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   The motivation of research on local erosion phenomena, such as the scour around bridge 
abutments and bridge piers, is given by the practical observation that the formation of a scour-hole 
around the foundations can induce the hydraulic structure to collapse (Richardson et al 1993, 
Cardoso and Bettess 1999); alternatively, economical effort is required for its maintenance 
(Barkdoll et al. (2006)). Richardson et al. (1993) reported a study carried out in 1973 by the U.S. 
Federal Highway Administration which concluded that of 383 bridge failures 25% involved pier 
damage and 72% involved abutment damage. According to Melville (1992), of the 108 bridge 
failures observed in New Zealand, during the period of 1960–1984, 29 were attributed to abutment 
scour. Melville also mentions that 70% of the expenditure on bridge failures in New Zealand was 
due to abutment scour. Such recurrent accidents show the importance of a deeper understanding of 
the erosion process and, in particular, the knowledge of the scour-hole geometry acquires 
importance during the bridge foundation design. For these reasons in the last decades massive 
research has been made in order to study the process. Many physical experiments were carried out 
for different geometry and in different flow conditions (see e.g. Melville and Raudkivi 1977, 
Melville 1992, Melville 1995, Ahmed and Rajaratnam 1998, Ahmed and Rajaratnam 2000, 
Barbhuiya and Dey 2003, Radice et al. 2008 and Radice et al. 2009b). More recently numerical 
experiments were carried out (see e.g. Koken and Constantinescu 2008a and 2008b, Kirkil and 
Constantinescu 2009 and Teruzzi et al. 2009) or studies in which physical and numerical 
experiments were coupled (see e.g. Roulund et al. 2005 and Gisonni et al. 2008). Furthermore 
investigations in which a numerical code (usually a RANS code) is coupled to a morphological 
model in order to simulate the evolution of the scour-hole bathymetry can be found in the literature 
(see e.g. Nagata et al. 2005 or Roulund et al. 2005). Reviews of the subject can be also found in 
Barbhuiya and Dey 2004 or Sumer 2007. 
   Despite all these efforts the local scour process is not completely clear yet. In particular the 
question about which flow characteristics are important for the evolution of the process and its final 
equilibrium conditions is still under discussion. As a consequence it is still problematic to compute 
the maximum depth of the scour-hole, which is a fundamental parameter for the design of an 
hydraulic structure and its a priori estimation turns out to be extremely relevant. 
   The problem of local erosion is particularly intricate since a complete modeling of the process 
needs to take account for several phenomena that range from fluid mechanics to fluvial 
geomorphology. The turbulence characteristics of the incoming flow field (Sumer 2007), the 
dynamics of the coherent structures that forms in junction flows (Simpson 2001) and the sediments 
motion which is characterized by large intermittency (Radice et al. 2009b), are processes that have 
to be considered and their fluctuating character has to be properly accounted for.  
   The present study focuses on the local erosion around a 45° wing-wall bridge abutment. The first 
step of our research is aimed at the analysis of the coherent structure dynamics around the bridge 
abutment and how they change in different scour conditions. In fact many authors found that the 
lack in understanding these processes is one of the motivation of the incapability of the models to 
predict accurately the scour-hole geometry and its maximum depth (Ahmed and Rajaratnam 2000). 
The second step is aimed at understanding how the coherent structures and their dynamics can 
influence the turbulence of the flow field and the scouring process. It is important to know how the 
fluctuations and the intermittent character of the vortical structures can be involved in the sediment 
transport (Roulund et al. 2005) and to single out the most important forces that can destabilize the 
sediments since a clear view of the incipient motion is still missing (Papanicolaou et al. 2002).  
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   The problem of local erosion around a 45° wing-wall bridge abutment is investigated using a 
numerical code to compute the turbulent flow field and using experimental data for the geometry of 
the scour-hole. The research is mainly aimed at understanding how the obstacle and the geometry of 
the scour-hole influence the turbulence characteristics of the flow field, and to analyze which are 
the most important consequences for the modeling of the process and for the scouring process.  
   The erosion process is analyzed considering its three main phases: the beginning of the scour in 
which the bottom bed is still flat (Flat Bed configuration), the logarithmic phase in which the 
evolution of the scour-hole depth is a linear function of the logarithm of time (Logarithmic Scour 
configuration) and the equilibrium stage in which the process can be considered as quasi-steady 
(Equilibrium Scour configuration). The last two phases will be referred as the advanced stages or 
the scoured configurations. Due to its own ability to simulate unsteady 3D junction flow 
(Bhaganagar and Tian-Jian Hsu 2009), a Large Eddy Simulation technique is used to compute the 
flow field: for each of the three process phases a simulation was run. The bathymetry of both the 
scour-hole configurations is taken from a physical experiment performed by Radice et al. (2009b) at 
the Hydraulic Engineering Laboratory of Politecnico di Milano.  
   Hereafter a summary of the procedure which was adopted in this research is reported: the physical 
experiment is briefly described in section 2.1; the numerical code is described in section 2.2 and in 
section 2.3 the objective of this study and the outline of the analysis are explained.  
 

 

2.1) Physical Experiment 

 

   The physical experiment was performed by Radice et al. (2009b) at the Hydraulic Engineering 
Laboratory of Politecnico di Milano. In the experiment the bathymetry of the scour-hole was 
recorded for different phases of the process and the sediment motion patterns were analyzed. 
The installation used in the experiment consisted of a 5.80m long, rectangular pressurized duct with 
transparent Plexiglas walls. The duct cross section was 0.40m wide and 0.16m deep. The wing wall 
abutment was a trapezoidal prism, which had a transverse length of 8 cm. The flume was filled with 

plastic sediments of a relative density equal to 430.
w

ws =
−

ρ

ρρ
, where 3431 cmg.s =ρ is the 

sediment density and wρ  is water density. The sediments were characterized by a median particle 

diameter equal to mm.d 60350 =  and a standard deviation equal to 0411684 .dd =  (being 84d  and 

16d  the sediment sizes corresponding to the 84th and 16th percentile, respectively). Therefore the 

sediment sample was uniform with 50d  as the representative grain size dimension. In order to obtain 

an uniform roughness along the entire duct, identical particles were glued on the bottom wall of the 
flume outside the zone where the scour occurs. The sediment motion during the experiment has 
been recorded from above using a black and white CCD camera with a sampling frequency of 50 
fps and a resolution of 576×763 pixels. A complete description of the technique used for the video 
analysis is provided by Radice et al. (2006). The critical conditions for the sediment entrainment 
were evaluated following the criterion of Ballio and Orsi (2001) and the scour process was in clear-
water regime. 
   In Figure 2.1 the evolution of the maximum scour depth adapted from the physical experiment of 
Radice et al. 2009b. is reported. The graph can be divided in the three main phases of the erosion: 
the beginning of the process, the logarithmic phase and the equilibrium stage. For both the 
advanced stages of the process the bathymetry of the scour-hole was recorded. The Logarithmic 

Scour bathymetry was recorded at s.Texp

41051 ×= and the Equilibrium Scour bathymetry at 

s.Texp

51042 ×= .  
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Figure 2.1. Evolution of the maximum scour depth at the abutment nose in the physical experiment 
of Radice et al. (2009b). 
 
 
 

 

2.2) Numerical Simulations 
 
   In this section the numerical code is described, the geometrical characteristics of the grid and the 
boundary conditions are illustrates. All the numerical simulations were carried out at the 
supercomputing facility of CILEA at the Politecnico di Milano. 
 
 
 
2.2.1) Numerical code 
 
   The turbulent flow field for each scour condition was computed using the curvilinear-coordinate 
LES algorithm developed by Armenio and Piomelli (2000). The code employs a dynamic mixed 
SGS model composed of a Smagorinsky part and a scale similar part. The constant of the model is 
averaged over the Lagrangian trajectories of the instantaneous flow field according to Meneveau et 

al. (1996). The governing equations are integrated using the semi-implicit, finite difference, 
fractional-step method of Zang et al. (1994) and the algorithm is second-order accurate in space and 
time. Spatial derivatives are evaluated using a cell-centered second-order scheme. Time integration 
is performed using the Adam–Bashforth technique for the convective and off-diagonal diffusive 
terms and the Crank-Nicolson scheme for the diagonal diffusive terms. For the pressure field, the 
Poisson equation is solved with a multigrid technique. The time step of the simulation was kept 
constant, giving a maximum Courant number nearly equal to 0.4. 
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2.2.2) Grid and Boundary conditions 
 
   The main frame of reference is (x,y,z) with the x-axis being in the longitudinal direction, the y-
axis in the transversal direction and the z-axis in the vertical direction; the corresponding time-
averaged velocity components will be given by (U,V,W). The geometry of the grid used for the 
simulation in the Flat Bed configuration is shown in Figure 2.2. All the geometric proportions of the 
grid are kept the same as those of the physical experiment of Radice et al. (2009b). If h is the duct 
height, the channel length and channel width are h.L 513=  and h.B 52=  respectively. The 
abutment dimensions are h.l 51=  (in the longitudinal direction) and h.b 50=  (in the transversal 
direction).  
 
 

 
Figure 2.2. Geometry of the grid used for the simulation of the Flat Bed configuration. bU  is the 

Bulk velocity. The length L of the channel is not in proportion. 
 
 
The bathymetry of the scour-hole, taken from the experimental data of Radice et al. (2009b), is 
shown in Figure 2.3. In Table 2.1 the geometric proportion of the three scour conditions analyzed 
are reported schematically. 
   For each scour condition a resolved large eddy simulation was carried out in order to solve the 
near wall structures (see Spalart et al. 1997 for details). The grid has 256x64x96 cells over the x-, y-
, and z-directions, respectively. About eight velocity points were placed within the first ten wall 
units in the wall-normal direction, and the distances between the wall and the first cell face are 

2=∆=∆ +

ν
τu

yy minmin  and 2=∆=∆ +

ν
τu

zz minmin , respectively, in the two cross sectional directions. 

This means that the first velocity point off the wall is at 111 =∆=∆ ++ yy . The maximum grid spacing 

is about 11=∆ +
maxy  and 21=∆ +

maxz in the y- and z-directions, respectively, satisfying the 

requirements of large-eddy simulations that resolve the near wall viscous sublayer (Baggett et al. 
1997).  
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Figure 2.3. Bathymetry for the scoured configurations. a) Logarithmic Scour after 4 hours of 
erosion process; b) Equilibrium Scour after 67 hours of erosion process. 
 

 

 

Scour Condition Elapsed Time 
Maximum 

depth 

Scour hole 

extension 

Flat Bed 
0 hours 

( s0 ) 
______ ______ 

Logarithmic Scour 
4 hours  

( s.
41051 × ) 

hz .820−  hy.hx.  51 03 ×≅  

Equilibrium Scour 
67 hours 

( s.
51042 × ) 

hz.  001−  hy.hx.  02 08 ×≅  

 
Table 2.1. Geometrical characteristics of the three scour conditions under analysis. The Elapsed 
time is referred to the experiment of Radice et al. (2009b); Maximum depth is computed from the 
undisturbed bed level and scour-hole extension measures approximately the scours’ size in the x-
axis and y-axis respectively. 
 
 
   In the abutment region, the grid spacing is also non-uniform in the x-direction, in order to 
accurately resolve the streamwise gradients occurring in this area; the maximum and minimum non 

dimensional grid spacing are 10=∆ +
minx  and 44=∆ +

maxx . In such conditions the simulations can be 

classified as a quasi-direct numerical simulation (DNS) (cf. Spalart et al. 1997). The definition 
applies to LES where the near wall streaks are directly resolved during the simulation. Since in a 
boundary layer the streaks have a longitudinal extension of about 800 wall units, and a spanwise 

x/h 

x/h 
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extension of about 120 wall units, the resolution of such structures implies a grid spacing 

( 50≈∆ +
x ; 20≈∆ +y ) in the planes parallel to the wall. In complex flows where turbulence is not 

homogeneous along the horizontal directions, the streaks can be destroyed into smaller structures 
and more resolution is required. In quasi-DNS simulations the subgrid-scale eddy viscosity is only 
slightly larger than the molecular viscosity, in particular in the near wall region, and this is 
consistent with the fact that the grid spacing is able to capture most of the turbulent structures. The 
grid spacing employed in our simulation satisfies such criterion and can thus be classified as a 
quasi-DNS. The above discussion is referred to the average friction velocity of the incoming flow, 
consistent with the fact that resolution criteria have been developed for plane developed boundary 
layers. The maximum value for the friction velocity is found in the Flat bed configuration close to 
the abutment nose and is about τu.53 ; such an amplification is confined in a very limited region 

around the abutment edge and even for this position within the domain the computational grid 
guarantees 2–3 points within the first 11 wall units, in a region where the high spatial velocity 
gradient tends to decrease the level of turbulence. Although there are no standard criteria for 
geometrical complex flows, literature examples indicate that such resolution is adequate for a 
resolved LES (cf. for example Stoesser et al. 2008 and Frohlich et al. 2005). Furthermore Falcomer 
and Armenio (2002) carried out with the present numerical model a Large eddy simulation of 
secondary flow over longitudinally ridged walls and confirmed the correctness of the involved grid 
resolution. The free surface is not simulated in the present work, since the exact geometry of the 
free surface cannot be easily reproduced by LES. Radice et al. (2008) have carried out experiments 
with both open channel and closed flume in order to compare the two situations with respect to the 
sediment transport dynamics. The experiments showed differences in the transport of suspended 
sediments due to the change of the velocity profiles far from the bed, whereas negligible effects 
were there observed with regard to the incipient motion of sediments and therefore on the initial 
phases of the scour. Thus, although a closed conduit flow is simulated, results regarding bed 
stresses are also expected to apply to the open-channel case. This has to be attributed to the low 

value of the Froude number ( 310.ghUFr bb == ), such that the deformation of the free surface is 

small enough to be approximated by a plane surface. 
   The bulk Reynolds number νbb hURe = , based on the bulk velocity bU  at the inlet section and 

on the duct height h, was set equal to 7’000 and the correspondent friction Reynolds number 

νττ huRe =  based on the friction velocity ρττ =u  was equal to 417. 

 

 

 

 

2.2.3) Data averaging  
 
   The turbulent field does not exhibit any directions of homogeneity. Therefore the statistics must 
be accumulated in time and this requires very long simulations and storage of a huge quantity of 
data. In such conditions the “time-average” operation coincides with the “ensemble-average” 
operation. Once a statistical steady state was obtained, the simulations have been run for at least 50 
large-eddy turnover times ( bUh ) which is a period long enough to evaluate high order statistics as 

the standard deviations, or the skewness and the kurtosis factor. Moreover, in the Flat bed 
configuration the symmetry with respect to the y=h/2 plane induces an antisymmetric wall normal 
velocity which allows the statistics to be computed averaging over the two half ducts. The time-
averaging operation is denoted with an overbar. 
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2.3) Outline of analyses 
 
   In this section the analysis which were carried out will be described. In Figures 2.4 and 2.5 the 
nomenclature which is adopted in the text for the 45° wing-wall abutment and for the scour-hole 
respectively is shown.  
 
 

 
Figure 2.4. Nomenclature in the Abutment region adopted in the text. 
 
 

 
Figure 2.5. Nomenclature of the scour-hole adopted in the text.  
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   The principal objective of the research is to understand how the presence of the 45° wing-wall 
bridge abutment and the presence of the scour-hole influence the turbulent flow field around it; 
which are the main consequences for modelling such kind of flows; and which are the most 
important effects of the flow field for the erosion process. The results reported will help to 
formulate new physically-based morphological models to study the local erosion phenomena. 
   The analyses are reported in four separated chapters. Chapter 3 deal with an integral approach to 
the erosion problem. Chapter 4 deal with the three-dimensional characteristics of the time-averaged 
flow field and with their effect on the bottom bed. Chapter 5 deals with the turbulent characteristics 
of the flow field and Chapter 6 analyses the implication of the flow field for the scouring process. 
The conclusions are found in Chapter 7 and in the Appendix the list of Symbols adopted is reported. 
   In the following Figure 2.6 the relative positions of the vertical sections in which the analysis are 
carried out is shown. The sections cover the upstream and the central abutment walls and they are 
enumerated from 1 to 5. If in the text a result is referred to one of these sections, its position can be 
thus checked in Figure 2.6; if other sections are involved their name and position are specified in 
the text. 
 
 

 
Figure 2.6. Relative positions of the vertical sections in which the are analyzed. For each section a 
different frame of reference (xs, ys, zs) in considered. The axis xs is horizontal and normal to the 
section plane, the axis ys is horizontal and parallel to the section plane and axis zs is in the vertical 
direction; the corresponding time-averaged velocity components will be given by (Us, Vs, Ws) and 
the corresponding fluctuating velocity component will be given by (us, vs, ws). 
 

 

 

2.3.1) One-dimensional analysis 
 
   In this chapter the Integral equations of motion are investigated. The term “Integral” means that 
the equations of motion are integrated over a fixed region. The results reported show which 
considerations can be drawn using the classical laws of hydraulics.  
 
 
 
2.3.2) Three-dimensional analysis of the time-averaged flow field 
 
   In this chapter the three-dimensional characteristics of the flow field are investigated and their 
effects on the bottom bed is discussed. The analysis deal first with the time-averaged coherent 

Section 1 

Section 2 

Section 3 

 

Main Flow 
Section 4 

 

Section 5 

 

ys, vs 

xs, us 
 

zs, ws 
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structures forming around the abutment and how they change in the three scour conditions. 
Afterwards the time-averaged bottom shear stress and the near-wall pressure gradients are 
investigated. The numerical results are compared with the available experimental data found in the 
literature. 
 
 
 
2.3.3) Turbulence analysis 
 
   In this chapter the turbulence characteristics of the flow field are considered. First the dynamics of 
the coherent structures is investigated and then its implications are discussed: their effects on 
turbulence is examined and some comments on the eddy-viscosity models usually employed in the 
RANS approach to the problem are reported. Comparisons with experimental data are reported. 
 
 
 
2.3.4) Implications for scouring 
 
   In this chapter the effects of the turbulent flow field in terms of erosion process are considered. 
The bottom bed statistics are further investigated and statistical analysis are carried out in order to 
detect the most important characteristics for the scour phenomenon. 
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Chapter 3.  

 

 

One-dimensional analysis 
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   In this chapter an integral approach to the problem is considered: the flow field is reduced to one-
dimensional current developing in one main direction (x-axis). The area of the transversal sections 
is analyzed first and then the integral form of the momentum balance and of the mechanical energy 
balance is considered. In computing such equations a data reduction was carried out starting from 
the LES data. Specifically the data obtained in the numerical simulations for three different bed 
configurations are reduced to a one-dimensional problem taking advantage of an integral equations 
approach. Such an approach allows a global and synthetic investigation of the phenomenon without 
supplying a detailed description of the three dimensional local effects present during the erosion 
process. Since the integral equations approach reduces the problem to one spatial dimension, the 
main outcome of this analysis is the description of the process through single-valued profiles that 
represent the force due to the flow field acting on the obstacle and the mechanical energy which 
passes through cross-sectional surfaces. In such a way it is possible to see how relevant scalar 
quantities change under different phases of the scouring process and to check whether the formation 
of the scour hole acts in the direction of compensating the effects induced by the presence of the 
abutment. The results for the three abutment conditions herein analyzed are compared with a 
reference case of a turbulent duct flow (hereafter referred to as DF) with the same geometry and 
bulk Reynolds number. The presence of the abutment is revealed in the plots through four vertical 
lines depicting the location of the edges of the obstacle. 
 
 

 

3.1) Transversal Area 
 
   In Figure 3.1 the streamwise distributions of the area of the transversal sections made non 
dimensional with the DF value are shown for the three cases. In the DF case the area is constant and 
equal to 2.5h2, while in the Flat Bed configuration the presence of the abutment generates a 
trapezoidal drop in the profile, reducing the area of about 20% between x/h = 6.5 and x/h = 7. In the 
scoured configuration we observe an overall increase due to the presence of the scour around the 
obstacle in conjunction with the trapezoidal-shaped distribution associated to the presence of the 
abutment. The resulting profile appreciably increases the complexity of the geometry channel: once 
the scour hole is formed, two maxima can be found at the edges of the obstacle (x/h = 6 and x/h = 
7.5); for LS and ES the maximum area is respectively about 27% and 60% larger than that of the 
Flat Bed configuration. 
The analysis of Figure 3.1 also shows that in the scour cases the areas are everywhere larger than 
the DF value (2.5h2). This is in particular true in the abutment region, and thus indicates that the 
area increase is larger than the value which would be necessary to compensate the obstruction of the 
obstacle. Therefore, the formation of a scour-hole, which is known to increase the local complexity 
of the flow field because of the vortex system development (cf. Barbhuiya and Dey 2003), has also 
the important consequence of increasing the geometric channel complexity in integral terms: the 
increase of transversal area due to the hole overshoots everywhere the corresponding DF value so 
that the cross-sectional averaged velocity undergoes substantial variations in the obstacle region. 
Furthermore although the maximum scour depth was found in the physical experiment of Radice et 

al. (2009b) to be in correspondence of the abutment nose, this location does not correspond with the 
maximum of area. 
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Figure 3.1. Area of the cross-stream sections along the streamwise direction x. Solid Line: Duct Flow, 
Dashed Line: Flat Bed Configuration, Dash-Dot Line: Logarithmic Scour Configuration, Dotted Line: 
Equilibrium Scour Configuration. The Abutment is drawn through 4 vertical lines and the values are made 
non dimensional with the area of the Duct Flow. 
 

 

 

 

3.2) Integral Balances of the time-averaged Flow 

 
   The integral balances for a general flow through a fixed region are derived by integrating over a 
volume the conservation laws and using the Gauss theorem in order to transform the volume 
integrals in surface integrals. In this section the integral balances for the Momentum and for the 
Mechanical Energy will be considered. In what follows the gravity force and the time derivative do 
not appear in the equations as we only consider the horizontal component and the problem is steady 
on average. 
 
 
 
3.2.1) Integral Momentum Balance 
 
   The integral momentum balance is derived by integrating over a volume the Reynolds-averaged 
Navier-Stokes equations: 
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and after integrating over a fixed volume the resulting equation is (for the formal derivation see 
Kundu 2004): 
 
 

 ( ) ∫∫∫ −=




 −++

jjk A
j

A
j

O,I
A

kkkk dAPdAdAuuPUU   1j1j111 δττρρ  [3.2] 

 
 
In equation [3.1] and [3.2] the Einstein notation over repeating indices is used, with subscript 1 
referred to the x-direction and j/kA   being the projection of the generic area in the j/k direction; ijδ  

is the Kronecker symbol; U and P are the Reynolds-averaged velocity and pressure values; ijτ  is the 

Reynolds averaged viscous stress tensor; jiuuρ is the Reynolds stress tensor. The integrals on the 

left-hand side (LHS) refer to the Inflow section (subscript I) and the Outflow section (subscript O); 
on such sections only k=1 gives contribution. The integrals on the right-hand side (RHS) refer to 
solid boundaries of the domain (Figure 3.2). Note that in the Flat Bed configuration all the solid 
surfaces experience viscous force only, whereas the pressure contribution in the x-direction acts 
only over the upstream and downstream abutment walls. In the advanced configurations, i.e. 
logarithmic phase and equilibrium stage, the pressure forces also arise over the scoured bottom 
surface.  
   Equation [3.2] can be analysed by setting the Inflow section as fixed in the x-axis and considering 
the position of the Outflow section as variable along the x-axis. In such a way each terms of the 
equation depends only on the x-coordinate of the outlet section and thus can be easily plotted. The 
reference inlet section is chosen to be as the first upstream section in which the flow field can be 
considered as a linear current for all the scour configurations; this was found to be at an upstream 
distance of 6h from the obstacle.  
 
 

 
Figure 3.2. Position on a fixed volume over the abutment of the terms of equation [3.1]. The x-axis 
is the direction of the principal flow. The left-hand side acts on the Inflow and Outflow sections, 
while the right-hand side acts on all the other walls of the volume. 
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   In Figure 3.3 the right-hand side (RHS) of Equation [3.2] is plotted against the streamwise x-
direction for all the scour configurations and for the case of an undisturbed Duct Flow. All terms are 
made non-dimensional with the momentum flux of the inlet section. As expected, in the DF case the 
RSH of Equation [3.2] linearly increases with the x coordinate. In presence of the abutment three 
main regions can be distinguished: the straight duct region upstream the obstacle where the force 
increases similarly to the DF case; the abutment region characterized by a very large increase of the 
force and a the wake region where, again, the force increases with a slope similar to that of the DF 
case.  
Interestingly, the global behaviour of the Integral Momentum Balance in presence of the abutment 
is little affected by the evolution of the scour hole, in spite of the dramatic change which can be 
detected for the geometry (Figure 3.1).  
 
 

 
Figure 3.3. RHS of equation [3.2] along the streamwise direction x. Solid Line: Duct Flow, Dashed 

Line: Flat Bed Configuration, Dash-Dot Line: Logarithmic Scour Configuration, Dotted Line: Equilibrium 
Scour Configuration. The Abutment is drawn through 4 vertical lines and the values are made non 
dimensional with the value of the Momentum at the Inflow section. 
 
 
If the analysis of Equation [3.2] is focused on the abutment region only (Inflow section located at 
x/h = 6.0 and Outflow section located at x/h  = 7.5) the RHS is found to be preserved for all the 
scour configurations analyzed within a precision of 1% (see Table 3.1). In this region the pressure 

drag ∫
jA

jdAP  1jδ  is found to be the principal component of the total force: it takes the 90% for the 

logarithmic scour configuration and the 93% in the equilibrium scour configuration). If we look at 
the force exerted on the surfaces of the obstacle (the remaining boundaries belonging to the duct are 
therefore not considered), the analysis of the data shows that the pressure stress on the abutment 
significantly decreases going from the logarithmic scour configuration and the Equilibrium Scour 
one, but it acts on a surface which increases during the process; as a result of the opposite variation 
of the two terms, the force on the obstacle increases of 10-15% during the scour process (cf. Table 
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3.1). Therefore the formation of the scour hole does not obey a sort of compensation law which 
would act toward the reduction the force in the obstacle region. 
 
 

 
Table 3.1. Non-dimensional Force and Mechanical Energy Dissipation which act in the abutment 
region. All values are normalised with corresponding quantities for the Flat Bed configuration. 
 
 
In spite of the similarity found in the three scour configurations for the RHS of Equation [3.1], 
some differences can be detected that are worth of discussion. In the upstream part of the duct, 
where the geometry is not affected by the scour process, the RHS of Equation [3.2] contains only 
the shear stress term on the walls of the straight duct. Figure 3.3 shows that such term is nearly 
unaffected by the presence of the obstacle (Flat Bed configuration) while this is not the case for the 
scoured configurations. The analysis of the data has shown that the scour hole produces slight 
variations of the upstream longitudinal pressure gradient and of cross sectional velocity distribution 
(and, therefore, of the Boussinesq coefficient) whose effect balances the reduction of the shear 
stresses on the solid walls. Close to the abutment larger differences are detected, in particular for the 
logarithmic scour configuration. In both scoured cases the force weakly decreases with x; the 
analysis of the data has shown that this is due to the decrease of the viscous force and to the effect 
of the pressure force on the upstream downhill of the hole. The viscous force decrease is similar in 
the two cases while the pressure force acts differently: in the logarithmic scour configuration the 
pressure force was found to act in the opposite direction with respect to the mean flow, while in the 
equilibrium scour configuration the pressure force has the same direction of the mean flow. In the 
wake region the force increase along x for the different cases exhibits some variation with respect to 
linearity, due to the combined effects of complex patterns of shear stresses on the wall due to flow 
separation and the progressive geometrical variation of the domain for the scoured configurations. 
   In the next Figures 3.4 and 3.5 the Viscous and the Pressure term, respectively, of the RHS of 
Equation [3.2] are shown. The viscous term shows a behaviour approximately monotonous for all 
the scour configurations. At the beginning of the process it is found to be larger than the value in 
DF case after x/h  = 7.5 and thus after the abutment nose. As will be shown in the next chapter this 
is the location in which the largest local stress is detected and in which the erosion process starts 
(cf. Radice et al. 2009b). During the process the viscous terms decrease and in the scoured 
configurations it is found to be always below the DF value. This does not means that the local stress 
is always below the critical value (cf. next chapter), but only its integral over the whole rigid 
boundary remains below. The pressure term (Figure 3.5) is found to increase strongly in the 
abutment zone from x/h = 6.0 and x/h  = 7.5 and is found to increase in any location during the 
whole process. 

 Logarithmic Scour Equilibrium Scour 
Force in the abutment region 0.991 1.003 

Force on the obstacle 1.160 1.110 

Energy dissipation 0.993 1.360 
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Figure 3.4. Viscous term of the RHS of equation [3.2] along the streamwise direction x. Solid Line: 
Duct Flow, Dashed Line: Flat Bed Configuration, Dash-Dot Line: Logarithmic Scour Configuration, Dotted 

Line: Equilibrium Scour Configuration. The Abutment is drawn through 4 vertical lines and the values are 
made non dimensional with the value of the Momentum at the Inflow section. 
 
