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Abstract 

Systematic physical tests were conducted to evaluate the natural mobile bed erosion 

without any protection measure. The experiments were performed using a hydraulic 

model built at the Laboratory of Hydraulic Constructions of the Swiss Federal Institute 

of Technology in Lausanne. In the preliminary tests, the principal parameters were found to be 
the discharge, tailwater depth, pipe diameter, and the bed material properties. 

Upon the completion of scour tests, an empirical analysis was conducted to correlate the 

maximum depth, length, width and distance of maximum depth from the outlet, tailwater 

depth and downstream bed characteristics . The maximum depth, length and width of the 

scour hole were presented in dimensionless relationships for various of discharges and 

tailwater depths. Based on the tests results, general applicable design charts and 

formulas for defining the local scour hole have been developed. The results of present 

experimental study have compared with some results of other authors . 

1 Experimental work 

1.1 Experimental facility 

The experiments were conducted using a hydraulic model with 7 m length, 2.5 m wide 

and consist of different parts: 

• A horizontal pipe with 10 cm diameter and 1.0 m length, which was connected to 

the pump. Water flow was controlled upstream of the pipe using a hand operated 

valve. 

• Alluvial bed with 3.2 m length, 2.2 m width and 3% slope. The height of the bed 

was 0.7 m at the pipe outlet. 

• Hand operated tailwater flip gate situated at 3.2 m from the pipe outlet to control 

the tailwater level. 

• Basin with dimension of 1.2 m length and 1.5 m width at the end of the model 

which was equipped with a rectangular sharp-crest weir to measure the 

discharge. 

• Outlet channel. 

In all tests an almost uniform graded non-cohesive sediment (}g = ~( dS4 / d16 ) = 3.16 

were used in the downstream area of the pipe At the beginning of each test, the sediment 

bed was levelled using guide rails on the side of the channel with a longitudinal slope of 

3% (Figure I , left) . A hand operated tailwater flip gate was used downstream of the 

sediment bed to change the tail water depth and a point gage for measuring the tailwater 

depth which was situated upstream of the gate (Figure I , right). 
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Figure 1: Alluvial bed; view towards upstream (left), view towards downstream, 

tailwater flip gate and point gage (right) 

1.2 Scope oftests 

In the preliminary tests, the principal parameters were found to be the discharge rate, the 

tailwater depth, the diameter of the pipe, and the bed material properties. The systematic 

tests investigated the effect of these principal parameters on the scour hole 

characteristics. Test conditions of these experimental studies are summarized in Table I. 

Table 1: Experimental conditions 

Tests Natural bed 

Discharge (lIs) 5.0 <Q< 12.5 

Tai lwater variable 0.1 < hTw/D < 0.2 

(D=IO cm) 1.0 < hTwlD < l.l 

Discharge Intensity 0.9 < Q/(g05 -0 25 )< 1.3 

Densimetric Froude number 7.5 < Fo < 14.5 

Geometric standard deviation of the bed, 

crg=~(d84/d16 ) 
3.16 

d50 1 D 0.008 

1.3 Experimental procedure 

To start each test, flow was introduced slowly to avoid initial local scouring of the bed. 

When the tailwater depth was reached to the desired level, the flow rate was increased to 

desired discharge and then remained constant throughout the test period. The water 

surface was read with a point gage situated upstream of the tailgate and discharge was 

measured using a rectangular sharp-crest weir in the downstream basin of the hydraulic 

model. Each tests was allowed to continue for 2.5 hours in order to achieve almost 

equilibrium conditions. The rate of change of the scour profile between 75 minutes and 

150 minutes was less than a few millimetres. 

2 Analysis of the results 

The results of tests in natural mobile bed were analysed in order to compare the local 

scour development in different conditions. The scour hole geometry for each series of 

tests was presented in dimensionless form and discussed. 
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Upon the completion of 40 scour tests, an empirical analysis was conducted to correlate 

the maximum depth (dsc), length (L), width (W) and distance of maximum depth from 

the pipe outlet (X) to the discharge, tailwater depth and downstream bed characteristics. 

Analysis of the results was performed using high and low tailwater depths. 

2.1 Dimensional analysis 

Scour hole geometry depends on many variables that characterize the conduit, the bed 

material and the flow. These parameters are: 

• velocity Uo 

• tailwater depth, hrw 

• pipe diameter, D 

• pipe slope, S 

• pipe roughness coefficient, n 

• particle size of the bed material, d50 

• density of the bed material , ps 

• water density, p 

• dynamic viscosity of the water, f.1 

• acceleration due to gravity, g 

Thus, if "y" represents any dimension of the scour hole, then 

y = f (uo, hnv, D, S, n, dso, ps, p, Il , g) (I) 

However, for the purpose of this study some of these variables can be disregarded, and 

only the more significant ones are preserved. First, S = 0 since the pipe was horizontal. 

