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Abstract:  Grade-control structures, such as weirs, are commonly used to prevent degradation, cross structures failure in rivers 
and increase bed channel stability and banks protection. During extreme weather conditions and catastrophic flood 
events, hydraulic construction failures are usual due to sediment transport and local scour downstream of grade-
control structures, like weirs. The main objective of this research work is to investigate, through a series of flume 
model experiments, the influence of different parameters on local scour hole development downstream of sharp-
crested weirs. Experimental measurements of bed level variation and scour hole length were performed in a laboratory 
open channel for different inflow rates and construction heights. Experimental results of maximum scour depth and 
scour hole area downstream from the structure, under equilibrium flow and sediment transport conditions, are 
graphically presented. Both empirical equations and numerical simulation results, from a two-dimensional finite-
volume hydrodynamic and sediment transport model, were used in order to validate the experimental procedure. 
Comparisons show that the experimental investigation is an accurate and reliable procedure and, therefore, laboratory 
measurements can be used by other researchers to assist in the refinement of numerical methods for simulating 
sediment transport and bed level variation in natural rivers. 
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1. INTRODUCTION 

Sediment transport and especially bed load is a result of flow as a physical process in alluvial 
rivers and affects topography in river ecosystems. Acceleration of outflow downstream of hydraulic 
structures creates vortices and high velocities resulting in local scour, which needs considerable 
attention for a safe design of the constructions (Dey and Sarkar, 2004). Weirs or bed sills are 
hydraulic structures positioned transverse to the flow and usually span the full width of the channel. 
Those constructions are used to control the flow, for channel stabilization and environmental 
improvement of the riverside area. The space-time changes in a natural riverbed configure new 
hydrodynamic conditions, especially at hydraulic structures areas, like piers, abutments and weirs, 
where local scouring develops. Numerous complex parameters affect the local scour depth and 
scour hole area evolution such as flow characteristics, sediment gradation and geometry of the 
hydraulic structure. 

The mechanism of scouring process and free-surface flow variation in the vicinity of hydraulic 
structures has been studied by various investigators. Among them, Breusers and Raudkivi (1991), 
Graf and Istiarto (2002), Farsirotou et al. (2007), Zhu and Liu (2012), Farsirotou and Xafoulis 
(2017) and Ebrahimi et al. (2018) are referred. The aim of these studies is to investigate the 
parameters that affect local scouring, in order to eliminate the problem. Extensive researches have 
been also carried out to study scour conditions that are formed in a natural river bed downstream of 
grade control structures. Mason and Arumugam (1985) and Hoffmans and Verheij (1997) suggested 
an empirical equation for equilibrium maximum scour depth calculation after testing different 
formulas of scour procedure downstream of free-falling jets using experimental data. The proposed 
equation was rewritten, according to Yen’s (1987) suggestions. Borman and Julien (1991) 
conducted a large-scale experimental research in a wide range of conditions and proposed an 
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equation of equilibrium scour depth, downstream of grade control structures, based on particle 
stability and jet diffusion. Field measurements were obtained by Lenzi et al. (2003) for the 
determination of scour hole dimensions at seventy-three grade control structures, like check dams 
and bed sills in alluvial mountain rivers. The influence of sill geometry and position on the scour 
hole dimensions was experimentally investigated by Meftah and Mossa (2004). Moreover, an 
artificial neural network was applied by Zadeh and Kashefipour (2008) for the prediction of local 
scour downstream of grade control structures, using available experimental data. Available 
experimental results of scour hole development in non-cohesive sediment downstream of grade 
control structures, under steady and unsteady flow conditions were also used by Lu et al. (2012), in 
order to develop a semi-empirical model for predicting the equilibrium scour profile. Extensive 
experimental researches were carried out for local scour evolution downstream of submerged weirs 
by Melville (2014), Guan et al. (2016, 2019) and Wang et al. (2018). Finally, the effects of different 
parameters on local scour downstream of bed sills with different geometries were experimentally 
investigated by Rajaei et al. (2018).  

In the current research work, experimental measurements of local scouring downstream of sharp-
crested weirs are presented in order to investigate the impact of the flow discharge and height of the 
construction in local scour depths and scour hole area, under equilibrium flow and sediment 
transport conditions. Experimental results of bed level variation downstream of the weir are 
compared with results from available empirical formulas and with numerical results from a 
previously validated two-dimensional hydrodynamic and sediment transport numerical model. 
Comparisons between measurements and predictions show a satisfactory agreement within the 
limitations resulted from other laboratory procedures and the two-dimensional numerical 
simulation. Therefore, the results of the experimental procedure are reliable and could be a useful 
database for riverbed variation computational model development.  