 

 
Figure 3.5. Pressure term of the RHS of equation [3.2] along the streamwise direction x. Solid Line: 
Duct Flow, Dashed Line: Flat Bed Configuration, Dash-Dot Line: Logarithmic Scour Configuration, Dotted 

Line: Equilibrium Scour Configuration. The Abutment is drawn through 4 vertical lines and the values are 
made non dimensional with the value of the Momentum at the Inflow section. 
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   The LHS of Equation [3.2] has the same shape of the RHS and is not shown. In Figures 3.6, 3.7 

and 3.8 the inertial term ∫
1

1
2

A
dAUρ , the pressure term ∫

1
1

A
PdA and the turbulent term 

∫
1

111
A

dAuuρ of the LHS of Equation [3.2] are shown. Subscript 1 means the transversal area 

perpendicular to the x-axis. The leading terms are found to be the inertial and the pressure one, 
whereas the turbulent terms remain one order of magnitude smaller and the viscous terms four order 
of magnitude smaller. 
    The pressure and the mean momentum profiles along the x-axis are in essence coherent with the 
area profiles: as the area increases the pressure term increases and the intertial term decreases. At 
the beginning of the process the maximum jump for the both terms is found to be along the 
upstream oblique wall of the abutment and as the process goes this jump is reduced remarkably. For 
the pressure term is possible to note that the profile at the beginning of the process is in each section 
above the channel flow line and as the process is close to the equilibrium remains below except 
along the central and downstream walls of the abutment where it reach the same value as the 
channel flow profile. The inertial term has, as expected, an opposite behavior. 
From Figure 3.8, where the turbulent term is reported, it is possible to see that in each section it 
increases as the area increases, indicating a general increase of the turbulent term as the scour-hole 
increases. The increase of the turbulent fluctuations can be referred to the secondary flows which 
form coherent structures with a strong intermittent behavior. 
 
 

 
Figure 3.6. Inertial term of the LHS of equation [3.2] along the streamwise direction x. Solid Line: 
Duct Flow, Dashed Line: Flat Bed Configuration, Dash-Dot Line: Logarithmic Scour Configuration, Dotted 

Line: Equilibrium Scour Configuration. The Abutment is drawn through 4 vertical lines and the values are 
made non dimensional with the value of the Momentum at the Inflow section. 
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Figure 3.7. Pressure term of the LHS of equation [3.2] along the streamwise direction x. Solid Line: 
Duct Flow, Dashed Line: Flat Bed Configuration, Dash-Dot Line: Logarithmic Scour Configuration, Dotted 

Line: Equilibrium Scour Configuration. The Abutment is drawn through 4 vertical lines and the values are 
made non dimensional with the value of the Momentum at the Inflow section. 
 
 

 
Figure 3.8. Turbulent term of the LHS of equation [3.2] along the streamwise direction x. Solid 

Line: Duct Flow, Dashed Line: Flat Bed Configuration, Dash-Dot Line: Logarithmic Scour Configuration, 
Dotted Line: Equilibrium Scour Configuration. The Abutment is drawn through 4 vertical lines and the 
values are made non dimensional with the value of the Momentum at the Inflow section. 
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3.2.2) Integral Mechanical Energy Balance 
 
The evolution of the process can be also analyzed in terms of the mechanics energy budget. The 
mechanical energy balance for a fixed volume can be derived by scalar product between the 
Reynolds averaged momentum equation and the velocity vector. After integrating over the volume 
the following relation can be written (see Kundu 2004 for details):  
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The notations are the same as in Equation [3.2] and Eij is the Reynolds-averaged strain rate tensor. 
The meaning of the LHS of Equation [3.3] is the following: the first term is the flux of kinetic 
energy of the mean flow across the cross-stream sections; the other terms represent the transport of 
this energy through the sections. The kinetic energy is transported through the pressure, the 
turbulent fluctuations and the viscous diffusion. The LHS thus represents the difference of the total 
rate of mechanical energy passing through the two cross-stream sections of the control volume. The 
right-hand side of Equation [3.3] represents the total dissipation of the mechanical energy and is 
composed of two volume integrals. The former is the loss of energy of the mean flow to sustain 
turbulence; the latter is the rate of dissipation of mean kinetic energy to due to viscosity.  
   Following the same procedure of Equation [3.2], after a reference section (I) has been chosen, the 
RHS of Equation [3.3] represents the loss of energy in a volume extending between the Inflow 
section and the Outflow section limiting the control volume (Figure 3.9).  
 

 
Figure 3.9. Mechanical Energy Dissipation (RHS of equation [3.3]) along the streamwise direction 
x. Solid Line: Duct Flow, Dashed Line: Flat Bed Configuration, Dash-Dot Line: Logarithmic Scour 
Configuration, Dotted Line: Equilibrium Scour Configuration. The Abutment is drawn through 4 vertical 
lines and the values are made non dimensional with the value of the Mechanical Dissipation of 
Energy at the Inflow section. 
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   In agreement with classical hydraulics, for the DF case the loss of energy is a linear increasing 
function of the x coordinate. Viscosity contributes to about the 60% of the total energy dissipation. 
In the Flat bed configuration the Mechanical Energy Dissipation remains unchanged with respect to 
the DF up to the abutment nose (x/h = 6.0); it rapidly increases in the abutment region, where a 
strong increase of the total force was already observed, and eventually a linear behaviour is 
recovered in the downstream duct, beyond the wake region. The viscosity dissipates about the 63% 
of the total energy up to the abutment region; downstream the obstacle the production of turbulence 
becomes more relevant since it dissipates the 60% of mean kinetic energy. In the scoured 
configurations a similar qualitative behaviour can be observed; the shape of the profile is similar for 
all the cases with the abutment, with the viscosity being again more important in the upstream 
region and the turbulent fluctuations being more important in the wake region. The turbulent term 
of the RHS of Equation [3.3] is shown in Figure 3.10 and the viscous term in Figure 3.11. 
A quantitative analysis shows that as the scour-hole is formed the energy dissipation in the 
upstream duct is lower than for the Flat bed configuration (up to x/h = 5.5), since both the viscous 
dissipation and the turbulence production are reduced. Such a slight reduction of the energy losses 
with respect to the non-scoured case is consistently with the variations on the flow field previously 
discussed. The total dissipation of the mechanical energy which takes place in the abutment region 
increases of 36% during the process (cf. Table 3.1). Such dissipation is always associated at a larger 
extent to the turbulent term, which amounts to about 60% at the beginning of the process and 
reaches the 83% at the equilibrium phase. 
 
 

 
Figure 3.10. Turbulent Dissipation of the Mechanical Energy along the streamwise direction x. 
Solid Line: Duct Flow, Dashed Line: Flat Bed Configuration, Dash-Dot Line: Logarithmic Scour 
Configuration, Dotted Line: Equilibrium Scour Configuration. The Abutment is drawn through 4 vertical 
lines and the values are made non dimensional with the value of the Momentum at the Inflow 
section. 
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Figure 3.11. Viscous Dissipation of the Mechanical Energy along the streamwise direction x. Solid 

Line: Duct Flow, Dashed Line: Flat Bed Configuration, Dash-Dot Line: Logarithmic Scour Configuration, 
Dotted Line: Equilibrium Scour Configuration. The Abutment is drawn through 4 vertical lines and the 
values are made non dimensional with the value of the Momentum at the Inflow section. 
 

 

   As already observed for the total force in the abutment region, the scour process does not act 
toward a compensation of the process of energy dissipation, conversely the results presented show 
that the total energy loss increases going from the flat bed case toward the equilibrium scour case, 
as a consequence of the increased complexity of the duct geometry. 
   Regarding the LHS the leading terms are found to be the inertial and the pressure ones, namely 
the kinetic energy and the pressure transport terms: their sum amounts to about the 96% of the total 
mechanical energy. The remaining 4% of energy is transported by the turbulent fluctuation while 
the viscous transport is always at least four orders of magnitude smaller than the other terms 
(Figures 3.9, 3.10 and 3.11). Thus Equation [3.3] approximates the power equation of classical 
hydraulics, which states that the power of the current, given by the kinetic and the pressure energy 
passing through the transversal section, is equal to the dissipation rate.  
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3.3) Conclusions 

 
Using the integral equation of motion it is found that although the area increases of more than the 
60% during the process, the profile of the Momentum and the profile of the Mechanical Energy do 
not change in the direction of compensation of the presence of the abutment. In particular, scouring 
does not appreciably change the net force acting in the abutment region on the obstacle. In terms of 
Mechanical Energy Balance, the formation of the scour hole and the turbulence which is induced 
lead the system to increase the rate of energy dissipation during the process. The data show the 
invariance of the force in the abutment region obtained in three very different phases of the 
phenomenon. Two additional simulations considering two unphysical configurations were run in 
order to compare the results. The first unphysical geometry was obtained building a symmetric hole, 
starting from the equilibrium scour configuration, and the second one was obtained with a 
‘negative’ scour, namely considering a sinusoidal bump to rise from the bottom surface close to the 
abutment. The two unphysical configurations gave different values of the force acting in the 
abutment region. Specifically, the symmetric scour gave a value as large as 1.1 that of FB, whereas 
the bump produced an increase of the force by a factor 1.7.  
Although this result requires verification in a wider variety of configurations, it seems that only 
physical bottom surface morphologies share the invariance of the total force in the abutment region. 
In case this conclusion could be proven to hold for general configurations, it may support models 
for local scour phenomena. 
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Chapter 4. 

 

 

Three-dimensional analysis of the time-

averaged Flow Field 
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4.1) Literature Review 
 
   Different investigations can be found in literature aimed at studying the time-averaged flow field 
characteristics in the region of surface mounted obstacles. In the past decades a lot of benchmark 
cases were considered which include bridge piers of various shapes, usually cylindrical or square-
shaped, different bridge abutment types, and usually two different scour conditions, namely the 
beginning of the process and the equilibrium stage. The analysis strategy can be divided into 
physical experiments, numerical simulations or a combination of these approaches. The following 
literature review pursues to show the state-of-art of the knowledge about the time-averaged flow 
field, the coherent structures which form around the obstacles and inside the scour-hole, the effect 
which they induce on the bottom bed and to highlight the unresolved issues on the local scour 
phenomena. The papers are reviewed as follows: first all the studies, both experimental and 
numerical, in which a geometry similar to the case study of the present  work (45° wing-wall 
abutment) are presented and then the papers concerning other obstacle’s shapes are described.  
A list of the papers that dealt with the flow field around a 45° wing-wall abutment together with the 
present study is schematically shown in table 4.1. To be noted that Ahmed and Rajaratnam (2000) 
worked with geometry slightly different from a classical 45° wing-wall abutment, since they 
considered two abutments placed symmetrically along the flume sides. The results of their analysis 
were however drawn considering only a half-channel width. 
 
 

Work 
Experiment 

Type 

Bulk  

Reynolds 

Bed 

condition 

Sediment 

transport 
Scour Condition 

Kwan and 
Melville (1994) 

Physical 
Experiment 

45’000 
Rough 

Bed 
Clear 
Water 

- Equilibrium Scour 

Barbhuiya and 
Dey (2003) 

Physical 
Experiment 

58’000 
Rough 

Bed 
Clear 
Water 

- Equilibrium Scour 

Dey and 
Barbhuiya (2006) 

Physical 
Experiment 

58’000 
Rough 

Bed 
Clear 
Water 

- Equilibrium Scour 

Ahmed and 
Rajaratnam (2000) 

Physical 
Experiment 

50’000 
Smooth 

Bed 
Clear 
Water 

- Flat Bed 

Radice et al. 
(2009b) 

Physical 
Experiment 

46’000 
Rough 

Bed 
Clear 
Water 

- Flat Bed 
- Various 
Logarithmic Scours 

Teruzzi 
(2006 and 2009) 

Numerical 
Experiment 

(LES) 
7’000 

Smooth 
Bed 

Clear 
Water 

- Flat Bed 

Present Study 
Numerical 
Experiment 

(LES) 

 
7’000 

 
Smooth 

Bed 

Clear 
Water 

- Flat Bed 
- Logarithmic Scour 
- Equilibrium Scour 

 
Table 4.1   State-of-Art of the research about local erosion around 45° wing-wall abutments 
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   Kwan and Melville (1994) investigated the three-dimensional flow field in the equilibrium scour 
induced by a 45° wing wall abutment in clear water conditions with a bulk Reynolds number 

νbhU  (being h  the approaching flow depth) of about 45’000. Through the hydrogen bubble 

technique (HBT) they measured the instantaneous flow field and computed the time-averaged 
velocity field, the downflow in front of the abutment and the time-averaged vorticity field. They 
argued that the local scour is initiated by the accelerated flow field around the obstruction whereas 
its evolution is attributed to the vortex structure. The flow field over the approaching bed was found 
to be essentially parallel to the bed and varying only in the vertical direction until the scour hole is 
reached; the maximum velocity amplification was found in a transversal section passing through the 
abutment nose and was equal to 

bU 35.1  (being 
bU  the bulk velocity of the fully developed duct 

flow); the maximum scour depth was found close to the upstream abutment nose and the area of the 
corresponding transversal section was found 32% larger than the duct flow area; the maximum 
downflow was measured in front of the upstream abutment wall and was equal to bU 75.0 . The 

primary vortex is located inside the scour hole and is considered to be equivalent to the horseshoe 
vortex at bridge piers; its structure resembled a Rankine vortex, that is a vortical structure composed 
by a forced vortex (equivalent to a solid body rotation) in the central core, surrounded by a free 
vortex in which the tangential velocity varies inversely as the distance r  from the vortex center. It 
appears elliptical in cross sections with the major axis being parallel to the bed surface slope and the 
lateral extension delimited downstream by a ridge forming in the wake region. Vorticity contours 
were also shown. Finally they evidenced the presence a small secondary vortex close to the 
abutment and they argued that the development of the secondary structures reduces the erosive 
capacity of the primary vortex.  
Barbhuiya and Dey (2003) experimentally studied the equilibrium scour of three different bridge 
abutment shapes, namely a vertical wall type, a 45° wing-wall type and a semicircular type. The 
study was carried out in the clear-water regime at Reynolds number equal to 58.000. After the 
equilibrium stage of the scouring was reached (48 hours) the bathymetry was sprayed with a 
synthetic resin in order to stabilize its shape and to facilitate the analysis. They found that the 
complexity of the flow field increases in time independently on the abutment shape. The 
instantaneous flow field was measured in different horizontal and vertical planes through an 
acoustic Doppler velocimeter (ADV). The flow field in horizontal planes was found to have similar 
characteristics for all the abutment shapes analyzed and a primary vortex described as helicoidal 
flow was also detected in all the cases. They used the concept of limiting streamline (here referred 
as the shear lines, meaning the limit of the streamlines for y  going to the walls, Figure 4.1 and 
Maskell 1955) to explain the separation of the flow field at the upstream edge of the scour hole: 
when two limiting streamlines, the first along the approaching bed and the second along the sloping 
bed of the scour-hole (due to the reversed flow of the primary vortex) merge together at the 
upstream edge of the hole, form a single streamline which separates from the bed toward the central 
region. 
 



________________________________________________________________________________ 

____________________________________________________________________________ 33 

 
Figure 4.1. Limiting streamlines concept introduced by Maskell (1955) and used by Barbhuiya and 
Dey (2003) to explain the 3D separation in a scour- hole. 
 
 
In the paper of Dey and Barbhuiya (2006) the equilibrium scour hole around a 45° wing wall 
abutment is further studied in clear water conditions at bulk Reynolds number equal to 58’000. The 
maximum velocity amplification was measured in front of the abutment at half depth of the hole 
and was equal to

bU .41 ; the maximum downflow was found to be 
bU 65.0  and was located close to 

the abutment nose, just downstream the location reported in the work of Kwan and Melville (1994). 
The primary vortex structure was associated to a Rankine type vortex and the circulation computed 
for different azimuthal sections (with respect to the abutment walls) was found to decrease for 
increasing azimuthal angleϑ  (being ϑ  the angle between the lateral duct wall parallel to the main 
flow and the azimuthal section). They also studied the amplification of the mean shear stress 
showing that the largest amplification for all the azimuthal sections is located in the zone of the 
scour hole where the reversed flow of the primary vortex encounters the adverse sloping bed of the 
scour bed. 
Ahmed and Rajaratnam (2000) studied experimentally at bulk Reynolds number equal to 50’000 a 
45° wing-wall abutment at the beginning of the erosion process in smooth bed conditions. Flow 
visualization by dye confirmed the presence of a complex vortex system at the abutment nose and 
they showed different velocity profiles of the deflected flow around the obstacle. The mean shear 
stress amplification is also well documented and they found a maximum amplification of mτ .633  

close to the upstream corner. 
Radice et al. (2009b) performed a physical experiment of the clear water scouring process around a 
45° wing-wall abutment. In this work the sediment motion patterns, both the -averaged and 
instantaneous, are analyzed for different scour conditions. A correlation between the primary vortex 
and the sediment motion was found, and was shown that the sediment transport in the corner region 
increases in time going from the start of the process to the logarithmic phase. 
Teruzzi (2006) and Teruzzi et al. (2009) used a wall-resolving large eddy simulation (a LES 
simulation where the near-wall viscous sub-layer is directly resolved) to simulate the flow field at 
bulk Reynolds equal to 7’000 around a 45° wing-wall abutment with smooth walls at the beginning 
of the erosion process (Flat Bed). The principal time-averaged vortex structures are well 
documented and compared to other case studies with different geometry. Such structures include 
three thin vortex located at the junction between the bottom bed, the lateral duct wall and the 
upstream abutment wall. The effect of the vortex system on the bottom bed is also discussed in 
terms of shear stress amplifications and pressure gradients. The mean shear stress amplification was 
found to reach the highest value (about 13) close to classical location of the abutment nose and the 
spatial distribution around the obstacle was found to be in agreement with other experimental 
results. The implication for the scour process of the pressure gradients were analyzed using a 

Vortex 

Approaching 
Flow 

Reversed 
Flow 

Separated 
Streamline 

Obstacle
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reference sediment size of 5 wall units and the results showed a relative importance of the 
horizontal gradients compared to the vertical gradients.   
   All other studies found in the literature involved other types of surface mounted obstacles and 
most of them concerned with different kinds of bridge piers. A brief review of such works is 
necessary to find out which are the flow field characteristics shared by different geometries and thus 
which can be considered ordinary for the local scour problem, and to highlight what is instead 
peculiar of the geometry under study. 
Ahmed and Rajaratnam (1998) studied experimentally the flow field around a circular pier in 
different flow conditions: both smooth bed and rough bed conditions were considered, beginning of 
the process and advanced scour hole were analyzed and the Reynolds number ranged from 23’400 
to 32.500. All the experimental results on the velocity field were then compared with the potential 
flow solution. Their principal aim was to analyze how bed roughness affects the time-averaged 
features found in the smooth case and to detect which flow characteristics can be interpreted in 
terms of potential theory. It was found that one important effect of the roughness is to decrease the 
uniformity of the flow field and to induce a steeper pressure gradient along the cylinder giving rise 
to a stronger downflow. The piezometric pressure was measured and it was found to follow quite 
closely the potential solution upstream the cylinder. Bed shear distribution was also computed and 
they found a maximum amplification at the lateral sides of the cylinder; furthermore the 
amplification was found to be as large as 

mτ 13.5  and characterized by higher scattering in case of 

rough-bed with respect to the smooth-bed cases. 
Graf and Istiarto (2002) experimentally studied the flow field in the longitudinal symmetry plane of 
the equilibrium scour-hole of a circular cylinder. The maximum downflow was found in front of the 
pier and reached a value equal to bU .60 . The vorticity was computed and it was found to reach the 

greatest value in the bottom part of the scour-hole, while in the remaining part was found to have 
values of the same order of the approaching flow. The mean shear stress amplification was 
estimated and they found that it decrease with respect to the approaching flow value, entering the 
scour hole and reaches negative values (since the presence of a reversed flow induced by the 
horseshoe vortex), but the critical shear stress was never reached inside the hole. 
Koken and Constantinescu (2008a and 2008b) studied through a LES at Reynolds 18’000 the flow 
field around a spur dike in flat bed conditions and close to the equilibrium. They gave a detailed 
description of the time-averaged vortical structures through streamlines visualization and vorticity 
contours in different vertical sections, detecting the interaction among the principal structures. The 
mean shear stress amplification was also reported and the maximum value was found in front of the 
tip of the spur dike; a correlation between the vortex structures and the high shear stress zones was 
found. Patches of vorticity ejected from the vortex system and advected laterally were observed to 
be one of the causes of the lateral increase of the scour hole in the final stages. 
Kirkil et al. (2008) studied numerically (LES) and experimentally the coherent structures of the 
flow field which forms in the scour hole induced by a circular cylinder at bulk Reynolds number 
equal to 18’000 and Kirkil and Constantinescu (2009) used a detached eddy simulation (DES) to 
investigate the flow field around a vertical plate at bulk Reynolds number equal to 240’000. In both 
papers a complex system composed by primary and secondary vortices was individuated. 
Chrisohoides et al. (2003) used a URANS with a ω−k  turbulence model and they also performed 
a physical experiment in order to study the flow field around a spur dike at bulk Reynolds number 
equal to 100’000. They described the vortex system in the recirculation zone upstream the obstacle 
and found that the vertical vortex which forms between the lateral duct wall and the spur dike has 
the important effect of feed the primary vortex. Furthermore they highlighted the risk of use 
sediment transport models based only on the mean values, since their findings suggested that they 
could not predict accurately the erosion rates. Finally they suggested that an evolving scour hole 
could alter both the structure and the intensity of the vortex system. 
During the last decade other studies coupled a CDF model together with a geomorphological model 
to simulate the transport and the evolution in space and time of the bathymetry. Nagata et al. (2005) 
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implemented a RANS with a ε−k  turbulence model to study the local erosion around a cylindrical 
pier and a spur dike. Roulund et al. (2005) used a RANS with a ω−k  model to simulate the 
erosion around a circular pile in different hydraulic conditions: the pile Reynolds number νbdU  

(being d the pile diameter) was varied between 100 and 2’000’000 and the pile-to-roughness ratio 
from 2 to about 1000. In both these studies the RANS was able to predict sufficiently well the mean 
features of the flow field around the obstacles and in the simulation of Roulund the errors in 
predicting the scour hole were about 15% upstream and about 30% downstream the pile. They 
attributed such discrepancy to the unsteadiness of the flow field which could be not modeled using a 
Reynolds-averaged equation approach. 
   From the literature emerges that a complex vortex system composed by primary and secondary 
structures is always found around obstacles during all the process stages. Such a system is 
considered by many authors to be the leading cause of the local erosion independently from the 
obstacle shape. The most important difference between an isolated obstacle such as a bridge pier 
and a lateral wall mounted obstacle such as the bridge abutments is that in this last case a vertical 
axis vortex forms between the channel wall and the obstacle which contributes to feed the primary 
vortex. 
Although it is generally believed that the time-averaged characteristics of such a system are not 
sufficient to describe satisfactorily the space and time evolution of the scour hole development, it is 
however essential for the understanding of the process to find out how they influence in time-
averaged terms what happens on the bottom bed. Such an approach can be found in the literature for 
different obstacle geometries but it is usually carried out only for shear stress amplification. The 
pressure gradients can also have a role in the process since they can induce an uplifting effect or a 
drag force on the sediments and thus need to be studied too. 
Concerning the 45° wing-wall abutment Teruzzi (2006) and Teruzzi et al. (2009) analyzed both the 
shear stress amplification and the pressure gradients in the Flat Bed case. In the work of Radice et 

al. (2009b) was shown that in the upstream corner of the obstacle the sediment transport increases 
in time instead of diminishing. Such works initiated a framework of analysis which still has to be 
carried out for advanced stages of the process and posted some questions concerning the anomalies 
in the spatial evolution of the characteristics of the bottom bed which have to be answered. In the 
next sections the time-averaged structures which forms around the obstacle will be shown and their 
effect on the bottom bed will be analyzed. 
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4.2) Time-averaged Flow Field 

 
   In this section the time-averaged vortical structures induced by the abutment and by the scour-
hole will be analyzed. First the comparison between the features of a fully developed turbulent duct 
flow and that of the Flat Bed case is described and then the effect of the scour-hole in two different 
process evolutions, the logarithmic phase and the equilibrium geometry, on such structures will be 
analyzed. 
   The Flow field of a fully developed turbulent duct flow was studied during the 60s ant 70s 
experimentally by many authors and starting from the 80s numerical simulation were carried out. 
An exhaustive analysis and a comprehensive bibliography review of the subject can be found in 
Teruzzi (2006); here the analysis is aimed only at showing the mean velocity contours and the 
principal vortical structures present in such a flow. 
 
 

 
Figure 4.2. Contours of the out-of-plane velocity in a transversal section of a fully developed 
turbulent duct flow with bulk velocity bU  equal to 1 at bulk Reynolds number equal to 7’000. 

 
 
   Figure 4.2 shows the contours of the out-of-plane time-averaged velocity in a transversal section 
of a fully developed turbulent duct flow with bulk velocity bU  equal to 1 at bulk Reynolds number 

equal to 7’000. The data series from which time averaging was used to create the plots shown in  
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Table 4.2. Parameters of the fully developed turbulent duct flow used in the present work 

 
 
Figure 4.2 was computed using the LES code of Armenio and Piomelli (2000) and was 
implemented as inlet condition for computing the turbulent flow around the 45° wing-wall abutment 
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presented in this work. This fully developed turbulent duct flow will be referred to herein as the 
duct flow or DF and its geometrical and physical characteristics are summarized in Table 4.2. The 
main flow field is parallel to the longitudinal edges of the duct and the maximum velocity is found 
in the center of the section with a value of about bU3.1 .  

   Secondary flows form close to the corners of the duct as a consequence of the longitudinal 
vorticity induced by the anisotropy of the Reynolds stress tensor.  
 
 

 
Figure 4.3   Time-averaged vortical structures along the edges of a fully developed turbulent 
channel flow. Mean Flow is parallel to the vortices axis. 

 

 
Figure 4.4   Particular of the secondary flows of a fully developed turbulent duct flow. Time-
averaged vectors velocity and streamlines in the bottom-left corner of the transversal. Mean flow is 
perpendicular to the section and is entering the picture. Bisector of the bottom-left angle is shown 
with a dash-dot line. 
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Such structures are here visualized through the Q parameter (Dubief and Delcayre, 2000) for the 
whole duct flow in Figure 4.3 and through the transversal velocity vectors together with the 
streamlines in the bottom-left corner of the transversal section in Figure 4.4.  
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 is defined as the second invariant of the 

velocity vector gradient and represents the balance between the strain rate tensor ijS  and the 

rotation tensor ijΩ ; Dubief and Delcayre (2000) showed that the parameter Q is an effective 

quantity for the visualization of the vertical structures since the zones where 0>Q are characterized 
by a flow field in which the rotation tensor magnitude is larger than that of the strain rate tensor. 
Figure 4.3 and Figure 4.4 illustrate that the main time-averaged vortical structures are two counter 
rotating vortices located in the corners of the duct flow and approximately separated by the bisector 
of the angle. From the streamlines of Figure 4.4 two secondary vortices are also detectable in the 
top-right corner. The maximum intensity of the secondary flows was found to be around bU .020 in 

the corners, which is a value in agreement with the experimental data usually reported in literature.  
 
 
 
4.2.1) Flow Field at the beginning of the process 
 
   The presence of the 45° wing-wall abutment has important consequences on the nature of the flow 
field which will be now illustrated and investigated. In table 4.3 the geometric proportion of the 
obstacle are resumed; contraction ratio denotes the ratio between the width b of the channel in front 
of the obstacle and the width of the undisturbed duct flow B . 
   As in the case of bridge piers an adverse pressure gradient forms at the junction between the 
upstream abutment wall and the duct walls which together with the incoming boundary layer leads 
to the formation of a vortex system. As already mentioned in the literature review, one of the main 
differences between the pier cases and the abutment cases is the presence of a lateral wall which 
breaks the longitudinal symmetry typical of piers and generates a more complex three-dimensional 
boundary layer.  
 
 

Abutment 

Type 
Height Length width 

Contraction 

Factor 

45° wing-
wall 

1=h  hyb  .50=  hyl  .51=  8.05.22 ==Bb  

 

Table 4.3   Geometrical characteristics of the turbulent duct flow. 
 
 

Teruzzi (2006) and Teruzzi et al. (2009) furnished a detailed description of the vortex system which 
forms upstream the abutment. Since in both these works the analysis was carried out for the flat bed 
case only, their results will be reported hereafter and a similar approach will be applied to the 
scoured configurations. In Figure 4.5 the principal vortex structures are visualized through the 
parameter Q. The principal vortex structures which can be detected are three principal vortices 
located at the upstream corner (labeled as VI, VII and VIII in Figure 4.5), a detached shear layer 
(DSL) along the central abutment wall, and the wake region (WAKE).  
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Figure 4.5   Time-averaged vortical structures for the Flat Bed case. For the primary vortices VI, 
VII and VIII an arrow indicates the direction and sense of the vorticity. Only the structures of the 
bottom half channel are visualized since the presence of vertical symmetry induces the same 
structures at the top of the region. 
 
