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Abstract 
In the present work a 1-D numerical model is applied to simulate the evolution of 

scouring process and the variation of the bed shear stress during transients. By the help 
of the model and by using experimental data collected in a straight flume, the paper also 
investigates how the presence of flexible vegetation on the bed could limit the evolution 
of the erosion process. 

1 Introduction 
The present paper focuses on transient bed profiles which are determined, under steady flow 

conditions, by a decrease of the upstream sediment transport rate. In particular, attention is paid to 
scouring process occurring downstream of the rigid basement of a hydraulic structure. The prediction 
of the evolution of scouring is difficult because of the development of three dimensional turbulent 
flow structures in the scour hole. 
A new approach to simulate the erosion processes, the bed levels changes and the entity of sediment 
transported, taking into account the non-uniformity in sediment size and the interchange between the 
bed and the stream, was previously developed by Termini (2011a; 2012). The model allows the 
simulation of the variations of the longitudinal bed profile and the estimation of the material 
transported by the flow during transients. Furthermore, the model allows to account the spatial lag 
effect due to the fact that the alluvial stream is unable to immediately overcome the variation of 
sediment boundary conditions and an “adaptation distance” (spatial lag) is required to reach the 
equilibrium transport capacity. Considering this effect in scouring process is particularly important 
because of the feedback impact on the bed deformation description (Philips and Sutherland, 1989). 

Based on this, the present paper is aimed at improving understanding both of the evolution of the 
erosion process and of how the introduction of flexible vegetation on the bed could affect it. This is 
motivated by the fact that submerged aquatic vegetation is abundant in many lowland river systems 
and exerts a strong influence on the functioning of the fluvial system. 
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To this aim experimental runs were also performed in a straight channel constructed at the 
Hydraulic Laboratory of DICAM – University of Palermo (Italy) both in the absence (Termini and 
Sammartano, 2012) and in the presence (Termini, 2016) of vegetation on the bed. These experiments 
were carried out as a part of an experimental research program aiming to investigate sediment 
transport processes downstream of a hydraulic structure. In the absence of vegetation, an equation, 
which relates the bed shear stress and the sand volume eroded, was also determined (Termini and 
Sammartano, 2012).  

2  Materials and methods  
2.1 Experimental apparatus 

The experiments were carried out by using the experimental apparatus shown in Figure 1. The 
rectangular flume is 11.2 m long and 0.4 m wide. In the first stretch, 2.6 m long, the bed is rigid while 
in the remaining part (8.5 m long) the bed is mobile (quartz sand with median sediment diameter D50 
= 0.86 mm and geometric standard deviation sg = 1.61 mm). The longitudinal bed slope is equal to 
0.4%.  

The evolution of the scouring process downstream of the rigid-bed reach was analyzed during a 
first experimental run (see also in Termini and Sammartano, 2012) carried out with water discharge Q 
= 35 l/s (Froude number Fr = 1.04; Reynolds number Re = 4·105; roughness Reynolds number Re* = 
52).  

 
 

 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

  Figure 1: Experimental apparatus: a) overall picture; b) plane view 
 

(a) 

x=0 

Simulation of Scouring Process Downstream of a Hydraulic Structure and Analysis of ... D. Termini

2060



During such an experimental run, it was observed that the scouring process develops downstream 
of the rigid bed: the length of the scour hole was around 30 cm and downstream of it a sand deposit 
extending for a length of almost 20 cm formed. Thus, the channel reach interested by scouring 
phenomenon had a total length, Ls, of 50 cm. The maximum scour depth was obtained at a distance of 
20 cm from the last section of the rigid-bed reach (see also details in Termini, 2011b). Flow velocity 
measurements were performed after that the scour hole was formed downstream of the rigid-bed and 
no significant variation of the scour profile was obtained. In particular, the longitudinal and vertical 
velocity components were measured using a two-dimensional laser anemometer – LDA2D by Dantec 
s.r.l.; the transversal component was measured through the ultrasonic anemometer DOP2000 by 
Signal Processing s.a. See details of measurement conditions in Termini and Sammartano (2012). 
Then, the channel reach (1.60 m long) downstream of the rigid-bed was covered by real herbaceous 
(flexible) vegetation and a second run was carried out with the same flow discharge as that run 
conducted in the absence of vegetation. During this experimental run the vegetation was always 
submerged and the bent vegetation height kv was about equal to 2.6 cm. The fractional plant area at the 
bed occupied by stems was equal to 13.5%. During this run the instantaneous longitudinal, u1(t), 
transversal, u2(t), and vertical, u3(t), velocity components were measured by using the DOP2000 by 
Signal Processing s.a. (see in Termini, 2015; 2016). 