2. EXPERIMENTAL SET-UP AND LABORATORY PROCEDURE 

All experimental measurements were conducted in a smooth prismatic open channel, with 
rectangular cross-section of 6.0 m long, 0.078 m wide and 0.25 m deep, in the Laboratory of Flood 
Protection Hydraulic Works and Water Resources Management Technology, of Civil Engineering 
T.E. Department at the Technological Educational Institute of Thessaly. The bottom slopes of the 
tested flume, in longitudinal and transverse directions, were set equal to zero. 

As the objective of this laboratory study was the investigation of different parameters that affect 
local scour hole evolution downstream of sharp-crested weirs, four weirs with different heights 
were placed transverse to the flow direction and different inflow discharges were used for each 
construction. Figure 1 shows a definition sketch of free surface profile and local scour depth 
evolution in the vicinity of a grade-control structure, such a sharp-crested weir. In Figure 2, a 
schematic illustration of total experimental set-up is presented. 

 

Figure 1. Definition sketch of scour hole downstream of a grade control structure. 
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Figure 2. Schematic view of the laboratory equipment. 

For the current laboratory measurements, weirs with different heights (z), equal to 0.02 m, 
0.03 m, 0.04 m and 0.05 m were placed on an artificial waterproof wood bed with 0.10 m height, at 
a distance of 2.00 m from the channel inlet, in order to attain uniform flow conditions upstream of 
each construction. The bottom of the experimental area was covered with material, consisted of 
sand, producing a uniform layer of sediment of 0.10 m thickness. The used bed material had a mean 
diameter (d50) of 0.002 m and was assumed to be uniform as the geometric standard deviation (sg) 
was equal to 1.26. The experimental inflow discharges (Q) were equal to 0.0004 m3/s, 0.0005 m3/s, 
0.0006 m3/s, 0.0007 m3/s and 0.0008 m3/s. At the start of each experimental procedure, the flume 
was filled with water with a minimum inflow discharge, not affecting the initial bed level, until the 
water level reached the height of the weir. Experimental bed level measurements data were obtained 
at the center flow line of the channel, along the main flow direction, using a point gauge moving in 
longitudinal and in transverse directions of the flume, introducing an optical error of ~0.1 mm. 
Laboratory measurements were obtained after 120 minutes flow duration (Fig. 3), where it was 
investigated that the scour hole evolution downstream of the hydraulic structure got maximum 
values and ended up to equilibrium sediment transport conditions.  

 

Figure 3. View of the scour hole under equilibrium conditions at Q = 0.0007 m3/s and z=0.05 m. 
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3. ANALYSIS OF EXPERIMENTAL RESULTS 

Figures 4, 5, 6, 7 and 8 present the comparative experimental measurements of bed level (zb) 
variation downstream of each sharp-crested weir, under equilibrium conditions, for different inflow 
discharges, respectively. The experiments show that degradation takes place just downstream from 
the weir with maximum scouring depths observed at a short distance from the construction and 
erosion depths are almost uniform in the transverse direction. Analyzing the experimental 
procedure, it is obvious that local scour depths and scour hole area increase, as inflow discharges 
and construction heights increase.  

 

Figure 4. Experimental results of bed level variation at Q = 0.0004 m3/sec. 

 

Figure 5. Experimental results of bed level variation at Q = 0.0005 m3/sec. 
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Figure 6. Experimental results of bed level variation at Q = 0.0006 m3/sec. 

 
 

 

Figure 7. Experimental results of bed level variation at Q = 0.0007 m3/sec. 
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Figure 8. Experimental results of bed level variation at Q = 0.0008 m3/sec. 

Figure 9 shows the variation of the dimensionless ratio of maximum scour depth, ys, to upstream 
uniform flow depth, y0, versus upstream Froude number, related to uniform flow conditions, Fr. 
Moreover, the dimensionless ratio of maximum scour hole length, L, to upstream uniform flow 
depth, y0, versus upstream Froude number, related to uniform flow conditions, Fr, is given in Figure 
10. The above correlations result that, in a specific Froude number, the maximum scour depth and 
scour hole length increase by increasing of weir height. Additionally, local scour phenomenon is 
more intense, as Froude number increases. 

 

  

Figure 9. Variation of non-dimensional ys/y0 versus Froude number. 
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Figure 10. Variation of non-dimensional L/y0 versus Froude number. 

4. VERIFICATION OF EXPERIMENTAL RESULTS 

The accuracy of the proposed experimental data of maximum local scour depth and longitudinal 
size of the scour area, downstream of sharp-crested weirs, was investigated using both empirical 
equations and a two-dimensional numerical model.  

