌𝜀(𝑣 − 𝑣𝑔) ∙ 𝑑𝑎 =

 

𝐴

 

𝑉

 

∫ (𝜇 +
𝜇𝑡

𝜎𝑘
) ∇𝜀 ∙ 𝑑𝑎 + ∫ [𝐶𝜀1𝑆𝜀 +

𝜀

𝑘
(𝐶𝜀1𝐶𝜀3𝐺𝑏) −

𝜀

𝑘+√𝜈𝜀
𝐶𝜀2𝜌(𝜀 − 𝜀0) + 𝑆𝜀]𝑑𝑉 

 

𝑉

 

𝐴
 (2-2) 

in which  is the density of the fluid; k is the turbulent kinetic energy; V is the cell 

volume; v is the velocity; vg is the grid velocity; a is the face-area vector;  is the 

dynamic viscosity of the fluid; t is the turbulent viscosity; k and  are the turbulent 

Schmidt numbers;  is the turbulent dissipation rate; 0 is the ambient turbulence value 

in the source terms that counteracts turbulence decay; M is the dilation dissipation 

coefficient;  is the kinematic viscosity of the fluid; and Sk and S are user-specified 

source terms (CD-adapco 2012).   

The turbulent terms, Gk and Gb for production and production due to buoyancy 

are given by Equation 2-4 and Equation 2-5 respectively:   

𝐺𝑘 = 𝜇𝑡𝑆2 −
2

3
𝜌𝑘∇ ∙ 𝑣 −

2

3
𝜇𝑡(∇ ∙ 𝑣)2 (2-3) 

𝐺𝑏 = 𝛽
𝜇𝑡

𝜎𝑡
(∇𝑇 ∙ 𝑔) (2-4) 

In these equations, T is the temperature (although flow was assumed to be 

isothermal);  is the coefficient of thermal expansion; g is the acceleration due to 

gravity; and S is the modulus of the mean rate of strain tensor, S, given by:  

𝑆 = |𝑺| = √2𝑆: 𝑆𝑇 = √2𝑆: 𝑆 (2-5) 
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𝑺 =
1

2
(∇𝑣 + ∇𝑣𝑇) (2-6) 

The dilation coefficient M is expected to be small since the SERF was modeled 

as a single-phase volume of water.  However, for completeness, its formulation is 

presented below:   

Γ𝑀 =
𝐶𝑀𝑘𝜀

𝑐2
 (2-7) 

where c is the speed of sound and CM = 2 (CD-adapco 2012).    

 

The turbulent viscosity is defined as: 

𝜇𝑡 = 𝜌𝐶𝜇 (
𝑘2

𝜀
) (2-8) 

where, as mentioned, unlike the standard k- approach, C is variable and is given by: 

𝐶𝜇 =
1

𝐴0+𝐴𝑠𝑈(∗)(
𝑘

𝜀
)
 (2-9) 

𝑈(∗) = √𝑺: 𝑺 − 𝑾: 𝑾 (2-10) 

𝐴𝑠 = √6 cos 𝜙 (2-11) 

𝜙 =
1

3
cos−1(√6𝑊) (2-12) 

𝑊 =
𝑆𝑖𝑗𝑆𝑗𝑘𝑆𝑘𝑖

√𝑆𝑖𝑗𝑆𝑖𝑗 
3  (2-13) 

𝐴0 = 4.0 (2-14) 

W is the rotation tensor: 

𝑾 =
1

2
(∇𝑣 − ∇𝑣𝑇) (2-15) 

The model coefficient, C is defined as:  

𝐶𝜀1 = 𝑚𝑎𝑥 (0.43,
𝜂

5+𝜂
) (2-16) 
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where  is defined as:  

𝜂 =
𝑆𝑘

𝜀
 (2-17) 

And the balance of the model coefficients are given as C2 = 1.9,  = 1.0, and  = 1.2 

(CD-adapco 2012).   

This realizable model was combined with a two-layer approach (Rodi 1991) 

which allows the k- model to be applied in the viscous sublayer.  In this approach (as 

implied), the computation is divided into two layers.  In the layer near the walls,  and t 

are specified as functions of wall distance.  Values for  are blended smoothly with 

values computed by solving Equation 2-2 far from the wall using blending functions 

described in detail by Jongen (1998).  Meanwhile, Equation 2-1 is solved throughout the 

entire flow regime (CD-adapco 2012).  Specifically, the near-wall model is 

parameterized as a length-scale function and a turbulent viscosity ratio function 

(Wolftstein 1969):   

𝑙𝜀 = 𝑓(𝑦, 𝑅𝑒𝑦) = 𝑐𝑙𝑦 [1 − exp (−
𝑅𝑒𝑦

𝐴𝜀
)] (2-18) 

𝐴𝜀 = 2𝑐𝑙 (2-19) 

𝑐𝑙 = 𝜅𝐶𝜇

−
3

4 (2-20) 

𝜇𝑡

𝜇
= 𝑓(𝑅𝑒𝑦) = 𝑅𝑒𝑦𝐶𝜇

0.25𝜅 [1 − exp (−
𝑅𝑒𝑦

𝐴𝜇
)] (2-21) 

𝑅𝑒𝑦 =
√𝜅𝑦

𝜈
 (2-22) 

 

 

where C = 0.09,  = 0.42, Am = 70.   
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The dissipation rate is simply:   

𝜀 =
𝑘3 2⁄

𝑙𝜀
 (2-23) 

The use of this two-layer approach allows for the flexibility of a two-layer all-y+ wall 

treatment. 

2.2.4 k-ω Models 

Like the k- ε model the k-ω model is a two-equation turbulence model that 

belongs to the RANS family. Within the formulation two, independent, mean flow 

characteristics are empirically defined as the turbulent kinetic energy, k, and the specific 

dissipation rate, ω. The formation of the k-ω in its original form was presented by Wilcox 

in 1988. The model has had a somewhat tumultuous history to reach its current form. 

The original model presented significant issues with numerical stability. Additionally the 

model shows a high sensitivity to the empirical dissipation parameters in free stream 

flow. This poses an issue when estimating initial flow conditions. This parameter is often 

difficult to measure experimentally and the input of an expected value often caused 

numerical divergence. One advantage of the k-ω model that was deemed important was 

its robustness in boundary layers close to walls. In an effort to capture this boundary 

layer advantage, Menter (1996) rearranged the formulation in 1996 to create a two-

equation hybrid model.   

This new model evoked the k-ω equations in areas of close relation to the wall 

and called upon k-ε assembly. This hybrid RANS model was labeled as the Shear-

Stress Transport (SST) k-Omega model. Wilcox (1998) released a set of corrections to 

his original k-ω model; although the theory is thought to be sound there has yet to be 

wide-scale use of the corrected model. Consequently model validation has not been 
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established and care must be taken when implementing the corrected expressions. Due 

to its wide use and large presence of validation studies the SST variation of the model 

will be presented here as representative of modern k-ω expressions. 

The SST transport equations are formulated as: 

𝑑

𝑑𝑡
∫ 𝜌𝑘𝑑𝑉 + ∫ 𝜌𝑘(𝑣 − 𝑣𝑔) ∙ 𝑑𝑎 =  

 

𝐴

 

𝑉

 

∫(𝜇 + 𝜎𝑘 𝜇𝑡)∇𝑘 ∙ 𝑑𝑎 + ∫ (𝛾𝑒𝑓𝑓𝐺𝑘 − 𝛾′𝜌𝛽∗𝑓𝛽∗(𝜔𝑘 − 𝜔0𝑘0 + 𝑆𝑘)𝑑𝑉 
 

𝑉

 

𝐴

 

 

𝑑

𝑑𝑡
∫ 𝜌𝜔𝑑𝑉 + ∫ 𝜌𝜔(𝑣 − 𝑣𝑔) ∙ 𝑑𝑎 =

 

𝐴

 

𝑉

 

∫(𝜇 + 𝜎𝑘 𝜇𝑡)∇𝜔 ∙ 𝑑𝑎 + ∫ (𝐺𝜔 − 𝜌𝛽𝑓𝛽(𝜔2 − 𝜔0
2) + 𝐷𝜔 + 𝑆𝜔)𝑑𝑉 

 

𝑉

 

𝐴

 

In which  is the density of the fluid; k is the turbulent kinetic energy; V is the cell 

volume; v is the velocity; vg is the grid velocity; a is the face-area vector;  is the 

dynamic viscosity of the fluid; t is the turbulent viscosity, γeff is the effective 

intermittency, β is a compressibility correction constant, f is a free stream dissipation 

limiter coefficient, Sk is a user defined source term, and Dω is the cross derivate term  

The SST k-ω model is currently a popular two-equation model within the 

aerospace and wind engineering industry due to its ability for relatively, accurately 

descriptions of the mean characteristics of compressible flow and boundary layer 

separation. The model is generally used in place of more complex models due to its 

computational efficiency and avoidance of numerical instabilities associated with 

detailed turbulent flux calculations. 
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2.2.5 Spalart-Allmaras 

The Spalart-Allmaras is a one-equation model, meaning that it aims to resolve 

the entire relationship between the Reynolds stress and mean flow velocity field with a 

single transport expression. This expression comes in the form of a model for the 

parameter known as the eddy viscosity. Previous one equation models chose to 

combine an equation for turbulent kinetic energy and an algebraic description of length 

scale to define eddy viscosity whereas the Spalart-Allmaras seeks to solve directly for 

the eddy viscosity. Although this method is a step more complex than algebraic (No 

Equation) models, critiques often note its lack of a turbulent length scale parameter 

(Wilcox 1998) 

The model was originally developed in 1992 for use in the aerospace industry by 

NASA engineers (Spalart and Allmaras 1992). An interesting note is the authors’ 

specific formulation with the direct intention of computational implementation. The 

equations are presented in a form that is intentionally written in a manner to allow for 

straightforward translations to unstructured grids within computational codes. Although 

unstructured grids were fairly new at the time of publication they have become 

increasingly prevalent in recent years. This attention to bridging the gap between the 

theoretical model and the struggles of implementation has led the model to become one 

of the more popular approaches within the commercial CFD and aerospace industry 

(Moin 1998). Another significant advantage of the Spalart-Allmaras approach is the 

reduced computational cost when compared to other widely used models. Since the 

model only makes use of a single additional transport equation it can yield design 

caliber results at significantly lower computation cost than higher complexity models.  
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Much like many turbulence models there exists a standard form which adheres to 

the original publication and various modified forms which have been developed over the 

years to overcome hurdles the formulation has encountered as use became more 

mainstream. The standard Spalart-Allmaras is generally only suitable for flows of low 

Reynolds number flow which are free of shocks and have little, if any, separation 

(Spalart and Allmaras 1992). A disadvantage of the original formulation is that it is 

implemented without the use of wall functions. Due to this omission if the model is to be 

used to acquire even reasonable accuracy it requires a fairly fine grid at boundaries to 

capture wall turbulence in the boundary layer (Cd-adapco 2012). It is also noted that 

although the model provides reasonable results for wake, mixing layer, and radial jet 

problems it does not provide accurate results for plane and round jet problems (Wilcox 

1998) primarily due to its lack of an equation to describe the eddy length scales involved 

with the problem formulation. The model equations are generally considered less 

complex than those of the other RANS models presented. Therefore the presentation of 

empirical constants and derivation of model variables is left to the reader. 

