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ABSTRACT 

An experimental study for the scour hole which takes place downstream abrupt positive step was 

conducted. First, the dimension analysis was introduced to give information about the parameters 

involved in the scour phenomenon. Experiments were carried on to relate the relative dimensions of 

the scour hole to the flow parameters, relative height of step, and time. Curves were introduced and 

discussed. Some empirical equations were given based on the experimental results for design 

purposes. 
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1. INTRODUCTION 
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Positive steps are widely used in open channels irrigation works. Open channels designers usually use 

positive steps as control structures. Also, in the intake section of a big branch from a carrier, positive 

steps are commonly used in decreasing the flow depth of the carrier downstream the intake. This 

helps the designer to maintain the velocity in the allowable limits of the soil. However, a local scour 

hole occurs downstream the positive step due to rapid variations in flow pattern over and 

downstream the positive step. Due to variation of the flow section scoured, many changes take place 

in the hydraulic properties of this section. Hence, it is important to study the dimensions of the scour 

hole takes place. 

Actually, the scour hole dimensions are functions of many parameters like flow parameters, soil 

characteristics, type slope and height of the step, time...etc. 

Many experimental and numerical works were carried on in the field of local scour. Hoffmans and 

Booij (1993) tried to get a two-dimensional mathematical model for local scour. They introduced 

many literature empirical equations and mathematical models. Using literature measurements, they 

gave some equations to calculate the eddy viscosity in each zone of the scour hole. Their model was 

based on the introduction of many parameters. they used Van Rijn (1986) equation to calculate the 

instantaneous transport parameter. Applying their model to scour hole takes place in case of artificial 

dunes, they achieved good results with small time duration. With the increase of time, large 

difference between the computed and the measured data was noticed. Raudkivi and Ettema (1983) 

and Raudkivi (1986) stated many limits for scour experiments. Taking scour around cylindrical 

bridge pier as an example, they reported that the sediments size is of no significant effect on the 

scour if the width of the obstacle (pier diameter) is more than 50 times the mean diameter of 

sediment, d50, which is always the case in field. Due to armoring effect the scour decreases with the 

increase of the geometric standard deviation of the sediments. Also, as they reported, almost 50 

hours are needed in laboratory experiments to reach the so-called equilibrium scour depth at which 

the rate of scour is almost zero. Work by Laurson (1952) stated the scour as a time phenomenon. 

Anderson (1975) reported that the relation between scour depth and time is exponential for small 

times and logarithmic for larger times. Many researchers who went in the field of experimental scour 

tried to work on the stable scour depth like Chatterjee (1994) in examining scour due to submerged 

jets, 
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Mason (1989) in studying the plunge pool scour and Jones et al (1992) in analyzing the effect of 

footing location on bridge pier scour. However, no one of the aforementioned researchers reached 

the time stated by Raudkivi. 

Regarding the introduced literature, this study in examining the scour hole dimensions downstream 

positive step, involves the time as a factor and uses field sand with natural geometric standard 

deviation and constant d50. 

 

2. THEORETICAL ANALYSIS 

 

In this study, the dependent variables are maximum depth of scour, D, length of scour, L, and 

volume of scour, V (see fig 1). The following function may be written: 

 

 f g b Y Y U s t d D L,Vt( , , , , , , , , , , , )ρ σ50 0=       (1) 

 

Where ρ = water mass density, g = gravity, b = channel width, Y = minimum depth of water over the 

step, Yt = the tail water depth, U = velocity of flow at minimum section, s = height, t = time interval, 

d50 = mean sediment diameter, and σ = geometric standard deviation of sediments. As mentioned 

before, the effect of d50 and σ will not be studied in this work. 

 

 

 

 

 

 

 

 

Fig. (1) Definition Sketch (not to scale) 
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Applying the π-theorem, yields the following functions: 
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Where T = dimensionless time factor (equ. 5), F = U/(gY)0.5 = Froude number at minimum flow 

section over the step, and S =  s/b = relative height of step. 

 

3. EXPERIMENTAL WORK 

 

The experimental work was conducted in the Hydraulics laboratory, Aristotle University of 

Thessaloniki, Greece. Experiments were carried out in a rectangular re-circulating type flume. The 

inlet part is made from steel with 2.1 m length, 0.4 m width, and 0.5 m depth. It is submitted with 

steel trash rack to dissipate inlet water energy. The tilting part is of vertical glass sides with 10.6 m 

length, 0.4 m width and 0.5 m depth. The flume ends with a tailgate after which a steel hose is fitted 

to allow water to pass to a tank in the basement with a V-notch for discharge measurements. Water 

and bed levels could be measured by two point gauges to the nearest 0.1 mm. The model consisted 

of 2 timber blocks with the same height, s, and the same width as the channel, b. The length of the 

upstream and downstream blocks were taken as 50 cm and 30 cm, respectively. The distance 

between the two blocks was fixed at 7 m to guarantee the formation of the scour effects (cut and fill) 

within this length. 45 runs were carried on. Each 5 runs constitute a group with the same discharge 

and tail water. Hence, each group of runs had the same Froude number, F. Each run in the group 

was carried on with different time interval (5, 20, 50, 110, 200 min.). The sand was leveled before 

each run. After the time interval of the run, the flume was dried carefully and  the scoured bed 

configurations were measured in a mesh of 10 cm in flow direction and 5 cm in cross direction. 