 

2.2 1-D numerical model 
The 1-D model includes two modules for the hydraulic and the sediment routing, respectively. The 

governing equations are synthetically described below; more details of the numerical model can be 
found in previous works [Termini, 2011a, b; 2012]: 

 
- Equations for hydraulic routing  

              (1) 

 (2)  

- Equations for sediment routing  

  (3) 

 (4) 

 (5)
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 (6) 

= (7)  

 
with h=water depth, q= flow rate per unit width, zb = bed level, t =time, x = distance in flow 
direction, g= gravitational acceleration, n= Manning coefficient that is related to the 

dimensionless Chèzy resistance factor, c, by: ,da =thickness of surface active layer, l 

= sediment porosity, qsb,k and  = the actual and the equilibrium specific volumetric bed-load 
sediment transport rate for size class k, respectively, Fk = fractional representation of size class 
dk, Ck = vertically averaged concentration of suspended sediment of size class k, Kx = 
longitudinal dispersion coefficient for suspended sediment, Dk and Ek = sediment deposition and 
resuspension rates  respectively 

Eq. 1 and Eq. 2 represent, respectively, the continuity equation and the momentum equation for 
water, Eq. 3 is the conservation of sediments of k-th size class transported as bed load; Eq. 4 indicates 
the conservation of sediments of k-th size class transported in suspension; Eq. 5 indicates the spatial 
delay of bed load transport rate; Eq. 6 indicates the exchange between bed load and suspended load 
for each k-th size class; finally, Eq. 7 indicates the conservation of the total grain size distribution.  

The term  in Eq. 5 represents the so-called adaptation coefficient which takes into account the 
spatial lag effect. This effect is especially evident within the scour hole.  

Thus, the profiles of the scour hole, measured at different times as described in the previous 
section, have been also used to evaluate the bed load transport within the channel reach downstream 
of the rigid bed; according to Termini (2011b),  has been estimated by considering the time 
evolution of sediment transport rate along this channel reach. It has been observed that, the local 
difference at time t between the non-equilibrium and the equilibrium bed load transport, , 
decreases until that it assumes an almost null value as the equilibrium condition is reached. 
Furthermore, it  has been also observed that in the initial stage of the phenomenon evolution, 

 strongly increases as the distance x increases; approaching to the equilibrium, the variation 

of  with the distance x is very small.  
Based on the aforementioned, according to Termini (2011b), Eq. (5) has been rewritten in the 

following form: 
 
 

 (8) 

 
 

with           ;               (9) 
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where Ls is the scour length and D50,x  is the local median sediment diameter.  
The sediment routing module includes also closure equations for variables Dk, Ek, Kx, l, , c, 
as explained in previous works (Termini, 2011b; 2012)..  

 

3 Results 
First, the collected data have been used to investigate how the pattern of the bed shear stress along 

the scour hole obtained in absence of vegetation could be simulated by the model. Then, the 
experimental data have been used to investigate how the presence of flexible vegetation could affect 
the sediment transport process.  

The Reynolds shear stress is a crucial variable for understanding the dynamics of sediment 
transport by fluids. Thus, the turbulent fluctuation components have been determined by using the 
measured time series of flow velocity components collected both in the absence and in the presence of 
vegetation on the bed; the values of Reynolds shear stress on longitudinal planes have been evaluated 

as . In accordance with other authors (among others Bennett and Best, 1995; Graf, 1996), 

the bed shear stress, , has been estimated by using the vertical profile of the Reynolds stress 
projected to the zero bed height. 