 
2.3 SIMPLE Algorithm 

Once appropriate models have been selected the segregated fluid approach 

discussed above was implemented using the Semi-Implicit Method for Pressure Linked 

Equations (SIMPLE) method (Patankar and Spalding 1972) internally within a variety of 

CFD solvers (Andersen 1995). In a general sense the SIMPLE algorithm is used to set 

up the workflow when solving implicit unsteady transient problems. The formulation is 

broken into twelve steps; the process is then repeated for each time iteration. For 

completeness the workflow is presented below as: 
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1. Set the boundary conditions 

2. Compute the reconstruction gradients of velocity and pressure 

3. Compute the velocity and pressure gradients 

4. Solve the discretized momentum equation   

5. Compute the uncorrected mass fluxes, �̇�𝑓
∗, at cell faces 

6. Solve the pressure correction equation 

7. Update the pressure field by : 𝑝𝑛+1 = 𝑝𝑛 + 𝜔𝑝′ 

In which n is the current iteration and ω is the under relaxation factor 

8. Update the boundary pressure corrections 

9. Correct the face mass fluxes by: �̇�𝑓
∗ = �̇�𝑓

∗ + �̇�𝑓
′   

10.  Correct the cell velocities by: 𝑣𝑛+1 = 𝑣∗ −
𝑉∇𝑝′

𝑎𝑝
𝑉  

In which v is the uncorrected cell velocity, v* is the uncorrected cell 

velocity, 𝑎𝑝
𝑉 is the vector of the central coefficient for the discretized linear 

system representing the velocity equation, and V is the cell volume 

11. Update density due to pressure changes (If Flow is Compressible) 

12. Free all temporary storage 
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CHAPTER 3 

COMPUTATIONAL MODELING OF BED MATERIAL SHEAR STRESSES IN PISTON-

TYPE EROSION TESTING DEVICES 

3.1 SERF Modeling Overview 

The Sediment Erosion Rate Flume (SERF) device was computationally modeled 

using CD-adapco’s Star-CCM+ at varying flow rates and sample roughnesses so 

that wall shear stresses could be evaluated during a piston-style erosion test. Shear 

stress data were matched between the model and data from previous physical tests.  

Pressure differential upstream and downstream from an eroding specimen displayed 

similar behavior during both physical and modeled tests in that as eroding sample 

roughness increased, pressure differential did not appear to change.  A series of 

complicated bed configurations were added to the computational model to quantify 

the effects of “blocking,” “chunking,” or sample over-advancement during an erosion 

test.  Results appeared to indicate that small deviations in sample geometry may 

have large effects on localized shear stresses.  Another series of models was run to 

provide an explanation for the beginning of “blocking” or “chunking” as a result of 

shear stress development over a rough sample.  Results showed that relatively large 

localized shear stresses may develop simply because of the introduction of 

roughness.  Finally, results also indicated that the most conservative method for 

future testing is to keep the bottom edge of an eroding sample flush with a flume 

bottom.   
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3.2 Background 

From the outset, the major point of emphasis within the numerical adaptation was 

placed on providing a clearer picture of the hydraulically induced cohesive scour that 

occurs in empirical scour testing devices. Although laboratory erosion rate 

measurements have been taken in a wide variety of conditions their relation to full scale 

physical scour amounts has yet to be fully established (Crowley et al. 2012). Erosion 

rates within these devices have not been analytically described. As with any entirely 

empirically based system, care must be taken when evaluating their results. Many of 

these scour devices rely on accurate shear stress measurements and the governing 

assumption that shear stress is constant across the entire sample. This constant shear 

stress assumption causes the most pressing concerns. Localized shear stresses across 

a sample can cause laboratory tests to either significantly over and under estimate 

material scour resistance. Underestimating the strength of a material could lead to the 

overdesign of coastal structure adding unnecessary expensive. Overestimation of 

material strength is of the highest concern as it would lead to the direct lowering of 

design safety factors, which could ultimately lead to structural failures. 

Although it can take several forms and scour is broadly defined by the Hydraulic 

Engineering Circular (HEC) as erosion of streambed or bank material due to flowing 

water (Crowley et al. 2013). Each form of scour has its own mechanisms however it is 

generally grouped into to three major categories: General, Contraction, and Local.  

General scour is defined as bed elevation changes that result from the lateral 

instability of the waterway (Florida Bridge Scour Manual 2005). This change in elevation 

occurs due to the cyclic nature of tidal and riverine cycles. Occasionally river flows can 

reverse direction causing slow changing oscillations in the river velocity profile. These 
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oscillations over time tend to shift bed material and rearrange river profiles. This change 

in global flow patterns occurs gradually and rarely causes rapid loss of bridge 

foundation material. As a consequence of the large time scales at which global scour 

occurs, scientific work on the mechanisms has been limited. Because the current design 

life of coastal structures is generally limited to fractions of centuries global scour is not 

commonly accounted for in the design process. 

Contraction scour occurs do the rapid decrease in channel cross sectional area 

due to an obstruction, natural or man-made (Florida Bridge Scour Manual 2005). This 

effect can be caused by a variety of factors with the most common being the 

construction of sizable bridge pier foundations. As the river cross section narrows the 

cross sectional velocity must increase (assuming a constant flow rate). This increase in 

mean flow velocity has a twofold effect. First, as the river flow speed increases Stokes’ 

law indicates that a higher percentile of sediment sizes will be transported downstream 

with the moving flow. Secondly, over time the amount of sediment removed from the 

contracted area will increasing in a compounding manner. This increase can cause an 

unbalance of sediment entering the contracted area versus leaving. Contraction scour is 

generally considered predictable. As a result foundations are designed to extend past 

the maximum calculated scour point (Trammell 2004). 

Local scour can be considered similar to contraction scour but in a much more 

specific, localized location. Because of the stagnation pressure (and associated local 

accelerations) present at the leading edge of a bluff body, high fluid forces develop at 

the base of coastal foundations. This increase in forces coupled with the increased 

contraction velocity is the main mechanism for local scour. Local scour is generally 
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determined around specific supports rather than the entire structure all at once. The 

integrity of the structure is most highly dependent on local scour. Local scour generally 

recognized as the major factor in removal of material around open channel bridge piers. 

Due to its highly specific nature local scour can be the most difficult to predict and 

therefore design around. Consequently coastal design manuals have placed a large 

emphasis on local scour mitigation and have deemed it the largest contributor to 

modern bridge collapse in the United States (Arneson et al. 2012). The effects of local 

scour were the primary focus of this study. 

Currently the physics of local bridge pier scour is not well understood and as a 

consequence mitigation is often overly conservative (Annandale 2004).  This approach 

tends to compound construction costs and leave designers with a wide possible range 

regarding the ultimate capacity of the structure. Bridge designs have reported accounts 

of doubling the initial design pile depth embedment due to scour concerns (Trammell 

2004). 

In response to the growing concern over bridge integrity the Federal Highway 

Administration (FHWA) released the first Hydraulic Engineering Circular No. 18 

Evaluating Scour at Bridges in 1993. The current, fifth edition, was published in April of 

2012 (Arneson et al. 2012). Within the manual, bridge pier scour is placed into two 

broad categories regarding the foundation material type: sandy cohesionless materials 

and clay-like materials exhibiting strong cohesive properties. For cohesionless materials 

empirical formulas are presented based on laboratory tests from various institutions. 

One set of such equations was developed by Max Sheppard at the University of Florida 
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(Florida Bridge Scour Manual 2005). In the case of materials exhibit strong cohesion, 

however, such as clay and rock a physical erosion test must be performed.   

The latest standard stipulates that when cohesive bed material erodes, a method 

similar to the Briaud et al. Erosion Function Apparatus - Scour Rate in Cohesive Soils 

(EFA-SRICOS) method (Briaud et al. 1999, 2001, 2004a, 2004b) may be used to 

estimate scour depth.  The crux of this scour-prediction method is that a bed material’s 

erosion function, or erosion rate versus shear stress relationship, which should exist for 

any bed material (Einstein and Krone 1962, Partheniades 1965) must be measured 

using laboratory equipment.  The advantage to this semi-empirical method is that site-

specific and soil-specific conditions are taken into account during design.  But its 

disadvantage is its reliance on an accurate erosion test.  Three erosion-function 

measuring devices are discussed in HEC-18: rotating-type devices, submerged jet-type 

devices, and piston-type devices. 

3.2.1 Rotating Devices 

Rotating scour devices began production in 2001 with the development of the 

Rotating Erosion Test Apparatus (RETA) at the University of Florida (Crowley et al. 

2012). The RETA testing scheme is only applicable to samples exhibiting strong 

cohesive properties such as stiff clays, sandstone, and limestone. The reason for this is 

twofold. First, the sample is placed on a support shaft running through the center of the 

rotating device. Samples must therefore be partially supported vertically by their own 

cohesive forces. Secondly, the shear stress calculation is based upon a decrease in 

sample radius. For samples exhibiting low cohesion this reduction in sample radius 

represents a nonphysical property.  



 

46 

To conduct a RETA erosion test field samples are collected and formed to a 4 

inch long cylinder. A 1/4” diameter support shaft is then placed through the sample 

material and positioned in the RETA device. An outer Plexiglas annulus is then placed 

around the sample material and filled with water. The outer cylinder is then made to 

rotate by a motor driven chain. The sample rod is then attached to a torque cell. As the 

outer cylinder rotates shear stresses accumulate on the sample causing material to 

erode. At the end of a RETA test samples are removed from the device and dried in an 

oven to remove saturated water. Erosion rates are then determined from: change in 

sample mass, change in sample diameter, and change in sample shape (Crowley et al. 

2012b). The average shear stress, 𝜏, is then give by: 

LR

T
22

   

In which T is the torque measured at the torque cell, R is the radius of the sample, and 

L is the length of sample. From this the erosion rate can be calculated by: 

RLD

m
E

2


  

In which E is the erosion rate, Δm is the change in mass of the sample, R is the radius 

of the sample, L is the length of sample, and D is the duration of the test (Crowley et al. 

2012b) 

 Because the torque on the inner cylinder is used to calculate the shear 

stress on the sample the RETA may prove to be important as it creates a “feedback” 

loop within the system mandating a constant shear stress. There has however been 

considerable criticism on the RETA device. Because the shear stresses in a river bed 

occur at the soil fluid interface erosion will occur in a top to bottom fashion. Within the 
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RETA erosion occurs along a radial plane which could cause inconsistencies when 

relating measured shear stress within the RETA to river bed shear stresses. Additionally 

sample shear stresses are considered to be constant across the entire sample. This 

constant shear stress assumption holds only if the cylinder is uniform and free of 

defects. This assumption causes issues when relating the shear stress of an uneven 

sample. Although care is taken to ensure that the sample is sufficiently uniform before 

testing some degree of error is expected during preparation. Therefore although the 

stresses on the rotated outer cylinder are approximately constant those on the sample 

can be quite localized (Crowley et al. 2012b). 

3.2.2 Submerged Jet Devices 

The jet device operates on the concept that the shear stress in an eroding 

sample is related the maximum scour depth. An assumption is then made that as a 

scour hole grows the shear stress will decrease until equilibrium is achieved, after which 

scour will no longer occur. This concept is shown through jetting experiments as a result 

of increasing jet dissipation energy (Weider 2012). The Jet Erosion Test (JET) 

apparatus was developed by Hanson in 1997. The device consists of a jet tube, an 

adjustable head tank, and a jet submergence tank (Weidner 2012). The JET device is 

filled with water and placed so that its orifice is submerged in soil. Water is pushed 

through the JET orifice and the sample is made to erode. As the sample erodes, depth 

of erosion as a function of time is recorded. From the erosion test, center line velocity of 

the jet can be found by: 

H

d
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U
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In which U is the center line velocity, U0  is the jet nozzle velocity, Cd is the diffusion 

coefficient (Generally taken as 6.2), d is the nozzle diameter, and H is the distance from 

the jet origin. From there an assumption is made that the jet flow is parallel to the planar 

boundary and that the velocity parallel to bed is equal to the jet velocity at distance, H, 

from the jet nozzle. From this assumption it is then possible to calculate the shear 

stresses caused by the jet as follows: 

2

00 )(
H

d
UCC df    

In which Cf  is the coefficient of friction. According to Hanson et al. (1997), river flows are 

dominated mostly by surface roughness. Therefore, the coefficient of friction should be 

independent of Reynolds number given a sufficiently fast moving flow. From this shear 

stress erosion is then measured until a maximum depth of erosion has occurred and 

equilibrium is said to be established. The maximum scour depth is then related to the 

critical shear stress by: 

2

0 )(
H

dCd
c    

The critical shear stress is then integrated through dimensional analysis and a 

theoretical time of erosion can be calculated for comparison with the experimental time. 