 
Vortex VI is the analogous of the classic horseshoe vortex which is usually found in the case of 
piers and is originated as a consequence of the interaction between the incoming boundary layer of 
the bottom bed and the adverse pressure gradient induced by the obstacle. The genesis of the corner 
vortex VII can be attributed to the interaction between the incoming boundary layer of the lateral 
duct wall and the pressure gradient induced by the abutment. Both structures are well known and 
documented in different experimental works (see e.g. Kwan and Melville (1994) or Dey and 
Barbhuiya (2006)). Streamlines visualization (Figure 4.6) shows that vortex VIII is generated by the 
reversed flow induced at the bottom bed by vortex VII which goes, along the bottom channel edge, 
away from the abutment. Such a flow encounter the vorticity induced by the vortex located above 
the corner bisector at the edge of the duct flow (Figures 4.3 and 4.4) since this is the only vortical 
structure with the same vorticity sign of vortex VIII and thus the only structure which can push the 
reversed flow upwards along the vertical channel wall.  
The interaction between the primary vortices is further shown in Figure 4.6 together with several 
streamlines showing the interactions between the primary vortex VI, the corner vortex VII and the 
reversed flow generating VIII.  
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Figure 4.6   Interaction between the time-averaged vortices VI, VII and VIII. Vortical structures 
shown through the Q parameter and time-averaged streamlines located between the principal 
vortices. 
 
 
From the picture it is possible to see that the vortex VII has the important role of feeding the other 
vortices and in particular VI which is found by different authors (cf. e.g. Kwan and Melville 1994) 
to be the most important vortical structure in the local erosion process around a 45° wing-wall 
bridge abutment. A structure similar to vortex VIII was found in the LES of Koken and 
Constantinescu (2006) of the flow field around a vertical-wall abutment and thus it is reasonable to 
attribute such a phenomenon to the presence of an obstacle mounted from a lateral duct wall rather 
than to its geometry (Teruzzi et al. (2009)). The fundamental point is that VII feeding the primary 
vortices VI and VIII may contribute to increase their intensity and thus can increase the erosive 
potential of the vortex system. Similar conclusions were drawn by Chrisohoides et al. (2003) 
analyzing the dynamics of the coherent structures that form around a spur dyke. This last 
observation will be further revisited analyzing the structures which form in advanced stages of the 
erosion process. 
   The geometrical proportions of the primary vortices can be computed qualitatively using the 
streamlines as tracers of the structure; using such an approach and looking at Figure 4.6 the 
following sizes can be estimated. VI is long approximately as the length of the upstream abutment 
wall ( hl 1VI ≅ ) and VII as the length of the upstream abutment edge ( hl 5.0VII ≅ , where only half 

depth of the channel is considered since the remaining half is a mirror image of the same vortex 
because of the symmetry in the vertical direction) their cross-sectional size is similar and about 

hbb 1.0VIIVI ≅≅ . From Figure 4.5 and 4.6 secondary vortices were not detected and the same result 

was obtained changing the threshold value of the parameter Q or looking at the time-averaged 
streamlines. This lack can be attributed to the fact that the primary structures, being very thin, 
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cannot generate secondary structures of a relevant importance. This can be also related to the small 
value or the Reynolds number, 
   Along the central abutment wall a detached shear layer (DSL) forms as a consequence of the 
strong accelerated flow in the obstruction and the sharp nose edge of the abutment. Although not 
well shown in Figure 4.5, such a structure covers the central wall along its whole vertical extension; 
furthermore its horizontal extension is in correspondence of the highest shear stress amplification 
and of the highest pressure gradients as will be shown later. Downstream the obstacle an unsteady 
wake forms and, in time-averaged terms, shows a complex three-dimensional structure which can 
be interpreted as the sum of two different patterns: a vertical-axis vortex and a horizontal-axis 
vortex (Figure 4.7).  
 

 

 
Figure 4.7   Time-averaged wake structure. a) 

bUU  velocity contours and streamlines along a 

horizontal section located at hz .250  from the bottom bed. The vertical-axis vortex structure of the 

wake is detectable; b) Time-averaged streamlines in the wake region. The horizontal-axis vortex 
structure is detectable 
 
 
However it will be shown in the next chapters that the effect of the wake and its complex patterns 
have their principal importance for the shear stress amplification and for the pressure gradients at 
the bottom bed in the instantaneous field because of its unsteadiness; its time-averaged structure has 
only small effects both for the distribution of the bottom bed quantities and in terms of forces acting 
on the transversal section.  
   A comparison with the coherent structures shown by Koken and Constantinescu (2008a) for the 
case of a spur dyke in flat bed condition, indicates that the presence of the vortex system composed 
of primary vortices VI, VII and VIII is mainly induced by the presence of a lateral obstacle rather 
than to its shape. The Detached shear layer is also a classical structure which can be found in 
various numerical works such as Kirkil et al. (2008) or Koken and Constantinescu (2008a and 
2000b). 

a) b) 
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   Together with the primary vortex the downflow in front of the upstream abutment wall is 
important for the local scour (Kwan 1989). Figure 4.8 reports the downflow contours for five 
different horizontal sections taken at different distances from the bottom bed. The largest downflow 
was found close to the abutment nose at a distance of about hz .050  from the bottom bed with a 

magnitude of 
bUV .180  (being V the velocity in the vertical direction and 

bU  the bulk velocity). 

Going away from the bed in the vertical direction, the downflow intensity decreases, reaching zero 
in the middle of the region at hz .50  because of the symmetry in the vertical direction. 
 
 

 
Figure 4.8   Time-averaged down flow in front of the upstream abutment wall plotted for five 
different horizontal sections. a) hz .50 ; b) hz .40  c) hz .30  d) hz .20  e) hz .10  
 
 
   The flow field description for the Flat bed case together with the maps of Figures 4.5 – 4.8, 
demonstrate that the presence of the abutment generates a complex vortex system in which different 
structures interact among them and contribute to break all the symmetries of the flow field.  
It is however important to note that although the flow field turns out to be so multifaceted and 
intricate, only a small percentage of the incoming flow contributes to the complexity of the time-
averaged flow. To show this feature in Figure 4.9 a series of beams of streamlines are plotted for the 
whole region: each beam is composed of ten streamlines covering the entire channel depth. The two 
streamlines labeled as s1 and s2 start close to the bottom and top wall respectively and being 
completely in the viscous sub layer of the boundary layer are more affected by the pressure gradient 
generated by the obstacle and thus become more deflected. Such an effect is slighter for the other 
beams starting farther away from the abutment. From Figure 4.9 is possible to see that the 
streamlines starting from a distance of hz .150  from the vertical wall are just deflected by the 
obstacle and do not participate neither in the vortex system nor in the wake region. The percentage 
of the flow field which contributes to originate the vortex system can be computed integrating the 
velocity field over the area of the inlet section. In fact is found that only the 3.6% of the incoming 
flow is responsible for generating the structures analyzed above whereas the remaining 96.4% of 
the flow field is instead only pushed away by the obstacle.  
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Figure 4.9   Time-averaged streamlines not participating in the vortex system. 
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4.2.2) Flow Field in the scoured configurations 

 
   It will be now shown how the vortex system changes as the process goes by and in particular the 
analysis will be focused on the logarithmic phase and on the equilibrium stage of the erosion. The 
bathymetry of both the scoured configuration, taken from the physical experiment of Radice et al. 
(2009b), can be seen in Figure 2.3 whereas in Table 2.1 their geometric proportions are 
summarized. As already noted in the one-dimensional description of the flow field (cf. Chapter 3), 
the logarithmic scour is nearly symmetric with respect to the abutment, while the equilibrium scour 
is asymmetric since the hole has spread downstream.  
   The principal time-averaged structures for both scour cases are visualized in Figure 4.10 through 
the Q criterion. The Figure shows that the number of structures and their mutual disposition is 
essentially the same independently from the scour condition since the main difference is only that 
their size increases going from the logarithmic phase to the equilibrium stage. Therefore hereafter, 
unless specified, the discussion relate to both scour conditions. As in the Flat Bed case three 
primary vortices (VI, VII and VIII), a detached shear layer (DSL) and the wake region (WAKE) can 
be visualized. Some secondary vortices are also present, but they can be not detected through the Q 
parameter because of their small intensity; their existence will be however discussed later on. 
Comparing these structures with those shown in Figure 4.5 for the Flat bed case, several differences 
can be observed which are now examined. First the primary vortex VI has changed its position, 
since it is now located at the mid-height of the scour hole and somewhat farther from the upstream 
abutment wall, as well as its size which is now much larger than in the FB case. One important 
effect of this size increasing is to enlarge the high shear stress and the high pressure gradients zones 
to the upstream corner as will be shown later studying the effect of the coherent structures on the 
bottom bed. Vortex VII has increased in size but its role of feeding the primary vortices VI and VIII 
remains an important part of its dynamics as highlighted by streamlines visualization in Figure 4.11. 
The vortical structure VIII has increased in size and especially its length is sensibly larger since 
now it wraps around the whole junction between the abutment walls and the bottom bed. Another 
important difference is related with its origin: in the Flat bed case it was a consequence of the 
interaction between the corner vortex VII and the secondary flows of the undisturbed Duct Flow; 
now instead it originates from the interaction between the downflow and the bottom bed. 
Streamlines analysis shows indeed that once the downwards flow in front of the abutment walls 
reaches the bottom bed, it separates in two directions: the most part turns backwards creating the 
primary vortex VI and the remaining part bends towards the obstacle and is pushed upstream 
because of the vertical stagnation pressure gradient and forms the small vortex VIII; such a 
phenomenon can be appreciated by streamlines visualization in Figure 4.12. Furthermore this time-
averaged downflow separation arises from a splat phenomenon of the instantaneous flow in this 
region, which contributes to increase both the second-order statistics (RMS) and the right tail of the 
velocity PDF. A more detailed discussion will be given in the next chapters 
   The vortex system can be then studied quantitatively as in the Flat Bed configuration using the 
streamlines as tracer of the vortices. The primary vortex VI wraps around the obstacle until 
about 75.6=hx  where it starts to loose its coherence and it is more difficult to be visualized by 

means of the Q criterion; its longitudinal extension is around hl 5.2VI ≅  in the Logarithmic Scour 

and hl 3VI ≅ close to the equilibrium. Its cross-sectional shape is nearly elliptical (Figure 4.12) with 

the major axis parallel to the scour-hole sloping bed; its shape remains approximately the same for 
all the extension of the vortex and is around hb 1VI ≅  in the Logarithmic Scour and almost hb 2VI ≅  

in the Equilibrium Scour configuration. These data are in agreement with the primary vortex size 
found by Kwan and Melville (1994), by Barbhuiya and Dey (2002) and Dey and Barbhuiya (2006)  
in their experimental works of the equilibrium scour vortex. 
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Figure 4.10   Time-averaged vortical structures for the scour cases: a) Logarithmic Scour; b) 
Equilibrium Scour. For the primary vortices VI, VII and VIII the white arrows indicate the direction 
and sense of the vorticity. Bathymetry of the scour-hole is shown through isolines. 
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Figure 4.11   Details of the interaction among the coherent structures: the feeding of vortices VI 
and VIII by the corner vortex VII is highlighted through streamlines. Only the logarithmic case is 
shown since the dynamics is the same in the equilibrium stage. Bathymetry of the scour hole is 
shown through isolines. 
 
 
   In Figure 4.12 the time-averaged streamlines and the out-of-plane vorticity are shown for both the 
scoured configurations in the vertical section passing through the nose of the abutment (Section 3 of 
Figure 2.6). It is easy to see that primary vortex VI increases in size passing from the logarithmic 
phase to the equilibrium stage. An important effect of such increase is the loss of intensity of the 
vortex which can be detected looking at the magnitude of the out-of-plane vorticity which is smaller 
for the Equilibrium scour (Figs. 4.12c and 4.12d). The maximum out-of-plane vorticity nΩ  of the 

vortex system is detected in the core of the primary vortex VI where it reaches a value of 

bn UhΩ5 in the Logarithmic Scour configuration and a value of bn UhΩ4 in the Equilibrium 

Scour configuration. Once the scour-hole is formed and the primary vortex VI has increased the 
vorticity of the structures is large enough to interact with the sloping bed and can generate some 
secondary vortices (as vortex SI in Figures 4.12a and 4.12b). Furthermore from the upstream edge 
of the scour-hole some other primary vortex can originate (as vortex VIIII in Figure 4.12a) whose 
dynamics will be discussed in the next chapter.  
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Figure 4.12   Cross sectional view through streamlines and out-of-plane vorticity of the time-
averaged primary vortices VI and VIII together with the secondary structures for the scour cases:  
a) Logarithmic scour streamlines; b) Equilibrium scour streamlines; c) Logarithmic scour out-of-
plane vorticity and d) Equilibrium scour out-of-plane vorticity. Inset on the right shows where the 
transversal section position. The formation of the vortices VI and VIII from the downflow is also 
visible. 
 
 
   The detached shear layer detected along the central abutment wall shows also a different behavior 
in the scour cases compared to that which forms at the beginning of the process (compare Figure 4.5 
and Figure 4.10). In the Flat Bed configuration the DSL establishes from the junction between the 
central abutment wall and the bottom bed; once the scour-hole is formed, the junction vortex VIII 
which originates from the downflow, affects directly its the coherence and now the DSL establishes 
at a distance of about hz.150  from the bottom bed. However it still covers the whole depth of the 
central abutment wall. In the wake region other important differences from the Flat Bed 
configuration can be detected and in Figure 4.13 a series of beams of time-averaged streamlines 
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illustrate the dynamics downstream the obstacle. As was done in Figure 4.9 the beams of 
streamlines cover the whole channel depth, but in this case they were drawn starting from the end of 
the region at around 95.8=hx  and following the backward direction. From the picture it is easy to 
see that the only vortical structure present in the wake is a small vortex close to the junction 
between the bottom bed and the lateral wall of the channel. Such a structure was also found in the 
LES of Koken and Constantinescu (2008b) of the flow field around a spur dike and thus seems to be 
related to a general feature of the wake around lateral obstacles in advanced scour conditions. 
Furthermore as will be shown later this vortex will have important effect in the shear stress 
amplification in that region. The streamlines of Figure 4.13 show also that the fluid particles which 
are involved in the formation of the primary vortex VI does not create, in time-averaged terms, any 
particular structure in the wake region since after VI lose its coherence they follow quite linear 
trajectories. 
 

 

 
Figure 4.13   Beams of time-averaged streamlines covering the whole channel depth and the wake 
region for the logarithmic phase of the process. The dynamics in the equilibrium stage is similar and 
is not shown. Bathymetry of the scour hole is shown through isolines. 
 
 
   The downflow is also affected by the presence of the scour-hole as it can be seen in Figure 4.14 
where the contours of the vertical velocity bUV in different horizontal section are plotted. Both the 

scour conditions are shown and it is easy to see a general amplification of the downflow intensity in 
front of the upstream abutment wall as a consequence of the increased size of the primary vortex 
VI. The maximum intensity is found to be in front of the upstream abutment wall close to its 
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vertical center line at around half depth of the scour hole, i.e. .40 −=hz for LS and .50 −=hz for 

ES; the numerical value at the equilibrium stage was found to be 7.0 =bMAX UV (Figure 4.14f) 

which is a value close to the experimental result found in the same location by Kwan and Melville 
(1994) who measured an amplification of 75.0 =bMAX UV  at a bulk Reynolds number equal to 

45’000. Dey and Barbhuiya (2006) measured a maximum downflow of 65.0 =bMAX UV  at a bulk 

Reynolds number equal to 58’000 in front of the abutment nose; at the same location our simulation 
gave a value of 62.0 =bMAX UV . High values of the downflow were also found at the upstream 

corner for both scour conditions; this high value will influence the time-averaged and the 
fluctuations of the shear stress amplification on the bottom bed as will be shown in the next 
sections. In fact such a downflow contributes to form the corner vortex VII and since this structure 
feeds the primary vortex VI, a larger mass flows from the upstream abutment edge to the bottom 
bed increasing the shear stress in the corner region.  
 
 

 
Figure 4.14   Time-averaged down flow in front of the upstream abutment wall plotted for the 
logarithmic and equilibrium scours at different horizontal sections. a) LS at hz .10 ; b) LS at 

hz .10− ; c) LS at hz .40− ; d) ES at hz .10 ; e) ES at hz .10− ; f) ES at hz .50− . Elevation 
of the horizontal sections is computed from the original bed elevation: negative values mean a 
section taken inside the scour-hole. Bathymetry of the scour hole is shown through isolines. 
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   In front of the central wall of the obstacle where the channel width is the narrowest, the highest 
value of the streamwise component bUU of the flow field is observed; such a value can be 

compared with experimental data for the equilibrium scour-hole. In front of the abutment nose at 
5.6 =hx  it was measured an amplification equal to 26.1 =bMAX UU  which is a value 6.6% 

smaller than the value of 35.1 =bMAX UU  reported by Kwan and Melville (1994) for the same 

location. At 75.6 =hx  the maximum amplification is 27.1 =bMAX UU that is 9% smaller than 

4.1 =bMAX UU  measured by Dey and Barbhuiya (2006). 

 
 

 
Figure 4.15   Time-averaged streamlines not participating in the vortex system for the scour cases: 
a) Logarithmic Scour; b) Equilibrium scour. Bathymetry of the scour hole is shown through 
isolines. 
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   In conclusion the percentage of the flow field which contributes to generate the vortex system was 
computes as was done for the beginning of the process.  
In Figure 4.15 six different beams of streamlines are shown; as in the Flat Bed configuration all the 
beams are composed by ten streamlines which cover all the channel depth. From Figure 4.15 it is 
possible to see that more than 80% of the total incoming flow does not participate in the formation 
of the vortex system, being only advected forward in the wake region. Although such flow is not 
involved in any vortex system the beams turn out to be much more dispersed as they travel 
downstream compared with beams found at the beginning of the process (Figure 4.9). Such a 
consideration together with the analysis of the vortex system done above for different scour 
conditions confirms what observed by Barbhuiya and Dey (2003) in their experimental work on the 
flow field around wing-wall bridge abutment. They found that the complexity of the flow field 
increases in time because of the formation of the scour-hole which induces a more intricate 3D 
separation of the approaching flow and larger vortical structures. In fact the 16% in the Logarithmic 
Scour and the 17.7% in the Equilibrium Scour of the approaching flow is the only responsible for 
generating the vortex system and the downflow upstream the obstacle. The analysis herein carried 
out and the comparisons with available experimental results reveals that some important parameters 
as the downflow or the vortices size are basically independent on the Reynolds number, at least for 
values typical of laboratory scale experiments.  
   In the next section will be analyzed how the vortical structures of the time-averaged flow field 
around the abutment influences in all the three scour conditions what happens at the bottom bed in 
terms of time-averaged shear stress amplification and in terms of pressure gradients. 
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4.3) Time-averaged statistics on the Bottom bed 
 
   In this section the effect of the time-averaged structures described in the previous section on the 
bottom bed will be analyzed. For the Flat Bed configuration a comprehensive analysis can be found 
in the works of Teruzzi (2006) and Teruzzi et al. (2009); here their results will be reported and 
extended to the scoured configurations.  
The investigation will deal with the time-averaged quantities which are important for the local 
erosion process, namely the shear stress amplification and the pressure gradient, for the latter 
considering both its horizontal and vertical components.  
The shear stress amplification Aτ  (the over bar denoting the Reynolds averaging operation) is 

defined as the ratio between the modulus of the Reynolds-averaged local shear stress 22
yx τττ +=  

and the Reynolds-averaged modulus of the average shear stress computed on a cross section of the 
undisturbed approaching flow mτ : 
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In clear-water experiments the quantity mτ  is usually taken as the threshold value for the incipient 

motion of the sediment, thus parameter [4.1] represents the local excess of the critical condition: the 
regions characterized by an amplification factor larger than one are zones where the bottom bed is 
potentially subject to erosion induced by the excess of shear stress. 
The Reynolds-averaged pressure gradients may also play a role in the erosion phenomena since they 
can enhance or reduce the contribution of gravity and the shear stress on the sediments dynamics, 
depending on their own sign. The Reynolds-averaged momentum balances at the bottom bed in the 
three directions read: 
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In the previous relations [4.2-4] the hydrostatic pressure is not considered (Teruzzi et al. 2009). The 
pressure gradients are thus balanced at the wall by two contributions: the vertical fluxes of the 
viscous stress and the vertical fluxes of the turbulent stress. The pressure gradients will be made 

non-dimensional with += yu mτνρ τ
3 , namely the ratio between the approaching flow shear stress 

2
τρτ um =  and the viscous length scale τν uy =+ .  

The pressure gradients can affect the sediment stability since the pressure difference between the 
faces of the grain generates a net force on the sediment. In order to evaluate the effective order of 
magnitude of the pressure gradients towards the grains entrainment the following consideration can 
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be made. The effect of the flow field on sediment stability can be evaluated through the local 
Shields parameter defined as: 
 
 
 d∆= γτφ , [4.5] 
 
 
which represents, at the grain scale, the ratio between the destabilizing action of the time-averaged 
flow field on the sediment and its (stabilizing) weight. In definition [4.5] gργ = means the specific 

weight of the water, ρ  is the water density, ( ) ρρρ −=∆ s  is the relative density of the sediments 

and d is the sediment diameter. In order to estimate the pressure gradient effect for the erosion 
process and at the same time keeping the smooth walls condition of the present simulations to hold, 
a reference sediment diameter was chosen to be equal to 5 wall units. Using the friction Reynolds 
number of the straight duct 417== νττ huRe  and the friction Reynolds number of the sediment  

5== ντ duRe p  the non-dimensional diameter of the sediment can be computed and is equal 

to 012.0=hd . With such a choice the effect of the pressure gradients can be evaluated as follow. 
The horizontal pressure gradients can be analyzed defining an equivalent shear stress given by the 
pressure gradient force per unit area pHpeq,P APW ∇=τ , in which pW  is the volume of the 

particle,
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For simplicity the sediment shape was chosen to be spherical so it is possible to get HeqP Pd∇=
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and thus for the sediment’s size chosen it turns out that: 
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Therefore the following parameter 
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defined as the ratio between the equivalent shear stress eqP,τ  and the local shear stress τ  can be 

used to evaluate the implication of the horizontal pressure gradient on the scour process. Zones 
where the parameter PSH ,∇  is larger than one are regions where the horizontal component of the 

pressure force can have an importance for the evolution of the erosion. 
A similar procedure can be used to evaluate the consequence of the vertical pressure gradient on the 
sediments in terms of uplifting effect. The vertical component of the pressure force is important for 
the destabilization of the sediments if it is at least of the same order of the immersed weight of the 
grains, and thus it must be comparable to ∆γ . In order to compute the quantity ∆γ , the sediment 
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density is chosen such that to give the critical value for the Shields parameter computed with the 
friction velocity of the approaching flow, that is: 
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From the Shields diagram we read ( ) 04.0
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sediment. Therefore the following parameter 
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will be used to evaluate the effectiveness of the vertical pressure gradients for destabilizing the 
reference sediments. Regions where the parameter PSV ,∇  is larger than one are those where the 

vertical component of the pressure force can play a role in the erosion process. 
   Hereafter the shear stress amplification (relation 4.1) will be discussed and compared with 
experimental results, the pressure gradients will be analyzed in absolute terms (relations 4.2-4) and 
their implications for the scour process (relation 4.7 and 4.9) will be discussed. All the time-
averaged spatial distributions of such parameters will be related to the coherent structures described 
in the previous section 4.2. 
 
 
 
4.3.1) Shear stress distribution at the beginning of the process 
 
   In Figure 4.16 the contours of the time-averaged shear stress amplification together with the shear 
lines are shown for the Flat Bed Case; as already mentioned the analysis of the beginning of the 
process can be found in Teruzzi (2006) and Teruzzi et al. (2009). The largest shear stress 
amplification is found close to the abutment nose which is the classic location where the sediment 
entrainment begins in the experimental studies (see e.g. Gisonni et al. (2008) or Radice et al. 
(2009b)). The maximum amplification was found to be around mτ13  at the abutment nose and, in a 

region within h1.0 from it, values larger than mτ7 where observed. The amplification decreases 

nearly monotonically along radial direction from the nose and regions where its value is smaller 
than one are found in the upstream corner and downstream the obstacle. This is in agreement with 
the typical experimental observation that in the upstream corner there is no scour at the beginning of 
the process (Radice et al. (2009b)). The shear stress amplification in the Flat Bed case can be 
partially compared with the experimental results of Ahmed and Rajaratnam (2000) since they dealt 
with a similar geometry in clear-water condition and smooth walls. Figure 4.17 shows the results of 
their investigation concerning the shear stress amplification and Figure 4.18 shows an equivalent 
analysis carried out with our numerical results. It is however essential to note that as mentioned in 
the literature review section, they worked with two abutments placed symmetrically along the flume 
sides. Although their analysis was focused only on half channel in order to examine one single 
abutment, the flow field as well as the bottom bed statistics feel necessarily the effect of the 
opposite obstacle and thus cannot be quantitatively the same of that observed in our case study, 
where in front of the abutment only a smooth wall is present.  
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Figure 4.16   Time-averaged shear stress amplification (parameter 4.1) together with the shear lines 

for the Flat Bed configuration. The contour line equal to 1=Aτ  is drawn in white. 
 
 
The maximum amplification factor they measured was of mτ .633 close to the abutment nose; in the 

same location our simulation gives a value of mτ5 . This difference can be attributed to several 

factors: the bulk Reynolds number, the contraction factor of the channel and the pressurized 
condition (Teruzzi et al. (2009)). In the experiment of Ahmed and Rajaratnam (2000) the bulk 
Reynolds number was around 50’000, thus at least seven times larger than ours; Ballio et al. (1998) 
showed that the amplification factor in front of piers decreases as the Reynolds number increases. 
Their contraction factor was 08.0=Bb  while in our case was 2.0=Bb (Table 4.3); the lower 
value of this parameter may produce a decrease in the amplification factor at the side of the obstacle 
as was indirectly shown by the analysis of Hager and Oliveto (2002) and Martin-Vide (2007) 
concerning the influence of the contraction ratio on sediment entrainment in bridge hydraulics. 
Finally our simulation deal with a pressurized duct so that although the abutment height-to-width 
ratio is almost identical for both the cases ( 8.1=bh  in the Ahmed and Rajaratnam (2000) 

experiment and 2=bh  in our case), the thickness of our incoming boundary layer is half the 
nominal one and thus an effect on the bottom bed statistics can be expected. Another difference 
which can be seen from Figures  4.17 and 4.18 is that in the experimental investigation the 
reduction of shear stress amplification is not monotonous as was found in our case. This is probably 
another effect of the presence of a second abutment in the installation setup of Ahmed and 
Rajaratnam (2000). However, although the differences, the following features are found to be 
similar for both the studies. The maximum shear stress amplification is located close to the 
abutment nose; its spatial distribution shows larger values in the wake region than those in the 
upstream region for the sections closer to the abutment (Figure 4.18a); and far from the obstacle 
(Figure 4.18b) the values are within the range mτ1  and mτ2 . 
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Figure 4.17   Time-averaged shear stress amplification for the Flat Bed adapted from the 
experimental results of Ahmed and Rajaratnam (2000). The vertical lines with ticks at 0=Lx  

shows the position of the abutment nose edge; the whole obstacle extends from 1−=Lx  to 2=Lx  
and the other edges are shown with vertical lines. z represents the distance from the wall where the 
abutment is placed, L is the transversal length of the abutment, 0τ  is the local time-averaged shear 

stress and 00τ  is the time averaged shear stress of the undisturbed channel flow. 
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Figure 4.18   Time-averaged shear stress amplification for the Flat Bed case plotted as in Ahmed 
and Rajaratnam (2000). The vertical solid line at 6=hx  indicates the abutment nose edge; the 
other dashed lines indicate the position of the other abutment edges. yw represents the distance from 
the wall where the abutment is placed and b is the transversal length of the abutment. 
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   If we look at Figures  4.5 and 4.6 where the coherent structures for the Flat bed configuration are 
plotted, we can see that the vortical structure covering the zones where the highest shear stress 
amplification was recorded, is the detached shear layer DSL; such a formation generates because of 
the separation induced by the accelerating flow in the contraction region and the sharp abutment 
nose edge. In the accelerated region close to the abutment nose the incoming boundary layer 
thickness sensibly decreases since velocity with amplification as large as 1=bUU  is already 

measured at a distance of 02.0=hz  from the bottom bed, inducing thus higher shear stress 
amplification. Furthermore, in front of the central wall the DSL induces a reversed velocity whose 
maximum magnitude is very small and is around bU05.0  in a thin layer in front of the wall; such 

small value of the velocity can be responsible for the small shear stress amplification which is found 
in that region (Figure 4.16). It seems therefore plausible to associate the detached shear layer with 
the shear stress amplification distribution found around the abutment nose in the Flat Bed case. This 
confirms what argued by Kwan and Melville (1994) about the scouring initially induced by the high 
accelerated flow around the bridge abutment. At the upstream corner of the abutment small values 
of shear stress amplification were also measured (Figure 4.16); here a reversed flow is indeed found 
because of the presence of the primary vortex VIII (Figure 4.5). In this region a similar conclusion 
as in the region in front of the central wall can be drawn: the presence of the vortex induces a slight 
reversed flow on the bottom bed whose maximum magnitude is again around bU05.0  and thus 

small values of the shear stress are found in this corner. It is significant to point out that although 
the streamlines close to the bottom bed upstream the obstacle were found to resemble those which 
can be computed using the potential flow theory (Figure 4.16 and Melville and Raudkivi (1977)), 
the shear stress distribution can be not interpreted on the basis of such a theory only. In fact the 
presence of the separation towards the shear stress was found to be of a relative significance in front 
of the central wall and in the upstream corner region; such a phenomenon can be not taken in 
account without including the viscosity in the equations of motion. 
 
