
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Version 

This is the publisher’s version. This version is defined in the NISO recommended 
practice RP-8-2008 http://www.niso.org/publications/rp/  

 

Suggested Reference 

Ghodsian, M., Melville, B. W., & Coleman, S. E. (2012). Local scour due to 
sediment-carrying free-overfall water jet. Proceedings of the ICE - Water 
Management, 165(1), 21-29. doi:10.1680/wama.2012.165.1.21 

 

Copyright 

Items in ResearchSpace are protected by copyright, with all rights reserved, 
unless otherwise indicated. Previously published items are made available in 
accordance with the copyright policy of the publisher. 

© 2012 ICE Publishing.  

For more information, see General copyright, Publisher copyright, 
SHERPA/RoMEO. 

 

 

http://www.niso.org/publications/rp/
http://dx.doi.org/10.1680/wama.2012.165.1.21
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/copyright
http://www.icevirtuallibrary.com/pb-assets/for%20authors/open-access-policy.pdf
http://www.sherpa.ac.uk/romeo/issn/1741-7589/


Proceedings of the Institution of Civil Engineers

Water Management 165 January 2012 Issue WM1

Pages 21–29 http://dx.doi.org/10.1680/wama.2012.165.1.21

Paper 900009

Received 17/09/2010 Accepted 03/05/2011

Keywords: barrages and reservoirs/dams/river engineering

ICE Publishing: All rights reserved

Water Management
Volume 165 Issue WM1

Local scour due to sediment-carrying
free-overfall water jet
Ghodsian, Melville and Coleman

Local scour due to sediment-
carrying free-overfall water jet
j1 Masoud Ghodsian BE, PhD

Professor, Faculty of Civil and Environmental Engineering andWater
Engineering Research Institute, Tarbiat Modares University, Tehran, Iran

j2 Bruce Melville BE, PhD, FRSNZ, DistFIPENZ, MASCE
Professor, Department of Civil and Environmental Engineering, The
University of Auckland, New Zealand

j3 Stephen Coleman BE, PhD, MIPENZ
Associate Professor, Department of Civil and Environmental
Engineering, The University of Auckland, New Zealand

j1 j2 j3

Results are presented of 80 experiments on the time variation of scour in uniform bed materials due to a sediment-

laden free-overfall jet. It was found that the scour hole characteristics (i.e. the depth of scour, the width of the scour

hole, the length of the scour hole and the height of the ridge formed downstream of the scour hole) are functions of

the densimetric Froude number, the ratio of drop height to tailwater depth, the ratio of drop height to hydraulic

radius of jet, sediment number, and the non-dimensional development time. The influences of different parameters

on the longitudinal and lateral profiles of the scoured bed are investigated. Increasing the sediment load in the

water jet leads to a decrease in the dimensions of the scour hole. Scour profiles at different times are geometrically

similar, and can be expressed by a polynomial using relevant parameters. New empirical equations for the prediction

of developing scour-hole geometry and downstream ridge height are presented.

Notation
The following symbols are used in this paper.

B width of tailwater

bw width of jet

d50 median sediment grain size

E average percentage error ¼ (100=N ).
P

:N1
((computedi � observedi)=observedi)

Frd densimetric Froude number Frd ¼ V=[gd50(Ss � 1)]1=2

g acceleration due to gravity

Hc drop height measured from the centre of the jet to the bed

hm sediment ridge height downstream of scour hole

L horizontal distance

Ls length of scour hole

N number of data points

Q outlet flow jet discharge

Qs sediment mass flow rate in the jet

q unit jet flow discharge

qs unit volume discharge of sediment in the jet

R jet hydraulic radius

r2 correlation coefficient

Ss sediment specific gravity

t time of scouring

V exit jet velocity

W width of scour hole

Y vertical distance

Ys depth of scour hole

Yt tailwater depth

r density of water

rs density of sediment

� scour hole dimensions (including downstream ridge

height).

1. Introduction
Flow over and through hydraulic structures often occurs in the

form of jets. The jet velocities are usually high enough to produce

sizeable, even dangerous, scour holes. The extent of the resulting

scour depends on the nature of the bed material and the flow

characteristics. The erosion process is quite complex and depends

on the interaction of hydraulic and morphological factors.