4.1 Empirical equations 

D’Agostino and Ferro (2004), based on available experimental scour depth measurements 
downstream of grade control structures and on the application of the incomplete self-similarity 
theory, provided empirical relationships for the estimation of maximum scour depth and the 
longitudinal size of the scour profile. The proposed empirical equations are as: 
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where ys is the maximum scour depth, XS is the distance between the weir and the maximum scour 
depth, z is the difference in height between the weir’s crest and bottom of the downstream 
undisturbed bed level, b is the weir width, B is the channel width, h is the water depth downstream 
of the weir, H is the piezometric head difference (Fig. 1), Q is the flow discharge, g is the 
gravitational acceleration, ρs is mass density of sediments and ρ is mass density of water. 

Figure 11 represents measured normalized maximum scour depth values, ys/z, downstream of the 
hydraulic structure, versus computed ones by empirical equation (1). Moreover, the pattern of 
measured against estimated values of XS/z, according to equation (2), is given in Figure 12. For 
both local scour parameters, current experimental results satisfactorily approach the estimated 
empirical values. 

 

Figure 11. Comparison between measured dimensionless scour depth ys/z and estimated values by equation (1). 

 

Figure 12. Comparison between measured dimensionless values XS/z and estimated values by equation (2).  
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4.2 Two-dimensional river bed morphology model 

A previously validated numerical model was used in order to investigate the accuracy of the 
proposed experimental data results. A fully coupled, explicit, finite-volume, two-dimensional 
hydrodynamic and bed level variation model was developed for numerical simulation of actual river 
flow parameters (water depth, velocities, friction slopes) and bed level variation, according to 
sediment transport, at the same region and simulation time (Farsirotou et al., 2002). A system of 
partial differential equations, according to Kasem and Chaudhry (1998), was used as: 
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where x and y represent the Cartesian co-ordinate positions in the longitudinal and transverse 
directions, respectively, t is the time, u and v are the average velocity components in the x and y 
directions, respectively, h is the water depth, g is the gravity acceleration, νt is the kinematic 
viscosity according to Ylistiyanto et al. (1998), zb is the bed elevation, p is the sediment porosity, 
qsx and qsy are the sediment discharges per unit width in the x and y directions, respectively, S0x =

x
zb

∂
∂−  and S0y= y

zb

∂
∂−  are the channel slopes and the friction slopes are given as (Kasem and 

Chaudhry 1998): 
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where n is the Manning’s flow friction coefficient.  
The numerical technique can simulate sediment transport using different empirical equations and 

for each particular river bed variation problem the most suitable equation was investigated 
according to observations and hydrodynamic and sediment conditions (Farsirotou et al. 2002). In 
the current research work, sediment discharges were estimated using Engelund and Hansen (1967) 
empirical equation. 

Comparisons between current experimental measurement data and two-dimensional riverbed 
morphology predictions, for the case of the highest weir construction and for each laboratory inflow 
discharge condition, are shown in Figure 13. Measured bed level variation and especially erosion 
depths, maximum scour depths and scour hole areas downstream of the structure are satisfactorily 
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compared with numerical simulations. As it was expected for higher inflow discharges, we observe 
substantial differences in the region just downstream of the weir, due to three-dimensional flow 
high viscous effects. However, experimental measurements are adequately compared with the two-
dimensional model predictions providing the accuracy of the laboratory procedure. 

 (a) 

 (b) 

 (c) 
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 (d) 

 (e)  

Figure 13. Comparison between experimental and computed bed level variation for weir height z=0.05 m at different 
inflow discharges. 

5. CONCLUSIONS  

Experimental measurement results of channel bed level variation downstream of hydraulic 
structures and more specifically sharp-crested weirs, under equilibrium hydrodynamic and sediment 
transport conditions, are graphically presented. The influence of the inflow discharges and weirs’ 
height on the complex phenomenon of local scouring in a riverbed with uniform material was 
investigated. Laboratory observations showed that the increment of inflow discharge accelerates 
local scouring process and increases scour hole developed area. In addition, as construction heights 
increase, scour evolution is more intense for the same hydraulic conditions.  

Comparisons between measurements and results from empirical equations, of maximum scour 
depth and its position from the hydraulic structure, were conducted for the verification and 
validation of the experimental procedure. Moreover, a previously validated numerical model for the 
simulation of two-dimensional water surface and riverbed level variation was applied in order to 
check the accuracy of the experimental results. Measured results were satisfactorily compared with 
predictive model bed level variations.  

Therefore, it is proved that this study yields reliable results, which can be added and expand the 
laboratory measurements database. The experimental measurement data can be used to verify two 
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or three-dimensional numerical models, which simulate channel bed variation in natural rivers. 
Finally, scour hole measurements could also contribute to the hydraulic engineering science, in the 
design of scour countermeasures. 
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