Furthermore the water viscosity J..! was assumed to be constant. The pipe roughness 

coefficient n was also eliminated, because the same pipe was used during all the tests. 

Thus the equation (1) simplifies to: 

y = f (uo, hTw, D, dso, Ps, p, g) (2) 

Upon performing dimensional analysis, the following non-dimensional function was 

obtained: 

y = f (Fo, hnvlD) (3) 

In the equation (5.3), Fo represents the densimetric Froude number expressed as 

Uo O(Ps /p -1) '9 'd50 . 

2.2 Definition of the scour hole geometry 

The different parameters of the scour hole geometry are described in Figure 2. 

L 

X _. Initial bed 

), I J ~ ,. ~
T.~ 

~rofile -./---:r----- I-l i 

Figure 2: Definition sketch for scour hole geometry 
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2.3 Tailwater effect 

The results ofthe.scour hole for high and low tailwater depths are shown in Figure 3. 

Figure 3: high tailwater depth (left), low tailwater (right) - Q=12.5 l!s 

2.4 Equilibrium scour profLie 

Figure 4 represents the equilibrium scour profiles during experimental tests under a 

variety of discharge and tailwater conditions. 
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Figure 4: Equilibrium scour profLie with different discharges and tailwater 

conditions 
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According to the equilibrium scour profile, it is observed that: 

• The maximum erosion depth is located about 40% of the maximum scour length 

from the pipe outlet in case of high tailwater depth (1.0 < hTwlD < 1.1 ), 

• For low tailwater depth (0.1 < hTw/D < 0.2), the maximum erosion depth is located 

about 30% of the maximum scour length from the pipe outlet, 

• Scour depth at the pipe outlet for high and low tailwater depth is 25% and 75% of 

the maximum scour depth respectively. 

2.5 Graphical representation of the experimental data 

According to the dimensional analysis , the parameters of the scour hole geometry were 

correlated to the densimetric Froude number, Fo, as: 

Fo = Uo / ~(ps / p - 1) -g -d 50 

Logarithmic regression lines were compiled correlating the scour hole depth for 

different tailwater conditions to the densimetric Froude number as presented in Figure 5. 

This type of line had the highest Correlation coefficient, r2, comparing than the other 

types. 

Similar plots were compiled for the scour length, the distance of maximum scour depth 

from the pipe outlet and the scour width. These results are presented in Figures 6 - 7 

respectively. 
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Figure 5: Variation of the scour hole depth with the densimetric Froude number 
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Figure 7: Variation ofthe scour width with the densimetric Froude number 

Graphical representation of data indicates that for 7.5 < Fo < 14.5: 

• For similar values of the densimetric Froude number, the maximum depth of scour 

hole; d,c, is approximately 10 - 25% more in case oflow tail water depth. 

• The value of LID and XlD are less than the corresponding value for the case with 

high tai l water depth. 

• The scour hole width; W, is approximately 30% more in case of low tailwater depth. 

2.6 Formula for evaluation of the scour hole on mobile riverbed 

According to the analysis of the experimental data, the non-dimensional relationships of 

scour hole geometry for each tailwater depth can be written as: 

dscl D, LI D, X I D and W I D = f(Fo) 

In order to find the highest Correlation coefficient, r2, different regression lines were 

fitted through the data. The best result was a logarithmic regression as an equation with 

the form of y = a'ln(x) + b (4) 

where; 

y = dimensionless parameter of the scour hole, a, b = constant 

x = the densimetric Froude number defined Uo / ~( p s / p - 1)'9 'd50 

The parameters and coefficients of the equation (4) summarized in Table 2. 

Table 2: Summary of eq uation coefficients 

Scour hole characteristics b 
Tailwater Correlation 

y a 
condition coefficient, r2 

Maximum scour depth d,cl D 
l.l4 -0.93 1.05·D 0.99 

1.69 -2.04 0.15·D 0.95 

Maximum scour length L I D 
12.81 -15.55 1.05·D 0.99 

13 .15 -21.02 0.15·D 0.98 

Distance of d,c from pipe 
X / D 

5.39 -6.92 1.05 ·D 0.99 

outlet 4.62 -7.82 0.15·D 0.99 

Maximum scour width WID 
3.97 -2.72 1.05 ·D 0.91 

3.59 0.28 0.15 ·D 0.87 
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In Figure 8, the values of the coefficients "a" and "b" are presented versus hTw/D for 

each dimensionless parameter of the scour hole. 
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Figure 8: Values of the coefficients "a" and "b" versus tailwater depth for; a) 

maximum scour depth, b) maximum scour length, c) distance of 

maximum scour depth from the pipe outlet, d) maximum width of scour 

The values of "a" and "b" with function of hTW ID are presented in Table 3. Scour hole 

characteristics could be calculated using these values in the equation 4, y = a·ln(x) + b. 