 
 
4.3.2) Shear stress distribution in the scoured configurations 
 
   The same analysis will be now carried out for the logarithmic and equilibrium scour 
configurations and the difference between the beginning of the process and its advanced stages will 
be highlighted. In Figure 4.19 the bed shear stress amplification is shown for both the scour cases. 
The contours show approximately the same distribution independently from the process condition, 
the main difference being only the magnitude of the amplification which is larger for the 
logarithmic phase. High amplification factors are detected principally in two zones: inside the scour 
hole around the abutment and in the wake region along a thin region close to the channel wall. The 
amplification in the scour hole in front of the upstream and the central junctions can be mostly 
attributed to the presence of the primary vortex VI, whose presence is highlighted by the 
streamlines in those regions. An important difference can be detected comparing Figure 4.19 with 
the shear stress amplification calculated for the flat bed configuration (Figure 4.16) is that once the 
scour-hole has formed, high values of the shear stress are also present in the upstream corner region. 
Such a difference can be related to the increased downflow (Figure 4.14) which pushing against the 
bottom bed, contributes to increase the shear stress amplification in that area. The larger shear stress 
amplification in the corner region is in agreement with the findings of Radice et al. (2009b) since 
they showed a increased sediment motion in this region during advanced phases of the process. 
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Figure 4.19   Time-averaged bed shear stress amplification (parameter [4.1]) together with the 
shear lines for the scoured configurations: a) Logarithmic Phase; b) Equilibrium Stage. Bathymetry 
of the scour hole is shown through isolines and the contour line equal to 1=Aτ  is drawn in white. 

 
 
The large shear stress amplification along the channel wall in the wake region is probably induced 
by the vortical structure which can be detected in the same region in Figure 4.10. Such high shear 
stress is likely responsible of the larger depth of the scour-hole close to channel wall compared to 
the scour-hole depth in the central region, as can be seen looking at the isolines of Figure 4.19a in 
the logarithmic phase. The upstream slope of the scour hole is found for both the scour conditions to 
have amplification lower than one and thus, in time-averaged terms, this zone turns out to be not 
active. 
   Comparisons with experimental data can be done for the equilibrium scour case thanks to the 
results on the bed shear stress distribution at the end of the process of Dey and Barbhuiya (2006).  
Figure 4.20 shows their experimental shear stress distribution shown for four azimuthal vertical 
sections around the abutment and Figure 4.21 shows the same analysis carried out with our 
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numerical results. As in the case of the comparison with the work of Ahmed and Rajaratnam (2000) 
for the Flat bed case, a direct association between our data and the experimental data can be not 
achieved since some differences in the approaches can be found. In the experimental work of Dey 
and Barbhuiya (2006) a bulk Reynolds number equal to 58’000 was used and their bottom bed was 
not smooth with a relative roughness equal to 0026.0== hdr .  
 
 

 
Figure 4.20   Bed shear stress amplification adapted from the experimental results of Dey and 
Barbhuiya (2006) for the equilibrium scour. Position of the four azimuthal sections is shown in 
Figure 4.21; r

)
is the distance from the wall where the obstacle is placed made non dimensional with 

the abutment transverse length b and bτ
)

 is the shear stress amplification 

 
 
The primary consequence of the difference in the value of the Reynolds number is that their shear 
stress amplification is lower than ours (see the discussion for the Flat Bed case in the previous 
section 4.3.1); secondly the shear stress profiles are somewhat different: in sections situated at 63.4° 
and 90° they found the largest amplification to be located just below the mid length of the sloping 
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bed (around 2=r
)

) and then it decreases going towards the obstacle walls. In the same sections our 
simulation gave a maximum amplification along a wider region: from the mid length of the sloping 
bed to the obstacle itself: that is from 1=r

)
 to 2=r

)
. Such a difference can be attributed probably 

to the smooth walls of our computation.  
 
 

 
Figure 4.21   Bed shear stress amplification in the Equilibrium scour of our data reported for the 
same sections as in the experimental work of Dey and Barbhuiya (2006). r

)
is the distance from the 

obstacle made non dimensional with its transverse length b. Inset in the bottom-right Figure show 
the relative positions of the four sections analyzed. 
 
 
The geometric size of the primary vortex is approximately the same as can be observed looking at 
Figure 4.22, where the velocity vector in sections located at 63.4° and 90° taken from the paper of 
Dey and Barbhuiya (2006) are shown, and Figure 4.12(b) where the streamlines of our equilibrium 
vortex are shown for a section located at 63.4°. However the smaller drag which the smooth walls 
oppose to the flow field allows large velocity amplification in the vortex region. In our case in fact 
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the maximum velocity of the vortex is 1=bUU and is located along the edge of the vortex core at a 

distance of h4.0  above from the center. Such a velocity is roughly twice the value which can be 
extrapolated from Figure 4.22 in the same location of the experimental work, and this stronger 
intensity can expand the effect of the vortex above a larger area of the bottom bed.  
Furthermore the results of the experimental investigation of Melville and Raudkivi (1977) 
concerning the flow field in the equilibrium scour of a cylindrical pier in clear water condition and 
rough walls, showed that the amplification of the bottom shear stress at the side of the cylinder 
reaches larger values at mid length of the sloping bed than directly close to the cylinder. However 
both in the experimental work of Dey and Barbhuiya (2006) and in our simulations the bottom shear 
stress during the equilibrium stage of the process was found to be smaller than one in the above part 
of the scour-hole and starting to increase only at around the mid-length of the sloping bed (Figure 
4.19b). Since this last region is dominated by the primary vortex VI and the same result was also 
found in our logarithmic phase simulations, these observations confirm the role of such a structure 
for the shear stress distribution during advanced stages of the erosion process. 
 
 

   
Figure 4.22   Velocity vector in sections (c) to 63.4° and (d) to 90° of the experimental work of 
Dey and Barbhuiya (2006).  
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4.3.3) Pressure gradients distribution  
 
   The pressure gradients are now shown and discussed; the analysis for the Flat bed configuration 
can be also found in Teruzzi (2006) and in Teruzzi et al. (2009). The pressure gradients will be 

made non dimensional through the quantity νρ τ
3u . 

The horizontal component is plotted in Figure 4.23 for all the scour configurations together with the 
pressure force lines which indicate the direction towards the drag induced by the pressure field 
works. At the beginning of the process (Figure 4.23a) the largest values are found in 
correspondence of the abutment nose. The horizontal gradient attains here amplification larger than 

νρ τ
33 u  which decreases monotonically along the radial directions reaching a value of νρ τ

33.0 u at 

a distance of h5.0 from the nose. High pressure gradients are also recorded in the wake region in the 
diverging part of the channel. The horizontal pressure gradients component is primarily the 
consequence of the accelerating flow in the contraction since it creates high pressure in the 
upstream corner and a low pressure zone around the abutment nose and the central wall;. The drag 
induced by the pressure field works primarily from the upstream corner region towards the central 
abutment wall where the lowest value of the pressure is detected. 
During advanced stages of the process (Figures 4.23b and 4.23c) large horizontal pressure gradients 
are found inside the scour hole around the abutment and close to the channel wall in the wake 
region. In general the amplification is smaller than in the Flat bed case with the larger values 
detected during the logarithmic phase and the lower in the equilibrium stage. In front of the 

upstream abutment wall it reaches a value of the order of νρ τ
32 u  in the logarithmic configuration 

and of the order of νρ τ
351 u.  in the equilibrium stage. The horizontal pressure gradient are thus 

found to decrease monotonically from the beginning of the process to the equilibrium stage. As was 
found in the previous section for the bed shear stress amplification, the larges values of the 
gradients in the upstream part of the scour-hole cover approximately the area beneath the primary 
vortex VI. Furthermore the pressure force lines (Figures 4.23b and 4.23c) converge to a single line 
which is located between the primary vortex VI and the secondary vortex SI. Such a behaviour 
indicates that inside the scour-hole the horizontal components of the pressure gradient could induce 
the sediments to be collected along this thin area. 
As it is shown in the Equations [4.2], [4.3] and [4.4], close the wall the pressure gradients are 
balanced by the vertical flux of the viscous stress and by the vertical flux of the Reynolds stress. In 
Figure 4.24 and 4.25 we respectively show the vertical flux of the viscous stress and the vertical 
flux of the Reynolds stress for the three configurations. In the Flat bed case the principal 
contribution to the horizontal gradient is given by the viscous stress while the Reynolds stress is 
always negligible. This indicates that the pressure gradient is related to the three-dimensional time-
averaged flow field and not to its fluctuations (Teruzzi et al. 2009). As the scour-hole is formed the 
vertical flux of the viscous stress remains an important component in the budget (Figures 4.24b and 
4.24c), but the increased Reynolds stresses also gives its own contribution. From Figures 4.25b and 
4.25c it can be seen that inside the scour-hole, from the upstream corner region to the abutment 
nose, the vertical flux of the Reynolds stress has increased. In this area the Reynolds stress 
contribution is comparable with the vertical flux of the viscous stress and it can reach the 50% of 
the right-hand side of the balances [4.1] and [4.3]. This indicates that during advanced stages of the 
erosion process in order to evaluate accurately time-averaged quantities, as the pressure gradients, 
the fluctuation of the coherent structures are important and an exact estimation of the Reynolds 
stress tensor is required. 
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Figure 4.23. Horizontal pressure gradient distribution. a) Flat Bed; b) Logarithmic Scour; c) 
Equilibrium Scour. Bathymetry of the scour hole is shown through isolines and the pressure force 
lines are also plotted 

ννννρρρρ ττττ
3u

PH∇∇∇∇



________________________________________________________________________________ 

____________________________________________________________________________ 65 

 
Figure 4.24. Vertical flux of the viscous stress in the horizontal pressure gradient balance (relations 
[4.1] and [4.3]). a) Flat Bed; b) Logarithmic Scour; c) Equilibrium Scour. Bathymetry of the scour 
hole is shown through isolines. 
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Figure 4.25. Vertical flux of the Reynolds stress in the horizontal pressure gradient balance 
(relations [4.1] and [4.3]). a) Flat Bed; b) Logarithmic Scour; c) Equilibrium Scour. Bathymetry of 
the scour hole is shown through isolines. 
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   In Figure 4.26 the time-averaged vertical pressure gradient is shown for all the scour 
configurations together with the shear lines. A negative value of the vertical gradient indicates a 
force directed upwards. 
In the Flat bed condition it is found to be very small everywhere and the largest values are found 
along the upstream and the central abutment walls of the abutment where it attains a value 

around νρ τ
33.0 u− . Slightly large values are also found in the wake region. The vertical pressure 

gradient at the beginning of the process can be interpreted as the consequence of the primary 
vortices and of the wake region since these are the only structures which affect vertically the flow 
field as now explained. The primary vortex VI induces a downflow around the abutment (Figure 
4.8) which covers approximately the same zone covered by the largest value of the vertical pressure 
gradient. As in the case of a flow against a plate, such a flow, pushing against the bottom bed, 
induces a stagnation pressure and thus upwards gradients. In the wake region an horizontal axis 
vortex was also detected (Figure 4.7b) which for the same reason induces the slightly large values 
of the gradient which can be seen in this region.  
During the advanced phases of the process the vertical gradient increases around the obstacle and in 
the wake region as can be seen in Figures 4.26b and 4.26c. Such an increase is however not 
monotonous since the largest value are found for the logarithmic phase and not during the 
equilibrium stage. In the logarithmic configuration (4.26b) the vertical pressure gradient is found to 

be large around the whole abutment and in the wake region; the largest value is around νρ τ
351 u.−  

located in front of the upstream abutment wall. In the Equilibrium configuration the vertical 
gradient has again decreased and it remain large only in the upstream corner region and in front of 

the upstream abutment wall where it reaches a largest value of νρ τ
3570 u.− . 

As in the case of the horizontal components of the pressure gradient, the contribution of the vertical 
flux of Reynolds stress increase in the scoured configurations. However, as can be seen from Figure 
4.27, the vertical flux of the viscous term remains the dominant in all the scoured configurations. 
Only during the logarithmic phase of the process the Reynolds stress has an important contribution 
in front of the upstream abutment wall (Figure 4.28b). In this region it reaches around the 40% of 
the right-hand side of the balance [4.2]. The largest value of the Reynolds stress found in the 
logarithmic configuration is in agreement with the experimental findings of  Melville and Raudkivi 
(1977) as will be explained in the next chapter. In fact they study the erosion process around a 
circular cylinder and they found tha highest value of the turbulence intensity during an intermediate 
scour-hole. 
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Figure 4.26. Vertical pressure gradient distribution. a) Flat Bed; b) Logarithmic Scour; c) 
Equilibrium Scour. Bathymetry of the scour hole is shown through isolines and the shear lines are 
also plotted 
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Figure 4.27. Vertical flux of the viscous stress in the vertical pressure gradient balance (relation 
[4.2]). a) Flat Bed; b) Logarithmic Scour; c) Equilibrium Scour. Bathymetry of the scour hole is 
shown through isolines. 
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Figure 4.28. Vertical flux of the Reynolds stress in the vertical pressure gradient balance (relation 
[4.2]). a) Flat Bed; b) Logarithmic Scour; c) Equilibrium Scour. Bathymetry of the scour hole is 
shown through isolines. 
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4.3.4) Influence of the pressure gradients for the grains entrainment  
  
  In order to evaluate the effectiveness of the pressure in terms of destabilizing effect for the 
sediment, the contours of parameters [4.7] and [4.9] will be shown. The first parameter [4.7] 
evaluates the importance of the drag force induced by the horizontal pressure gradients compared to 
the shear stress force and the second parameter [4.9] evaluates the effect of the vertical pressure 
gradient compared to the weight of the reference sediment. In Figure 4.29 and Figure 4.30 the 
parameter [4.7] and the parameter [4.9] respectively are shown for all the scour configurations.  
From Figure 4.29 is possible to see that at the beginning of the process the drag force induced by 
the horizontal component of the pressure gradient can be important only in few regions: close to the 
channel wall upstream the obstacle, in the central wall and in the wake region. In these zones it 
turns out to be larger up to 3 times the local bed shear stress and thus here it can play a role in the 
dynamics of the sediment transport. The importance of the horizontal pressure gradient is found to 
increase monotonically during the process: the largest effects are found at the equilibrium stage 
inside the scour-hole. Large relevance of the horizontal gradients is also found, for both the scoured 
configurations, in the upstream corner region. Such high values can be explained since in those 
regions the time-averaged shear stress is small, in general lower than unity, and consequently the 
value of the parameter 4.7 increases. The important consequence for the scouring process is that the 
incipient of motion in these regions can be affected by drag force due to the pressure which could 
be high enough to destabilize the sediment. A closer look to Figures 4.29b and 4.29c shows that 
inside the scour-hole, close to area where the pressure lines were found to converge into a single 
line (Figures 4.23b and 4.23c), the horizontal pressure gradient induce a force which is sensibly 
larger than the shear stress. In fact in this region the parameter [4.7] takes a value around 3 in the 
logarithmic scour and around 5 in the equilibrium configuration. 
   The analysis of parameter [4.9] indicates that the force induced by the vertical pressure gradient 
remains in general small compared with the immersed weight of the reference sediment. In the Flat 
bed configuration (Figure 4.30a) is found that its largest value is around 05.0  and thus at least two 
orders of magnitude smaller than the gravity force. In the scoured configurations (Figures 4.30b and 
4.30c) the largest values are found in the upstream corner region, in front of the abutment upstream 
wall close to the channel wall in the wake region. However its largest magnitude remains only a 
small fraction of the immersed weight since it is around 2.0  in front of the upstream abutment wall 
in the logarithmic configuration. However such a positive value tends to decrease the effective 
weight of the sediment and thus it contributes to reduce the critical value of the bed shear stress at 
which the sediment entrainment starts. 



________________________________________________________________________________ 

____________________________________________________________________________ 72 

 
Figure 4.29. Relative importance of the horizontal gradient for the scouring process (parameter 
[4.7]). a) Flat Bed; b) Logarithmic Scour; c) Equilibrium Scour. Bathymetry of the scour hole is 
shown through isolines and the contour line equal to 1=∇ PS,H

 is drawn in white. 

PS,H∇∇∇∇
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Figure 4.30. Relative importance of the vertical gradient for the scouring process (parameter [4.9]). 
a) Flat Bed; b) Logarithmic Scour; c) Equilibrium Scour. Bathymetry of the scour hole is shown 
through isolines. 

PS,V∇∇∇∇
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4.4)   Conclusions  
 
   The analysis on the time-averaged flow field confirmed the experimental observation that the 
complexity of the coherent structures and of their interaction with the bottom bed increases during 
the process (cf. Barbhuiya and Dey 2003). In general the consequence of the primary vortex for the 
distribution of the shear stress and the pressure gradients on the bottom bed is found to become 
important once the scour-hole is developed, namely during the logarithmic phase of the process and 
when it is close to the equilibrium. During the beginning of the process when the bed is still flat, 
instead, the accelerating flow induced by the contraction gives rise to a detached shear layer (DSL) 
which is found the most important cause for the shear stress amplification in front of the central 
abutment wall. This confirms what argued by Kwan and Melville (1994) about the evolution of the 
process: the accelerated flow starts the erosion process at the abutment nose and then the primary 
vortex starts to be important. The Large Eddy Simulation is found to simulate accurately the time-
averaged flow field structures in all the erosion stages as confirmed by comparison with 
experimental results. However, since many experimental works highlighted the importance of 
evaluate the instantaneous flow field and not only its first order statistics (see e.g. Chrisohoides et 

al. (2003) or Radice et al. (2009b)) the greatest utility of the LES approach will be evident in the 
next chapters. The shear stress is found to increase in the upstream corner and such a result is 
consistent with the findings of Radice et al. (2009b) concerning the sediment motion around a 
bridge abutment. The horizontal pressure gradients are found to decrease monotonically in the three 
phases of the process but their importance compared to the bottom shear stress is found to increase. 
In particular in the scoured configurations the drag force induced by the horizontal components of 
the pressure gradient could contribute to convoy the sediments along a thin area inside the scour-
hole. The vertical pressure gradient is found to increase from the beginning of the process to the 
logarithmic phase and to decrease going towards the equilibrium configuration. The largest values 
are found during the logarithmic phase but their destabilizing effect for the sediment reference is 
found to be small for all the erosion phases. However it contributes to decrease the effective weight 
of the sediment and thus it can decrease the value of the critical bed shear stress. It is found that the 
time-averaged pressure gradients are affected by the Reynolds stress and thus by the fluctuations of 
the velocity field. The RANS approaches do not allow a direct computation of this feature since 
they involve turbulence model and consequently simplified assumptions on the flow field. Nagata et 

al. (2005) and Roulund et al. (2005) in fact attributed their errors in predicting the equilibrium 
scour-hole to the use of a RANS model which is not able to evaluate accurately the velocity and 
pressure fluctuations.  
   In the next chapter the turbulence characteristics of the flow field will be investigated and in 
chapter 6 the implication for the scouring process is further analyzed. 
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Chapter 5. 

 
 

Turbulence characteristics of the Flow 

Field 
 
 

 



________________________________________________________________________________ 

____________________________________________________________________________ 76 

 

5.1) Literature Review 
 
   In this section the state-of-art of the knowledge on the turbulence and on the second-order 
statistics of the flow field and their effect on the bottom bed will be reviewed. Following the 
procedure of the previous review on the time-averaged quantities, the literature dealing with a 
geometry similar to a 45° wing-wall abutments will be presented first and then a general review for 
other geometry will be discussed. The works concerning analysis of the second order statistics of 
the flow field around an obstacle similar to that of our simulations, are taken from the papers 
reported in table 4.1 of the previous chapter and are summarized in the following table 5.1 together 
with the present study. 
 

 

Work 
Experiment 

Type 

Bulk  

Reynolds 

Bed 

condition 

Sediment 

transport 
Scour Condition 

Dey and Barbhuiya 
(2006) 

Physical 
Experiment 

58’000 
Rough 

Bed 
Clear 
Water 

- Equilibrium Scour 

Radice et al. 
(2009b) 

Physical 
Experiment 

46’000 
Rough 

Bed 
Clear 
Water 

- Flat Bed 
- Various 
Logarithmic Scours 

Teruzzi 2006 
Teruzzi et al. 2009 

Numerical 
Experiment 

(LES) 
7’000 

Smooth 
Bed 

Clear 
Water 

- Flat Bed 

Present Study 
Numerical 
Experiment 

(LES) 

 
7’000 

 
Smooth 

Bed 

Clear 
Water 

- Flat Bed 
- Logarithmic Scour 
- Equilibrium Scour 

Table 5.1   Literature on turbulence and second-order statistics analysis for a 45° wing-wall 
abutment 
 

 
   In the experimental work of Dey and Barbhuiya (2006) the turbulence intensity of the flow field 
was measured for an equilibrium scour at bulk Reynolds number equal to 58’000. The six Reynolds 
stress components are reported together with the Turbulent Kinetic Energy for different azimuthal 
sections around the abutment; a general increase of the fluctuations level was found performing the 
experiments and the largest values were measured inside the scour hole close to the bottom bed 
where the reversed flow of the primary vortex encounters the sloping bed inducing strong mixing of 
fluids. The effect on the bottom shear stress fluctuations was not analyzed. Their experimental 
measurements on the Reynolds stress tensor will be used in the next section to compare the 
performance of our numerical simulations. Similar results on the Turbulent Kinetic Energy were 
also found in their experimental work (Dey and Barbhuiya, 2005) on a vertical-wall abutment.  
   Radice et al. (2009b) experimentally studied the sediment motion patter around a 45° wing-wall 
abutment in different scour condition at a bulk Reynolds number equal to 46’000. They argued that 
during advanced stages of the process in the upstream corner region the time-averaged value of the 
sediment transport is no longer representative of the process since it is around zero but the data 
showed a very large scatter. This points out that although the first-order statistics would indicate no 
sediment motion, actually a large motion of particles is indeed present. Moreover in the 
experimental work of Radice et al. (2009a) on the sediment motion around a vertical-wall abutment 
it was found that when the transport rate is low, its coefficient of variation, defined as the ratio 
between its RMS and its time-averaged value ( ) ( ) ( )qMEANqRMSqCV = , reaches the largest 
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value. Furthermore the correlation between these two statistics was found to be independent on the 
position and on the scour condition.  
   Numerical analysis of the second order statistics during the beginning of the erosion process 
around a 45° wing-wall bridge abutment can be found in Teruzzi (2006) and Teruzzi et al. (2009). 
In these works the contours of RMS and higher order statistics (skewness and kurtosis) were 
presented. The analysis showed that the level of fluctuation of the shear stress and the pressure 
gradients reach the largest values in front of the central wall of the abutment and large values were 
also detected along the upstream wall and in the wake region. The coefficient of variation was 
computed for the shear stress and was shown for different transversal sections. Its numerical value 
was found to deviate from that of a turbulent channel flow already at a distance of hx1  upstream 
of the obstacle: along the channel wall edge and close to the upstream corner was found to increase 
since the reversed flow induces low values of shear stress amplification; close to the abutment nose 
the convergence of streamlines reduces the level of fluctuations and small values of the CV were 
reported; high CV levels were also measured in the wake region. The largest levels for the RMS of 
both the components of the pressure gradients were found along the upstream junction and along 
the central junction where they reach values comparable with the reference sediments weight. In 
general the enhancement/reduction of turbulence level was found to be consistent with the findings 
of Piomelli et al. (2000) about a spatial evolving boundary layer and the importance of the turbulent 
fluctuations for the erosion process was highlighted. 
   Many experimental papers can be found in literature concerning the second order statistics for 
turbulent channel flow and different obstacle shapes. Grass (1971) compared the structural features 
of a turbulent flow over smooth and rough boundaries. A general increase of the shear stress for 
increasing size of the roughness scale (precisely from Rek = 20.7 and 84.7) was found and as 
boundary roughness increases the streamwise turbulent intensity decreases while the normal 
component of the intensity increases. One of the oldest measurements of the turbulence around 
surfaces mounted obstacles was the experimental analysis of Melville and Raudkivi (1977) about 
the local erosion around a circular pier. The experiment was performed under clear water condition 
with a bulk Reynolds number equal to 40’000 and all the flow field characteristics measured close 
to the bottom bed were taken from a DISA anemometer at a perpendicular distance of 2mm from 
the boundary. They studied three phases of the process: flat bed, intermediate scour and equilibrium 
scour. Since visual analysis of the equilibrium scour indicated that the bottom surface was at 
threshold condition, they suggests that the final stages of the process are maintained by a combined 
effect of the time-averaged shear stress, the gravity and the turbulent fluctuations. The turbulence 

intensity bilil Uuu , meaning ilu  the fluctuating velocity in the direction of the local mean velocity, 

was measured and the highest values upstream the obstacle were measured for the intermediate 
scour. Dargahi (1990) performed an experiment on the clear water scouring around a circular 
cylinder at bulk Reynolds number equal to 52’000. A wide spectrum of turbulent scales was found 
to characterize the flow field around the cylinder and it was supposed to control the sediment 
transport process. The near-wall turbulence intensity was found to reach the largest amplification 
close to the separation line in front of the cylinder where the primary vortex begins. Such a distance 
was found to be at around D85.0 upstream the obstacle (being D  the cylinder diameter). Ahmed 
and Rajaratnam (1998) analyzed the effect of the roughness on the bottom shear stress distribution 
around a circular cylinder at the beginning of the process and at the equilibrium stage. They found 
that, beside the averaged values, also the scatter of data is larger in case of rough bed indicating an 
enhancement of the turbulent fluctuations induced by the roughness. Graf and Istiarto (2002) 
studied the Turbulent Kinetic Energy in the longitudinal symmetry plane of a scour-hole around a 
circular pier at bulk Reynolds number equal to 81’000. They found that the dominant term is the 

longitudinal turbulence intensity uu  over the entire flow depth. In the upstream part the largest 
increase of Turbulent Kinetic Energy was found in front of the cylinder where the downflow occurs 
and in particular close to the bed; large Reynolds stresses were also found in the wake region. 
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   In all these studies on the turbulence in local scour phenomena, the quantity usually analyzed are 
the RMS of the velocity field together with the Reynolds stresses and the turbulent kinetic energy, 
but few attention is given to the pressure field RMS as highlighted in the paper of Vollmer and 
Kleinhans (2007). In this work the authors found an analytical solution for the critical Shields 
parameter for spherical particles including the effect of pressure fluctuations and compared their 
model with existing experimental data. They concluded that the understanding of destabilization 
processes is improved when the effect of the turbulent pressure fluctuations are included. They 
found that in a turbulent channel flow the near-bed pressure spectra exhibit the same profile for both 
rough and smooth beds if they are scaled with the boundary shear stress and the second order 
statistic [ ] mpRMS τ  was found around 3 for low Reynolds ranges and slightly above 3 with rising 

Reynolds. For flow field around surface mounted obstacles the fluctuation of the ratio between lift 

and drag forces 
D

L

F

F
 was considered very important for the incipient motion: in time-averaged terms 

it was found by Einstein and El-Samni (1949) to be less than one, but the instantaneous values was 
found by other Authors (Gessler 1965 and Vanoni 1966) to reach values ranging from 2.5 to 3 
(Vollmer and Kleinhans 2007).  
   The second order statistics are usually analyzed in the papers concerning numerical simulations of 
the flow field inside local scours. Chrisohoides et al. (2003) in their URANS of the flow field 
around a vertical-wall bridge abutment highlighted the importance of the Reynolds stress for the 
evolution of the process. Furthermore they measured the highest turbulent fluctuations in front of 
the obstacle where the downflow occurs. Kirkil et al. (2008) used a Large Eddy simulation and 
laboratory flume visualizations to investigate the coherent structures and their fluctuations in the 
scour-hole around a circular cylinder. High levels of pressure fluctuations and Turbulent Kinetic 
Energy where measured in front of the obstacle and they were about one order of magnitude larger 
than the levels associated with the turbulence of the incoming boundary layer. The highest levels 
were observed inside the primary vortex and inside a small junction vortex at the basis of the 
cylinder. The generation of the RMS was attributed to the bimodal oscillation of the primary vortex 
between two preferred positions. Similar result was found by Kirkil and Constantinescu (2009) in 
their LES of the flow field around an in-stream vertical plate. In this case, however, high values of 
second order statistics were also measured at the lateral edges of the obstacle and not only in the 
longitudinal symmetry plane. Koken and Constantinescu (2008a and 2008b) studied through a LES 
and physical experiments the erosion process around a spur dike at the beginning of the process and 
at the equilibrium stage. They found a typical bimodal oscillation of the vortex system which 
induces high pressure and high Turbulent Kinetic Energy in the center line of the primary vortex. At 
the Flat bed condition the largest value of the Turbulent Kinetic Energy was found at the tip of the 
spur dike while the pressure fluctuations were found to be larger along the vertical wall and closer 
to the upstream corner of the structure. The turbulent intensity was found to increase from the 
beginning of the process to the equilibrium stage both in the corner region and around the tip of the 
spur dike.  
Sumer et al. (2003) analyzed the effect of “external” turbulence (meaning the fluctuations induced 
by an external obstacle on the flow field) on the bottom shear stress of a turbulent channel flow. He 
studied different turbulence generators: a horizontal pipe placed close to the bed and two kinds of 
grids. He found that when no particular shedding is present and thus turbulence is composed by a 
large numbers of frequency modes in which no one dominates, the RMS of the shear stress is 
around half of the mean value, and when one mode prevails they become around 0.63 the mean 
value. In the final section of his paper he fitted the experimental data with an exponential function 
which linked the external turbulent fluctuation with the sediment transport; although with a large 
scatter the line was able to cover all the data and represents a connection between the increase of 
turbulence and the enhancement of sediment transport which could be used for including the effect 
of the RMS on erosion models.  
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   From the literature review it appears that the coherent structures around obstacles and inside the 
scour-holes are characterized by large levels of fluctuations composed by different space and time 
scales interacting among them. Furthermore the unsteady characteristics of the flow field were 
found to be an important cause of the failure in predicting the maximum scour depth using a RANS 
approaches (see e.g. Roulund et al. 2005). Therefore it can be considered of crucial importance the 
evaluation of the turbulence characteristics in most of their space and time variability. It is 
necessary to understand where and when the mean quantity of the variables can be considered 
representative of the process; to study how the fluctuations of the coherent structures influences the 
bottom bed statistics and to find out how the relation between second- and first-order statistics, such 
as the coefficient of variation CV, changes in the zones subject to erosion compared to the typical 
value of a turbulent channel flow.  
 