Several investigators have studied the scour due to a free-overfall

jet, including Robinson (1971), Rajaratnam and Beltaos (1977),

Rajaratnam (1980), Abt et al. (1984), Mason (1989), Mason and

Arumugam (1985), Ruff et al. (1987), Blaisdell and Anderson

(1988), Amanian (1993), Doehring and Abt (1994), Stein and

Julien (1994), Azar (1998), Hoffmans (1998), Martins (1999),

Ojha (1999), Ghodsian and Azar (2001, 2002), Ghodsian (2002),

Najafi (2003), Ghodsian and Najafi (2003), Tajkarimi (2004),

Dey and Raikar (2007), Ghodsian et al. (2007) and Pagliara et al.

(2008). Doehring and Abt (1994) and Ojha (1999) studied jet
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scour and correlated the dimensions of the scour hole to drop

height and V=
ffiffiffiffiffiffi
gR

p
(V is the velocity, g is the gravitational

acceleration and R is the hydraulic radius of jet at the outlet).

Ruff et al. (1987) and Ghodsian (2002) correlated the dimensions

of the scour hole downstream of a culvert to V=
ffiffiffiffiffiffi
gR

p
: Rajar-

atnam and Beltaos (1977) and Najafi (2003) correlated the depth

and width of scour holes due to a vertical jet to densimetric

Froude number (defined by Equation 6) and ratio of drop height

to jet diameter. Dey and Raikar (2007) correlated the depth of

scour hole to densimetric Froude number, ratio of sediment size

to jet thickness and ratio of tailwater depth to jet thickness.

All of the previous studies have focused on scour due to a

sediment-free water jet. The aim of the present study is to

investigate experimentally the influence of a sediment-carrying

jet on the dimensions of the scour hole and height of the ridge

formed downstream of the scour hole. The temporal development

of the scour hole and of the ridge height is addressed. The effects

of flow parameters (i.e. discharge and tailwater) on the scour

characteristics are also investigated.

2. Dimensional analysis
The scour geometry due to a free-falling jet depends on a range

of variables, including velocity of outflow jet V, unit discharge of

sediment load in the jet qs, drop height Hc (measured from the

centre of the jet to the bed), cross-sectional dimensions of the jet,

density of water r, median sediment size d50, density of sediment

rs, tailwater depth Yt, acceleration due to gravity g, width of jet

bw, width of tailwater B and time of scouring t. In this study, the

hydraulic radius R (defined in terms of area and wetted perimeter

of the jet cross-section at the jet outlet) is used to characterise the

jet size. Some investigators have characterised the geometry of

the jet by its width for rectangular jets or its diameter for circular

jets. Some others have used hydraulic radius. For example, Ruff

et al. (1987), Doehring and Abt (1994) and Ghodsian (2002) used

hydraulic radius for scour due to the outflow jet from a culvert.

More recently Ghodsian et al. (2007) also used the hydraulic

radius for scour due to circular and rectangular outflow jets.

If � represents the dimensions of the scour hole or the ridge

height downstream of the scour hole, one can write

� ¼ f R, Yt, d50, r, rS
, g, V , Hc, qs, t, bw, B

� �
1:

Dimensional analysis of (1) gives

�

Yt

¼ f
R

Yt

,
d50

Yt

,
Yt g

V 2
,
Hc

Yt

,
qsffiffiffiffiffiffiffiffiffi
gY 3

t

p ,

 

gt2

Yt

,
rs � r

r
,
B

Yt

,
bw

Yt

!
2:

The above equation can be written as

�

Yt

¼ f
Yt

Hc

,
d50

Yt

Yt g(rs � r)
V 2r

,
Hc

Yt

Yt

R
,
rs � r

r
,

 

d50

Yt

Yt

Hc

,
qsffiffiffiffiffiffiffiffiffi
gY 3

t

p ,
V 2

gYt

gt2

Yt

,
bw

B
,
bw

Hc

!
3:

or

�

Yt

¼ f
Yt

Hc

, Frd,
Hc

R
,

qsffiffiffiffiffiffiffiffiffi
gY 3

t

p ,
Vt

Yt

,

 

rs � r
r

,
d50

Hc

,
bw

B
,
bw

Hc

!
4:

Based on previous studies (Ghodsian et al., 2007) as well as

exploratory data analysis, after combining second and third terms

on the right-hand side of the above equation the following

dimensionless relationship may be proposed for modelling the

phenomenon from Equation 4

�

Yt

¼ f
Yt

Hc

, Frd
R

Hc

,
qsffiffiffiffiffiffiffiffiffi
gY 3

t

p ,
Vt

Yt

,

 

rs � r
r

,
d50

Hc

,
bw

B
,
bw

Hc

!
5:

in which Frd is the densimetric Froude number given by

Frd ¼
Vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gd50(Ss � 1
p

)6:

where Ss is specific gravity of the sediment.