An upside of the submerged jetting device is its ease of use in the field.  

Additionally, typical results are obtained in a relatively short amount of time; most tests 

typically run for around an hour (Hanson 2004). On the other hand, a JET test requires 

a large number of assumptions, which may affect its accuracy. For example, the test 

itself can cause hole formation of different shapes.  Because scour holes are known to 

come in a variety of shapes (Crowley et al. 2012) this may cause issues when scour 
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occurs unevenly. Additionally when testing cohesive soils, jet tests can take as long as 

80 hours. To mitigate large run times, results are typically extrapolated outward from 

shorter time experiments. This extrapolation has been shown to overestimate scour 

hole depths found in full time length experiments. A theory for why this overestimation 

occurs is documented by Crowley et al. (2012). Crowley et al. proposed that soil density 

and stiffness increase the further down it is located. This increase in stiffness can lead 

to reduced erosion rates and overly conservative scour estimates (Crowley et al. 2014). 

This extrapolation error compounds upon already existing concerns that studies have 

yet to show that full time length erosions tests accurately predict cohesive scour 

(Weider 2012). 

3.2.3 Piston Devices 

This study focused entirely on piston-type devices, which have been in use since 

the mid-1990’s.  Examples include the Sediment Erosion at Depth Flume (SEDFlume, 

McNeil et al. 1996), the Adjustable Shear Stress Erosion and Transport Flume (ASSET, 

Roberts et al. 1998), the Erosion Function Apparatus (EFA, Briaud et al. 1999, 2001, 

2004a, 2004b), and the Sediment Erosion Rate Flume (Crowley et al. 2012b, i.e. the 

SERF).   

To use these piston-style devices, first an in-situ Shelby tube or rock core is 

obtained.  The specimen is extracted into a testing tube, a piston is inserted into one 

end of the testing tube, and the assemblage is attached to a lead screw.  This assembly 

is inserted into a rectangular duct with a circular cutout so that piston advancement 

causes the sample to protrude into the duct.  Water is made to flow over the sample, 

and as the sample erodes, it is advanced so that its top is nearly flush with the duct’s 
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bottom.  Thus, erosion is approximately caused only by shear stress.  Erosion rate, or 

y/t (y is change in piston position; t is elapsed time) is directly measured.   

However, it is often difficult to obtain accurate shear stress estimates in these 

instruments because no known method exists that is capable of measuring erosion rate 

and shear stress simultaneously for a Shelby tube specimen.  Earlier devices such as 

McNeil et al.’s (1996) SEDFlume and Roberts et al.’s (1998) ASSET estimate wall shear 

stress by using a smooth wall approximation given by:   
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where f is the friction factor defined by the Darcy-Weisbach Equation given in Eq. (3-3); 

U, the average velocity; Dh , the hydraulic diameter defined by Eq. (3-2);  the 

kinematic viscosity of water; h, the height of the duct; w, the width of the duct; and , 

the shear stress on the four walls of the duct.  

The EFA-SRICOS method recommends using the Colebrook-White Equation (Eq. 

3-4) with a roughness height, ks, of one-half the eroding sediment diameter to estimate f 

(Briaud et al. 1999 2001, 2004a, 2004b):  
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Annandale (2006) criticized this approach, and he recommended using a pressure drop 

measurement (White 1986) to estimate shear stress as per Eq. 5: 

  Lwh

pwh
s






2


 (3-5) 

Where, p is the pressure drop across length, L; and w and h are the duct’s width and 

height respectively.   

Crowley et al. (2012) evaluated Annandale’s suggestion using a specialized 

sensor to directly measure shear stress at different roughnesses (smooth, 0.125 mm, 

0.25 mm, 0.5 mm, 1.0 mm, and 2.0 mm).  The sensor may be described as a spring-

type apparatus.  It is inserted into a hole in the flume-bottom, and as water flows over a 

50 mm test disc, the sensor slightly deflects.  Solenoids are used to close the system so 

that deflection is minimal.  This study concluded that using a pressure drop to estimate 

shear stress across an eroding sample did not produce accurate results because the 

area of the sample relative to the contributing area from the duct’s smooth walls was too 

small.  Results showed that as roughness on a relatively small portion of the duct 

increased, p remained nearly constant for a given velocity (shear stress).  

Investigators also found that using ks equal to half the sediment diameter, as 

recommended by Briaud et al. (1999, 2001, 2004a, 2004b), appeared to be incorrect 

because back-solving Eq. 3-4 for ks relies upon instrument-specific hydraulic diameters.   

Crowley et al. (2012) also discuss forcing on a sample that erodes non-uniformly.  

Annandale (2006) identified a situation in the EFA where the downstream portion of a 

specimen eroded much more quickly than its upstream edge.  Similarly, during SERF 

testing, differential-erosion rates caused by “blocking” or “chunking” are often observed 
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whereby erosion of smaller particles is interspersed by events where large chunks of 

material erode (Crowley et al. 2012b).  Under these conditions, using uniform-surface 

shear stress assumptions would appear to be incorrect because localized shear 

stresses should govern the erosion rate.  

In concept, the distribution of shear stress over a flat, rough sample should show 

some similarity to development of the boundary layer over a flat plate.  At the leading 

edge of the flat plate, both boundary layer thickness and shear stress begin at zero and 

grow with distance downstream.  In the case of a rough sample in a piston-style device 

like the SERF, the initial shear stress at the sample’s upstream edge should be equal to 

the shear on a smooth duct boundary.  And, presumably the shear over the remaining 

portion of the sample should increase as the flow moves downstream (at a faster rate 

than shear stress growth for a smooth sample).  This increase in shear development 

may be responsible for “blocking” or “chunking” often observed during testing.   

However, Crowley et al. (2012b) appear to show that from a design perspective, 

assuming nearly-uniform surface conditions in the testing device may be conservative 

because estimating a lower shear stress for a given erosion rate forces the design 

erosion function to translate toward the y-axis and to become steeper.  Therefore, the 

most conservative design approximation would be to use smooth-wall approximations 

given by Eq. 1 through Eq. 3.  This presumption assumes that “blocking” or “chunking” 

do not significantly reduce the localized shear stress.   

Investigators sought to determine: (1) if computational results verify experimental 

pressure drop results; and (2) if using protruding, recessed, or “chunked” samples has a 

significant effect on shear stresses.  Question (2) bears some further discussion beyond 
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non-uniform erosion.  The Briaud et al. (1999, 2001, 2004a, 2004b) EFA testing 

procedure stipulates that during testing, samples should protrude 1.0 mm into their duct.  

Presumably, this is done to ensure conservative results.  Causing the sample to 

protrude into the flume will induce a normal stress upon its leading edge, which in turn 

should increase erosion rate for a given estimated shear stress.  On the other hand, 

Crowley et al. (2012b), Roberts et al. (1998) and McNeil et al. (1996) recommend 

keeping the sample approximately-level with the flume bottom so that field shear stress 

alone is approximated.    

3.3 Approach 

To evaluate the questions presented in the previous section, a computational 

model of the SERF (Crowley et al. 2012b) was generated using CD-adapco’s Star-

CCM+.  Details of the model are discussed below: 

Dimensions of the SERF are 2.0 in. (5.08 cm) by 8.0 in. (20.32 cm) by 9.0 ft. 

(2.74 m).  The 1.0 ft. (30.48 cm) duct inlet and 1.0 ft. (30.48 cm) duct outlet are 

trapezoidal so that they may be connected to the device’s 4.0 in. (10.16 cm) 

polyvinylchloride (PVC) connective plumbing.  The inlet of the device is equipped with a 

flow-straightener that is designed to aid in transition to a hydraulically smooth, fully 

turbulent flow.  A photograph of the device is presented in Figure 3-1 while a schematic 

diagram (and associated mesh approximation) is presented in Figure 3-2.   
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Figure 3-1. Photograph of SERF (Crowley et al. 2014) 

 

 
Figure 3-2. Schematic Layout of SERF showing three-dimensional grid; (a) shows a 

three-dimensional isometric view; (b) shows a top-view.  The location of the 
shear sensor is highlighted in the figure; the dark circles show the location of 
the sample-section. (Crowley et al. 2014) 
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3.4 Computational Model 

3.4.1 Mesh Geometry 

A detailed, three-dimensional drawing of the SERF was prepared using AutoCAD 

by Autodesk, Inc.  All volume meshing was performed within Star-CCM+.  First 

investigators attempted to adapt a polyhedral volume meshing scheme to the geometry.  

However, due to convergence issues with the model, researchers eventually were 

forced to abandon the polyhedral mesh and revert to a tetrahedral scheme.  Between 

1.5 and 2 million cells were used depending on the simulation.  Cell resolution was 

approximately 0.5 mm per cell near the shear stress sensor and sample sections.  

Resolution was expanded to approximately 10.0 mm further away from these areas of 

interest in improve computational efficiency.   

3.4.2 Inlet Formulation 

The inlet into the SERF was modeled as a “velocity inlet,” and its velocity vectors 

were specified explicitly in the normal direction.  The boundary face pressure was 

extrapolated from cells adjacent to the inlet boundary using a hybrid Gauss-least square 

method (LSQ) reconstruction gradient.    The unlimited (superscript u) reconstruction 

(subscript r) of data value  is given by:  

(∇𝜙)𝑟
𝑢 = ∑ (𝜙𝑛 − 𝜙0)𝑤0

𝑓
𝑓  (3-6) 

𝑤𝑓
0 = 𝛽𝑤𝑓

𝑙𝑠𝑞 + (1 − 𝛽)𝑤𝑓
𝐺 (3-7) 

𝑤𝑓
𝑙𝑠𝑞 = [∑

𝒅𝒔×𝒅𝒔

𝒅𝒔𝟐𝑓 ]
−1

(
𝒅𝒔

𝒅𝒔𝟐) (3-8) 

𝒅𝒔 = 𝒙𝒏 − 𝒙𝟎 (3-9) 

𝑤𝑓
𝐺 =

𝐴𝑓

𝑉0+𝑉𝑛
 (3-10) 
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where x0 and xn are the centroids of cell-0 and its neighboring cell n through face f; 0 

and n are data values in cell-0 and its neighbor; Af is the face-area vector; V0 and Vf 

are cell volumes; and  is the geometric Gauss-LSQ gradient blending factor field 

function.  The blending factor is user-specified, and it determines the weight given to the 

Gauss/LSQ computed gradients (CD-adapco 2012).  Initial turbulent kinetic energy, k, 

was specified through introduction of a turbulence intensity parameter, I such that:    

𝑘 =
3

2
𝐼𝑣2 (3-11) 

where v is local velocity magnitude and I was manually set at 5%.  Inlet turbulent 

dissipation rate was derived using an initial turbulent viscosity ratio, 𝜇𝑡/𝜇, of 30 such 

that: 

𝜀 =
𝜌𝐶𝜇𝑘2

(
𝜇𝑡
𝜇

)𝜇
 (3-12) 

3.4.3 Outlet Formulation 

An outlet flow boundary condition (internally, called a “flow-split outlet” in Star-

CCM+) was used to specify the flume’s downstream edge.  Star-CCM+ defines the 

velocity at a flow-split outlet as:  

𝑣𝑓 = 𝑣0
𝑟 +

𝑥𝑖

𝜌
(

𝑎

|𝑎|
) (3-13) 

Where 𝑣𝑜
𝑟 is the velocity that is extrapolated from the adjacent cell value using 

reconstruction gradients; a/|a\ is the outward-normal vector; and xi is a scale factor that 

is computed for outlet boundary i as per Eq. 48 through Eq. 50 (CD-adapco 2012): 

𝑥𝑖 = −
𝑓𝑖

∑ 𝑓𝑖 𝑛 𝑜𝑢𝑡𝑙𝑒𝑡𝑠
𝑗=1

𝑚𝑖𝑛̇ −𝑚𝑖
∗̇

∑ |𝑎|𝑜𝑢𝑡𝑙𝑒𝑡 𝑖 𝑓𝑎𝑐𝑒𝑠
 (3-14) 

where fi is the specified fraction of the flow leaving outlet i (in the case of the SERF, 

100%); and �̇�𝑖𝑛 is the total inlet flow defined as:   
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𝑚𝑖𝑛̇ = ∑ 𝜌(𝑣𝑓 ∗ 𝑎 − 𝑔)𝑛𝑜𝑛−𝑜𝑢𝑡𝑙𝑒𝑡 𝑓𝑎𝑐𝑒𝑠  (3-15) 

And 𝑚𝑖
∗̇  is the unscaled outlet mass flow rate through outlet i: 

𝑚𝑖
∗̇ = ∑ 𝜌(𝑣0 ∗ 𝑎 − 𝑔, 0)𝑜𝑢𝑡𝑙𝑒𝑡 𝑖 𝑓𝑎𝑐𝑒𝑠  (3-16) 

where 𝜌𝑓𝑚𝑎𝑥is the maximum density of the fluid.   