During each group of runs, Q and Y were measured. For every model with height, s, three groups 

were conducted. That is 15 runs for every model. The experimental results are given in table (1). 
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Table (1): Experimental Results 

 

 

R. No. Q (L/s) Y (cm) D (cm) L (cm) V (cm3) s (cm) 
1 5.251 5.4 1.91 57.1 730.3 10 
2 5.251 5.4 2.42 64.9 1354.2 10 
3 5.251 5.4 2.86 80.9 1365.1 10 
4 5.251 5.4 3.30 112.1 1410.7 10 
5 5.251 5.4 3.40 128.3 2497.5 10 
6 12.138 7.2 1.09 59.6 652.8 10 
7 12.138 7.2 1.89 89.4 1947.6 10 
8 12.138 7.2 2.78 164.0 4053.1 10 
9 12.138 7.2 3.68 185.5 7984.9 10 
10 12.138 7.2 4.47 199.9 10758.5 10 
11 33.635 13.0 3.50 70.0 5266.2 10 
12 33.635 13.0 5.20 165.0 14963.8 10 
13 33.635 13.0 7.40 360.0 43019.5 10 
14 33.635 13.0 9.30 500.0 57023.1 10 
15 33.635 13.0 11.30 600.0 67037.1 10 
16 15.967 7.3 2.50 60.0 3717.4 15 
17 15.967 7.3 3.80 143.4 13183.4 15 
18 15.967 7.3 5.00 210.0 21675.3 15 
19 15.967 7.3 6.30 240.0 32610.1 15 
20 15.967 7.3 7.30 261.1 40277.7 15 
21 33.635 10.5 5.07 160.2 32013.0 15 
22 33.635 10.5 7.83 284.7 53239.2 15 
23 33.635 10.5 10.32 338.1 82040.9 15 
24 33.635 10.5 12.99 390.0 124792.0 15 
25 33.635 10.5 14.76 427.3 151479.9 15 
26 47.223 11.8 4.60 157.3 33954.9 15 
27 47.223 11.8 6.96 247.2 65134.7 15 
28 47.223 11.8 9.10 359.6 102848.9 15 
29 47.223 11.8 12.98 410.0 144708.4 15 
30 47.223 11.8 14.38 449.8 180457.5 15 
31 10.227 5.6 0.85 70.0 5937.1 20 
32 10.227 5.6 1.47 120.0 8965.2 20 
33 10.227 5.6 2.16 300.0 15930.3 20 
34 10.227 5.6 2.86 320.0 17717.6 20 
35 10.227 5.6 3.48 340.0 20720.4 20 
36 18.572 8.3 2.23 110.0 4958.0 20 
37 18.572 8.3 3.32 190.0 10554.0 20 
38 18.572 8.3 4.72 340.0 22170.5 20 
39 18.572 8.3 5.93 480.0 37487.5 20 
40 18.572 8.3 7.21 520.0 53577.6 20 
41 42.386 12.2 4.32 165.0 15095.1 20 
42 42.386 12.2 5.47 370.0 53088.1 20 
43 42.386 12.2 6.47 507.0 102660.8 20 
44 42.386 12.2 7.45 590.0 161937.3 20 
45 42.386 12.2 7.69 650.0 201372.1 20 
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4. ANALYSIS OF THE EXPERIMENTAL RESULTS 

 

 

4.1. Sand Bed Configurations: 

 

Figs. (2,3) represent the sand bed configurations of runs no. 36, 41, respectively. The following may 

be noticed: 

* The main scour hole with maximum depth, D, and length, L, symmetric along the centerline. 

* Two small secondary scour holes near the walls at the vicinity of maximum scour due to side 

 walls effect. 

* The hill which begins just after the length, L. 

* Levels in the cross direction, except for the two regions close to the walls, are found to be 

 about the same. 

 

Z

 
Fig. (2) Sand bed configurations R. No. 36 (s = 20 cm., t = 5 min., Q = 18.572 l/s, Y = 8.3 cm.) 