In accordance with Equation 5, the following functional relation-

ship is assumed for the different scour parameters. The values of

d50/Hc, (rs � r)/r, bw/Hc and bw/B were constant in all the

experiments and were eliminated from Equation 5.

�

Yt

¼ a
Yt

Hc

� �b

Frd
R

Hc

� �c
Vt

Yt

� �d

1� e
qsffiffiffiffiffiffiffiffiffi
gY 3

t

p� � f

7:

where a, b, c, d, e and f are empirical coefficients or exponents.

The second term on the right-hand side of Equation 7 was also

used by Tajkarimi (2004) and Ghodsian et al. (2007). Rajaratnam
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and Beltaos (1977), Ojha (1999) and Najafi (2003) also used this

parameter, expressing it in terms of jet diameter D instead of

hydraulic radius R. The parameter Vt/Yt, which represents the

temporal evolution of scour, is adopted following the analysis of

Dey and Westrich (2003) for an outflow jet from a sluice gate.

They used jet thickness instead of tailwater depth. Different forms

of equations (incorporating t and qs) were tested and the one

presented (Equation 7) was found to be the best.

3. Experiments
The experiments were conducted in a re-circulating flume with a

length of 20 m, width of 0.83 m and depth of 1.0 m. A

rectangular free-overfall jet of 0.072 m width was established 5 m

from the upstream end of the flume (Figure 1). For this purpose,

a channel of length 1.5 m and width of 0.072 m elevated at about

0.26 m from bed level was used to form the jet. The bed of the

flume downstream from the jet was raised in order to create a

0.3 m deep and 3 m long test section. The test section was filled

with a uniformly-graded sediment with a median diameter

d50 ¼ 0.62 mm and standard deviation � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d84=d16

p
¼ 1:3:

Here d84 and d16 are sediment diameters which are finer than 84

and 16% of bed materials, respectively.

A sluice gate was used to control the tailwater depth. Discharge

was measured by a calibrated sharp-crested triangular weir at the

entrance to the jet approach channel. The depth of flow upstream

of the weir and the eroded bed profile were measured using a

depth sounder. Initially, a thin protective metal sheet was placed

on the sediment bed downstream of the jet. The flume was slowly

filled and then water was recirculated. The desired tailwater level

was controlled by a sluice gate. The protective sheet was

carefully removed so that disturbances of the bed were avoided.

The jet-scour experiments were started when the protective sheet

was removed. At the end of the experiments, the scour-depth

profile was measured using the depth sounder to an accuracy of

�1 mm in the vertical direction.

Initially, experiments were run with a clear-water jet flow and

thereafter with a successively-increased sediment load to the jet.

Sediment having the same size as that of the bed material

(d50 ¼ 0.62 mm) was added to the jet using a hopper (see Figure

1). The hopper was installed at a distance of about 0.10 m

upstream from the free overfall. The sediment feed, in the

sediment-laden experiments, was started immediately after the

protective sheet was removed and was continuous throughout

each experiment. The sediment was introduced to the jet such

that no deposition took place upstream of the free overfall. The

volumetric outflow rate of sediment was measured during each

run. Each experiment was started with the known initial volume

of sediment in the hopper and after each run the volume of

sediment in the hopper was recorded. The difference between the

two volumes was considered as the volume of the sediment added

to the jet. Experiments were run for varying water and sediment

discharges and tailwater conditions. In order to study the time

variation of the scour geometry, bed-profile data were recorded.

The duration of experimental runs for most of the sediment-laden

jet flow experiments was set to 2 h. It was observed that most of

the scour had occurred after 2 h (see Figure 2). Therefore, it was

decided to limit the duration of sediment-laden jet flow experi-

ments to 2 h. The experimental data are presented in Table 1. In

this table, Q ¼ qbw is the jet discharge, Qs ¼ rsqsbw is the

sediment load in the jet, Ls is the length of the scour hole, Ws is

the width of scour hole (see Figure 3), Ys is the depth of scour

and hm is the sediment ridge height.

4. Results
The scour hole is roughly circular in plan (Figure 3), with most

of the eroded material being deposited as a ridge downstream

from the scour hole. Limited deposition occurs also on the sides

of the scour hole. Figure 3 shows that under the stronger flow of

Q ¼ 2.97 l/s, more sediment was transported downstream with

deposition on the sides of the scour hole being sparse.