3.4.4 Wall Treatment Formulation 

A two-layer all-y+ wall treatment implies that no assumptions are made about 

how well the viscous sublayer is resolved.  Instead, a blended wall law was used to 

estimate shear stress.  Blending is achieved between high y+ wall treatment and low y+ 

wall treatment.  High-y+ wall treatment is similar to a wall-function type approach in that 

near-wall cells are assumed to lie within the logarithmic region of the boundary layer.  

Low-y+ wall treatment is similar to the traditional low-Reynolds number approach where 

no modeling beyond the assumption of laminar flow is needed in the wall cells.  In other 

words, it assumes that the viscous sublayer is properly resolved (Cd-adapco 2012).  All-

y+ wall treatment attempts to mimic high-y+ wall treatment when a mesh is coarse and 

low-y+ wall treatment when a mesh is fine.  Specifically, a blending function, g is defined 

as a function of Rey:  

𝒈 = exp (−
𝑅𝑒𝑦

11
) (3-17) 

Next, a reference (friction) velocity is defined: 

𝑢∗ = √
𝑔𝜈𝑢

𝑦
+ (1 − 𝒈)𝐶𝜇

0.5𝑘 (3-18) 

in which y is the normal distance from the wall.   
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Wall-cell turbulence production is defined as:   

𝐺𝑘 = 𝒈𝜇𝑡𝑆2 + (1 − 𝒈) (
1

𝜇
) (𝜌𝑢∗ (

𝑢

𝑢+))
2

(
𝜕𝑢+

𝜕𝑦+) (3-19) 

where u+ is the wall-parallel velocity non-dimensionalized with u* and y+ is the non-

dimensional wall coordinate given by:   

𝑦+ =
𝑦𝑢∗

𝜈
 (3-20) 

Wall-cell dissipation is given the same formulation as Equation 2-23 to provide two-layer 

approach consistency.  At the walls, a Neumann boundary condition is used for k such 

that 𝜕𝑘/𝜕𝑡 = 0.   

 

In the viscous sublayer, velocity distribution is modeled as:   

𝑢𝑙𝑎𝑚
+ = 𝑦+ (3-21) 

In the logarithmic layer, velocity distribution is modeled as:   

𝑢𝑡𝑢𝑟𝑏
+ =

1

𝜅
ln (

𝐸𝑦+

𝑓
) (3-22) 

where E is a constant (9.0) and f is the roughness function (friction factor).  Obviously, a 

discontinuity exists between the viscous sublayer and the logarithmic layer – i.e. the 

buffer region.  A blended wall law (Reichardt 1951) is used to model the velocity 

distribution in this region:   

𝑢+ =
1

𝜅
ln(1 + 𝜅𝑦+) + 𝐶[1 − exp (

𝑦+

𝐷
) −

𝑦+

𝐷
exp(−𝑏𝑦+) (3-23) 

where D is the intersection point between the logarithmic layer and the viscous 

sublayer, and: 

𝐶 =
1

𝜅
ln (

𝐸′

𝜅
) (3-24) 
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𝑏 =
1

2
(

𝐷𝑘

𝐶
+

1

𝐷
) (3-25) 

Wall friction factor is defined through introduction of a wall roughness number:   



ru *

Re 

 (3-26) 

where r is a roughness parameter (analogous to ks); and is the kinematic viscosity of 

water.  Friction factor, f, is related to Re+ via:   
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where the exponent, a is given by:   
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where C and B are calibration coefficients and Re+
smooth and Re+

rough are constant 

roughness Reynolds Numbers representing “fully rough” and “hydraulically smooth” 

conditions.  By default, B = 0; C = 0.253; Re+
smooth = 2.25; and Re+

rough = 90 (Cd-adapco 

2012).   

3.4.5 Model Computation Scheme 

Initial conditions of the model were established such that the SERF was filled 

with stagnant water, and a “step” increase of velocity, v0 was specified at the velocity 

inlet.  Over time, flow became fully developed as the velocity “step” migrated 

downstream.  Average wall shear stress across the model’s sample-section and sensor-

section was used as an approximate indicator of a fully-developed flow condition.  Once 

these average shear stresses approached a constant value, or leveled off, the flow was 
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assumed to be fully developed.  Then, a modeled “reading” was taken.  Fully developed 

conditions were typically achieved in approximately 4-5 seconds of modeled time.  This 

time approximately corresponded to observations during physical tests in previous 

studies.  Modeled readings were compared with data from Crowley et al. 2012a.  

Typically, average y+ values near the sample-section and sensor section were between 

75 and 80, which would tend to shift all-y+ wall treatment toward the high-y+, wall-

function style of wall boundary.  This technique was deemed acceptable because 

modeled “readings” tended to match physical data.   

3.4.6 Turbulence Model Formulation 

As stated above a realizable, two-layer, k- model with two-layer all-y+ wall 

treatment was chosen for this simulation. Section 2.2.3 provides an in depth discussion 

of the model and other relevant information.  

3.4.7 Justification 

The models that were used in this study were chosen for a number of reasons.  

Researchers’ previous experience in Star-CCM+ appeared to indicate that the 

combination of models described here would provide accurate results.  Investigators 

conducted several discussions with researchers at Argonne National Laboratories’ 

(ANL) Transportation Research and Computing Center (TRACC) and the J. Sterling 

Jones Hydraulics Laboratory at the Turner-Fairbank Highway Research Center 

(TFHRC) concerning modeling choices (Lottes 2012).  Based upon these researchers’ 

experiences, they agreed that the aforementioned modeling choices appeared to be 

appropriate.  Review of the Star-CCM+ user’s manual indicated that for a flow situation 

similar to the one described here, the models used in this paper were appropriate for 

this particular commercially-available software (CD-adapco 2012).   
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Finally, models discussed here have been compared with other modeling options 

in literature.  For example, Davis et al. (2012) compared Star-CCM+’s realizable k- 

model with its k- model and its V2F k- variant for flows over a wall-mounted cylinder.  

The traditional k- approach was not studied because of its known deficiencies in 

resolving flows in the viscous sublayer.  This study concluded that the realizable k- 

model consistently performed better than the other two models in almost every 

measurable aspect.   

3.5 Results 

3.5.1 Configurations 

Several simulations were conducted using this setup at varying flow rates.  First, 

a “smooth-wall” approximation was used.  Because wall functions were used during the 

computation, researchers wanted to be sure that these wall functions accurately 

replicated real data for the selected mesh geometry and associated y+ values.  Once 

smooth data had been verified, the roughness parameter, r from Eq. 326, was varied to 

match data for grain sizes of 0.125 mm, 0.25 mm, and 0.5 mm at each velocity (as 

reported in Crowley et al. 2012a).  Averaged modeled shear stress across the sensor 

section was plotted as a function of measured shear stress from Crowley at el. (2012a) 

to demonstrate quality of fit (Figure 3-3).  Note that the same roughness parameter was 

used at each velocity for a given grain size to preserve physical significance.  For 

rougher sediments, increases in r led to increases in y+.  This, in turn led to increases in 

the near-wall-cell centroids near the areas of interest in the flume (recall that resolution 

near the sample/sensor was approximately 0.5 mm).  To account for this, a “maximum” 

r value was defined as approximately 0.3 mm – the approximate distance from the wall 
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to the adjacent cells’ centroids.  Then, B from Eq. 3-27 was adjusted to fit the measured 

data (C in Eq. 38 was left untouched so that modeling conditions were changed as 

minimally as possible).  As an unintended consequence of this procedure, very rough 

data (grain sizes 1.0 mm and 2.0 mm) at lower velocities (less than 4.0 m/s) failed to 

match data; however, at higher velocities, matching was achieved.  Data that failed to 

match was omitted from further analysis.   

 

Figure 3-3. Modeled shear stress versus measured shear stress (Crowley et al. 2014) 

 
The grain diameters reported in Crowley et al. 2012a appear to be on the order 

of magnitude of sand grains, and the SERF (and other piston-style devices) are 

designed to measure the erosion rates of cohesive material.  However, previous 
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research with the device showed that during an erosion tests, “blocking” or “chunking” 

often occurred during a cohesive erosion test (Crowley et al. 2012b).  Use of a uniform 

sample (or shear stress) section with a high roughness could approximate an infinitely-

chunked specimen.  In other words, it is not difficult to imagine a scenario where many 

clay flocs erode from a smooth clay specimen’s surface and the remaining sample 

surface approximates a sample with the roughness of a sand specimen surface.  

Likewise, previous research has shown that the introduction of a small amount of 

cohesive material to a sand specimen may cause the specimen to erode like a cohesive 

material (Mitchener and Torfs 1996 for example).  These specimens may have surface 

roughnesses on the order of magnitude of a typical, uniform-sand specimen, but they 

may erode slowly like a cohesive soil and exhibit higher, cohesive-style critical shear 

stresses.   

Next, mean values of r were found by integrating across the model’s sensor-

section.  These data appear to correspond to previous research in that r appears to be 

approximately an order-one multiplier of d (Einstein and El Samni 1949, Kamphuis 

1974, Bayazit 1976, Dancey et al. 2000, Rahman and Webster 2005, Camanen et al. 

2006, etc.).  In fact, when data from this study was plotted alongside data in a similar 

range (Kamphuis 1974, Rahman and Webster 2005) results followed a very similar 

trend (Figure 3-4).  Additionally, modeled pressure differentials were used to compute 

shear stresses via Equation 3-5 (Figure 3-5).  Pressure differentials were computed just 

upstream and just downstream from the sensor-section to mimic Crowley et al.’s 

(2012a) previous experiments.  Total distance between pressure ports was 

approximately 4.0 in. (10.16 cm).   
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Figure 3-4. Correlation between wall friction factor, f and grain size (Crowley et al. 2014) 
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Figure 3-5. Computed shear stress using pressure drop from CFD model for varying 
roughnesses (Crowley et al. 2014) 

 

To verify these results, a convergence study was conducted using a 

representative flow rate (5.0 m/s), a smooth sample-section, and a smooth sensor-

section.  The refined portions of the mesh (across the sample-section and across the 

sensor section), were replaced with several finer and coarser meshes.  Average shear 

stress was computed across the sensor-section and the sample section, and results 

were plotted as a function of cell size.  A best-fit, linear regression curve was 

established, and shear stresses for a cell-size of zero were computed (i.e. a Richardson 

extrapolation).  Results (Figure 3-6) appear to indicate that using average cell-sizes of 
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1.0 mm produces cell-size computational errors less than 5.0%, which is why the ~0.5 

mm grid size was deemed to be acceptable.   