 

 



________________________________________________________________________________ 

____________________________________________________________________________ 80 

5.2) Comparisons with experimental data 

 
   The numerical results for the equilibrium scour can be compared with the experimental data of 
Dey and Barbhuiya (2006). In their work the Reynolds stress tensor components were measured in 
four azimuthal sections around the obstacle whose position is sketched in Figure 5.1. They used a 
cylindrical polar coordinate system (θ, r, z) in which θ is the azimuthal angle measured from the 
lateral duct wall, r is the radial distance, z is the vertical axis and the correspondent velocity 
components are represented by (us, vs, ws) respectively (Figure 5.1). In figures 5.2, 5.3 and 5.4 the 

Reynolds stresses ( ) b

.

ss Uuuuu
50

=+ , 2
τuvuuv ss=+  and 2

τuwvvw ss=+  respectively are shown. In 

each picture the left column shows sections (a), (b), (c) and (d) taken from Dey and Barbhuiya 
(2006) while in the right column the same analysis computed with our numerical results is reported: 
section (e) corresponds to section (a), section (f) to section (b), section (g) to section (c) and section 
(h) to section (d).  
 
 

 
Figure 5.1. Positions of the four azimuthal sections analyzed by Dey and Barbhuiya (2006). The 
cylindrical polar coordinate system is shown and θ is the azimuthal angle between the lateral duct 
wall and the section plane. 
 
 
   As already indicated in the previous chapter a direct comparison can not be achieved because of 
some difference between our simulations and their experiments: the experimental bulk Reynolds 
number was larger than ours (58’000 and 7’000 respectively) and the bottom bed was rough while 
ours was smooth. However the comparison is overall satisfactory: the Reynolds stress profiles show 
very similar trends and their absolute value is approximately the same. In general all the Reynolds 
stresses increase in the scour-hole region and they approach zero above it. The increase found 
around y/h = 0.75 in our results is due to the presence of the boundary layer generated by the top 
wall which was not present in experimental facility of Dey and Barbhuiya (2006). The diagonal 
Reynolds stress uu

+, which represents the fluctuation of the out-of-plane velocity, reaches the 
largest values above the vortex center (cf. in particular Figures 5.2c and 5.2d). The off-diagonal 
Reynolds stress uv

+ (Figure 5.3), which is the correlation between the fluctuations of the out-of-
plane velocity and the fluctuations of the radial velocity, attains the smallest value in section (a); in 
section (b) and (c) is essentially positive above the vortex center while small negative values are 
detected below; in section (d) is basically negative. The off-diagonal Reynolds stress vw

+ (Figure 
5.4), which represents the correlation between the fluctuations of the radial velocity and the 
fluctuations of the vertical velocity,  is negative in all the four sections with the smallest value in 
correspondence of the vortex center. 

a) θ = 10° 

b) θ = 30° 

c) θ = 63.4° 

 
d) θ = 90° 

Main Flow 

θ 

us 
r, vs 

z, ws 
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Figure 5.2. Diagonal Reynolds stress uu
+ inside the Equilibrium scour for four azimuthal sections. 

Sections (a), (b), (c) and (d) taken from Dey and Barbhuiya (2006); sections (e), (f), (g) and (h) 
computed with our numerical results. 
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Figure 5.3. Off-diagonal Reynolds stress uw

+ inside the Equilibrium scour for four azimuthal 
sections. Sections (a), (b), (c) and (d) taken from Dey and Barbhuiya (2006); sections (e), (f), (g) 

and (h) computed with from our numerical results. 
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Figure 5.4. Off-diagonal Reynolds stress vw

+ inside the Equilibrium scour for four azimuthal 
sections. Sections (a), (b), (c) and (d) taken from Dey and Barbhuiya (2006); sections (e), (f), (g) 

and (h) computed with from our numerical results. 
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5.3) Dynamics of the Vortex System 
 
   The LES simulations, besides capturing the coherent structures that are usually found in 
experimental studies (Dey and Barbhuiya 2006), helped to understand their dynamics. In order to 
study how the time-averaged coherent structures detected in chapter 4 through the Q criterion 
originate, it is necessary to look also at the instantaneous flow field.  
 
 
 
5.3.1) Dynamics of the recirculation region 
 
   In order to study the dynamics of the vortex system, a vertical section (labeled as section A) 
parallel to the bulk velocity direction and located at y/h = 2.3 was chosen (Figure 5.5) from which 
videos of the 2D instantaneous streamlines and the instantaneous pressure contours were extracted. 
The animations show that the vortex system is constantly destroyed and regenerated and its global 
dynamics changes moving from the Flat Bed case to the scoured configurations. At the beginning of 
the process small vortices are continuously generated at some distance from the obstacle and they 
are advected forwards by the flow field as long as they reach the abutment where they loose 
coherence and they are destroyed. In advanced stages of the process the flow field separates at the 
upstream edge of the scour-hole and generates the primary vortex; the structure keeps on enlarging 
and destroying but the position of its central axis remains approximately the same during such a 
process. 
 
 

 
Figure 5.5. Position of the vertical section from which the dynamics of the coherent structures was 
studied. 
 
 
 
   In figure 5.6 the instantaneous 2D streamlines and the instantaneous pressure contours extracted 
from section A are shown in four consecutive time instants for the Flat Bed configuration. In 
general a coherent structure close to the bridge abutment can be not detected but the flow field is 
characterized by a series of primary and secondary vortices advected forwards by the bulk velocity. 
The generation of these small vortices is repeated quasi-periodically and a similar dynamics was 
also found in experimental studies of the flow field around a circular pier in flat bed condition (cf. 
Dargahi 1989). The primary vortices (labeled as Vi in Figure 5.6) originate at a distance of 
approximately h upstream the obstacle, as in the case of V3 in Figure 5.6a, they are associated with 
low-pressure spots and with a positive vorticity (recall from Figure 5.5 that the y-axis is entering the 
section plane). The distance between two consecutive vortices is rather regular and a length-scale of 
around 0.2h ÷ 0.3h can be identified. The interaction between the primary structures and the bottom 
wall generates secondary vortices (labeled as si in Figure 5.6) which are characterized by high-
pressure and a negative vorticity. The dynamics of this “train of structure” is highly variable since 

Section A (y/h = 2.3) 

Ub 

y/h 

x/h 
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as the vortices travel forwards they can maintain their coherence until they reach the obstacle or 
they can be destroyed before reaching it. For instance when vortex V1 reaches the abutment (Figure 
5.6b) it preserves the same position for a certain time (until Figure 5.6d). In Figure 5.6d a new 
vortex labeled as V4 is generated, vortex V2 disappears and vortex V3 is split in two smaller 
structures labeled as V3a and V3b. The secondary vortices are in general less coherent and more 
unstable than the primary and in some instances they are not present as can be seen in Figure 5.6c.  
 
 
 

 
Figure 5.6. Dynamics of the coherent structures for the Flat Bed condition in section A: a) 

bUh.t 00= , b) 
bUh.t 50= , c) 

bUh.t 01= , d) 
bUh.t 51= . Contours: non-dimensional 

instantaneous pressure 2
bUp~ ρ ; Streamlines: instantaneous velocity field. Bulk velocity Ub is from 

left to right and the bridge abutment is located on the right edge of each picture at x/h = 6.05. 
 
 
 
   Once the scour-hole has formed the dynamics of the coherent structures radically changes. The 
main difference compared to the Flat Bed configuration is the absence of a “train of structures” 
which generate at some distance from the obstacle and are convected by the flow field. In the 
scoured configurations the flow field separation is imposed by the scour-hole upstream edge and by 
the adverse pressure gradient generated by the obstacle. As a consequence a strongly coherent 
vortex generates inside the scour-hole. Such a structure has its own dynamics and evolution in time 
but is characterized by a strong coherency and it remains confined inside the scour-hole. In Figure 
5.7 the instantaneous 2D streamlines and the instantaneous pressure contours extracted from section 
A are shown in four consecutive time instants for the Logarithmic Scour configuration. The 
dynamics during the Equilibrium Scour configuration was found to be similar and is not shown. At 
all the time instants the large primary vortex (labeled VI) is always visible inside the scour-hole. It 
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has a lateral extension of about 0.3h and its center is located close to x/h = 5.5. During the process 
its size can either increase and decrease or it splits in smaller vortices and after a while it establishes 
itself again. In Figure 5.6a the primary vortex is surrounded by a large number of secondary 
structures, labeled as si, which are generated by interactions with the solid walls. All the secondary 
vortices are extremely unstable and fickle in fact after a while they disappeared and new structures 
are generated (Figure 5.6b). In Figure 5.6c the transversal size of the primary vortex VI has 
increased and two sub-vortices, labeled as VIa and VIb, are formed, that also have a short life since 
after few instants (Figure 5.6d) VIa becomes the new primary vortex while VIb is basically 
disappeared.  
 
 

 
Figure 5.7. Dynamics of the coherent structures for the Logarithmic Scour configuration in section 
A: a) bUh.t 00= , b) bUh.t 50= , c) bUh.t 01= , d) bUh.t 51= . Contours: non-dimensional 

instantaneous pressure 2
bUp~ ρ ; Streamlines: instantaneous velocity field. Bulk velocity Ub is from 

left to right.  
 
 
 
Another important dynamics of the primary vortex VI in the scoured configuration can be found 
looking at the instantaneous iso-pressure surface p~  in a region around the abutment nose (Figure 

5.8). The iso-pressure surface are shown for six consecutive time instants in the Logarithmic Scour 
configuration in Figure 5.9. 
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Figure 5.8. Area from which the dynamics of the primary vortex is studied using the iso-pressure 
contours. 
 
 
 

 
Figure 5.9. Iso-pressure surface 2

bUp~ ρ  taken from Area 1 around the abutment nose for the 

Logarithmic Scour configuration. a) bUh.t 00= , b) bUh.t 50= , c) bUh.t 01= , d) bUh.t 51= , 

e) bUh.t 02= , f) bUh.t 52= . Bathymetry of the scour-hole is shown through isolines. 

 
 
 
From the sequence is possible to see that the enlargement of the primary vortex VI starts in the 
upstream corner region (highlighted by an arrow in Figure 5.9a) and it travels along the structure. 
Once the structure has enlarged (Figure 5.9c and 5.9d) it becomes narrower from the upstream 

Ub Area 1.  

y/h = 1.0 ÷ 2.5 

x/h = 5.4 ÷ 7.0 
 y 

x 
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corner region (Figure 5.9e). The resulting dynamics is repeated quasi periodically and the vortex 
axis preserves approximately the same position during the process. In general the enlargement of 
the transversal size is associated with larger longitudinal velocity as will be shown later analyzing 
the Reynolds stress tensor.  
   Both the dynamics showed at the beginning of the process and in presence of the scour-hole are 
found to be somewhat different from those found for different geometry. In the case of a spur-dyke 
(cf. Koken and Constantinescu 2008a and 2008b) the principal vortex was found to oscillate 
between two principal positions called zero-flow and back-flow modes both in Flat Bed and scoured 
configurations. Such a dynamics was not detected for the coherent structures which forms in the 45° 
wing-wall abutment geometry. 
 
 
 
5.3.2) Bimodality of the coherent structures 

 
   Although the dynamics of the coherent structures are found to be different from what usually 
reported in the literature for other obstacle geometries, the flow field is however characterized by 
bimodal fluctuations. Such kind of behavior was found by many authors to be typical of the velocity 
field close to a surface mounted obstacle (Simpson 2001). Devenport and Simpson (1987) were the 
first to report the bimodal velocity probability phenomenon studying a wing-body junction. After 
their study bimodal dynamics was found in the local scour phenomenon for different geometry and 
both at the beginning of the process and in presence of a scour-hole. It was found in the case of a 
spur dyke (Koken and Constantinescu 2008a and 2008b), in the case of piers (Kirkil et al. 2008) or 
for the case of a in-stream vertical plate (Kirkil and Constantinescu 2009). An important feature of 
the bimodal dynamics is that the approach flow Reynolds number is not a dominant factor for the 
existence of the bimodal behaviour (Simpson 2001). The bimodal fluctuations are induced by a 
dynamics characterized either by a sinusoidal feature or by an oscillation between two preferential 
positions. In the flat bed configuration it is thus originated by the “train of structures” detected in 
Figure 5.6 which induces the flow field to have a sinusoidal behaviour in the near-wall region. In 
the scoured configurations it is induced by the oscillation of the primary vortex VI which will be 
analyzed later on using the Reynolds stress tensor. 
   A series of points located inside the core of the primary vortex VI was chosen to study the 
probability density function (pdf) of the flow field (Figure 5.10).  
 
 

 
Figure 5.10. Position of the points in front of the upstream abutment side from which the 
bimodality of the velocity field is analyzed: (a) Flat Bed configuration, (b) Logarithmic Scour 
configuration. 
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Figure 5.11. Probability density function (pdf) of the vertical velocity for different points in the Flat 
Bed configuration. The pdf of the vertical velocity for a channel flow taken at y+ = 30 from the 
bottom wall is also shown. Mean value and RMS value of the undisturbed pdf are 0.00 and 0.03 
respectively. 
 
 

 
Figure 5.12. Probability density function (pdf) of the vertical velocity for different points in the 
Logarithmic Scour configuration. The pdf of the vertical velocity for a channel flow taken at y+ = 30 
from the bottom wall is also shown. Mean value and RMS value of the undisturbed pdf are 0.00 and 
0.03 respectively. 
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The results obtained for the pdf of the vertical velocity are shown in Figure 5.11 and 5.12 for the 
Flat Bed configuration and the Logarithmic Scour configuration respectively. As a comparison, the 
probability density function of the vertical velocity taken inside the boundary layer (at y+ = 30) of a 
turbulent channel flow is also shown.   
   In general the presence of bimodal fluctuation is evident in all the pdf plotted since they always 
shows two peaks of largest probability. From Figure 5.11 is possible to see that close to the 
upstream corner in the Flat Bed configuration (cf. Points 1 and 2) the velocity pdf is characterized 
by heavier tails compared to that of the channel flow. Close to the abutment nose (cf. Point 3) and 
in front of the central abutment wall (cf. Point 4) the distributions show approximately the same 
tails but they show a smaller mode. In the Logarithmic Scour configuration all the distribution are 
affected by larger RMS and heavier tails. The bimodality is still present but the distance among the 
two preferential modes is larger.  
 
 

5.4) Turbulence characteristics of the Vortex System 
 
   The fluctuations of the large-scale coherent structures are reflected on the Reynolds stress tensor 
and on the production of Turbulent Kinetic Energy (TKE). The largest activity is located in the 
recirculation zone between the upstream abutment wall and the vertical wall and in general the 
largest fluctuations are detected for the Logarithmic Scour configuration. The experimental results 
of Melville and Raudkiwi (1977) on the flow field around a circular cylinder in three scour 
conditions (flat bed condition, intermediate scour and equilibrium scour) showed that the evolution 
of the RMS distribution on the bottom bed does not follow a general trend during the process but it 
depends on the location. The turbulence intensity was evaluated measuring the fluctuating velocity 
component in the direction of the local mean at a distance of 2mm from the bed and computing the 

quantity ( ) 0

21
2 Uuil with 0U  being the local mean velocity. They found that the largest value of the 

fluctuations are found at the sides of the circular cylinder at the beginning of the process but 
upstream the obstacle the largest value is found in the intermediate scour condition. Koken and 
Constantinescu 2008a and 200b found however that the increase of the Turbulent Kinetic Energy in 
the upstream side of a spur-dyke was approximately the same independently from the location. 
Since these works suggests that the turbulent characteristics are strongly affected by the boundary 
geometry and no general behaviour can be detected, the analysis for the 45° wing-wall abutment is 
required. In this section the turbulence characteristics are analyzed using the Reynolds stress tensor 

2
bji Uuu , the Turbulent Kinetic Energy 2

bUk and the enstrophy bUeh . The anisotropy of the 

Reynolds tensor will be analyzed using the Lumley triangle (Lumley 1978). All these quantity are 
studied in different vertical sections around the obstacle whose relative position is sketched in 
Chapter 2 in Figure 2.6. 
 
 

 

 

5.4.1) Reynolds Stress Tensor 
 
   In Figures 5.13 to 5.17 the results for the Reynolds stress tensor are shown. The Reynolds stress 
components are computed using the frame of reference (xs, ys, zs) of the section under analysis 
(Figure 2.6): the axis xs is horizontal and normal to the section plane, the axis ys is horizontal and 
parallel to the section plane and axis zs is in the vertical direction. The corresponding time-averaged 
velocity components are given by (Us, Vs, Ws) and the corresponding fluctuations by (us, vs, ws). The 
abutment is on the left side of each section and the Reynolds stresses are made non-dimensional 
with the square of the bulk velocity Ub. 
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Figure 5.13. Reynolds Stress components for the three scour conditions in Section 1 of Figure 2.6. 
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Stress Scale Flat Bed Logarithmic Scour Equilibrium Scour 
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Figure 5.14. Reynolds Stress components for the three scour conditions in section 2 of Figure 2.6. 
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Stress Scale Flat Bed Logarithmic Scour Equilibrium Scour 
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Figure 5.15. Reynolds Stress components for the three scour conditions in section 3 of Figure 2.6. 
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Stress Scale Flat Bed Logarithmic Scour Equilibrium Scour 
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Figure 5.16. Reynolds Stress components for the three scour conditions in section 4 of Figure 2.6. 
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Stress Scale Flat Bed Logarithmic Scour Equilibrium Scour 
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Figure 5.17. Reynolds Stress components for the three scour conditions in section 5 of Figure 2.6. 
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   The dynamics of the coherent structure which was analyzed in the previous section 5.3 has 
important consequences on the Reynolds stress tensor. The diagonal Reynolds stresses, namely 

2
bss Uuu , 2

bss Uvv  and 2
bss Uww help to understand where the fluctuations are originated from 

and their principal directions, whereas the tangential Reynolds stresses 2
bss Uvu , 2

bss Uwu  and 
2
bss Uwv reflect how the fluctuations are transported. The diagonal Reynolds stresses are always 

positive whereas the tangential Reynolds stresses can be positive or negative. 
   In the upstream corner region (Figure 5.13) the largest level of fluctuations can be detected in the 
Logarithmic Scour configuration. The principal direction of the fluctuations is parallel to the section 

plane, as can be see looking at 2
bss Uvv in Figure 5.13, and it reaches a maximum value of 0.08Ub 

inside the scour-hole close to the abutment. The fluctuations in the other two directions remain 
smaller during the whole process except in the scoured configurations close to the junction between 
the bottom bed and abutment where the thin junction vortex VIII was found (Figure 4.10). In this 
area the vertical component reaches a value large at least 0.06Ub. Among the tangential Reynolds 

stresses the principal component is 2
bss Uvu , which represents the correlation between the out-of-

plane fluctuation us and the horizontal fluctuations vs parallel to the section plane. In the 
Logarithmic Scour the largest positive values are found along the junction between the vertical wall 
and the upstream abutment wall and the largest negative values are found between the primary 
vortex VI and the sloping bed. Inside the vortex core value close to zero are detected. Such a 
distribution reflects the dynamics highlighted in Figure 5.9: it shows that the transversal 
enlargement of the primary vortex is mainly correlated with larger longitudinal velocity. A 
conceptual sketch of this behavior is reported in Figure 5.18 
 
 

 
Figure 5.18. Conceptual sketch of the dynamics of the primary vortex: the enlargement of the 
vortex transversal size (revealed by the velocity vs) is mainly associated with a larger longitudinal 
velocity us . 
 
 
The fluctuations that originate in the corner region and lead the primary vortex to enlarge are then 

transported by the flow field and advected along its axis. The tangential Reynolds stress 2
bss Uwv  

which represents the correlation between the horizontal velocity parallel to the section plane and the 
vertical velocity reaches the largest values along the sloping bed below the primary vortex while is 
close to zero in the vortex core. It shows that while the vortex center remains approximately in the 
same position, its interaction with the solid boundary leads to fluctuations parallel to the sloping 
bed. In the sections taken along the abutment upstream side (Section 2, Figure 5.14) and close to the 
abutment nose (Section 3, Figure 5.15) the fluctuations are found to be largest at the beginning of 
the process and they decrease in the scoured configurations. The largest fluctuations are in the 
vertical direction and they originate close to the abutment wall and by the junction vortex VIII. The 
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characteristics of the fluctuations remains similar to that detected in the corner region: the 
transversal enlargement of the primary vortex VI is associated with larger longitudinal velocity (cf. 

the tangential Reynolds stress 2
bss Uvu in Figure 5.14 and 5.15). The dynamics close to the sloping 

bed remains again affected mainly by the fluctuations parallel to the bottom bed as can be seen 

looking at the tangential stress 2
bss Uwv . The sections taken in front of the abutment (Sections 4 

and 5) reflect the presence of the shedding wake which forms from the detached shear layer. In the 
one-dimensional investigation presented in chapter 3, the fluctuations in the wake region was found 
to increase during the process. In Figure 5.16 and 5.17 can be see the fluctuations to be located 
inside the principal vortex with the principal directions being along the x-axis and in the vertical 
component. In general the increase of turbulence intensity going from the Flat Bed configuration to 
the Equilibrium Scour is well documented in the normal stresses. 
   The Reynolds stress tensors analysis indicates the importance of the formation of coherent 
structures inside the scour-hole. The presence of the principal vortex VI has the crucial effect of 
transporting the unsteadiness which are created mainly in the corner region along the upstream 
abutment side.  
 

 

 

5.4.2) Turbulent Kinetic Energy and Enstrophy 
 

   The non-dimensional Turbulent Kinetic Energy (TKE) 22222
bb UwvuUk ++=  (u, v and w are 

the fluctuating part of the Reynolds-averaged velocities) and the non dimensional Enstrophy 
[ ] bb UhRMSUeh Ω= , defined as the RMS of the Reynolds-averaged vorticity Ω , are important 

quantity for studying the turbulence characteristics of complex flow. The Turbulent Kinetic Energy 
can be mainly associated with the large-scale fluctuations which are the most containing energy 
structures, while the Enstrophy is mainly associated with the small-scale fluctuations and thus with 
the dissipative structures. In the following Figures 5.19 to 5.23 both the quantity are reported for the 
five sections shown in Figure 2.6. 
   The Turbulent Kinetic Energy is a typical analysis in local scour studies and can be easily found 
in the literature for many different geometry while no works reporting the enstrophy were found. In 
general the Turbulent Kinetic Energy is found to increase during the process and with the formation 
of the scour-hole. This is well documented for surface-mounted obstacle as in the case of spur-dyke 
(cf. Koken and Constantinescu 2008a and 200b) in which the increase of Turbulent Kinetic Energy 
inside the scour-hole can be detected along the whole length of the obstacle.  
   In the case of a 45° wing-wall abutment a general increase of TKE can be detected in the 
upstream corner region (Figure 5.19) and inside the scour hole in the primary vortex region (Figures 
5.20 to 5.23). As was found in the previous section, the corner region is affected by the largest value 
of the Turbulent Kinetic Energy during the Logarithmic Scour configuration. Close to the abutment 
nose the situation is different since the largest value are found at the beginning of the process and 
they decrease in the scoured configurations (Figure 5.21 and 5.22). 
   The enstrophy bUeh is a turbulent quantity which has the property to be related with the small, 

energy-dissipating scales. From Figure 5.21 to 5.23 it can be easily seen that region characterized 
by the largest dissipation of energy are close to the walls and in particular in the junction between 
the bottom bed and the abutment walls. In this region the small but very coherent vortex VIII was 
found in chapter 4 (Figure 4.10). The contours of enstrophy indicates that such a structure is 
characterized by very intense small-scale fluctuations which can dissipate the energy. Large values 
of the energy-dissipating fluctuation can be also found in front of the of the central wall where the 
detached shear layer is located (Figures 5.22 and 5.23). 
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Figure 5.19 Turbulent Kinetic Energy and Enstrophy for the three scour conditions in section 1. 
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Figure 5.20 Turbulent Kinetic Energy and Enstrophy for the three scour conditions in section 2. 
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Figure 5.21 Turbulent Kinetic Energy and Enstrophy for the three scour conditions in section 3. 
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Figure 5.22 Turbulent Kinetic Energy and Enstrophy for the three scour conditions in section 4. 
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Figure 5.23 Turbulent Kinetic Energy and Enstrophy for the three scour conditions in section 5 
 
 
 
 
 
5.4.3) Lumley Triangle 

 

   The anisotropy of the Reynolds stress tensor can be examined using the so-called Lumley triangle. 
The triangle can be drawn by plotting the invariants of the normalized anisotropy tensor ijb :  

 
 

 ij
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uu
b δ

3

1
−=  [5.1] 

 
 
where ijδ  represents the Kronecker delta. Since [5.1] is a zero-trace tensor, only two invariants are 

independent and thus the state of anisotropy of the Reynolds tensor can be characterized by two 
variables (Lumley 1978) usually named ξ and η. All the points plotted using the two invariants of 
the anisotropy tensor ijb  as coordinates, collapse inside a triangle which is known as the Lumley 

triangle (Figure 5.24). The above curved line corresponds to a two-components turbulence; the 
straight line characterized by the ξ<0 represents a three-components turbulence in which a 
component (and thus a direction of fluctuation) is smaller than the other two and is usually called 
“pancake-like turbulence”; the straight line characterized by the ξ>0 represents a three-components 
turbulence in which a component is larger than the other two and is usually called “cigar-like 
turbulence”. 
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The anisotropy of the Reynolds stress is studied in front of the abutment nose (Section 3 of Figure 
2.6) and in the upstream corner region (Section 1 of Figure 2.6). The analysis shows that in general 
the enlargement of the coherent structures which was detected for the scoured configurations induce 
a sort of reduction of the anisotropy of the turbulence field. In Figure 5.24 the Lumley triangles are 
shown for points taken close to the abutment nose and in Figure 5.25 for points taken from the 
upstream corner region.  
   The pictures shows that all the points located below the primary vortex are found close to the top 
line of the triangle which indicate a turbulence anisotropy characterized by two principal directions 
of fluctuation (black circles in Figure 5.24). Such a two-components turbulence close to the bottom 
bed is induced by the presence of the primary vortex VI which, being a very coherent structure, 
pushes the flow field below it close to the wall and thus reduce the possibility to oscillate in the 
vertical direction. The points located inside the primary vortex are always characterized by a three-
components turbulence and they cover the central zone of the triangle (empty circles in Figure 
5.24). The reduction of anisotropy due to the enlargement of the structure can be seen in the scoured 
configurations since the points inside the primary vortex are more closely to the origin of the 
triangle which identify the isotropic turbulence. The points located above the primary vortex show a 
turbulence anisotropy which remains approximately unchanged during the process. They are always 
found close to the right edge of the triangle which represents a turbulent state similar to that of a 
turbulent channel flow and thus a cigar-like turbulence (crosses in Figure 5.24).  
   In the corner region (Figure 5.25) the situation is similar. Independently from the scour condition 
from which they are taken, all the points below the coherent structures are located close to the top 
line of the triangle and thus characterized by a two-components turbulence. At the beginning of the 
process the vortices were found to be very thin in this region and their evolution in time was found 
to be as a “train of structures” advected by the flow field. As a result the Reynolds stress tensor 
inside the coherent structures (that is around 20y