The influence of the tailwater depth Yt on the longitudinal profile

of the scour hole is demonstrated in Figure 4, for a case where

V

Original bed
level

Ys
hm

Yt

Hc

Ls

Sand feeder

L
Y

Free falling jet

Figure 1. Schematic view of scour due to freefalling jet (not to

scale)

100001000100101
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r 
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h:
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m

Time: min

Figure 2. Scour depth versus time for Q ¼ 3.02 l/s, Yt ¼ 15.8 cm

and Qs ¼ 0
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Q: l/s Yt: cm Time: h Qs: g/s Ys: cm Ls: cm Ws: cm hm: cm

0.972 7.7 18.3 0 9.4 42.5 40 5.4

1.592 8.75 18.45 0 9.5 44.15 38.5 5.4

1.592 10.5 4 0 9.85 47 42.5 6.25

1.682 10.5 2 0 10.2 49 47 7

1.682 10.5 2 0 10.24 49 46.5 7.05

1.682 9.07 62.2 0 10.3 50 44 6.1

0.1465 9.55 4 0 10.55 50 42.5 7.8

1.453 9.37 15 0 10.3 47.5 42.5 6.8

1.453 9.37 2.1 0 8.5 50 49 7

1.453 9.37 2 0 9.5 50 49 6.4

1.453 9.37 16 0 8.5 50 49.5 6.1

1.453 9.4 23 0 10.6 49 51 6.6

1.453 9.4 2 0 8.14 43.5 40.5 6.75

1.453 9.4 2 2.295 6.2 37.5 31.5 7

1.453 9.4 2 2.92 4.95 38 31.5 7.75

1.453 9.4 2 3.339 5.3 38.5 29.5 7.65

1.453 11.3 2 0 9.6 45 42.25 7.4

1.453 11.3 2 2.504 5.41 38.5 29.5 6.8

1.453 11.3 2 3.96 4.33 36 24.5 8.05

1.453 11.3 2 4.842 0.7 25 20 9.3

1.453 15.8 2 0 13.7 49 46 9

1.453 19.8 2 0 13.23 53 46.5 7.9

1.453 15.8 2 1.6696 10.7 45 37.5 9.4

1.453 15.8 2 2.9219 5.4 38 53.5 10.5

1.453 15.8 2 5.009 3.3 31 16 10.7

2.9718 9.55 2 0 12.34 53.75 52.5 8

2.9718 9.55 19 0 16.51 68 61 9.4

2.9718 9.55 2 1.878 12.24 56.5 56 7.6

2.9718 9.55 2 3.756 11.7 51.5 49.5 8.1

2.9718 9.55 2 9.6 8.72 46 40.5 8.95

2.9718 15.8 2 0 17.1 64 55 10.7

2.9718 15.8 2 4.382 14.12 60.5 49 11.95

2.9718 15.8 2 7.096 12.65 55.5 48 12.5

2.9718 15.8 2 13.792 6.46 38.5 30 14.8

2.9718 20.3 2 0 15.69 63.5 58 9.35

2.9718 20.3 2 4.591 13.87 57.5 48.5 11.2

2.9718 20.3 2 7.9909 12.33 53 47 12.6

2.9718 20.3 2 13.566 9.36 47 38 14.8

2.9718 11.3 2 0 14.94 60 53 9.2

2.9718 11.3 2 3.965 10.87 50.5 46.5 9.1

2.9718 11.3 2 2.7132 12.81 53 51 9.3

2.9718 11.3 2 6.678 9.92 44.5 43 9.9

3.103 10.5 0.0833 0 9.61 48.5 45 7.4

3.103 10.5 0.0833 4.362 10.82 49 43.5 8.15

3.103 10.5 0.0833 3.233 9.5 48.5 44 8.25

3.103 10.5 0.0833 1.3336 9.24 48 45 7.75

3.103 10.5 0.0833 12.011 10.23 50 * 7.35

3.103 10.5 0.0833 18.559 7.56 46.5 * 8.35

3.103 10.5 0.0833 0 9.4 50 * 7.4

3.103 10.5 0.0833 5.5 8.98 49 * 7.45

3.103 10.5 0.0833 40.44 6.35 79 40 9.15

3.103 10.5 4 0 15.53 60 60.5 1.2

(continued)
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Q ¼ 2.97 l/s and Qs ¼ 0. This figure shows that the dimensions of