 

 

Figure 3-6. Grid sensitivity study results (Crowley et al. 2014) 

 

Next, the SERF’s sample section (circled portion of Figure 3-2) was replaced with 

four configurations (Figure 3-7) to approximate differential erosion rates observed by 

Crowley et al. (2012b), Annandale et al. (2006), and recommendations from Briaud et 

al.’s (1999, 2001, 2004a, 2004b) testing procedure to determine their effect on localized 

shear stresses.  Configurations were dubbed conical protrusion configuration, 1 mm 
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protrusion configuration, differential erosion configuration, and wavy configuration.  

These configurations and the rationale for their selection are described below. 

 

 

Figure 3-7. SERF sample-section configurations showing (a) conical protrusion 
configuration; (b) 1 mm protrusion configuration; (c) differential erosion 
configuration; and (d) wavy configuration.  Flow is from left-to-right for all 
configurations. (Crowley et al. 2014) 

 
3.5.1.1 Conical protrusion 

 
As discussed in Crowley et al. (2012a), piston advancement in the SERF is 

controlled through a feedback loop between an ultrasonic depth sensor array and a 

Servo stepper motor.  The ultrasonic array consists of twelve crystals that measure 

distance from the top of the flume to the top of the sample.  When the average of these 

differences is within the tolerance of the stepper motor, an advancement signal is 

triggered.  Sometimes, a sample may over-advance because of an errant ultrasonic 
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signal.  When sand is tested and an error occurs, a small conical shaped slope as 

illustrated in Figure 3-5a is often generated because sand grains tend to roll from the 

center of the eroding sample toward its edges. For this configuration, the conical sample 

protrudes 1.50 in. (3.81 cm) into the flume. 

3.5.1.2 One mm protrusion 

As discussed, Briaud et al. (1999, 2001, 2004a, 2004b) recommend a 1.0 mm 

protrusion into their EFA device when cohesive samples are tested.  While this will 

probably increase erosion rate due to a normal force along their samples’ front-face, it 

was unclear how this affected shear stress along the sample’s surface.  As implied, 

Figure 3-7b shows this 1.0 mm protrusion. 

3.5.1.3 Differential erosion 

During previous SERF testing with cohesive sediment and rock, investigators 

often found that the upstream portions of the samples eroded much more slowly than 

their downstream portions.  A photograph in Annandale (2006, p. 287) appears to show 

similar behavior during an EFA test.  Figure 3-5c is meant to approximate this 

phenomenon.  In this configuration, the front half of the sample is held flush with the 

flume bottom, while its back edge is recessed 0.50 in. (1.27 cm) below the flume floor 

and a linear plane is used to connect the two points. 

3.5.1.4 Wavy 

The “wavy” configuration represents a worst-case “blocking” or “chunking” 

scenario often observed during cohesive and rock tests with flume-style devices.  A 

random pattern of recesses was prepared to illustrate forcing on a very rough sample 

during an erosion test.  This configuration was tested in two different ways.  First, its top 
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edge was held level with the flume bottom.  Then, average elevation was held flush with 

the flume bottom.   

Smooth bed assumptions were made for each configuration, and results were 

compared with smooth, flush results.  Amplification factors were computed by dividing 

non-uniform configuration shear stresses by flush configuration shear stresses.  

Because the grid points did not align exactly with one another, an interpolation algorithm 

was used.  Results are presented from Figure 3-8 through Figure 3-12.  A table of 

average amplification factors was also prepared (Table 3-1).     

Table 3-1. Average amplification factors for each SERF configuration 

Configuration Average Amplification Factor 

Conical protrusion 1.01 

1 mm protrusion 0.98 

Differential erosion 0.72 

Wavy – top portion level with flume 

bottom 

0.37 

Wavy – average elevation level with 

flume bottom 

1.16 
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Figure 3-8. Amplification factors for conical protrusion configuration.  Flow direction is 
along the x-axis. 

 

Figure 3-9. Amplification factors for 1 mm protrusion configuration.  Flow direction is 
along the x-axis. 
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Figure 3-10. Amplification factors for differential erosion configuration.  Flow direction is 
along the x-axis. 

 

 

Figure 3-11. Amplification factors for wavy configuration when top edge is held flush 
with flume bottom.  Flow direction is along the x-axis. 
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Figure 3-12. Amplification factors for wavy configuration when average elevation is held 
flush with flume bottom.  Flow direction is along the x-axis. 

 
 

Finally, the sample-portion of the SERF was roughened using the same 

roughness coefficients developed in Figure 3-2.  Simulated flow was applied at 5.0 m/s 

to illustrate a representative worst-case flow condition.  Contour maps were generated 

of bed shear stress as a function of downstream flume distance to quantify shear stress 

development along the sample-length as a function of roughness (Figure 3-13).  

Similarly, the centerlines of each contour plot were compared with one another (Figure 

3-14).  The hope from this analysis was to provide a possible explanation for “blocking” 

or “chunking” during erosion testing. 
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Figure 3-13. Local shear stress variations for uniformly rough samples (contour units 
are in Pa) 
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Figure 3-14. Centerline shear stress variations for uniformly rough samples 

 

3.5.2 Analysis 

Figure 3-5 appears to confirm previous results in that as roughness increases, 

pressure differential does not significantly increase.  This is believed to be caused by 

the small rough sample area relative to the flume’s hydraulic diameter.  Additionally, this 

appears to solidify previous arguments that using p to estimate shear stress in piston-

style erosion equipment is ineffective.   

 Results for variable-testing configurations appeared to show that small 

changes in sample geometry may have large effects on localized shear stresses.  For 

the case of protruding samples (conical protrusion configuration and 1 mm protrusion 

configuration), average surface shear stress was similar to shear stresses for a flush 

specimen.  However, as demonstrated in Figure 3-8, localized amplification factors for a 
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protruding specimen may become quite large – as much as 6.0 times that for a flush 

specimen.  This may affect localized erosion rates, and brings into question the validity 

of assuming a constant shear stress for the entire sample surface.   

The recessed specimens exhibit more significant problems.  As samples become 

more recessed, average shear stress appears to become significantly affected.  For the 

differential erosion configuration, average shear stress was on average only 

approximately 0.72 times the shear stress for a flush sample on average.  However, as 

demonstrated in Figure 3-10, localized shear stresses near the sample’s downstream-

edge may reach values as high as 2.5 times the stress for a flush sample.  Likewise, the 

shear stress amplification factor appears to reach a similar maximum at the point where 

the sample begins to slope downward.  This would appear to indicate that if differential 

erosion was to occur over time (and as discussed, it has been repeatedly observed 

during testing), the issue will exacerbate itself.  In other words, because differential 

erosion occurred, a higher downstream-edge shear stress was produced in some 

locations.  Ultimately, this may lead to higher downstream-edge erosion rates, which in 

turn would produce higher downstream stresses at certain localized positions.  

Meanwhile, the presence of these high-stress concentration regions appears to be 

somewhat balanced by other localized areas where shear stress is reduced.  Thus, in 

certain regions, “blocking” or “chunking” would appear to be encouraged based upon 

sample geometry and turbulent flow fluctuations.  

The “wavy” configuration provided the most interesting results.  As shown in 

Figure 3-11, random recesses may produce large amplification factors, although on 

average, shear stress appears to decrease.  Conversely, in Figure 3-12 – where the 
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sample was on-average level with the flume bottom – the average shear stress on the 

sample surface appears to be much closer to smooth wall results.  The presence of 

localized large amplification factors in both cases appeared to correspond to “hills” or 

“valleys” along the sample.  This would appear to indicate a similar phenomenon to the 

differential erosion configuration in terms of “blocking” or “chunking” encouragement.  In 

other words, once “blocking” begins, the phenomenon exacerbates itself because of 

localized stress amplification.  Meanwhile, areas that failed to erode will continue to fail 

to erode because the stresses upon these regions of the sample are too low.  

 Results in Figure 3-13 and Figure 3-14 appear to provide some 

explanation for the “blocking” or “chunking” phenomenon often observed during testing.  

As illustrated, when roughness is added to the flume (as would be the case when a 

sample is eroded), shear stress increases as a function of distance downstream.  And, 

as roughness increases, the average shear stress upon the sample becomes an 

increasingly poor estimator of actual stress conditions.  All samples appeared to exhibit 

approximately equal localized shear stresses for 2.0 mm.  Very rough samples 

(samples with equivalent grain sizes of 1.0 mm and 2.0 mm) appeared to exhibit a local 

shear stress maximum just beyond this upstream 2.0 mm edge; while intermediate 

roughness specimens (specimens with roughnesses of 0.125 mm, 0.25 mm, and 0.5 

mm) showed maximum shear stresses closer the samples’ downstream edges.  As 

shown in Figure 3-14, for very rough samples, once the localized maximum is reached, 

shear stress appears to level off and slightly decrease.  This would appear to indicate 

that the sudden introduction of high roughness acts as a sort of “turbulent shock” to the 

flow system.  Thus, adding high roughness generates enormous localized shear 
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stresses that require some distance to resemble a more-developed flow condition.  This 

result appears to show, from a stress perspective, why “blocking” and “chunking” begin 

and persist throughout an erosion event.  And, it calls into question the accuracy of 

using an averaged shear stress to develop a sediment’s erosion function during a 

piston-style erosion test.   

 For conservative testing results, estimated average shear stress must be 

lower than actual sample shear stress, or estimated erosion rate must be higher than 

actual sample erosion rate for a given shear stress.  If erosion rate and shear stress are 

correlated to one another, then these results provide interesting clues as to how to 

properly implement flume-style erosion testing.   First, it appears to be incorrect to keep 

the sample recessed relative to the flume bottom when differential erosion, blocking, or 

chunking occur because doing so reduces shear stress in regions of the sample.  This 

in turn may reduce localized erosion rates, which would lead to a non-conservative 

erosion function.  A better solution is to keep an eroding sample in a piston-style device 

level with the flume bottom on average. Briaud et al. (1999, 2001, 2004a, 2004b) 

recommendation for a 1.0 mm protrusion appears to be close to correct, although even 

this recommendation may not go far enough.  The Briaud et al. (1999, 2001, 2004a, 

2004b) recommendation does not take into account a situation where a localized portion 

of the sample erodes more than 1.0 mm.  From the results in this paper, for a situation 

such as Briaud et al.’s (1999, 2001, 2004a, 2004b) EFA where it may be difficult to 

quantify average sample elevation, the most conservative method for an erosion test 

would be to keep the sample’s lowest elevation point flush with the flume bottom, 

regardless of any protrusion into the device.   
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CHAPTER 4 

AN OVERLOOKED LOCAL SEDIMENT SCOUR MECHANISM 

4.1 Governing Equations for Flow Around a Cylinder 

For flow around a circular cylinder, potential flow theory is only valid for flow 

outside the cylinder’s wake region.  For Reynolds numbers expected for most local 

scour applications, cylinder separation should be expected to occur at 90 degrees to the 

flow, depending on the cylinder’s surface roughness.   