In the absence of vegetation, the application of the regression analysis to obtained values of  
yielded the following expression (see also in Termini and Sammartano, 2012): 

 
 

 (10) 
 
 
where  ( = the average bed shear stress in each section) and  (W = 

volume of sand eroded at generic section and Wtot = total volume of sand eroded along the channel 
reach interested by scouring; Y indicates the transversal axis). For the considered case, the coefficients 
assume the following values: a = 0.02, b = -0.35, c = 1.148, d = 0.1995, e = 0.4442.  

The evolution of scouring process has been also simulated by applying the numerical model 
(Termini, 2011a, b) and the values of  have been determined by the model. In Figure 2 the 
experimental values of  are compared with the computed ones.  
  

*
ksb,q

( ) ( )twtu '
31  ¢

bτ

bτ

( )[ ] ( ) 02851τ .eYdsincŴlnbaYˆ ++++=
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Figure 2: Comparison between experimental and computed  
 
 
Figure 2 shows that the points concentrate around the bisector line (although model tends to 

underestimate the bed shear stress). In any case, Figure 2 confirms that Equation 10 allows the 
estimation of the variation of the bed shear stress during transients. This means that the distribution of 
the bed shear stress can be estimated as a function of total volume of sand eroded along the channel 
reach interested by scouring. 

Then, in order to investigate how the presence of flexible vegetation could affect the evolution of 
the scouring process, the values of the bed shear stress estimated in the absence of vegetation have 
been compared with those obtained in the presence of vegetation downstream of the rigid bed. 

Figure 3 reports the comparison between the values of the bed shear stress, tb, estimated along the 
channel reach downstream of the initial section (that is 50 cm long), both in the absence and in 
presence of vegetation. As Figure 3 shows, in the absence of vegetation the bed shear stress assumes 
the higher positive values in correspondence of the deepest region of the scour (see also in Termini 
and Sammartano, 2012). In the presence of vegetation, the bed shear stress assumes very low values; 
in particular, these values of tb are generally lower than those obtained in the absence of vegetation.  
  

τ̂

0

1

2

3

4

5

6

0 1 2 3 4 5 6

Computed

Experimental

 

Simulation of Scouring Process Downstream of a Hydraulic Structure and Analysis of ... D. Termini

2064



0

0.5

1

1.5

2

2.5

3

0 10 20 30 40 50

sand bed

vegetated bed

model

x [cm]

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3: Comparison between the values bed shear stress, tb, estimated in the absence of vegetation with those 
measured and computed in the presence of vegetation 

 
 
The values of the bed shear stress in the presence of vegetation have been also estimated by 

applying the model. In this case, the Manning’s coefficient n in Eq. (2) has been obtained by applying 
the Carollo et al.’s (2005) expression in estimating the flow resistance with submerged vegetation:  

 

c=  (11)   

 
where Hv=vegetation height, Ao = parameter that can be estimated as a function of the vegetation 

concentration, a, b, c=coefficients whose value depends on the stems concentration. The value of the 
parameter Ao can be estimated by using the graph reported in Carollo et al. [10]; the values of the 
coefficients a, b, c can be determined by using the experimental data. 

As Figure 3 shows the computed values of the bed shear stress are in good agreement with the 
measured ones in the presence of vegetation. 

4 Discussion and conclusion  
The present paper focuses on the simulation of the sediment transport processes during transients 

both in the absence and in the presence of flexible vegetation. A 1D numerical model previously 
developed has been applied to estimate the distribution of the bed shear stress along the channel reach 
downstream of a rigid bed. In the absence of vegetation, the comparison between the computed values 
of the bed shear stress and those determined by using experimental data has highlighted that the 
variation in time of the bed shear stress can be estimated as a function of total volume of sand eroded 
along the channel reach interested by scouring, according with previous results obtained by Termini 
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and Sammartano (2012). Then, it has been verified that the pattern of bed shear stress, , obtained 
in the scour hole in the absence of vegetation is different to that obtained in the presence of flexible 
vegetation. In particular, results show that once the vegetation is introduced, the erosive action of the 
flow is strongly attenuated and the scouring process does not develop downstream of the structure. 
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