+) show an anisotropy which is similar to that of a 
two dimensional boundary layer (see black circles in Figure 5.25). Once the scour-hole has formed, 
the vortices enlarge in size increasing their coherence and changing their dynamics. The resulting 
Reynolds stress tensor is characterized by a three-components anisotropy located in the central zone 
of the Lumley triangle (see empty circles in Figure 5.25). In all the scour configurations the points 
above the coherent structures has a state of anisotropy similar to that of a turbulent channel flow 
(crosses in Figure 5.25). 
   The evolution of the coherent structures around the bridge abutment and inside the scour-hole is 
found to be characterized by a large range of fluctuations and to be both time- and space-dependent. 
Large-scale motion is found in the upstream corner region and it is advected forwards by the 
primary vortex along, while small-scale fluctuations are found to be located along the walls and 
close to the junction between the bottom bed and the obstacle. The overall dynamics will have 
effects both on the modeling of the process and on the scouring process. In the following section 
some comments will be made on the RANS approach which is usually involved for studying the 
local erosion phenomena. In the following chapter 6 the influence of the coherent structures and 
their dynamics will be discussed in the contest of the sediment transport. 
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Figure 5.24 Lumley triangle computed for points close to the abutment nose (Section 3 of Figure 
5.12) in the three scour conditions. a) Flat Bed; b) Logarithmic scour; c) Equilibrium scour. Black 
circles: below the primary vortex; empty circles: inside the primary vortex; crosses: above the 
primary vortex. 
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Figure 5.25 Lumley triangle computed for points close to the corner region (Section 1 of Figure 
5.12) in the three scour conditions. a) Flat Bed; b) Logarithmic scour; c) Equilibrium scour. Black 
circles: below the primary vortex; empty circles: inside the primary vortex; crosses: above the 
primary vortex. 
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5.5) Comments on Eddy-viscosity models in RANS approach 

 
   An important issue is to analyze whether the classical eddy viscosity assumption used in the 
RANS approach is suited to study this class of problems. Following the analysis proposed in (Liu et 

al. 1996) it is found that in general the eddy-viscosity assumption is not valid neither in the Flat Bed 
configuration and in presence of a scour-hole, since the Reynolds stress tensor and the rate of strain 
tensor have not always the same sign. Furthermore the direction of the Turbulent Kinetic Energy 
(TKE) transport is not always aligned with the TKE gradient and thus the gradient-diffusion 
assumption turns out to be not valid as well.  
   In RANS approach the Reynolds stress tensor can be modeled using the eddy-viscosity hypothesis 
which can be written as (cf. Pope 2000): 
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where ijδ  represents the Kronecker delta and the positive scalar coefficient Tν  is the eddy 

viscosity. 
The assumption [5.2] asserts that the deviatoric Reynolds stress tensor is everywhere proportional to 
the rate-of-strain tensor trough a coefficient which needs to be computed. In addition to the eddy-
viscosity assumption the transport of the Turbulent Kinetic Energy can be parameterized by a 
gradient-diffusion hypothesis which reads:  
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where kσ is the turbulent Prandtl number for the kinetic energy. The assumption [5.3] which is 

analogous to the Fourier’s law of heat conduction and the Fick’s law of molecular diffusion asserts 
that transport of the Turbulent Kinetic Energy is down the mean gradient (Pope 2000). Both the 
hypothesis are taken as valid in the ε−k  modelling of the Reynolds stress tensor in RANS 
approach. The ε−k  (Jones and Launder 1972) or the ω−k  (Wilcox 1993) are the most used 
turbulence models which are implemented in the Reynolds-averaged context to analyze local scour 
phenomena and in general in most of the commercial CFD codes. 
   The validity of the eddy-viscosity and gradient-diffusion assumptions in the case of a 45° wing-
wall abutment will be verified in a vertical section taken from the abutment nose (section 3 in 
Figure 2.6). The frame of reference (xs,  ys, zs) is chosen such that the xs-axis is horizontal and 
normal to the section plane, the ys-axis is horizontal, parallel to the section plane and pointing 
towards the obstacle, and the zs-axis is the vertical direction. The correspondent velocity 
components are then given by (us,  vs, ws). The validity of the ε−k  modelling was studied in the 
past for the case of the flow field around a wing-body junction (Devenport and Simpson (1992)) 
and it was found to be not suited for this kind of flow. Furthermore as can be detected by the 
experimental data of Devenport and Simpson (1990) the eddy-viscosity assumption would lead to 
negative values of the turbulent viscosity Tν . To the best of the author knowledge a similar analysis 
were not found in the literature for the case of bridge abutments neither at the beginning of the 
process and in presence of a scour-hole. 
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5.5.1) Eddy-Viscosity hypothesis 
 
   The results of the eddy-viscosity assumption are plotted in Figure 5.26 in which the tangential 
shear stress vsws computed with the LES results is compared with the value computed using the 
eddy-viscosity assumption [5.2]. The eddy viscosity Tν is computed using the LES data and the 

relation 
ε

ν
µ

2
kC

T = , with 090.C =µ , and k andε  being the Turbulent Kinetic Energy and the 

dissipation rate respectively. From Figure 5.26 is possible to see that in general the eddy-viscosity 
assumptions lead to incorrect evaluation of the Reynolds stress independently from the scour 
configuration. For the Flat Bed configuration, although the model predict correctly the sign of the 
Reynolds stress, it overpredicts its absolute value of about one order of magnitude. In the scoured 
configurations the overprediction is still present but also the sign of the stress is wrong. This is 
particularly true between the primary vortex and the sloping bed: the LES results indicate a positive 
value of the Reynolds stress vsws, which reflects accurately the fluctuations of the flow field in the 
region, whereas the eddy-viscosity model computes a negative value.  
 
 

Stress Scale Flat Bed Logarithmic Scour Equilibrium Scour 

 

 

  

 

 

  
Figure 5.26 Eddy-viscosity assumption for the three scour conditions plotted for Section 3 of 
Figure 5.12. First row: Tangential Reynolds stress vsws computed with the LES results; second row: 
same stress computed using the eddy-viscosity assumption [5.2]. 
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5.5.2) Gradient-Diffusion hypothesis  
 
   The validity of the gradient-diffusion assumption [5.3] can be checked plotting the angle between 

the turbulent transport vector given by ijjiijji supuuuuT νρ 2
2

1
−+=  and Turbulent Kinetic 

Energy gradient given by 
ik

T

i
x

k
k

∂

∂
−=∇

σ

ν
. The gradient-diffusion hypothesis can be accepted if the 

angle between these two vector is small. The results are shown for the section 2 in Figure 2.6. It is 
easy to see that in each scour conditions the angle is very large.  
   A similar analysis was carried out in Liu et al. (1996) for the case of two counter rotating vortices 
embedded in a spatially growing turbulent boundary layer. The results showed that in the vortex 
core the pressure transport is dominant compared to the transport due to the fluctuating velocity and 
the transport due to the viscosity. In Figure 5.28 the three terms of the Turbulent Kinetic Energy 
transport are plotted for the section 2 in the three scour configuration. As can be seen from the 
picture the transport due to the pressure term and to the fluctuating velocity are the largest in the 
balance while the transport due to the viscosity is always negligible. As in the case analyzed by Liu 
et al. (1996) the transport of Turbulent Kinetic Energy is a complex interaction between the 
pressure and fluctuating velocity field and thus it is not suited to be modelled using a simple 
assumption as [5.3] 
   The RANS approach using a ε−k  turbulence model or a ω−k  turbulence model is the most 
used solution adopted to solve the flow field in the local erosion studies (see e.g. Nagata et al. 
(2005), Roulund et al. (2005) or Zeng et al. (2008)). The failure of both the eddy-viscosity and the 
gradient-diffusion assumptions for the case of the flow filed around a 45° wing-wall abutment in 
presence or not of the scoured bed suggests that this kind of modelling is not appropriate to simulate 
the flow field around such an hydraulic structures. In the next chapter it will shown that the flow 
field and its unsteadiness character are also important for the erosion phenomenon itself and thus 
they should be solved accurately both in space and in time. 
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Figure 5.27 Gradient-diffusion assumption for the three scour conditions plotted for Section 1 of 
Figure 2.6. 
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Figure 5.28 Transport terms for the Turbulent Kinetic Energy plotted for section 2 of Figure 2.6. 
 
 
 
 
5.6) Conclusions 

 
   The turbulent characteristics of the flow field were investigated. Experimental data comparison 
showed that the LES code was able to solve accurately the turbulent flow field in all the scour-hole 
configurations analyzed. The dynamics of the coherent structures were found to change passing 
from the Flat Bed configuration to the scoured cases and to have important consequence on the 
turbulence characteristics. The large-scale fluctuations were found to be generated mainly in the 
upstream corner region and to be advected along the upstream abutment wall. The small-scale 
energy-dissipating structures were found to be mostly located at the junction between the abutment 
and the bottom bed. The generation of the primary vortex inside the scour-hole was found to reduce 
the anisotropy of the turbulence field and to induce a two-components turbulence in the flow field 
below it. 
   The overall dynamics of the coherent structures was found to be characterized by a complex 
interaction of fluctuations and the classical eddy-viscosity turbulence model of the RANS approach 
turns out to be not suited for solving the flow field in this kind of problem. 
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Chapter 6. 

 

 

Implication for the Scouring Process 
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6.1) Introduction 
 
   In the last 50 years many experimental works have been performed in order to study the local 
erosion around hydraulic structures (e.g. Shen et al. 1969, Raudkivi and Ettema  (1983), Melville 
and Sutherland 1988 and many others). However, as was pointed out by Dargahi (1990), the 
principal goal of most of the studies was aimed at developing “scour-depth equations” rather than 
studying the physical mechanism behind the scouring process. As a result different authors, using 
the so-called black-box approach, could find experimental relations that provided information on 
relevant quantities of the process, usually the maximum scour depth, for some particular geometry 
of the obstacle. In more recent years more works can be found aimed at understanding the physics 
of scouring (Dargahi 1990, Kwan and Melville 1994, Nelson et al. 1995, Cao 1997, Papanicolaou et 

al. 2002, Zanke 2003, Parker et al. 2003, Vollmer and Kleinhans 2007 or Coleman and Nikora 
2008). The problem of local erosion is particularly intricate since it involves both the physical 
properties of a fluid and the physical properties of an immersed solid material. The coupling of 
these properties is still an open issue in hydraulics and is under discussion since many years 
(Papanicolaou et al. 2008 and Coleman and Nikora 2008). The main issue of the sediment-flow 
interaction relies principally on the necessity to combine the fluid characteristics that are defined in 
a continuum mechanics framework (i.e. the Navier-Stokes equations) with the sediment bed 
mechanics which can be described using both a continuum and a discontinuous approach. Thus a 
fundamental problem is the definition of a physically-based unifying framework which allows a 
consistent description of the particle entrainment process (Coleman and Nikora 2008). Of primary 
importance is the link between the forces that act on a single particle (referred here to grain-scale 
variables) and the flow field characteristics as the shear stress, pressure or velocity distributions 
(referred here to continuum-scale variables). The question “which are the most important flow field 
characteristics that can destabilize the sediment?” has received many answers in the literature since 
the Authors have faced the problem using different approaches. In what follows a review of 
different works is proposed. 
   The determination of the sediment entrainment process is usually treated as a function of the so-
called “excess stress” cw ττ −  defined as the difference between the bed shear stress wτ  and the 

critical bed shear stress cτ  which is the value at which the sediment entrainment starts 

(Papanicolaou et al. 2008). Early formulas that use this concept in order to evaluate the sediment 
transport, date even to the end of the XIX century (Du Boys 1879). In this “excess stress” approach 
the first issue is the definition of the critical bed shear stress cτ  at which the sediments start to 

move. Such a problem was first studied in a consistent manner by Shields (1936). In his pioneering 
work the Author faced the problem using two dimensionless parameters: the non-dimensional bed 

stress 
)(gd

u

s ρρ

ρ
φ τ

−
=

2

 and the Particle Reynolds Number 
ν
τ du

Re p = . In the above definitions τu  

is the friction velocity, ρ  is the water density, sρ is the sediment density, g the gravity constant, d 

the characteristic sediment diameter and ν  the fluid viscosity. The non-dimensional bed stress, 
commonly known as the Shields Parameter, is defined as the ratio between the destabilizing force 
induced by the flow field and the stabilizing effect induced by the gravity force  (Dargahi 1990). 
The Particle Reynolds number is a non-dimensional parameter which characterizes the sediment 
bed. One of the principal results of Shields investigation was to show that the critical value of the 
Shields parameter can be considered as a function of the only Particle Reynolds Number for a large 
range of sediment size. Such a results gives rise to the Shields curve which is reported in what is 
usually called the Shields diagram. The Shields curve represents thus the value of the critical bed 
shear stress for which the grains entrainment starts for a given sediment bed. In the last six decades 
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Shields’ work became legendary and was used as the basis of the particle entrainment models 
(Buffington 1999).  
   Although the Shields approach is considered by most of the Authors as conceptually correct and 
useful for the modeling of the process (Hager and Oliveto 2002), some comments can be drawn as 
now explained.  
In the first place the introduction of the non-dimensional parameters φ  and pRe  involves the 

friction velocity 
ρ

τ
τ

wu =  which is directly linked to the bed shear stress by its definition. In wall 

bounded flows the friction velocity is the appropriate viscous length-scale for the time-averaged 
velocity profile in the near-wall region. However, as highlighted by Nikora et al. (2007), in the case 
of rough-walls the bed shear stress 

wτ  is vaguely defined. In the case of smooth-walls the bed shear 

stress can be easily determined for a point and it arises from the viscous action of the flow field at 
the wall. In case of rough-walls this definition is not suited since the stress at the wall can be 
considered as a sum of viscous friction and form drag. Therefore in case of rough-walls the bed 
shear stress definition imply a spatial-averaging operation (Nikora et al. 2007). It turns out that its 
numerical value can be not considered as scale-invariant but depends on the scale at which such 
averaging operation is considered. This conclusion has fundamental consequences when one has to 
deal with the coupling of forces defined at the grain-scale and forces defined at larger scale in the 
continuum mechanics framework. Furthermore the uncertainty in the definition of the bed shear 
stress for rough-walls can induces some confusion when data from different sources needs to be 
compared (Nikora et al. 2007).  
Secondly the data reported by many Authors on the Shields diagram show that the “Shields curve” 
is in reality not a single line, but it is instead affected by a large scatter (Grass 1970). Such a 
behaviour derives from the lack of a precise definition of incipient motion (Buffington 1999) and 
from the fact that the presence of bed turbulence induces the particles to be entrained over a wide 
range of critical bed shear stress (Grass 1970). In addition, the existence of complex geometry due 
to the hydraulic structures, induces the near-wall flow field to be not only affected by the typical 
boundary layer turbulence, known as the bursting process (Yalin 1992), but it is also affected by the 
presence of large scale structures, known as primary and secondary vortices (Kwan and Melville 
1994). The main implication of such a complex flow field is that the bed mobility can be not studied 
only in terms of mean quantities, but even higher-order statistics have to be taken in account for.  
   In the following review it will be shown how different Authors, starting from the Shields 
approach, have extended it in order to include the action of different forces and the effects of 
different dynamic processes. Emphasis will be given to understand in particular how the different 
Authors considered the link between the grain-scale forces and the continuum-scale forces, and how 
they incorporated the effect of both the near-wall turbulence and the geometry-induced turbulence. 
   A remarkable work is the paper of Grass (1970) in which a well though extension of the Shields 
approach to study the instability of fine bed sands is proposed. The Author argues that the 
entrainment process can be considered as the interaction of two statistically distributed variables. 
The first variable is the critical bed shear stress of the sediment bed which has an intrinsic  
arbitrariness since it depends on the shape, weight and the position of the grains. The second 
variable comes from the effect of the turbulent flow field on the boundary and it is the bed shear 

stress. Both the parameter are thus described in terms of a probability distribution function (pdf). 
The interaction between these two variables is determined by coupling the lower extreme of the 
critical bed shear stress pdf and the upper extreme of the bed shear stress pdf. The coupling is 
completely defined using the coefficient of variation (here referred to CV defined as the ratio 
between the mean values and the standard deviations of a pdf) and a multiplication factor n. The 
numerical value of the factor n defines a particular Shields curve for a given sediment bed and for a 
given turbulent flow field (Grass 1970). In the discussions to the paper (Gourlay 1970, Vollmers 
and Giese 1970) the Grass approach was found to allow the study of the bed instability in a coherent 
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framework, but some critics on the coefficient of variation CV, and on the determination of the 
factor n were reported. In particular the value of the ratio between the standard deviation and the 
mean value was found to be not constant in the bed but to vary with the boundary conditions 
(presence of ripples for example). This observation is in agreement with the previous observations 
concerning the averaging operation when some flow field characteristics as the bed shear stress for 
rough-wall have to be determined. In fact, although the determination of a coefficient of variation 
can be in principle an useful parameter for studying the sediment entrainment, it is however 
important to specify at which scale such a quantity is determined. 
   Other extensions of the Shields parameter aimed at including the effect of turbulent fluctuations, 
pressure fluctuations or even the influence of seepage from the bottom bed can be found in different 
papers. In the work of Zanke (2003) a theory is developed in order to include within an “effective 
Shields parameter” the turbulent fluctuations of the shear stress and the pressure induced lift force. 
The Author faced the problem both at the grain-scale and at the continuum-scale and showed that 
independently on the approach considered, the same mobility parameter can be derived. At the 
continuum-scale the sediment bed is treated in terms of the angle of internal friction ϕ  and its 

destabilization is treated in terms of lift coefficient. The fluid phase is described using the friction 
velocity τu  and a near-bed velocity ub; furthermore it is assumed that the turbulent fluctuations of 

both these velocities scale similarly with the respective mean value. In this approach, which is 
however conceptually correct, no attention is given to specify at which distance from the wall the 
near-bed velocity ub has to be considered and the origin of the turbulent fluctuations are not 
discussed. At the grain-scale the particles are treated as spheres, the local angle of grain contact 'ϕ  
is considered and the balance of forces acting on a single particle is written using a Drag force in 
the horizontal direction and a Lift force in the vertical direction. Both the forces are expressed in 
terms of the near-bed velocity ub. Such an approach can be considered coherent and widely used in 
literature (see e.g. Wiberg and Smith 1987), but still no precise definition of the near-bed velocity 
ub is given and the effect of an eventual bed slope is not considered. The main results of Zanke 
analysis showed anyway that an increased turbulence level (described in terms of the CV of the 
friction velocity ττ u'u ) or an increased value of the Lift force (described by the Lift coefficient) 

induces a lower value of the critical Shields parameter and thus they enhance the sediment 
destabilization. 
In the work of Vollmer and Kleinhans (2007) the effect of turbulent pressure fluctuations at the bed 
are included in a modified Shields parameter. The bed mobility is studied at the grain-scale using 
spherical particles and a balance of forces. Lift and Drag forces are considered and they are linked 
to the flow field using the logarithmic law of the near-wall velocity profile. The effect of grain 
Exposure and bed slope are considered following existing models. The turbulent fluctuations which 
affect both the bed shear stress and the pressure field are considered as originated by wave-like 
structures. The effect of such large-scale phenomenon is modeled using previous experimental 
results of the Authors which showed that the attenuation of the pressure fluctuations inside a 
sediment bed can be modeled using an exponential function of the wavelength and of a roughness 
parameter. The pressure fluctuations are then introduced at the grain-scale considering the integral 
over the spherical particle surface. The resulting modified Shields parameter were found in 
agreement with existing laboratory data and it showed that the critical bed shear stress is lower if 
turbulence effects are considered. However the necessity of more data for natural river is 
highlighted. This last observation implicitly suggests that in the case of natural sediment covers, 
where more complex bed forms can arise, a model which links the pressure fluctuation to the 
wavelength and to the roughness length-scale can change with the observation scale. The effects of 
pressure fluctuations induced by large-scale bed forms as the ripples can be in principle different 
from those originated from the grain-scale roughness. 
An interesting extension of the Shields parameter can be found in the paper of Francalanci et al. 
(2008). In their work the Authors showed that the classical definition of the Shields parameter 
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implicitly assumes an hydrostatic pressure distribution. Since such an hypothesis is not usually 
verified in presence of a complex geometry, as in the local scour phenomena, the Authors proposed 
an extension of the Shields parameter using a dimensionless number in order to take account for a 
pressure distribution which differs from the hydrostatic one. Such a generalization showed that the 
presence of vertical pressure gradient smaller than the hydrostatic value of gρ−  (with ρ  being the 

fluid density and g  being the gravity constant) gives rise to a larger Shields parameter (and thus to 
a larger possibility of exceeding the critical value). The generalization of the Shields parameter was 
then applied to study the mobility of sediments in presence of seepage from the bottom bed. 
Comparisons between experimental results and numerical models suggested that the new 
formulation was able to account for the effect of a non-hydrostatic pressure distribution. 
   Many more papers can be found in literature aimed at studying the effect of the near-wall 
turbulence for destabilize the sediment bed. Noteworthy is the work of Cao (1997) which proposed 
a model in order to formulate a sediment entrainment function which depends on the Shields 
parameter and on the bursting process. The entrainment function is determined as the total mass of 
sediments that are picked up by the flow field per unit bed area and time. The principal event which 
can entrains the particles is considered to be the bursting process. This kind of near-wall dynamics 
was first studied by Kline et al. (1967) and by Wallace et al. (1972) and subsequently was found by 
different Authors to have primary importance for the incipient motion of sediments (Cao 1997, 
Keshavarzy and Ball 1997, Sechet and Le Guennec 2000 or Shvidchenko and Pender 2001). The 
principal effect of the bursting process is to destroy the viscous sublayer inducing events of 
upwards velocity flux which are correlated with lower tangential velocity close to the wall (referred 
to ejection) and downwards velocity flux which are correlated with larger tangential velocity close 
to the wall (referred to sweep). This dynamics can be observed using a scatter plot of the velocity 
fluctuations taken at a distance of around 10-15 wall units from the boundary. In the work of Cao 
(1997) the bursting process is modeled considering the bursting period (taken from experimental 
works) and the area of the characteristics burst per unit bed area. A dimensionless entrainment 
function is then formulated considering the product of these two quantities, the number of particles 
per unit bed area and the critical Shields parameter. The formulation was tested with laboratory data 
of incipient motion in channel flow and showed better performance compared with existing pick-up 
functions. The conclusions of Cao (1997) indicate that the sediment entrainment is strongly 
dependent on the friction velocity but he emphasizes that a more refined theory which could be 
applied over movable bed and ripple-covered bed needs further investigations. The scale problem of 
defining the friction velocity over complex roughness bed is in fact somehow recognized. 
The paper of Sumer et al. (2003) experimentally investigates the influence of “external” turbulence 
on the bed-load transport. In this work the term “external” is referred to the turbulence induced by 
some obstacle and is introduced in order to differentiate the effect of the “internal” turbulence 
which refers to the typical dynamics of a turbulent boundary layer. The “external” turbulence is 
generated in different ways (homogeneous grids, horizontal pipes) and its effect on the bed load 
transport is studied considering a plane-bed and a ripple-covered bed. The interesting results is that 
the increase in sediment transport for the plane bed was found to be easily modeled as a function of 
the coefficient of variation of the bed shear stress ww ττ ' . As in the case of the work of Zanke 

(2003) the CV of the bed shear stress (or equivalently the CV of the friction velocity) was found to 
be correlated to the entrainment process: it is associated with a reduced value of the critical Shields 
parameter in the work of Zanke (2003) and with an increased bed-load transport in the experimental 
study of Sumer et al. (2003)). The fact that in the case of a ripple-covered bed the increased 
transport was found to be correlated with the turbulence level but also with some other parameter 
which takes account for the ripple geometry, suggests again the importance of the bottom bed 
geometry and thus the importance of the observation scale for studying the erosion process. 
   From the above review the difficulties encountered in the formulation of a sediment entrainment 
model are clear, as well it is evident the lack of coherent and a physically-based framework in 
which the problem can be defined consistently. The link between the grain-scale variables and the 
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continuum-scale variables is considered in different way by the Authors and a general agreement 
about which are the most important destabilizing forces acting on the bottom bed is still not present. 
The importance of the scale at which the process has to be observed and thus modelled is in general 
recognized: many Authors found in fact that the presence of ripple-bed affects or can affect the 
results that they found in plane-bed studies. It was also found that the coefficient of variation of the 
bed shear stress can be in some cases easily correlated with the sediment transport and its inclusion 
in a modified Shields parameter is in principle possible.  
   A possible improvement in such a situation can be however found in the recent works of Nikora et 

al. (2007) and Coleman and Nikora (2008). In the first paper the concept of double-averaging 
operation (both in space and time) is proposed and its applications in environmental hydraulics are 
discussed. Using this idea the Authors derived a new formulation of the momentum equations of a 
fluid flow (Navier-Stokes equations) which takes in account for the space and time variability of the 
unknown variables. As in the classical case of the Reynolds-averaged formulation (RANS) of fluid 
dynamics, in which the Reynolds stress tensor appears in the equations and it takes account of the 
time-fluctuations of the velocity field, in the formulation proposed in the paper (named DANS from 
Double Averaged Navier Stokes equations) new terms are derived in order to take account for the 
space variability of the flow field. The new approach is then applied to give a consistent definition 
of the bed shear stress in case of rough-walls providing a coherent formulation for both the form 
drag and the viscous action. Using the double-average methodology is possible to overcome the 
difficulties usually encountered in defining the hydraulic variable in case of roughness considering 
a space averaging operation at a certain scale and a roughness geometry function in order to account 
for the bed geometry at that scale. In the paper is furthermore reported that for most practical case a 
suitable averaging volume is a thin slab parallel to the bed. Such a volume is then applied in the 
paper of Coleman and Nikora (2008) in which a spatial-average procedure is used to study the 
incipient motion. In this last paper a unifying framework in which is possible to define coherently 
the problem of the grain entrainment is proposed and their procedure is here briefly explained. The 
particle motion is described at the grain-scale considering the general formulation of the Newton’s 
second law applied for a rigid body. The fluid motion is described at the continuum-scale using a 
spatially-averaged formulation of the Navier-Stokes equations (which is derived with the averaging 
theorems proposed in Whitaker 1999). Both the formulations are then coupled considering the 
surface of the thin slab used in the spatial-averaging operation of the Navier-Stokes equations to be 
coincident with the body surface of the single grain. The coupling is considered at the threshold 
condition when the particle is on the verge of moving, but remains fixed in space. The resulting 
equation is (Coleman and Nikora 2008): 
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sW , sρ  and iU  are the particle volume, density and velocity in the i direction respectively, ρ  is the 

water density, 
ig  the gravity force in the i direction, k

iF the interparticle forces, fV  is the spatial-

averaging volume occupied by the fluid, 0V  is total spatial-averaging volume, iu  and p  are the 

spatial-averaged fluid velocity and pressure respectively, 
0V

V f
=Θ is the roughness geometry 

function, and jiuu ˆˆ  is spatial-averaged momentum flux tensor composed by the spatial 

correlations of the velocity deviations (i.e. the equivalent to the well known Reynolds stress tensor). 
The equation [6.1] explains clearly the link between the motion of a single grain and the forces 
induced by the flow field (including both the viscous action and the pressure gradients), by the 
particle weight and by other particles surface contacts. The left-hand side is the change of 
momentum of the single grain. The first term of the right-hand side is the buoyancy force, the 
second term the interparticle forces, the third term the volume forces induced by the gravity and by 
the fluid inertia, the fourth and the fifth terms are the surface forces induced by pressure gradients, 
by the viscosity and by the spatial-averaged velocity correlation tensor. The formal derivation of 
equation [6.1] and its extension to the case of a group of  particles can be found in the paper of 
Coleman and Nikora 2008).  
In case of 2D steady uniform flows it is showed that the entrainment function of particles depends 
on the balance of the submerged grain weight and the bed shear stress only. Such a result give 
support within a physically-based framework to the observed significance of the classical Shields 
parameter to evaluate the bed instability (Coleman and Nikora 2008). For more complex geometries 
and more specific entrainment problems, the Authors argued that the proposed framework requires 
parameterization and measures of the terms in equation [6.1]. In particular the interparticle forces, 
the pressure gradients and momentum fluxes needs to be studied. 
   The paper of Coleman and Nikora (2008) thus proposed a coherent framework in which the 
problem of sediments entrainment can be consistently defined and it showed that all the processes 
that were analyzed by previous studies (and briefly reviewed above) can be included coherently in 
one single equation using a spatial-averaging operation at the certain scale.  
   In the next sections the bottom bed dynamics will be analyzed for the local scour around a 45° 
wing-wall abutment. The bed shear stress and the pressure gradients will be considered as active 
forces for the destabilization of the sediment and their statistics will be discussed. Furthermore the 
conceptual results of the Authors reviewed in the first part of the introduction will be used since 
their investigations allow a clear and synthetic understanding of the different near-wall variables 
and of their statistics. 