Following Sheppard (2004), for the definition sketch presented in Figure 4-1 for 

flow past a circular cylinder, the stream function may be written in polar coordinates as: 

𝜓 = 𝑉0sin {𝜃 [1 − (
𝑎

𝑟
)

2

]} (4-1) 

where 𝜓 is the stream function; 𝑉0 is the depth mean velocity the approach flow; r 

is the radial coordinate; 𝜃 is the angular coordinate; and a is the radius of the circular 

pile (i.e. b/2).  The radial and angular components of velocity in terms of the stream 

function are then: 

𝑉𝑟 =
1

𝑟

𝜕𝜓

𝜕𝜃
= 𝑉0 cos {𝜃 [1 − (

𝑎

𝑟
)

2

]} (4-2) 

𝑉𝜃 =
𝜕𝜓

𝜕𝑟
= −𝑉0 sin {𝜃 [1 + (

𝑎

𝑟
)

2

]} (4-3) 

where 𝑉𝑟 is the radial velocity component and 𝑉𝜃 is the angular velocity component.  The 

magnitude of velocity is then: 

𝑣 = √𝑉𝑟
2 + 𝑉𝜃

2 = 𝑉0√(
𝑎

𝑟
)

4

− 2 (
𝑎

𝑟
)

2

cos(2𝜃) + 1 (4-4) 
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Next, Bernoulli’s equation may be written to establish the relationship between 

pressure and velocity (assuming a constant elevation): 

𝑝0

𝜌
+

𝑉0
2

2
=

𝑝

𝜌
+

𝑣2

2
 (4-5) 

in which 𝜌 is the density of water; 𝑝0 is the pressure at mid-elevation of the approach 

flow; and v is the fluid velocity.  Using Equation 4-5, the stagnation pressure (𝑝𝑠), or 

pressure along the leading edge of the pile may be established: 

𝑝𝑠 = 𝑝0 +
𝜌𝑉0

2

2
 (4-6) 

Rewriting Equation 4-6 yields: 

(𝑝𝑠 − 𝑝0) =
𝜌𝑉0

2

2
 (4-7) 

Likewise, the pressure at any point in the flow field may be expressed as: 

(𝑝 − 𝑝0) =
𝜌

2
(𝑉0

2 − 𝑣2) (4-8) 

This may be rewritten as: 

2(𝑝−𝑝0)

𝜌𝑉0
2 = 1 − (

𝑣

𝑉0
)

2

 (4-9) 

Equation 4-4 and Equation 4-9 may be normalized by using the following 

nondimensional variables: 

𝑉 =
𝑣

𝑉0
 (4-10) 

𝑅 =
𝑟

𝑎
 (4-11) 

𝑝 =
(𝑝−𝑝0)

𝑝𝑠−𝑝0
=

2(𝑝−𝑝0)

𝜌𝑉0
2  (4-12) 
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Substituting results in: 

𝑉 = √(
1

𝑅
)

4

− 2 (
1

𝑅
)

2

cos(2𝜃) + 1 (4-13) 

𝑝 = − (
1

𝑅
)

2

[(
1

𝑅
)

2

− 2 cos(2𝜃)] (4-14) 

Next, the pressure gradient (∇𝑃) is defined as a vector with a magnitude equal to 

the maximum spatial change in pressure and a direction defined by that maximum 

change: 

∇𝑃 =
𝜕𝑃

𝜕𝑅
�̂�𝑟 +

1

𝑅

𝜕𝑃

𝜕𝜃
�̂�𝜃 (4-15) 

in which �̂�𝑟 and �̂�𝜃 are unit vectors in the radial and angular directions respectively.  

Applying Equation 4-15 to Equation 4-14 yields: 

∇𝑃 = {4 (
1

𝑅
)

3

[(
1

𝑅
)

2

− cos(2𝜃)]} �̂�𝑟 + [8 (
1

𝑅
)

3

sin(𝜃) cos(𝜃)] �̂�𝜃 (4-16) 

The magnitude of the pressure gradient at any point in the flow field is then: 

|∇𝑃| =
𝑑𝑃

𝑑𝑁
= 4 (

1

𝑅
)

3
√(

1

𝑅
)

4

− 2 (
1

𝑅
)

2

cos(2𝜃) + 1 (4-17) 

where N is defined as 𝑛/𝑎, or the normalized coordinate in the direction of the maximum 

change of pressure in which n is the dimensional coordinate in the direction of the 

maximum change of pressure.   

Now, the forces acting on a sediment particle at the surface of the bed in the 

vicinity of the pile must be examined. The magnitude of the drag force (FD) upon this 

particle is: 

𝐹𝐷 =
1

2
𝐶𝐷𝜌𝐴𝑢2 (4-18) 



 

81 

where 𝐶𝐷 is the drag coefficient; A is the projected area of the particle; and u is the 

approach-velocity at the level of the particle.  For the case of a spherical particle, A may 

be defined as 𝜋𝑐2 where c is half the particle diameter (D50/2).   

The force on the particle due to the pressure gradient (𝐹𝑝) may be expressed in 

differential form as:  

𝑑𝐹𝑝 = − (𝑝 +
𝜕𝑝

𝜕𝑛
𝑐 cos 𝛽) 𝑑𝐴 (4-19) 

where 𝛽 is the angular coordinate measured from the positive n-direction (positive 

counterclockwise) and: 

𝑑𝐴 = 2𝜋(𝑐 sin 𝛽)𝑐 𝑑𝛽 = (2𝜋𝑐2 sin 𝛽)𝑑𝛽 (4-20) 

The component of this force in the n-direction (𝐹𝑝(𝑛)) is then: 

𝐹𝑝(𝑛) = 𝑑𝐹𝑝 cos 𝛽 (4-21) 

Integrating the component of the pressure force in the n-direction over the particle 

surface results in: 

𝐹𝑝(𝑛) = −2𝜋𝑐2 ∫ 𝑝 sin 𝛽 cos 𝛽 𝑑𝛽 −
𝜋

0

4𝜋𝑐3𝜌𝑉0
2

𝑎
(

1

𝑅
)

3
√(

1

𝑅
)

4

− 2 (
1

𝑅
)

2

cos(2𝜃) + 1 ∫ sin 𝛽 cos2 𝛽 𝑑𝛽
𝜋

0
 (4-22) 

Equation 4-22 represents an estimate of the effect of the structure-induced pressure 

gradient on the particle.  After some algebra, Equation 4-22 reduces to: 

𝐹𝑝(𝑛) = −
8𝜋𝑐3𝜌𝑉0

2

3𝑎
(

1

𝑅
)

3
√(

1

𝑅
)

4

− 2 (
1

𝑅
)

2

cos(2𝜃) + 1 (4-23) 

To find the relative magnitudes of the force on the particle due to the structure-

imposed pressure gradient by the force on the particle, 𝐹𝑝(𝑛) must be divided by 𝐹𝐷 (i.e. 

dividing Equaiton 23 by Equation 18): 
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|𝐹𝑝(𝑛)|

|𝐹𝐷|
=    

−
8𝜋𝑐3𝜌𝑉0

2

3𝑎
(

1

𝑅
)

3
√(

1

𝑅
)

4
−2(

1

𝑅
)

2
cos(2𝜃)+1

𝐹𝐷=
1

2
𝐶𝐷𝜌𝐴𝑢2

 (4-24) 

After some further algebraic manipulation: 

|𝐹𝑝(𝑛)|

|𝐹𝐷|
=

16

3
(

1

𝐶𝐷
) (

𝐷50

𝑏
) (

𝑉0

𝑢
)

2

(
1

𝑅
)

3
√(

1

𝑅
)

4

− 2 (
1

𝑅
)

2

cos(2𝜃) + 1 (4-25) 

Note the apparent-dependency-term between D50 and b.   

4.2 Computational Modeling 

As discussed above, this method relies upon application of potential flow theory 

near the bed.  As a pseudo-verification of this analysis, a computational model of flow 

past two circular piles was prepared using CD-adapco’s Star-CCM+ whereby one pile 

was prototype-scale (3.0 m diameter) and the other pile was laboratory-scale (2.0 cm 

diameter).  Based upon Sheppard et al. (2004) and Sheppard and Miller (2006), the 

nondimensional parameters that govern equilibrium scour depth (beyond b/D50) were 

assumed to be the ratios between water depth and pile width (h/b) and free-stream 

velocity to critical velocity (V/Vc).  As such, water-depth was varied to preserve the h/b 

ratio between one model and another.  Note that the implication of this analysis is that V 

does not change from one model to another because Vc from laboratory to prototype 

scale cannot change.  In other words, sand cannot be scaled because doing so would 

introduce cohesive forces into the laboratory model.  Note that this assumption appears 

to be in conflict with several scour equations which rely upon the Froude Number to 

predict equilibrium scour depth.  As discussed in Sheppard (2003) however, this 

apparent discrepancy is not at all unusual; after almost 40 years of scour research, 

engineers still cannot agree upon which non-dimensional parameters actually govern 

scour.  Details of the computational model are given below:  
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4.2.1 Model Dimensions 

As discussed above, two piles were modeled – one at prototype-scale (3.0 m), 

and one at laboratory-scale (2.0 cm).  For the purposes of the model, a rectangular flow 

domain was prepared around the piles.  Dimensions of the flow domain were 30 m wide 

by 15 m high for the larger pile and 0.2 m wide by 0.1 m high for the smaller pile.  These 

dimensions were chosen to minimize side-wall effects on the flow.  Because of known-

deficiencies associated with Reynolds-Averaged Navier-Stokes (RANS) modeling 

associated with flow separation, two small perturbations (2 cm for the large pile and 

0.16 mm for the small pile) were included in each model to induce separation (Figure 4-

2). These were placed at on the pile at 90 degrees to trip separation exactly where 

potential flow theory suggests it will occur. It should be noted that this is a separation 

modelling technique and nonphysical. Zdravkovich (1997) shows actual separation at 

locations closer to 110 degrees. 

 

Figure 4-1. Depiction of flow around a cylinder with associated variable representation 
in polar coordinates (Zdravkovich 1997) 
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4.2.2 Mesh Geometry 

All meshing was performed within Star-CCM+ using its hexagonal meshing 

scheme (internally called the “trimmer”).  Near the piles and near the bottom boundary, 

a prism layer was included to improve computation accuracy near the bed.  For the 

large model the layer consisted of 10 prismatic cells having a total thickness of 2 mm 

.For the small model the layer consisted of 5 prismatic cells having a total thickness of 

0.05 mm. Additionally, two refinement planes were prepared – one along each model’s 

bottom-boundary and another at the midpoint of each model’s initial water-level.  

Approximately 5 Million and 10.87 Million cells were used for the larger and smaller 

model respectively.  Along the refinement planes cell resolution as approximately 0.1 m 

per cell for the larger model and 0.5 mm per cell for the smaller model. These 

dimensions were significantly smaller near the boundaries due to the prism layer. 

Outside of the refinement planes, cell resolution was approximately 0.4 m per cell for 

the larger model and 1 mm per cell for the smaller model.  Illustrations of the associated 

smaller pile mesh is shown in Figure 4-3. The mesh depiction for the larger pile appears 

nearly identical with the except of a scaling factor  Cell resolution yielded typical y 

values (near the pile and the bed) of 50 mm for the larger model and 0.5 mm for the 

small model. This corresponded to y+ values less than one in both cases. 
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Figure 4-2. Top view of pile with associated refinement region 
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Figure 4-3. Top view of pile with separation inducing notches 

 

 

Figure 4-4. View of prism layers along bottom boundary 
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4.2.3 Turbulence Model Formulation  

As stated above a realizable, two-layer, k- model with two-layer all-y+ wall 

treatment was chosen for this, and all other, simulations. Section 2.2.3 provides an in 

depth discussion of the model choices and other relevant information.  

4.2.4 Wall Treatment Formulation 

All model choices regarding the wall boundary formulation were the same as 

those chosen in Crowley et al. (2014). Section 3.4.4 provides an in depth discussion of 

the model choices and other relevant information. 

4.2.5 Inlet and Outlet Formulation 

As discussed above, a rectangular flow regime was prepared around the 

modeled piles.  Thus, the simulations were similar to flume-style flow experiments 

around a circular pile.  And, therefore, an inlet and an outlet were defined.  

The inlet (internally a “velocity inlet” within Star-CCM) is defined such that its 

velocity vectors are specified explicitly in the normal direction.  Boundary face pressures 

are extracted from cells adjacent to the velocity inlet using a hybrid Gauss-least square 

method (LSQ) reconstruction gradient.   

For the outlet flow boundary condition (internally, a “flow-split” outlet in Star-

CCM+), an initial velocity is similarly extracted from the outlet’s adjacent cell using 

reconstruction gradients.  Outlet flow velocity is computed adding a nondimensionalized 

scale factor to the inlet velocity whereby the scale factor is a function of the mass into 

the most-downstream cells within the flow domain.   
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4.2.6 Model Computational Scheme 

Initial conditions of each model were established such that the flow domain was 

filled with a stagnant mixture of air and water using a volume-of-fluid (VOF) model (A 

detailed describe of the model is laid out in Section 5.4.3.1).  Then, a “step” increase in 

velocity was specified at the velocity inlet within the water-portion of the fluid domain.  