x= UO / ~(Ps / p -1)·9 'd50 

Table 3 : Summary of equation coefficients, scour hole on natural mobile bed 

f f'l d h unctIOn 0 tal water ept 

Dependent variable of 
a b 

scour hole geometry, y 

h hTW 
dsc I D - 0.60·( -:;) + 1.80 1.23·( D ) - 2.25 

LID 
h 

- 0.38 ·( -:;) + 13.20 
h 

6.08 ·( -:;) - 21.95 

h hTW 
X / D 0.86·( -:;) + 4.49 1.00·( D ) - 7.97 

WID 
h 

_ 0.42 .( ~ w) + 3.53 
h 

- 3.33·( -:; ) + 0.78 
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3 Comparison ofthe results 

Fonnulas proposed for calculating scour hole characteristics by different authors have 

been presented in Table 4. It is established that scour hole is calculable using tailwater 

depth, culvert outflow velocity and particle size of the bed material. In this chapter, the 

results of present experimental study for scour hole on natural mobile bed have 

compared with some other authors results. 

Table 4: Comoarison of different formulas conditions 
Vertical 

Submer 
dimensi 

Densimetric Discharge ged Maximum scour depth 
Researchers on of 

the jet 
Froude FO intensity ratio formulas 

(mml 
hTW/D 

dsclD = a·ln(x) + b 

a=- 0.60·( hrw ) + 1.80 
Present 0.15, 0 

study 
100 7.5 - 14.5 0.9 - 1.3 

1.05 b= 1.23·( hTW ) - 2.25 
0 

x= uoU(Ps /p -1)·g ·d so 

Lim (1995) 15,26 1.91 - 24.6 0.47 
( 3.68 ). Fg S7 

0.4 
dsc/D = erg 

.(dso )0.4 

D 

Abt etal. 
102 7.2 - 21.81 

0.9-3.14 0.45 dsJRH = 

(1987) (circular) (±0.05) 7.84.(Q/(A .g05 .R~ . S) )028 

Abt, 

Kloberdanz, 102, 
2.0 - 24.4 0.3 - 3.1 0.45 dsJD = 1.77· ( gOS ~2 . S ) 0.63 

Mendoza 254 

(1984) 

Abt, Ruff, 
dsc/D = 2.08· ( gOS ~2S ) 0.37 Mendoza 102 0.4 - 3.0 0.45 

(1983) 

100.7, 
0.00, 

Ruffet al. 260, 
dsJD = 2.07·( gOS ~2S) O.4S 

(1982) 345, 
7.3 - 33.7 0.25 , 

446 
0.45 

Abt and 
273 , 

0.45 2 
356, 0.5 - 2.0 dsc/D = 0.86· (£.:.::Q_f'8 

Ruff (1982) 
457 

(±0.05) 'c 

Graphical comparison of the present experimental results and six other scour fonnulas 

are shown in Figure 9. The tests conditions of these six fonnulas indicate that all have 

concentrated on flow depth downstream of culverts less than half of the diameter, hTwlD 

= 0.45 . 

In order to investigate the variation of the scour hole due to tailwater depth, the results 

of scouring for two other tail water depths below and over the mentioned ratio have been 

presented by the present study. 

The "hidden line" represents the mean values of the six scour fonnulas results and two 

other lines below and over show the present experimental results for submergence ratio 

of 1.05D and 0.15D respectively. 
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study and other authors 

On the six selected equations, only three equations defined the length and width of the 

scour hole. They consist of Abt et a!. (1987), Abt, Kloberdanz, Mendoza (1984), and 

Abt and Ruff (1982). 

It should be noted that the results of Abt et al. (1987) for the length of the scour hole has 

been eliminated because the scour length from square culverts deviated as much as 40% 

from the scour length of the circular culverts. 

4 Conclusions 

The experimental study for non-cohesive bed material led to the following conclusions: 

• For low and high tailwater depths, the maximum erosion depth was located about 

30% and 40% of the maximum scour length from the pipe outlet respectively. 

• Scour depth immediately at the pipe outlet was 25% and 75% of the maximum 

scour depth for high and low tailwater depths respectively. 

• For similar values of the densimetric Froude number, the maximum depth of scour 

hole was approximately 10 - 25% deeper in case of low tailwater depth. 

• The scour hole length increased and the scour hole width decreased while 

increasing the tailwater level. 

• The mean values of all investigated existing formulas were found to be close to the 

present study. The closer results were identified by the formulas of Abt, 

Kloberdanz & Mendoza (1984) and Abt & Ruff (1982), which had almost similar 

test conditions as the present study. 

• Results of Lim (1995) and Abt et al. (1987) were found below and above the other 

experimental results. Lim (1995) used rather small culvert diameters and Abt et al. 

(1987) used different culvert shapes. 
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