________________________________________________________________________________ 

____________________________________________________________________________ 116 

6.2) Dynamics on the Bottom Bed 
 
   The dynamics of the near-wall region is affected by the bursting process (Yalin 1992). Such a 
dynamics, briefly described in the Introduction, implies the formation of the so-called “streaks” 
which are generated by regions of fluid moving downstream faster or slower than the average value. 
This kind of fluctuation continues for a while and it terminates giving rise to a “burst” in which the 
fluid moves suddenly upwards. This behavior is then repeated quasi-periodically. Such streaky 
dynamics can be visualized plotting the fluctuations w’ of the vertical velocity at a distance of 10-
15 wall units and can be studied using scatter plots of the fluctuations of the horizontal and vertical 
velocity components. As discussed in Chapter 2, the streaks have a longitudinal extension of about 
800 wall units, and a spanwise extension of about 120 wall units, thus the grid spacing was chosen 
to be  small enough to capture accurately this dynamics.  
   In Figures 6.1 and 6.2 the streaks are visualized for the Flat Bed configuration and for the 
Logarithmic Scour configuration, respectively. The streaks dynamics for the Equilibrium Scour 
configuration was found to be essentially similar to that of the Logarithmic Scour and is not 
reported. The streaks visualization of the picture is achieved by plotting the contour of the vertical 
fluctuations 12 wall-units from the bottom bed. In each Figure six consecutive frames are shown in 
order to detect how the geometry of the problem can influence the formation of the streaks. In 
Figure 6.1 where the Flat Bed configuration is reported, it can be seen that the streaks are 
influenced by the presence of the obstacle in particular in the upstream and downstream corner 
regions and along the abutment central wall. In the upstream corner the streaks arrive from the 
turbulence of the incoming boundary layer, but some of them are produced locally as highlighted by 
the black arrow in Figure 6.1a. Both upwards and downwards fluctuations can be generated here 
and then they are advected by the flow field along the upstream abutment wall (Figure 6.1b). As 
they travel they get thin (Figure 6.1c) and eventually may disappear (Figure 6.1d). The generation 
of the streaks in the upstream corner is due by the interaction between the incoming boundary layer 
and the reversed flow which was detected in the analysis of the three-dimensional time-averaged 
flow filed in that region (Chapter 4, Figure 4.6). Close to the abutment nose some streaks can be 
also generated as shown by the black arrow in Figure 6.1e and then they travel with the flow field 
towards the wake region. In the downstream corner the streaks disappear and spot-like structures 
appear. The dynamics is additionally complicated in advanced stages of the process when the 
bottom bed is deformed (Figure 6.2). A general feature which can be observed is that the streaks of 
the incoming boundary layer cannot enter the scour-hole region since they are destroyed at the 
upstream edge (see the isoline at z/h = -0.1 in Figure 6.2). As a consequence, the upstream part of 
the scour-hole is not affected by the typical boundary layer dynamics and the level of turbulent 
fluctuations is substantially reduced. Turbulent structures can be recognized in the bottom part of 
the scour-hole around the obstacle walls, where they are generated from the reversed flow induced 
by the primary vortex. In this region they assume a chaotic behavior. The black arrows in Figures 
6.2b, c and d show spot-like structures originated in the upstream corner and then traveling 
downstream on the sloping bed until they reach the scour-hole edge where they are destroyed. This 
behaviour indicates the presence of splat phenomena induced by the downflow which, reaching the 
bottom bed, is destroyed in smaller structures advected away from the obstacle by the primary 
vortex.  
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Figure 6.1 Dynamics of turbulent structures at the Bottom Bed for the Flat Bed Configuration. w’ 
is the fluctuation of the velocity component in the vertical direction and a positive value means fluid 
moving upwards. a) bUh.t 00= , b) bUh.t 50= , c) bUh.t 01= , d) bUh.t 51= , e) 

bUht 0.2= , f) bUht 5.2= . 
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Figure 6.2 Dynamics of turbulent structures at the Bottom Bed for the Logarithmic Scour 
Configuration. w’ is the fluctuation of the velocity component in the vertical direction and a 
positive value means fluid moving upwards. Bathymetry of the scour hole is shown through 
isolines. a) bUh.t 00= , b) bUh.t 50= , c) bUh.t 01= , d) bUh.t 51= , e) bUht 0.2= , f) 

bUht 5.2= . 
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The main effect of the structures dynamics on the bottom bed is to increase the Reynolds stress 
tensor components and thus the RMS of the bed shear stress as it will be shown later. Furthermore 
the vertical flux of the Reynolds stress is also larger and it can affect the pressure gradients balances 
as was previously shown in Chapter 4, section 3.3. Turbulent structures can be also detected in the 
downstream part of the scour-hole: white arrows in Figures 6.2d to 6.2f indicate the presence of a 
structure traveling along the sloping bed towards the wake region. These structures are originated 
along the upstream junction (refer to Figure 2.4 for nomenclature) by the splat phenomenon which 
creates the small vortex VIII (Figure 4.12) close to the abutment wall. Once they have formed they 
travel towards the central part of the scour-hole (between x/h = 6.5 and x/h = 7.0) where they 
assume a spot-like shape. They continue to travel forward and when they reach the sloping bed of 
the scour-hole (after x/h = 7.0) they elongate themselves assuming a thin shape with the major axis 
along the y direction and are advected by the flow field downstream to the wake region. 
   The overall dynamics described above affects the bottom bed statistics which will be analyzed 
hereafter. Since in many practical erosion formulas (e.g. Meyer-Peter and Müller 1948) the time-
averaged shear stress is the fundamental parameter used to model the sediment transport, the 
contours of the amplification of such a quantity is used as the starting point for further analysis. For 
each scour condition, four points that are representative of significant regions are chosen and the 
time-series of the velocity vector and of the pressure are extracted. In Figure 6.3 the contours of the 
bed shear stress amplification are shown for the three scour configurations under analysis. In the 
Flat bed configuration the shear stress amplification assumes quite a regular distribution with values 
monotonically decreasing going away from the abutment nose (Figure 6.3a). The first point P1 is 
placed in a region characterized by a bed shear stress below the value of the incipient of motion, the 
second point P2 is chosen in a region of critical conditions, the third point P3 is within a region of 
large bed shear stress and the fourth point P4 is close to the abutment nose where the sediment 
motion gets started (Radice et al. 2009b). In the scoured configurations (Figures 6.3b and 6.3c) the 
bottom bed can be divided in three different regions. The first point P1 is chosen in the first region 
located upstream the scour-hole; two additional regions can be recognized inside the scour hole: the 
top part which is characterized by a value of the bed shear stress close to zero; the bottom part of 
the scour-hole which is characterized by a large shear stress and a spot-like structure dynamics. The 
boundary between these two regions is characterized by a convergence of the shear lines and is 
highlighted in Figure 6.3 by two dashed lines. The point P2 is placed in the top part of the scour-
hole, point P4 in the bottom part and point P3 on the boundary between the two regions, referred to  
as the “convergence zone”.  
   These points will be used in the next section to study the implication for scouring. Section 6.3 
investigates the possibility of applying models based on the bursting process to simulate local scour 
phenomena; section 6.4 deals with higher order statistics of the bed shear stress, section 6.5 deals 
with the pressure gradient statistics and in section 6.6 comparison with the experimental results of 
Radice et al. (2009b) are discussed. In section 6.7 concluding remarks are reported. 
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Figure 6.3. Positions of the points used for the analysis. a) Flat Bed, b) Logarithmic Scour; c) 
Equilibrium Scour. Contours: Time-averaged shear stress amplification for the three configuration 
(parameter 4.1 defined in Chapter 4), Lines: shearlines. The contour line corresponding to an 
amplification equal to one and thus corresponding to critical conditions is drawn in white. The 
“convergence zone” is highlighted through two dashed lines. 



________________________________________________________________________________ 

____________________________________________________________________________ 121 

6.3) Bursting Process 
 
   It is established in literature that the bursting process is a fundamental boundary layer dynamics 
which lead to bed instability (Cao 1997, Keshavarzy and Ball 1997, Sechet and Le Guennec 2000 or 
Shvidchenko and Pender 2001). The model proposed by Cao (1997) and briefly described in the 
Introduction of this Chapter, for example, considers the entrainment of sediments as a function of 
the bursting period and of the area of characteristics burst. The bursting process, being a typical 
feature of undisturbed turbulent boundary layers, can be considered as a two-dimensional dynamics 
since it can be easily studied using the scatter plot of horizontal and vertical velocity fluctuations. In 
order to verify if a model based on the bursting process as that proposed by Cao (1997), can be 
applied for modeling local erosion phenomena, which typically involves three-dimensional 
separations, it is necessary to verify whether the bursting process can be modeled considering only a 
two-component velocity vector and how the dynamics changes as the bottom bed geometry is 
changed.  
 
 
 
6.3.1) Bursting Process in the undisturbed turbulent channel flow 
 
   In Figure 6.4 the bursting process for the undisturbed turbulent channel flow is shown using the 
scatter plot of the fluctuations of the longitudinal and normal velocity components taken at a 
distance of 12 wall-units. 
 
 

 
Figure 6.4. Bursting process for the undisturbed turbulent channel flow. lu'  and nu'  are the 

fluctuations of the velocity components in the longitudinal and vertical direction respectively taken 
at a distance of 12 wall-units. The borderline Hyperbola is also shown.  
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The procedure to detect the bursting process using a scatter plot is the following (Sechet and Le 
Guennec 2000). If the plane ( lu' , nu' ) of the fluctuations in the longitudinal and in the vertical 

(normal) direction respectively, is divided in four quadrants, it can be recognized that most of the 
points are located in the second and fourth quadrant. This indicates that in general a positive value 
of the longitudinal fluctuation lu' , and thus an acceleration, is correlated with a negative value of 

the normal fluctuation nu' , and thus with a downwards motion. Equivalently, a negative value of the 

longitudinal fluctuation lu' , and thus a deceleration, is correlated with a positive value of the 

normal fluctuation nu' , and thus with upwards motion. The points located in the second and fourth 

quadrants are named “Ejection” and “Sweep” respectively, and thus considered to belong to the 
bursting process, if they are located outside a so-called borderline hyperbola defined as: 
 
 

 22'' nlll uuHuu −= .  [6.2] 

 
 
The main issue is now the definition of the value of the parameter H. Bogard and Tiederman 1987,  
studying experimentally the bursting process, found an optimal value of H = 1.2 for the sweep-
ejection detection and thus such a value is considered in the following analysis. The percentage of 
events that can be considered to belong to the bursting process, can be defined as the ratio between 
the number of points which are located outside the borderline hyperbola [6.2] in the second or to the 
fourth quadrant (referred to IIN  and IVN  respectively) and the total number of points of the scatter 

plot (referred to TN ): 
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Such a parameter will be called the bursting time and in case of the undisturbed turbulent channel 
flow used as the inflow conditions for our simulation its values was found to be 212.00 =bT . The 

value computed with the results of Sechet and Le Guennec (2000) who performed an experiment at 
a Bulk Reynolds number equal to 500'8Re =b  is 260.0=bT  and thus close to our numerical value. 

Although additional parameters can be defined in order to study the bursting process (cf. Sechet and 
Le Guennec 2000, Bogard and Tiederman 1987 or Shah and Antonia 1989), the bursting time [6.3] 
will be enough to evaluate the applicability of an entrainment model based on the bursting process. 
If the value of the bursting time for a certain point is found to be larger than the reference value of 

0bT , this indicates that the bursting process, and thus its importance for the entrainment of 

sediments, is enhanced by the particular condition under analysis. 



________________________________________________________________________________ 

____________________________________________________________________________ 123 

6.3.2) Bursting Process in the 45° wing-wall geometry 
 
   In this section the bursting process will be studied for the 45° wing-wall geometry and it will be 
shown how it changes once the scour-hole has formed. The points were the analysis was carried out 
are those shown in Figure 6.3. In order to compute a two-dimensional scatter plots for a complex 
three-dimensional geometry, the following procedure was adopted. The velocity time-series was 
taken for each point at a distance of 12 wall-units in the vertical direction from the bottom bed. The 
velocity components normal and parallel to the bed were extracted for the whole time-series and 
their time-averaged values were computed. Since the instantaneous velocity vector has not always a 
component parallel to the bed which points in the same direction of its time-averaged value, in 
order to compute a two-dimensional scatter plot, the projection of the instantaneous velocity 
component parallel to the bed on its time-averaged value is considered. Hereafter, these projections 
are referred to the longitudinal component of the velocity vector. The procedure is schematically 
shown in Figure 6.5. Clearly if a projection is considered, the angle θ between the two vectors can 
be computed. If this angle is in general close to zero for the whole velocity time-series, the bursting 
process can be considered as a two-dimensional phenomenon, otherwise if its value is large for 
many instants, a simple two-dimensional model cannot be considered. In order to evaluate the 
angle, its cosine is considered. A value of the cos(θ) equal to -1 indicate an instantaneous vector 
directed against the mean flow direction. 
 
 

 
Figure 6.5. Procedure to obtain a two-dimensional scatter plot from a three-dimensional velocity 
vector. Nomenclature: (x,y,z) main frame of reference; Ū Time-averaged velocity vector; ul and un 
time-averaged velocity components of Ū parallel (referred to the longitudinal component) and 
normal to the bed; ui instantaneous velocity vector; uin component of the instantaneous velocity 
vector ui in the direction normal to the bed; uip component of the instantaneous velocity vector ui in 
the direction parallel to the bed; uil projection of the instantaneous velocity component parallel to 
the bed (uip) on the time-averaged longitudinal component ul; θi angle between the component of 
the instantaneous velocity vector ui in the direction parallel to the bed (uip) and the time-averaged 
longitudinal component ul. The longitudinal and normal fluctuations are computed using the 
relations: u’l  = (uil -  ul) and u’l  = (uin -  un). 
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Using the procedure shown in Figure 6.5 the scatter plots are computed. In Figure 6.6 the results for 
the four points taken in the Flat bed configuration are shown (see Figure 6.3a for the relative 
positions of the points). 
 
 

 
Figure 6.6. Bursting process for the Flat Bed configuration. lu'  and nu'  are the fluctuations of the 

velocity components in the longitudinal and vertical direction respectively. The borderline 
Hyperbola is also shown.  
 
 
From the picture it can be seen that the points far from the obstacle, namely the first point P1 and 
the second point P2, exhibit a scatter plot similar to that of the undisturbed turbulent channel flow 
shown in Figure 6.4. As the obstacle is approached, the scatter plot shows a larger dispersion (cf. 
point P3) and close to the abutment nose (cf. point P4) no particular coherent structure in any 
preferential quadrant can be detected since the points ( lu' , nu' ) assume a cloudy shape. Therefore 

close to the abutment nose the coherency of the streaky dynamics is destroyed. In order to detect if 
the bursting process shown in the scatter plots of Figure 6.6 can be considered important for the 
scouring process, the bursting time and the angle of the velocity time-series has to be analyzed. In 
Figure 6.7 the Bursting time and in Figure 6.8 the angle of the velocity time-series for the Flat Bed 
configuration are shown. The bursting time is enhanced by the presence of the obstacle but only far 
away from it: the points P1 and P2, that are located at a distance of 1.5h and 1h from the abutment 
nose respectively, are characterized by a bursting time of about 250.Tb = .  
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Figure 6.7. Bursting time for the Flat Bed configuration. The reference value of the undisturbed 
turbulent channel flow 212.00 =bT  is shown with a straight dashed line. 

 

 
Figure 6.8. Angle between the longitudinal component of the instantaneous velocity vector and the 
time-averaged longitudinal component for the Flat Bed configuration. 
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As the obstacle is further approached the bursting time decreases. In general the process can be 
considered as a two-dimensional phenomenon since the cosine of the angle between the 
longitudinal component of the instantaneous velocity vector and the time-averaged longitudinal 
component are always close to zero as it can be seen in Figure 6.8. However a model for the 
entrainment of sediments based on the bursting process would probably leads to wrong estimation 
close to the abutment nose since here no bursting process is detected although the instantaneous 
velocity vectors are found to be essentially always parallel to their time-averaged direction. 
In the scoured configurations the situation is more complex. In Figures 6.9 and 6.10 the scatter plots 
for the Logarithmic and Equilibrium Scour respectively, are shown for the points showed in Figure 
6.3. For both the scoured configurations point P1 is taken upstream the scour-hole edge, point P2 in 
the top part of the scour-hole, point P3 inside the “convergence zone” and point P4 close to the 
abutment nose. 
 
 

 
Figure 6.9. Bursting process for the Logarithmic Scour configuration. 

lu'  and 
nu'  are the 

fluctuations of the velocity components in the longitudinal and vertical direction respectively. The 
borderline Hyperbola is also shown.  
 
 
In general in both configurations the scatter plots are different compared to those of the undisturbed 
channel flow (Figure 6.4) and thus the bursting process is destroyed by the formation of the scour-
hole around the obstacle. On the scour-hole edge, point P1, the pairs ( lu' , nu' ) align along a line 

which is approximately parallel to the lu'  axis and the fluctuations are smaller when the process is 
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close the equilibrium (P1 in Figure 6.10). In the top part of the scour-hole, point P2, the fluctuations 
give rise to a spot-like behavior which remains roughly inside the borderline hyperbola. 
 
 

 
Figure 6.10. Bursting process for the Equilibrium Scour configuration. 

lu'  and 
nu'  are the 

fluctuations of the velocity components in the longitudinal and vertical direction respectively. The 
borderline Hyperbola is also shown.  
 
 
In the “convergence zone”, which is represented by point P3 of Figures 6.9 and 6.10, the situation is 
different between the two scoured configuration. In the Logarithmic Scour the pairs ( lu' , nu' ) align 

along a line which is located in the first and third quadrants; this indicates the presence of 
accelerations along the longitudinal direction associated mainly with upwards fluctuations. Since 
the “convergence zone” is located between the primary vortex VI and the secondary vortex SI, the 
uplift motion is due to the flow field of the primary vortex VI which, moving away from the 
boundary, originates the secondary vortex SI (see the streamlines shown in Figures 4.12a and b of 
Chapter 4). In addition, from the vorticity contours shown in Figures 4.12c and d, it can be seen that 
the strength of the structures is lower in the Equilibrium Scour configuration compared to those of 
the Logarithmic Scour. As a consequence the scatter plot of point P3 in Figure 6.10 assumes a spot-
like shape rather than the stripe-like shape of the scatter plot of the corresponding point P3 in the 
Logarithmic Scour configuration (Figure 6.9), indicating that the longitudinal fluctuations intensity 
is decreased when the process is close to the equilibrium. Close to the abutment nose, point P4, the 
fluctuations originate spot-like shapes for both the scoured configurations which is similar to that 
detected for point P4 at the beginning of the process (Figure 6.6). The percentage of the fluctuations 
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that are outside the borderline hyperbola is sensibly decreased for all the points of both the scoured 
configurations as it can be seen from Figure 6.11; in particular In the Equilibrium configuration the 
bursting time is close to 05.0=bT  which is about one order of magnitude smaller than the reference 

value 212.00 =bT  of the undisturbed channel flow. 

 
 

 
Figure 6.11. Bursting time for the Logarithmic and Equilibrium Scour configurations. The 
reference value of the undisturbed turbulent channel flow 212.00 =bT  is shown with a straight 

dashed line. 
 
 
The formation of the scour-hole and the coherent structures that form inside, contribute to destroy 
the bursting process and to decrease the bursting time, but the most important consequence is that 
this process is not suited to be modeled as a two-dimensional process. As it can be seen in Figures 
6.12 and 6.13, where the cosine of the angles θ between the instantaneous velocity vector and the 
time-averaged longitudinal component are shown, many points are characterized by a velocity 
vector which does not keep the same direction for the whole time series. This is in particular true 
for the points P3 located in the “convergence zone” since in many instants the velocity vector is 
directed against the time-averaged flow field (cosine of the angles close to -1). This indicates that 
the velocity in this region is affected by a complex behaviour and therefore its time-averaged 
direction can be not assumed as representative of its behavior.  
. 
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Figure 6.12. Angle between the longitudinal component of the instantaneous velocity vector and 
the time-averaged longitudinal component for the Logarithmic Scour configuration. 
 
 
   The analysis shows that the local erosion around a 45° wing-wall bridge abutment cannot be 
modeled considering a simple dynamics as the two-dimensional bursting process. The formation of 
the scour-hole and the interactions between the coherent structures and the bottom bed induce high 
levels of fluctuations not behaving as those of an undisturbed turbulent boundary layer and 
therefore more complex erosion models are needed to simulate this kind of process. In the next 
section the way these fluctuations affect higher order statistics of the bed shear stress will be 
analyzed. 
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Figure 6.13. Angle between the longitudinal component of the instantaneous velocity vector and 
the time-averaged longitudinal component for the Equilibrium Scour configuration. 
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6.4) Bed Shear Stress Amplification 
 
   The bed shear stress which is considered by many authors to be the most important parameter for 
modeling the erosion process is here investigated. The time-averaged contours were analyzed in 
Chapter 4 and now the analysis deals mainly with higher order statistics in order to detect how the 
coherent structures dynamics can influence the shear stress. In the first section the probability 
density functions (pdf) of the shear stress extracted from the points showed in Figure 6.3 are 
examined and then the contours of some statistics are discussed. 
 
 
 
6.4.1) Probability density function analysis 
 
   The work of Grass (1970), briefly reviewed in the Introduction to this Chapter, showed that 
different shear stress pdf can lead to different erosion rates. Therefore we analyze how the bed shear 
stress pdf changes in different regions of the bottom bed. A general feature which can be detected 
for all the scour configurations analyzed is that the shape of the pdf tends to be larger as the 
obstacle is approached. Such a behavior indicates that the fluctuations increase close to the 
abutment. In Figure 6.14 the pdf for the points shown in Figure 6.3 in the Flat bed configuration are 
shown and in Table 6.1 the first and second-order statistics of the pdf are reported. The pdf of point 
P1, which is in a region characterized by a low level of shear stress shows a shape roughly similar 
to that of the undisturbed channel flow; the pdf of Point P2, which is in the critical-condition region, 
is also similar to that of the channel flow but it already feels the presence of the obstacle since it has 
a bimodal shape. In Point P3 the bimodality is more evident and the shape of the pdf starts 
widening. Close to the abutment nose, Point P4, the bimodality practically disappears and the pdf is 
very wide. The statistics of the pdf  reported in Table 6.1 show a monotonic increase going towards 
the obstacle. In the Logarithmic Scour configuration the pdf of the stress (Figure 6.15) retains a 
shape similar to that of the undisturbed channel flow for the point P1 located at the scour-hole edge 
and for the point P2 located in the top part of the scour-hole. In the convergence zone, point P3, the 
pdf shows a very large right-tail indicating the presence of a large amount of fluctuations and that 
the process is characterized by extreme events. Close to the abutment nose, point P4, the pdf has 
further widened. In the Equilibrium Scour configuration the situation is quite similar to that of the 
Logarithmic Scour except for some differences now discussed. In points P1 and P2 the bed shear 
stress pdf is still located on the left of the pdf of the undisturbed channel flow, but it is characterized 
by a very thin shape and close to the abutment, point P4, the pdf gets wide. In the convergence 
zone, point P3, the right-tail of the pdf is shorter than that of the pdf of the Logarithmic Scour and 
this is a consequence of the smaller intensity of the fluctuations as already detected in the scatter 
plot analysis. The statistics of the pdf, reported in Table 6.2 for the Logarithmic Scour and in Table 
6.3 for the Equilibrium Scour, show that the time-averaged shear stress is larger than the critical 
value only close to the abutment nose for both configurations and the second-order statistics show a 
monotonic increase going towards the abutment nose as was detected for the beginning of the 
process in Table 6.1. 
The presence of a bimodality, for some points of the Flat Bed configuration, and the presence of a 
large right-tail in the convergence zone of the Logarithmic Scour configuration, suggest that the 
process is not characterized by self-similar pdf of the bed shear stress. The distributions change in 
shape and in position for different region of the bottom bed and for different scour configurations. 
This observation is in agreement with the discussions to the paper of Grass (1970) made by Gourlay 
(1970) and by Vollmers and Giese (1970). In fact, the authors found that the shape of the pdf can be 
a function of the position and thus that a model based on the assumption that the ratio between the 
standard deviation and the mean value of the bed shear stress pdf remains the same during the 
process would lead to erroneous results. Therefore the pdf statistics need further investigation and 
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in particular the coefficient of variation of the shear stress pdf has to be investigated. This analysis 
is reported in the next section where the contours of the statistics are reported. 
 
 

 
Figure 6.14. Probability density function (pdf) of the bed shears stress computed for the points 
showed in Figure 6.3 in the Flat bed configuration. The pdf of the bed shear stress for the 
undisturbed channel flow is also shown with a dashed line. 
 
 
 
 

 C P1 P2 P3 P4 

Mean 1.00 0.82 0.99 2.56 8.45 

RMS 0.32 0.30 0.33 0.57 1.31 

 
Table 6.1. Statistics of the bed shears stress computed for the points showed in Figure 6.3 in the 
Flat bed configuration. The statistics for the bed shear stress of the undisturbed channel flow (C) are 
also shown. 
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Figure 6.15. Probability density function (pdf) of the bed shears stress computed for the points 
showed in Figure 6.3 in the Logarithmic Scour configuration. The pdf of the bed shear stress for the 
undisturbed channel flow is also shown with a dashed line. 
 
 
 
 

 C P1 P2 P3 P4 

Mean 1.00 0.78 0.41 0.64 3.02 

RMS 0.32 0.19 0.20 0.65 0.73 

 
Table 6.2. Statistics of the bed shears stress computed for the points showed in Figure 6.3 in the 
Logarithmic Scour configuration. The statistics for the bed shear stress of the undisturbed channel 
flow (C) are also shown. 
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Figure 6.16. Probability density function (pdf) of the bed shears stress computed for the points 
showed in Figure 6.3 in the Equilibrium Scour configuration. The pdf of the bed shear stress for the 
undisturbed channel flow is also shown with a dashed line. 
 