Over time, water-flow became fully-developed as the “step” moved downstream.  Once 

average pressure at both the bottom-wall boundary condition and the model’s 

refinement plane had stabilized, a modeled “pressure reading” was taken for each cell 

on the modeled-flume’s bottom and for each cell within the refinement plane.    

4.3  Results 

Although analysis is still being conducted current results show a strong 

verification of the theory application by the numerical model. Simulation illustrations and 

associated pressure gradients for the small pile are presented below. 
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Figure 4-5. Side view of model with flow (left to right) 

 



 

90 

 
Figure 4-6. Pressure contour and gradient vectors for pile radius 0.02 m at bed 

 

 
Figure 4-7. Pressure gradient magnitude contours for pile radius 0.02 m at bed 
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CHAPTER 5 

WAVE IMPACTS ON BRIDGE DECKS 

5.1 Background 

The third case study was that of quantifying vertical forces associated with wave 

impacts on bridge superstructures. Current research in the coastal engineering 

community is highly focused on the structural integrity of coastal structures and bridges 

(ASCE 2013). In parallel with structural integrity a major focus was placed on better 

understanding the overall mechanics of forces that bridge support structures encounter. 

A large percentage of this increase in investigating coastal forces has been 

allocated to examining the existence of slamming forces caused by high frequency 

wave impacts. Slamming forces are defined as the portion of a wave impact force that is 

not quantifiable as a quasi-static loading. The frequency at which that force is measured 

is regarded as the major factor in filtering the slamming force from that of the hydrostatic 

wave forces (Sheppard et al. 2006).  

Throughout the hurricane seasons of 2004 and 2005 multiple bridge failed due to 

damage from wave impacts and storm surge.  Examples include the I-10 Escambia Bay 

Bridge in Pensacola, FL; the Lake Pontchartrain Causeway just outside of New Orleans, 

LA, the Biloxi Bay Bridge in Biloxi, MS, the Mobile Bay onramp in Mobile, AL, and the 

St. Louis Bay Bridge just outside of Bay St. Louis, MS. Each of these structures were 

closed for extended periods as a result of bridge superstructure damage (Sheppard and 

Marin 2009).  

Additionally, as a consequence of cyclic economic situations and rising energy 

costs infrastructure inspections have become vulnerable portions of local and national 

budgets. Bridges especially have encountered increased negligence. Consequently 
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failures of aging bridges are at an all-time high (ASCE 2013). As the overall age of the 

country’s infrastructure rises an increased number of factors become relevant when 

predicting and analyzing failures.   

In 2005 the Florida Department of Transportation (FDOT) responded to the 

mounting concerns over bridge integrity by commissioning the University of Florida Civil 

and Coastal Engineering Department to conduct wave-forcing studies in their coastal 

engineering laboratory. Wave tank experiments (Figure 5-1) were conducted through 

2008 and a final report was submitted in December of 2009 (Sheppard and Marin 2009) 

 

Figure 5-1. Physical wave force experiments conducted at the University of Florida 
(Sheppard and Marin 2009) 
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Their findings indicated the presence of a significant slamming force and pointed 

to deficiencies in current bridge design regarding their wave impact integrity. It was 

determined that although the physical experiments gave a significantly clearer picture of 

the physics involved further research was required to get a complete picture of the full 

nature of the problem. 

5.2 Experimental Data Set 

In an effort to address the concerns regarding the unanswered questions left 

after the physical wave tank experiments concerning the slamming forces, a data set 

consisting of experimental wave height and vertical deck forcing (as a function of time) 

was obtained from the experiments discussed above. The wave height data was 

collected with a wave gauge located 32 feet upstream of the forward most portion of the 

deck. The force data was collect with four three-axis load/torque cells mounted on the 

deck structure. These data were the basis used for all numerical model comparisons. 

Although the physical experiments analyzed multiple deck configurations of varied 

complexity, investigators determined that modeling should initially be conducted on one 

complex configuration for the sake of efficiency. The experiment data set used is that of 

run “BSXX014” from the final report submitted to the Florida Department of 

Transportation (Sheppard and Marin 2009).  Plots of the data obtained are shown in 

figure 5-2 and 5-3 below. The values for run BSXX014 reported in the FDOT report are 

also listed in table.  
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Table 5-1. Reported values for run BSXX014 (Sheppard et al. 2009) 

Reported Values Value 

Water Depth (ft) 1.58 

Wave Height (ft) 0.55 

Period (s) 3 

Vertical Force Max (lbf) 112.81 

 

 

 

 
Figure 5-2. BSXX014 Experimental wave height signal 
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Figure 5-3. BSXX014 Experimental vertical force signal 

 
 

During the investigation, researchers noticed the presence of frequency 

interference effects located in the wave. Therefore a spectral analysis was conducted to 

isolate the dominant frequency (which was hypothesized to be the true “wave period 

(Figure 5-4).”. Although large scale interference was determined to be minimal 

investigators determined that although the report states that the waves had a period of 3 

seconds, the spectral analysis appears to suggest that the period was actually 2.7 

seconds. As a result, the period used for the numerical analyses was changed to 2.7 

seconds. All other reported values were taken as valid. 
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Figure 5-4. Spectral analysis of wave signal 

 

The model deck used in the “BSXX” series of runs consisted of a 1 inch thick 

polypropylene slab with seven, evenly spaced, girders attached the underside. The 

deck was constructed of three smaller slabs. Therefore the total transverse width was 

72 inches from the three 24 inch sections. All other dimensions and configuration layout 

is presented in figure 5-5. 
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Figure 5-5. Schematic of deck configuration from physical experiment (Sheppard et al. 

2008) 

 
5.3 Modeling Overview 

To better understand the mechanisms involved in the wave forcing, the 

previously mentioned experiments, conducted in the University of Florida wave tank, 

were computationally modeling using CD-adapco's Star-CCM+.  Data taken from the 

experiments was then used to calibrate the computational model.  First, the wave signal 

itself was extensively studied using three wave generation methods - by using mesh 

morphing to model a moving wall boundary similar to a typical piston-style wavemaker; 

implementation of linear wave theory; and implementation of fifth-order wave 

theory.  Ultimately, the oscillating fluid-motion method was discarded because the latter 

three methods appeared to reproduce the wave signal more accurately.  Finally, the 

bridge was rotated to study the effects of attack angle for bridges subjected to wave 

attack. 

 



 

98 

5.4 Computational Model 

 
5.4.1 Model Geometry 

Because the simulation was to reproduce a physically conducted experiment 

every effort was made to match the dimensions of the actual wave tank in the University 

of Florida coastal laboratory as closely as possible. Initially a three-dimensional 

rectangular domain was developed entirely with Star-CCM+. The fluid domain was a 

rectangular box 150 feet (45.72 m) long by 6 feet (1.8288 m) wide by 10 feet (3.048 m) 

tall. 68 feet downstream of the front tank boundary the model bridge deck was placed 

into the domain in a manner which did not allow fluid to flow around the deck sides. 

Fluid would then only be permitted to flow over or under the modelled deck. The final 

geometric version of the deck and associated boundaries is shown in figure 5-6. 

 

 
Figure 5-6. Model bridge deck before meshing 
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5.4.2 Polyhedral Meshing Scheme 

After the initial geometry was assembled, meshing was performed exclusively 

within Star-CCM+ using its polyhedral meshing scheme. A polyhedral mesh consists of 

cells containing an arbitrary number of faces that can be oriented in any direction. The 

advantage to this meshing scheme is that in principle, it should allow for flow 

calculations normal to each cell-face. Due to the omni-directional nature of most 

practical investigations this is not always possible when using standard cell formulations 

(Davis et al 2012). The increased number of faces polyhedral meshes exhibit, especially 

compared with hexahedral and tetrahedral, increases the probability that a particular 

cell face will be in, or close to, the ideal flow orientation. Within Star-CCM+ polyhedral 

cells average 14 cell faces, compared to 6 faces in a hexahedral scheme and 4 cell 

faces in a tetrahedral formulation. CD-adapco states that in cases of complex flows and 

geometry polyhedral meshing schemes generally exhibit great levels of accuracy when 

compared to hexahedral and tetrahedral meshes of the same size (CD-adapco 2012).  

It is noted that researchers at Argonne National Laboratory’s Transportation 

Research and Analysis Computing Center (TRACC) have shown that in most cases the 

difference between hexahedral and polyhedral meshes are small (Lottes et al. 2013). 

Therefore although a polyhedral mesh was chosen for this simulation investigators 

believe a hexahedral mesh could have been used to produce similar results. The mesh 

for all simulations consisted of ~6.3 million polyhedral cells. The average cell size used 

for the air region was 50 mm. In an effort to increase accuracy in areas of interest, a 

refinement region was developed around the bridge deck and wave region which 

brought the average cell size to 5 mm. It should be noted that due to the arbitrary nature 

of polyhedral meshes cell sizes are estimates and varied somewhat through the mesh. 
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 A typical, non-boundary, polyhedral cell used within the analysis is shown below 

in figure 5-7 

 

 
Figure 5-7. A typical polyhedral cell used in the wave tank mesh 

 
5.4.3 Volume of Fluid (VOF) Model 

To simulate the effects of a multicomponent, multiphase flow investigators 

invoked a volume of fluid (VOF) model to capture the significant difference in fluid 

properties between the two fluids being simulation (water and air). The VOF model is 

generally considered to be a somewhat simple approach to the multiphase problem as it 

only accounts for the difference in fluid parameters and says nothing of the interaction 

between them. The basic assumption of the model is that both fluids share the same 

field values when evaluating velocity, pressure, and temperature terms. This 

assumption generally only causes problems when the fluids do not remain “bulk” and 

there is significant fluid entrainment. It is noted that the VOF model can still produce 
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reasonable results in situations where there is significant mixing of the fluids however 

this requires a fairly fine mesh as the errors associated with the fluid interactions are 

that of the discretization error. Figure 5-8 illustrates examples of when the VOF might 

produce significant errors on coarse meshes. 

 

 
Figure 5-8. Depiction of invalid (a) and valid (b) use of the VOF model (CD-adapco 

2012) 

 

Taking note of the assumptions laid out above the equations governing the 

volume of fluid model of the i th phase are: 

 

𝜌 =  ∑ 𝜌𝑖𝛼𝑖

𝑖

 

𝜇 =  ∑ 𝜇𝑖𝛼𝑖

𝑖

 

𝑐𝑝 =  ∑
(𝑐𝑝)𝜌𝑖

𝜌
𝛼𝑖

𝑖

 

And 

𝛼𝑖 =
𝑉𝑖

𝑉
 

𝜌 ≡ 𝐹𝑙𝑢𝑖𝑑 𝐷𝑒𝑠𝑛𝑖𝑡𝑦 
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𝜇 ≡ 𝐹𝑙𝑢𝑖𝑑 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 

𝑐𝑝 ≡ 𝐹𝑙𝑢𝑖𝑑′𝑠 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐻𝑒𝑎𝑡 

𝛼 ≡ 𝑃ℎ𝑎𝑠𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛  

The modified parameters are then used to create the governing transport 

equation for multiphase flow as 

𝑑

𝑑𝑡
∫ 𝛼𝑖𝑑𝑉 +  ∫

 
𝛼𝑖(𝒗 − 𝒗𝒈) ∙ 𝑑𝑎 = ∫ (𝑠𝛼𝑖

−
𝛼𝑖

𝜌𝑖

𝐷𝜌𝑖

𝐷𝑡
) 𝑑𝑉 

Where 𝑠𝛼𝑖
 is the phase source or sink term, and 

𝐷𝜌𝑖

𝐷𝑡
 is the material derivative of 

the phase densities (for compressible flow). 