Z

 
Fig. (3) Sand bed configurations R. No. 41(s = 20 cm., t = 5 min., Q = 42.386 l/s, Y = 12.2 cm.) 
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During the experiments, it was noticed that the volume of fill is much smaller than that of cut. This 

means that the major part of the cut volume of sediments is carried away with the flow. Also, it was 

noticed that very small separation took place between the end of the step and the sand bed. The 

upstream slope of the scour hole was very steep , while the downstream one was milder. In the 

moving flow, there was two completely separate layers. The lower layer , with high sediment 

concentration, had a height approximately equals the diameter of the sand. The upper one was of 

approximate pure water. A fact that the major part of sediment was moving as bed load. 

 

 

4.2. Variation of Scour Parameters: 

 

It is already known that the scour parameters increase with time and Froude number. Hence, the aim 

of the coming section is to get some simple functional relationships for the scour hole parameters to 

be used for design and engineering applications purposes. 

Fig. 4 gives the relation between the relative depth of scour, D/Y, and the factor, FT. Where F is 

Froude number at the minimum section of water flow over the step and T is the time factor defined 

as: 

 

 T Ut
Y

=  So,  FT U t
gY

=
2

3
      (5) 

 

Each figure gives the experimental results of one of the three models examined with s = 10, 15, 20 

cm which gives S = 0.25, 0.375, 0.5. It is clear that the relative depth of scour increases with the 

increase of the factor FT in a power trend. Comparing the three figures and using regression 

methods, the following relationship is obtained: 

 

 D
Y

C FT C= 1
2( )          (6) 

 

Where: C1 and C2 are factors which were found to vary with the relative step height, S, in the 

following relations: 

 

 



 8 

C1 = 3.168 S2 -2.052 S + 0.362       (7) 

C2 = -5.376 S2 +3.760 S - 0.343       (8) 
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Fig. 4(a,b,c) Variation of D/Y with the factor FT at different S  

 

Comparing the three figures, it is observed that the relative depth of scour, D/Y, increases with the 

decrease of  the relative step height, S, in small values of FT. In higher values of FT, D/Y increases 

with the increase of S. 
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Figure 5 gives the relation between the relative length of scour, L/Y, and the factor, FT for different 

values of S. Again, it is obvious, the increase of L with both the F and T. Here, L is the length from 

the downstream end of the step to a point on the centerline at which the level of the sand bed reaches 

the original level. It was found that the length of scour increases with FT but the rate of increase 

decreases with the increase of FT. Correlation methods give the coming equation: 
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Fig. 5 Variation of L/Y with FT for different S 
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L
Y

C Ln FT C= +3 4( )  (9) 

 

where C3 and C4 are coefficients that were found to be dependent on the relative step height, S, 

according to the following relationships: 

 

 C3 = 185.12 S2 - 114.76 S + 24.23 (10) 

 C4 = -1316.03 S2 + 814.06 S - 162.04 (11) 

 

Comparing the three figures, it is concluded that, in general, the length of scour increases with the 

increase of the step height. This happens due to the increase of the disturbed flow length with the 

increase of S. 

The variation of the relative volume of cut with the factor, FT, is plotted in fig. 6. The volume of cut 

is the volume of bed parts with level lower than the original bed level after the scour process. This 

volume indicates the carrying capacity of water. So, it was found to increase with Froude number 

and the time factor. Also, it indicates how much the flow was disturbed due to the obstacle in the 

flow direction. This explains why it was found to increase with the height of the positive step. Based 

on the experimental results, the coming equation could be used to calculate the volume of cut, V: 

 

 
V
Y

C FT3 5
0 558= ( ) .  (12) 

 

And, C5 is a coefficient could be calculated as: 

 

 C5 = -14.91 S2 + 11.71 S - 1.93 (13) 

 

 

5. CONCLUSIONS 

 

The scour hole takes place downstream positive steps was studied experimentally. The relative depth 

of scour hole, relative length, and relative volume of cut were related to different flow parameters, 

time, and the step height. The following may be concluded in the limits of the variables examined: 
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1. The scour configurations after scour process showed one main symmetrical hole and two 

secondary holes near the flume walls. It 

2. The scour depth was found to increase with Froude number and the time factor. It was observed 

to be increased with the height of step in high Froude number and vise versa. 

3. The scour length and volume were observed to increase with Froude number, time factor, and the 

height of step. 
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Fig. 6 Variation of V/Y3 with FT for different S 
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APPENDIX I SYMBOLS 

 

b Channel width. 

Ci Coefficient described else where. 

d50 Mean sediment diameter. 

D Depth of scour hole. 

F Froude number at minimum section over the step. 

g Gravity. 

L Length of scour hole. 

Q Discharge. 

s height of step. 

S Relative height of step = s/b 

t Time interval. 

T Time factor (T= Ut/Y) 

U Flow velocity at minimum section over the step. 

V Volume of scour. 

Y Depth of flow at minimum section over the step. 

Yt Tail water depth. 

ρ Water Mass density. 

σ Geometric standard deviation of sediments. 
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