 

 

 

 C P1 P2 P3 P4 

Mean 1.00 0.43 0.15 0.41 2.73 

RMS 0.32 0.08 0.15 0.28 0.87 

 
Table 6.3. Statistics of the bed shears stress computed for the points showed in Figure 6.3 in the 
Equilibrium Scour configuration. The statistics for the bed shear stress of the undisturbed channel 
flow (C) are also shown. 
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6.4.2) Contours of higher order bed shear stress statistics 
 
   The analysis of the pdfs at some particular points, showed that the probability distributions cannot 
be considered as invariant both with the position of the point and with the scour condition. In this 
section the contour-plots of some statistics are discussed: the second order statistics (RMS), the 90° 
percentile and the coefficient of variation of the bed shear stress are analyzed.  
   The contours of the RMS of shear stress indicates where the process is affected by large variation 
around its mean and thus where large intermittency occurs. Since the previous analysis showed that 
the profile of the pdf is sometimes complex, a shape-parameter is further needed to gain more 
synthetic information about the behaviour of the process. The percentile of a pdf is defined as that 
value of the variable below which a certain percent of the time series falls. The 90° percentile of the 
bed shear stress pdf indicates that the 90° of the series remains below that particular value of bed 
shear stress. Therefore the contours of the 90° percentile give information about the “persistence” of 
the distribution: a region which is characterized by a large value of the 90° percentile indicates that 
most part of the time series (the 90%) is below that value and thus that the process tends to keep 
large values of bed shear stress. This concept differs from that of “heavy tailed distributions” which 
indicates processes affected by large tails and thus by rare but extreme events. If two distributions 
have the same mean value but the first has a large (or long) right tail and the second has a large 90° 
percentile, this means that the first process is characterized by rare events which are however very 
strong, and the second process is characterized by many events that are stronger than the mean 
value but not so much as to be considered as extreme events. Furthermore the 90° percentile is a 
statistical parameter which is more unbiased compared to other higher-order statistics, as the 
skewness or the kurtosis, that are usually biased unless the time-series is particularly long. The last 
parameter analyzed, the coefficient of variation CV, is in the first place an indication of the self-
similarity of the distribution with respect to the first two statistics (mean and RMS) and secondly it 
can be interpreted in terms of recent studies aimed at extending the Shields approach to phenomena 
which are characterized by large unsteadiness. 
   From Figure 6.3 where the contours of the time-averaged bed shear stress amplification are 
reported, was observed that the bottom bed can be divided in different zones. The part upstream the 
scour-hole, the top and the bottom part of the scour-hole, and the boundary between these two 
regions which was called “convergence zone” since in this thin part of the bottom bed the shearlines 
collapse to a single one. In this section it will be analyzed how higher-order statistics of the bed 
shear stress change in these regions. The RMS and the Coefficient of Variation for the Flat Bed case 
can be found also in the work of Teruzzi (2006) and Teruzzi et al. (2009). In Figure 6.17 the 
contours of the RMS of the bed shear stress are shown for all the scour configurations. At the 
beginning of the process, Figure 6.17a, the fluctuations are mostly concentrated in front of the 
central abutment wall and in the wake region; they are the consequence of the shedding of the 
Detached Shear Layer which separates from the abutment nose edge. Once the scour-hole has 
formed, the fluctuations move towards the upstream corner region, towards the wake region and 
close to the downstream lateral wall of the channel (Figures 6.17b and c). In general their maximum 
value is smaller than that detected for the Flat bed configuration. The origin of the RMS in the 
upstream corner region is a consequence of the splat-phenomena induced by the increased 
downflow which encountering the bottom bed separates in smaller structures which are advected 
away by the flow field. The largest value in this zone is found during the logarithmic phase of the 
process (Figure 6.17b) and this is in agreement with the experimental findings of Melville and 
Raudkivi (1977) for the local scour around a circular bridge pier. In their experiment the authors 
found that in the upstream part of the scour-hole the largest value of turbulent fluctuations at the 
bed level is during an intermediate phase of the process.  
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Figure 6.17. RMS of the bed shear stress amplification. a) Flat Bed, b) Logarithmic Scour; c) 
Equilibrium Scour. The “convergence zone” is highlighted through two dashed lines. 
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In the wake region close to the channel wall the large value of the RMS is induced by the coherent 
structure which was detected in that region (see Figure 4.10 in Chapter 4). In Figure 6.17b and c the 
convergence zone is also highlighted using two dashed line and it can be seen that in this region the 
level of fluctuations is rather small for both the scoured configurations. In the scoured 
configurations the smallest level of shear stress fluctuations is found in the top part of the scour-
hole.  
   In Figure 6.18 the 90° percentile of the bed shear stress is shown for all the scour configurations. 
The local 90° percentile 90τ  is made non dimensional with the value of the 90° percentile 

c90τ  

computed for the bed shear stress of the undisturbed channel flow. In the Flat bed configuration 
(Figure 6.18a) the largest value are detected close to the abutment nose and in front of the abutment 
central wall. This result indicated that in this region the process tends to have large value for many 
instants. Different is the situation when the scour-hole has formed (Figure 6.18b and c). The largest 
values are now found to be located around the whole obstacle and in particular close to the 
junctions between the abutment walls and the bottom bed. In the same region a small but coherent 
structure was detected. Such a vortex, which was named VIII in Figure 4.10 of Chapter 4, was 
found in Chapter 5 to be characterized by small-scale fluctuations inducing high level of energy 
dissipation. An other effect of this structure, which can be detected looking at the 90° percentile, is 
to keep high level of bed shear stress in the region around the obstacle. Therefore, although vortex 
VIII is very thin compared with the length-scale of the abutment, it can be an important structure for 
the evolution of the scouring process. As was found for the RMS, the convergence zone is not 
characterized by a substantial level of large bed shear stress since in this region the 90° percentile is 
quite small, and the top part of the scour-hole is characterized by the lowest level of the percentile. 
   The ratio between the local RMS value and the local time-averaged value of the bed shear stress, 
or equivalently of the friction velocity, was found by many authors to be an important parameter 
which can be easily introduced in an extended Shields approach (Zanke 2003). The results of Zanke 
(2003) shows that the critical value of the Shields parameter necessary for the sediment 
entrainment, is reduced in the region characterized by a large value of the bed shear stress CV. Such 
a result indicates that the absolute value of the fluctuations is not the only parameter important for 
the evolution of the process, but the turbulence at the bed can be modeled using also the CV of the 
bed shear stress. Such a parameter is shown in Figure 6.19 for all the scour configurations under 
analysis and it is found that in general it changes both with the position and with the scour 
conditions. This indicates that a reference value valid for the whole process can be not defined. At 
the beginning of the process (Figure 6.19a) it remains quite small and large values are detected 
close to the upstream and downstream corners. In advanced stage of the process CV tends to 
increase. High values are found on the top part of the scour-hole (Figure 6.19b and c) since in this 
region the value of the time-averaged shear stress is the smallest (see Figure 6.3) and low values are 
found in the bottom part of the scour-hole in front of the obstacle. In the Logarithmic Scour 
configuration the largest value are found along the convergence zone and just below it (towards the 
obstacle). In this region thus the critical value of the Shields parameter is smaller and as a 
consequence the sediment transport can be larger. Such an observation is in very good qualitative 
agreement with the experimental results of Radice et al. (2009b) on the motion of sediment particles 
during the logarithmic phase of the process. These results will be reported and further discussed in 
section 6.6. At the equilibrium the convergence zone is not characterized by the largest value of CV 
anymore since the largest values are just below the scour-hole edge.  
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Figure 6.18. 90° percentile of the bed shear stress amplification. a) Flat Bed, b) Logarithmic Scour; 
c) Equilibrium Scour. The “convergence zone” is highlighted through two dashed lines. 
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Figure 6.19. Coefficient of Variation of the bed shear stress amplification. a) Flat Bed, b) 
Logarithmic Scour; c) Equilibrium Scour. The “convergence zone” is highlighted through two 
dashed lines. 
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6.5) Pressure Gradients  
 
   The pressure gradients can be important for the evolution of the process for many reasons. First, 
the results of Coleman and Nikora (2008) showed that they can be considered as active forcing for 
destabilizing the process. Their spatial-averaged equation [6.1] shows how the pressure gradients 
can be coherently introduced in a model for simulating the grain entrainment and it is highlighted 
that they can be important for flow field which are characterized by a strong three-dimensionality. 
Second, the paper of Francalanci et al. (2008) revealed that a vertical pressure gradient larger (in 
absolute value) than the hydrostatic one can destabilize the single particles and vice versa a smaller 
vertical pressure gradient would stabilize the bed. Third, the work of Vollmer and Kleinhans (2007) 
showed that the pressure fluctuations are also important for modeling a local erosion process.  
   Henceforth the pressure gradients are discussed considering first the horizontal component and 
successively the vertical one.  
 

 

 

6.5.1) Horizontal pressure gradient 
 
   The horizontal pressure gradient can induce a drag force on the sediment which, if considered at 
the grain-scale, can be larger than the friction force (Coleman and Nikora 2008). The contour-plots 
of the time-averaged horizontal pressure gradient for the scoured configurations are reported in 
Figure 4.23b and c of Chapter 4. These pictures show that close to the upstream junction they 
induce a force directed away from the abutment wall. This observation is also in agreement with the 
experimental results of Radice et al. (2009b) discussed later. In this section we analyze the contour 
of the RMS of the horizontal component of the pressure gradient which are reported in Figure 6.20 
for all the scour configurations. In general the same behaviour found for the RMS of the bed shear 
stress can be detected: the largest values are found at the beginning of the process and then their 
absolute value decrease with the formation of the scour-hole. In the Flat Bed configuration (Figure 
6.20a) the greatest value are found close to the abutment nose and in the wake region and they are 
generated by the shedding of the Detached Shear Layer. In the scoured configuration the 
fluctuations move towards the upstream corner region and the largest value is found during the 
Logarithmic Phase of the process (Figure 6.20b). The movement of the pressure fluctuations, and 
thus of its gradients, towards the upstream corner region once the scour-hole is formed, is quite a 
common behavior for lateral mounted obstacles. The numerical results of Koken and 
Constantinescu (2008a and 2008b) showed a similar trend for the case of a vertical spur-dike. At the 
beginning of the process the largest fluctuations were detected close to the tip of the obstacle and in 
the scoured configuration the largest value are found in front of the obstacle and close to the 
upstream corner. Our numerical results on the RMS of the horizontal pressure gradient are thus in 
agreement with the results for other geometry of lateral mounted obstacle. Furthermore they are 
also in agreement with the Reynolds stress tensor components analyzed in the previous Chapter 5 
and that showed an increased level of large-scale fluctuations in the corner region. 
 



________________________________________________________________________________ 

____________________________________________________________________________ 141 

 
Figure 6.20. RMS of the horizontal component of the pressure gradient. a) Flat Bed, b) 
Logarithmic Scour; c) Equilibrium Scour. The “convergence zone” is highlighted through two 
dashed lines. 
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6.5.2) Vertical pressure gradient 
 
   The vertical component of the pressure gradient is analyzed in this section. Their time-averaged 
contours were reported in Figure 4.26 of Chapter 4 and they are here briefly discussed before 
showing the contours of their RMS.  
Since in the numerical code used for our simulations the dynamic pressure is considered and since 
this is defined as the pressure minus the hydrostatic pressure, a positive vertical pressure gradient 
means a vertical gradient which is larger than the hydrostatic gradient and thus which act to 
stabilize the bottom bed. Equivalently a negative pressure gradient means a vertical gradient which 
is smaller than the hydrostatic value and thus can enhance the sediment entrainment (Francalanci et 

al. (2008). In formulae this means: 
 
 
 hd PPP ∇−∇=∇  [6.4] 

 
 
where dP  is the dynamic pressure, P  the pressure and hP∇  the hydrostatic pressure gradient. A 

negative vertical pressure gradient means: 
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thus a force which acts to destabilize the sediment bed. 
From Figure 4.26b of Chapter 4, in which the vertical pressure gradient is shown for the 
Logarithmic Scour configuration, it can be seen that the convergence zone is characterized by 

slightly positive value (around νρ τ
32.0 u ) and below it, in the bottom part of the scour-hole, 

negative value can be detected. This means that in the bottom part of the scour hole, the scouring 
process is enhanced by the vertical pressure gradient and that the particles that are induced to move 
can travel towards the convergence zone since here the vertical pressure gradient tends to stabilize 
the bed. The vertical pressure gradient can thus help to give an explanation of the presence of a 
convergence zone located in the scour-hole. Once the particles are collected in this region they can 
be advected by the flow field since the CV shown in the previous section enhances the sediment 
transport.  
   The RMS of the vertical pressure gradient is shown in Figure 6.21. They have a different 
behaviour compared to that of the horizontal gradient RMS. The smallest values are found at the 
beginning of the process and then a non-monotonic behaviour can be detected. This is in particular 
true in the upstream corner region where it increases during the Logarithmic Phase and decreases 
going towards the equilibrium stage. In general the largest values are found for the Logarithmic 
Scour configuration and this is again in agreement with the experimental findings of Melville and 
Raudkivi (1977). 
   In the next section the experimental results on the sediment motion of Radice et al. (2009b) are 
reported and they are discussed with the numerical results described in these last sections. 
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Figure 6.21. RMS of the vertical component of the pressure gradient. a) Flat Bed, b) Logarithmic 
Scour; c) Equilibrium Scour. The “convergence zone” is highlighted through two dashed lines. 
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6.6) Comparisons with experimental results 

 
   In Figure 6.22 the time-averaged sediment motion patterns together with the solid discharge taken 
by the paper of Radice et al. (2009b) are shown for the Logarithmic phase of the erosion process 
around a 45° wing-wall abutment. This experimental configuration was measured after 4 hours of 
process and it corresponds to the Logarithmic Scour configuration of our numerical simulation. 

From the picture a convergence zone can be detected located at a distance of about 10 cm from the 
upstream abutment wall. Such a distance corresponds to about h7.0  in our frame of reference and 
this is the distance from the abutment wall of the convergence zone found with our numerical 
results (Figure 6.3b). Figure 6.22 shows that just below this zone the largest sediment transport is 
located. The Coefficient of variation which was shown in Figure 6.19b for the Logarithmic Scour 
configuration, was found to reach the largest value along the convergence zone and just below it. 
Following the results of Zanke (2003) such a zone should be characterized by a low value of the 
critical Shields parameter and thus the sediment entrainment is enhanced. Figure 6.22 is in 
agreement with this observation.  
 

 
Figure 6.22. Time-averaged sediment motion and solid discharge 

sq  as reported by Radice et al. 

(2009b) for the Logarithmic phase of the erosion process around a 45° wing-wall abutment. 
 
 
Close to the abutment upstream wall the sediment patterns indicate that the particle motion has a 
direction of 90° with respect to the wall. The time-averaged shearlines that are reported in Figure 
4.19a of Chapter 4 (or Figure 6.3b of this Chapter) in the same zone have a direction which is 
mostly directed along the y-axis and thus they cannot be the only responsible for the sediment 
motion. The theoretical results of Coleman and Nikora (2008) showed that the pressure gradients 
can be important in complex flows. The drag force lines induced by the horizontal pressure gradient 
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(reported in Figure 4.23b of Chapter 4) in front of the abutment upstream wall are mainly directed 
perpendicular to the wall and thus they could be responsible for generating the sediment motion 
reported in Figure 6.22 in that region. 
   The qualitative comparison between our numerical results and the experimental results of Radice 
et al. (2009b) is satisfactory. Many features evidenced in Figure 6.22 can be easily explained using 
our numerical data and interpreting them using the recent theoretical results about the sediment 
entrainment found in literature.  
The overall conclusions of the analysis of this Chapter and the most important consequence for 
modelling the local erosion phenomena around a 45° wing-wall are reported in the next section. 
 
 
 
 
6.7) Conclusions  

 
   The analysis of this chapter showed that the local scour around a 45° wing-wall bridge abutment 
is a complex phenomenon which is not characterized by any self-similarity of the parameters. The 
numerical results indicate that simple models based on the bursting process (as that of Cao 1997) or 
on the assumption that the shear stress maintains the same coefficient of variation for the whole 
process (as that of Grass 1971) would lead to wrong results. The recent theoretical papers about the 
destabilization process (Zanke 2003, Francalanci et al. 2008 and Vollmer and Kleinhans 2007) were 
used to demonstrate that even the pressure gradients and higher order statistics can be important for 
modelling the process. Using these results in order to interpret our numerical data, the comparison 
with the experimental data of Radice et al. (2009b), was found to be satisfactory. Furthermore the 
paper of Coleman and Nikora (2008) proposed a coherent framework in which all these parameter 
can be collected into a single equation in order to simulate the entrainment of sediment. The main 
conclusion of the Chapter is that in order to model the local erosion around a complex structure it is 
necessary to consider the whole flow field and its unsteadiness. The double-average procedure 
proposed by Nikora et al. 2007 and adopted by Coleman and Nikora (2008) to derive equation 
[6.1], appears to be the appropriate approach in order to obtain a numerical model which can 
simulate the problem accurately. 
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Conclusions 
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   In this work the turbulent field developing in case of local erosion around a 45° wing-wall bridge 
abutment was investigated numerically. Three different scour conditions were considered belonging 
to three different phases of the process, namely the beginning of the process, the Logarithmic phase 
and the equilibrium stage. The bathymetry of the bottom bed was taken from the experimental data 
of Radice et al. (2009b) who performed a physical investigation with an identical obstacle 
geometry. The turbulent flow field was computed using a Large Eddy Simulation technique with a 
Subgrid Scale model developed by Armenio and Piomelli (2000). The Bulk Reynolds number was 
set equal to 7000== νbb hURe  and the corresponding friction Reynolds number was 

417== νττ huRe . The Bulk Froude number was equal to 310.ghUFr bb ==  and thus the 

deformation of the free surface (which was not allowed in the code) would have no effect on the 
flow field. The grid spacing was chosen to be small enough in order to capture accurately the near-
wall dynamics. 
   The analysis was aimed at understanding how the abutment geometry and the local scour-hole 
which forms around it, can influence both the turbulent dynamics of coherent structures and the 
erosion characteristics in different stages of the process. The results were useful to gain a better 
understanding of the physics behind the process and they can be helpful to obtain new physically-
based erosion models. The analysis for the beginning of the process can be found in the works of 
Teruzzi (2006) and Teruzzi et al. (2009). The present analysis was divided in four Chapters and the 
main conclusions are reviewed in this section. Chapter 3 dealt with the classical laws of the 
hydraulics; Chapter 4 dealt with the time-averaged flow field and investigated which are its 
principal effects on the bottom bed; Chapter 5 analyzed the dynamics of the coherent structures and 
how they influence the turbulence characteristics of the flow field; Chapter 6 analyzed the 
applicability of existent erosion models and used the recent theoretical results in order to interpret 
how the turbulent flow field can enhance or suppress the local scour process. 
 
   In Chapter 3, where the classical law of the Hydraulics were investigated, it was found that the 
force balance between the transversal sections located immediately up- and downstream the 
obstacle do not change during the process. It seems that such a condition is verified only for real 
bathymetry of the bottom bed and thus, if this would be confirmed, such a results could be used in 
order to verify if a morphological model can simulate the real bathymetry induced by local scour. 
The dissipation of the mechanical energy in the region close to the obstacle was found to increase 
during the process. 
   In Chapter 4 the time-averaged characteristics of the flow field were investigated. The time-
averaged coherent structures were studied for the three different scour configurations under 
analysis. It was found that the formation of the scour-hole induces the vortex system to be more 
complex and the vortices to be in general larger. Comparisons with existing experimental data were 
satisfactory and thus the numerical code was able to capture the time-averaged characteristics of the 
flow field. The effect of the time-averaged coherent structures on the bottom bed was then 
investigated. It was found that at the beginning of the process the largest bed shear stress is located 
at the abutment nose which is the classical location from which the local scour starts. As the scour-
hole is formed the largest shear stress was found to move towards the upstream corner region and 
towards the wake region. Comparisons with existing experimental results were satisfactory and 
qualitative comparisons with numerical results for other abutment geometry showed that the shift of 
turbulent activity towards the corner region is a typical feature of lateral mounted obstacle. The 
pressure gradients were also investigated and it was found that they share the shift of activity 
towards the upstream corner region and towards the wake region. The horizontal component tends 
to decrease monotonically during the process, while the vertical component was found to increase 
during the Logarithmic phase and to decrease when the erosion is close to the equilibrium stage. 
The results of this Chapter indicated that many important time-averaged characteristics of the 
process as the downflow in front of the obstacle and the amplification of the shear stress in different 
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scour conditions can be considered as approximately independent on the Reynolds number, at least 
for the values typical of laboratory-scale experiments.  
   In Chapter 5 the turbulence characteristics of the flow field were investigated. Comparisons of our 
results on the Reynolds stress tensor with experimental data were satisfactory and this confirmed 
that the numerical code was also able to simulate accurately the turbulence characteristics. 
Furthermore this indicated that even some turbulent feature of the process can be considered 
independent on the Reynolds number within the laboratory-scale range. The dynamics of the 
coherent structures was studied and it was found to be somewhat different from that of other 
obstacle geometry. In particular the fluctuations of the primary vortex was found to be mainly along 
its principal axis rather than in the direction normal to it, which is a typical result for spur-dike and 
bridge piers. The probability density functions (pdf) of the velocity field were found to be 
characterized by a bimodal shape which is a typical behaviour of all the junction flows. The 
longitudinal fluctuations were found to be mostly correlated with fluctuations of the vortex 
transversal size: an acceleration along the principal axis was correlated with an enlargement of the 
vortex diameter. This kind of dynamics was found to affect the Reynolds stress tensor components 
in the region inside the scour-hole. The turbulent kinetic energy and the Enstrophy were also 
investigated. The first quantity is correlated with large-scale fluctuations and it showed that they are 
mainly originated in the upstream corner region and then they are advected by the primary vortex 
towards the central part of the scour-hole. The second quantity is mainly correlated with small-scale 
fluctuations that, in turn, are the principal energy-dissipating dynamics. The largest values of the 
enstrophy were found close to the junction between the abutment walls and the bottom bed where a 
thin but very coherent vortical structure was detected.  
The principal effect of the overall turbulent dynamics is to affect the modelling of the problem. The 
RANS approach with turbulent-viscosity closure models (as the ε−k  or the ω−k  turbulence 
models) which is the most used numerical technique for commercial CFD code and is still used in 
literature for studying local scour phenomena, was found to be not suited for this kind of problems. 
In particular the turbulent-viscosity and gradient-diffusion hypotheses were found to fail due to the 
influence of non-local phenomena and to the presence of complex turbulent transport terms. 
   Chapter 6 investigated the implication of the turbulent flow field for the scouring process. The 
near-wall streaky dynamics was analysed and it was found that it changes as the bottom bed 
geometry is changed. In particular the streaks were found to be destroyed at the upstream scour-hole 
edge and thus they cannot enter inside it. Turbulent structures were however generated in the 
bottom part of the scour-hole by the reversed flow induced by the primary vortex. This behaviour 
was found to have important consequence for the erosion process. In the first place the scour-hole 
can be considered as divided in different regions that are characterized by different dynamics. The 
top part where small level of fluctuations is present, the bottom part where both the time-averaged 
and the RMS of the bed shear stress are large, and the boundary between these two regions which 
was called the “convergence zone” since here the shearlines tend to converge towards a single one. 
Existing models for the entrainment of sediment were investigated in these three regions. It was 
found that models based on the streaky dynamics, which usually consider the erosion process as a 
consequence of the sweep events, are not suited for local scour neither at the beginning of the 
process and neither when the scour-hole is formed. Model based on the assumption that the 
probability density functions of the bed shear stress scale similarly with the first statistics (mean and 
RMS) were also found to be not suited for this kind of problem.  
   Recent theoretical results were used in order to interpret the numerical data of the bed shear stress 
and the pressure gradient. It was found that even smaller vortices can be important for the process 
since they tend to keep large values of bed shear stress close to the obstacle. The coefficient of 
variation of the bed shear stress was found to be the largest in the convergence zone during the 
logarithmic phase of the process and this can enhance the sediment transport in this region. The 
horizontal component of the pressure gradients was found to enhance the sediment motion close to 
the abutment upstream walls. The vertical component of the pressure gradients was found to be 
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coherent with the presence of the convergence zone. The comparison with the experimental data of 
Radice et al. (2009b), indicated that the recent theoretical results can give the proper interpretation 
of the numerical results and thus that all the characteristics of the flow field, namely the bed shear 
stress and the pressure gradients, together with their higher order statistics can be important for the 
evaluation of the local scour process.  
It is supposed that the best way to include all these effect in a coherent and physically-based erosion 
model can be found using the double-averaging approach proposed by Nikora et al. 2007. In the 
paper of Coleman and Nikora (2008) the Authors used a similar procedure in order to derive a 
single equation in which all the force that lead to bed destabilization can be introduced coherently. 
Our numerical results suggested that such an equation can be the right approach, or at least the 
starting point, in order to create new numerical models of the sediments entrainment. 
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Nomenclature 
 

Roman letters 

iA  Transversal Area normal to the i direction 

pA   Projected surface of the reference sediment 

B  Width of the Duct 

b  Abutment length in the transversal direction 

ij

kk

ji

ij
uu

uu
b δ

3

1
−=  Anisotropy tensor 

µC  Constant of the ε−k  turbulence model 

D  Cylinder diameter in experimental studies 

d  Diameter of the reference sediment   

50d  Median particle diameter in physical experiments 

16d  Sediment sizes corresponding to the 16th percentile in physical experiments 

84d  Sediment sizes corresponding to the 84th percentile in physical experiments 

[ ]Ω= RMSe  Enstrophy 

DF  Drag force at the particle scale 

LF  Lift force at the particle scale 

gh

U
Fr b

b =  Bulk Froude number 

k

iF  Interparticle forces in the i direction 

g  Gravity force 

h  Height of the Duct 

H Parameter for detecting the bursting process using the borderline hyperbola 
222

wvuk ++=  Turbulent kinetic energy 

sk  Roughness height in experimental studies 

L  Length of the Duct 

l Abutment length in the longitudinal direction 

IIN  
Number of points which are located in the second quadrant during a bursting 
event 

IVN  Number of points which are located in the second quadrant during a bursting 
event 

P  Time-averaged Pressure  

dP  Time-averaged dynamic Pressure  

hP  Time-averaged Pressure with a hydrostatic gradient 
p  Fluctuating pressure 

p~  Instantaneous pressure 

i

j

j

i

x

U

x

U
Q

∂

∂

∂

∂
−=

2

1
 Parameter Q 

sq  Solid discharge in the physical experiment of Radice et al. 2009 
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r Radial distance on a Section 

ν
b

b

hU
Re =  Bulk Reynolds number 

v

hu
Re τ

τ =  Friction Reynolds number 

ν
τ du

Rep =  Particle Reynolds number for a sediment with diameter d 

ν
τ s

k

ku
Re =  Roughness Reynolds number in experimental studies 

ijS  Strain rate tensor 

T  Time in the numerical code  

expT  Time of the physical experiment  

T

IVII

b
N

NN
T

+
=  Bursting time 

U  Time-averaged velocity component in the longitudinal direction 

bU  Bulk velocity 

iU  Time-averaged velocity component in the i direction 

sU  Time-averaged velocity component in the longitudinal direction of a Section 

u  Fluctuating velocity component in the longitudinal direction 

iu  Fluctuating velocity component in the i direction 

su  Fluctuating velocity component in the longitudinal direction of a Section 

ρττ =u  Friction velocity 

ub Near-bed velocity 

ul Time-averaged velocity components of  parallel  and normal to the bed 

un Time-averaged velocity components of  normal  and normal to the bed 

ui  instantaneous velocity vector 

uin  
Component of the instantaneous velocity vector ui in the direction normal to 
the bed 

uip  
Component of the instantaneous velocity vector ui in the direction parallel to 
the bed 

uil  
Projection of the instantaneous velocity component parallel to the bed (uip) on 
the time-averaged longitudinal component ul 

u’l  = (uil -  ul) Longitudinal fluctuations in the bursting process 

u’l  = (uin -  un) Normal fluctuations in the bursting process 

V  Time-averaged velocity component in the transversal direction 

sV  Time-averaged velocity component in the transversal direction of a Section 

0V  Total spatial-averaging volume 

fV  Spatial-averaging volume occupied by the fluid 

v  Fluctuating velocity component in the transversal direction 

sv  Fluctuating velocity component in the transversal direction of a Section 

2
τuwvvw ss=+  

Non-dimensional off-diagonal Reynolds stress component in the work of Dey 
and Barbhuiya (2006) 
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W  Time-averaged velocity component in the vertical direction 

sW  Time-averaged velocity component in the vertical direction of a Section 

pW   Volume of the reference sediment   

w  Fluctuating velocity component in the vertical direction 

sw  Fluctuating velocity component in the vertical direction of a Section 

x  Cartesian coordinate in the longitudinal direction 

ix  Cartesian coordinate in the i direction 

sx  Local Cartesian coordinate in the longitudinal direction of a Section 

ν
τxu

x =+  Wall unit in the longitudinal direction 

y  Cartesian coordinate in the transversal direction 

sy  Local Cartesian coordinate in the transversal direction of a Section 

ν
τyu

y =+  Wall unit in the transversal direction 

z  Cartesian coordinate in the vertical direction 

  

ν
τzu

z =+  Wall unit in the vertical direction 

sz  Local Cartesian coordinate in the vertical direction of a Section 

 
 
 

Greek letters 

gργ =  Specific weight of the reference sediment   

( ) ρρρ −=∆ s
 Relative density of the reference sediment   

ijδ  Kronecker symbol 

ε  Dissipation rate 

η Second invariant of the anisotropy tensor 

0V

V f
=Θ  Roughness geometry 

θ Azimuth angle measured from the lateral duct wall and the Section 

θi 
angle between the instantaneous velocity vector ui and the time-averaged 
longitudinal component ul 

µ  Dynamic viscosity 

ρ

µ
ν =  Kinematic viscosity 

Tν  Eddy viscosity 

ξ First invariant of the anisotropy tensor 

d∆= γτφ  Shields parameter 

cφ  Critical Shields parameter 
ϕ  Angle of internal friction 

'ϕ  Local angle of grain contact 



________________________________________________________________________________ 

____________________________________________________________________________ 154 

ρ  Water density in the numerical code 

wρ  Water density in physical experiments 

sρ  Sediment density  

kσ  Turbulent  Prandtl number for the kinetic energy 

τ  Time-averaged bed shear stress 

mτ  Time-averaged bed shear stress of the Channel Flow 

m

A
τ

τ
τ =  Bed shear stress amplification 

cτ  Critical bed shear stress 

p

Hp

eq,P
A

PW ∇
=τ  Equivalent shear stress given by the horizontal component of the pressure 

gradient. 

ijτ  Stress tensor 

nΩ  Out-of-plane vorticity 

ijΩ  Rotation tensor 

 
 
 

Abbreviations 

CV Coefficient of Variation   

DANS Double Averaged Navier-Stokes 

DNS Direct Numerical Simulation 

LES Large Eddy Simulation 

pdf Probability Density Function 

RANS Reynolds Averaged Navier-Stokes 

RMS Projected surface of the reference sediment 

SGS SubGrid Scale 

TKE Turbulent Kinetic Energy 
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