 
Figure 5-9. Volume of fluid depiction on polyhedral mesh around deck 

5.4.4 Moving Boundary Method 

The wave signal for the experimental data described was generated using a 

piston style wave maker device based on linear wave maker theory. The theory put 

simply is that a sinusoidal motion pattern of the piston should result in the production of 

a linear wave moving downstream from the wave maker. For a more detailed discussion 



 

103 

and derivation of corresponding governing equations the reader is referred to Water 

Wave Mechanics for Engineers and Scientists (Dean and Dalrymple 1984) and Waves 

Generated By a Piston-Type Wavemaker (Madsen 1970). From the theory investigators 

determined that the piston motion should be governed by an equation of the form: 

𝑃𝑖𝑠𝑡𝑜𝑛 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑡) =  𝑎 sin(𝑏𝑡 + 𝑐)𝑑
 (5-1) 

Where a b, c, and d are arbitrary empirically determined constants and t is simulation 

time.  

Within the CFD model investigators employed a numerical technique known as 

mesh morphing to allow the boundary designated as the modelled piston to move 

relative to the other portions of the mesh. In the mesh morphing algorithm cells in the 

mesh are deformed after every timestep based on the prescribed boundary motion. This 

is done internally in Star-CCM+ by moving the mesh vertices to redefine the cells’ 

profile. After each time step cells are either stretched or compressed depending on their 

domain location and the motion’s effect on their particular location. A displacement 

vector is then determined based the distance between the vertices old time step and 

new time step location. This is illustrated in the Star-CCM+ manual as:  

 

 
 

Figure 5-10. Depiction of vertex motion (Cd-adapco 2012) 

in which x1 is the vertex location at the old time step, x2 is the vertex location at the new 

time step, and di is the displacement of the specified vertex. A multiquadratic 
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interpolation algorithm then interpolates flow properties, such as velocity and pressure 

fields, from the undeformed to the new, now “morphed”, mesh. 

The entire morphing process is the broken down into five steps describe by CD-

adapco as: 

1. Collection of vertex control points and their prescribed displacements 

2. A process known as thinning is applied to reduce the number of vertices 

needed to calculate the interpolation field. This is done to decrease the time 

required by the morpher. 

3. The calculated displacements are then used to generate the interpolation field 

base on the following system of equations (One equation for each vertex 

moved): 

𝒅𝒊
′ =  ∑ 𝑓𝑏,𝑗(𝑟𝑖𝑗) 𝝀𝑗 + 𝜶 𝒊=𝟏  (5-2) 

Where 

𝑓𝑏,𝑗(𝑟𝑖𝑗) = √𝑟𝑖𝑗 + 𝑐𝑗
2 (5-3) 

𝑟𝑖𝑗 = |𝑥𝑖 − 𝑥𝑗| (5-4) 

 

𝜆 ≡ 𝑇ℎ𝑒 𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

𝑓𝑏,𝑗(𝑟𝑖𝑗) ≡ 𝐴 𝑟𝑎𝑑𝑖𝑎𝑙 𝑏𝑎𝑠𝑖𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

𝑥 ≡ 𝑇ℎ𝑒 𝑣𝑒𝑟𝑡𝑒𝑥 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 

𝑐𝑗 = 𝑇ℎ𝑒 𝑏𝑎𝑠𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝛼 ≡ 𝐴𝑛 𝑎𝑟𝑖𝑏𝑖𝑡𝑎𝑟𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑡𝑜 𝑒𝑛𝑠𝑢𝑟𝑒 ∑ 𝜆𝑗 = 0

𝑖
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4. The system of equations described in step 3 is then solved and the 

interpolation field for every vertex in the mesh can be found based on its 

displacement equation, 𝒅𝒊
′, from 

𝒅′(𝒙) =  ∑ 𝑓𝑏,𝑗(𝑟) 𝝀𝑗 + 𝜶 𝒊=𝟏  (5-5) 

Where 𝑓𝑏,𝑗(𝑟) can be applied to every vertex in the mesh 

5. Final adjustments then are made to cells close to or at boundaries to ensure a 

nonintersecting mesh 

In the wave tank simulation the front wall of the tank was “moved” rigidly using 

the function described by Equation 5-1 while the mesh used to resolve the flow (i.e. 

excluding the bridge deck) was stretched and compressed in response to the moving 

wall boundary. This type of mesh motion is designated internally within Star-CCM+ as 

“floating”. The back of the tank was designated as “fixed” and as stated above the front 

wall boundary was “rigid body motion”.  

5.4.5 Stokes Wave Theory Method 

The other approach chosen for wave generation was to use the internal wave 

model within Star-CCM+. This model follows Stokes Wave Theory and enables the user 

to generate either first order (linear) wave approximations or fifth order approximations. 

In this approach the boundary conditions were modified from those stated in the moving 

boundary method. The front wall of the wave tank was changed to a “velocity inlet” 

(described in section 3.4.2) and the back wall of the tank was made a “pressure outlet”. 

The pressure outlet boundary is similar to the “flow-split” outlet described in 3.4.3 

however a pressure is instead defined as a known quantity. The formulation of the fluid 

velocity and pressure terms is then defined based on the Stoke Theory. 
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5.4.5.1 First order (linear) wave formulation 

The first order theory used within Star-CCM+ presented as 

Wave Horizontal Velocity: 

𝑣ℎ = 𝑎𝜔 cos(𝑲 ∙ 𝒙 − 𝜔𝑡) 𝑒𝐾𝑧 

Wave Vertical Velocity: 

𝑣ℎ = 𝑎𝜔 sin(𝑲 ∙ 𝒙 − 𝜔𝑡) 𝑒𝐾𝑧 

Wave Surface Elevation: 

𝜂 = 𝑎 cos (𝑲 ∙ 𝒙 − 𝜔𝑡) 

Where a is the wave amplitude, 𝜔 is the wave frequency, 𝑲 is the vector, K is the 

magnitude of the wave vector, and z is vertical distance from the mean water level. 

 

The wave period, T, is then defined by  

𝑇 =
2𝜋

𝜔
 

And the wavelength, 𝜆, is defined as 

𝜆 =
2π

𝐾
 

5.4.5.2 Fifth order 

The fifth order stoke wave is given as the expansion of the Stokes Waves series 

out to the fifth order terms. The full solution to the series expansion out to five terms can 

be cumbersome and is somewhat out of the scope of this paper. The reader is therefore 

referred to A Fifth-Order Stokes theory For Steady Waves (Fenton 1985) for a full 

description of the model parameters.  
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5.5 Analysis and Results 

Once an adequate wave signal had been generated, a comparison was made 

between experimentally-obtained force data and data from the computational analysis. 

Additionally, downward force was not properly simulated because the computationally-

modeled bridge deck did not “drain” as it did during the experiments.  The computer 

model was modified to include a simulated “drain,” which significantly improved the 

model’s accuracy.  This was accomplished by adding an outlet boundary along the 

deck’s surface that only allowed flow from the positive direction.  In other words, once 

water washed onto the top portion of the bridge, it was allowed to drain immediately.   

The parameters found to give the best results for the piston style wavemaker, the 

linear theory method, and the fifth order method are shown in Table 5-2, Table 5-3, and 

Table 5-4 respectively.  

 

Table 5-2. Values for moving boundary method equation 

Variable for Eqn. Value 

a 0.45 

b 1 

c 1 

d 20 

 

The parameters found to give the best results for the first order wave 

approximation are given 

Table 5-3. Values for linear wave theory model 

Wave Parameters Value 

Water Height 0.4816 m 
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Wave Amplitude 0.08382 m 

Wave Period 2.7 s 

 

The parameters found to give the best results for the fifth order wave 

approximation were found to be 

Table 5-4. Values for fifth order wave theory model 

Wave Parameters Value 

Water Height 0.4816 m 

Wave Height 0.16764 m 

Wave Period 2.7 s 

 

 

 Although parameters used within the Stokes wave model were slightly different 

than those reported by Sheppard et al. (2009) they did fall within the range of 

acceptable values based upon the sensitivity of the instrumentation used. 

After each simulation results from the simulated wave signal was compared to 

the physical signal. Because values upon from the simulation did not temporally line up 

with the experimental values an interpolation algorithm was used to allow for a direct 

comparison.  
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Figure 5-11. Comparison of wave generated by moving boundary method (red) with 

experimental (blue) wave 

 
 

 
Figure 5-12. One to one comparison of wave generated by moving boundary method 

with experimental wave 
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Figure 5-13. Comparison of vertical force generated by moving boundary method 

(green) with experimental (blue) wave 

 
Figure 5-14. Comparison of wave generated by linear wave theory method (red) with 

experimental (blue) wave 
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Figure 5-15. One to one comparison of wave generated by linear wave theory method 

with experimental wave 

 
Figure 5-16. Comparison of vertical force generated by linear wave theory method (red) 

with experimental (blue) wave 
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Figure 5-17. Comparison of wave generated by fifth order wave theory method (red) 

with experimental (blue) wave 

 
Figure 5-18. One to one comparison of wave generated by fifth order wave theory 

method with experimental wave 
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Figure 5-19. Comparison of vertical force generated by fifth order wave theory method 

(red) with experimental (blue) wave 

 
Associated regression coefficients of the one to one line discussed above 

(between modeled and physical wave signal data) were 0.81, 0.88, and 0.83 for the 

piston method, the linear method and the fifth-order method respectively (Shown in 

figures 5-13, 5-15, and 5-17).  The best method in terms of both wave signal and force 

magnitude was determined to be the linear wave theory method which predicted the 

wave force magnitude within a factor of 0.966 (Table 5-5). However, although the 

forcing pattern was reproduced with high-levels of accuracy both in terms of amplitude 

and period, the physical model appeared to behave more non-linearly in time than any 

of the modeled results.   
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Table 5-5. Wave forces - modelled vs experimental 

Forces Value 

Experimental 113 lbf  

Simulation 117 lbf 

Amplification Factor 0.966 

 

5.6 Further Work To Be Conducted 

The current work represents only a portion of the analysis that should be 

conducted to gain a full picture of this phenomena. Further will therefore continue in 

following areas: 

1. A signal analysis should be conducted on the simulation results and 

optimized to ensure the wave being produced within the model is as 

numerically close to the physical wave as possible 

2. The bridge deck should be rotated to be investigate the effects of wave 

angle of attack upon forces 

3. Once the fluids model has been appropriately optimized and deemed a 

close to the physical experiments as possible a structure analysis should 

be conducted to examine the effects of the fluid forces upon the 

structural integrity of the deck slab. 

 

 
 
 
 
 
 
 
 



 

115 

CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The Sediment Erosion Rate Flume (SERF) at the University of Florida was 

Computationally Modelled. Computational model were able to reproduce laboratory 

experiments with statistically significant accuracy and precision. The computational 

model revealed an otherwise unobserved mechanism for the blocking and chucking of a 

soil specimen during an erosion test. Investigators believe that care must be taken to 

determine conservative estimate of scour when a piston style device is being use for 

design. Additionally, the most conservative method for an erosion test would be to keep 

the sample’s lowest elevation point flush with the flume bottom, regardless of any 

protrusion into the device.   

A new application of Potential Flow Theory was used to explain an overlooked 

mechanism for bridge scour. The use of Potential Flow Theory draws attention to the 

dependency to sand grain size when determine the maximum scour hole size. The 

computational model reinforced these findings and showed that pressure gradients 

around the base of a pile are adequate to invoke the new theory application. 

Wave tank tests conducted by D. Max Sheppard and Justin Marin (2009) were 

computationally modelled in an attempt to reproduce wave signal and forcing data. 

Three methods were used to generate the waves – The most effective was to invoke a 

linear wave theory model. Although there is more work to be conducted wave signal 

comparison show a strong correlation (R2=0.9) and wave forcing magnitude comparison 

are within the statistically significant range (0.966). Continued work will be conducted in 

an effort to determine forcing patterns as a function of wave angle of attack. 
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