the scour hole and the ridge height for lower values of Yt increase

with increasing Yt (i.e. for Yt ¼ 9.55, 11.3 and 15.8 cm), but when

Yt ¼ 20.3 cm the reverse trend occurs. However the effect of Yt on

the point of scour initiation is negligible. It is also evident from

Figure 4 that the locations of maximum scour depth and maxi-

mum ridge height are influenced by Yt: With increasing Yt the

locations of the maximum scour depth and the maximum ridge

height move downstream. Figures 5 to 7 show the effect of Yt on

Ys, Ls and hm, respectively. Increasing Yt leads to the dimensions

of the scour hole and the ridge height increasing initially and then

decreasing. Ghodsian et al. (2007) reported the same trend for

clear water jet scour. For low values of Yt, Ys and hm are governed

by Yt and increase with larger Yt: For low Yt, the ridge acts as a

barrier to the scoured material, which remains in the scour zone

so that the extent and depth of scour are limited. With increasing

Yt, the scoured material is transported downstream and deposited

over the ridge, which gets higher as a consequence. At the same

time, the dimensions of the scour hole increase. The decreasing

dimensions of the scour parameters at high values of Yt are

attributed to the increasing dissipation of the energy of the jet

flow for this case.

Figure 8 shows normalised scour profiles for the different tests,

plotted in terms of L/Ls and Y/Ys, where L and Y are horizontal

and vertical distances, respectively (Figure 1). The data in Figure

8 correspond to Q ¼ 1.45–3.1 l/s and Qs ¼ 0–40.4 g/s. The low-

er-envelope line in Figure 8 represents Equation 8 and the

symbols represent measured values.

Y

Ys

¼ 2:477
L

Ls

� �3

þ 0:423
L

Ls

� �2

� 2:9
L

Ls8:

The influence of Qs . 0 on the scour geometry is depicted in

Figures 9 and 10 for Q ¼ 2.97 l/s and two values of Yt ¼ 11.3 and

20.3 cm, respectively. When Qs . 0, the scouring potential of the

Q: l/s Yt: cm Time: h Qs: g/s Ys: cm Ls: cm Ws: cm hm: cm

3.103 10.5 8.15 0 16.17 60.5 60.5 8.6

3.103 10.5 62.4 0 18.9 65.5 * 8.8

3.103 15.8 8 0 17.77 62 * 8.6

3.103 20.3 8 0 17.58 71 62.5 10.15

3.103 25.6 7 15.69 70 60 10.1

1.5802 9.15 8 0 7.77 43 39 6.4

1.5802 9.55 26.03 0 8.35 43.5 41.5 6.95

1.5802 9.55 4 0 7.4 39 37.5 6

1.5802 9.55 2 0 7.3 51.5 35 6.15

1.5802 9.55 15 0 8.03 42 39 6.6

1.5802 11.4 8 0 8.37 42 40 6.3

1.5802 11.4 15 0 8.98 42.5 41 7.7

1.5802 11.9 2 0 7.78 40.5 38 7.1

1.5802 11.4 4 0 8.29 40.5 40.5 6.1

1.5802 16.4 15 0 14.2 53.5 52 8.5

1.5802 16.4 4 0 13.52 52 50 8.3

1.5802 16.4 2 0 12.96 48 47.5 8.05

1.5802 16.4 22 0 14.85 53.5 56 8.65

1.5802 23.3 19 0 14.22 54.5 49 9.4

3.0239 10.4 24 0 16.47 64 63.5 8.7

3.0239 10.4 15.2 0 14.27 50 59 8.15

3.0239 10.4 4.25 0 12.44 53.5 52 7.95

3.0239 10.4 2 0 11.13 52.5 49 7.8

3.0239 14.5 15.05 0 16.74 67.5 35 10.8

3.0239 15.8 23.5 0 17.47 66.5 64 11.3

3.0239 20.3 23.15 0 16.9 72 * 11.9

3.0239 24.8 24.13 0 16.22 71 58 10.3

3.0239 24.8 24.1 0 16.2 70 58 10.2

* Not measured.

Table 1. Experimental data
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jet was reduced, and the dimensions of the scour hole decreased

(with hm increasing due to deposition). It is evident that the

locations of maximum scour depth, maximum ridge height and

the point of scour initiation are not influenced by Qs: The effect

of Qs on the measured values of Ys and hm for two values of Yt is

given in Table 2. These effects are also demonstrated in Figures 5

to 7. The trends evident in these figures are similar to those for a

clear water jet. Figure 7 shows that at low values of Yt, the effect

of Qs . 0 on hm is less significant. In this case, Yt has more

influence on hm and sediment is transported further downstream

rather than accumulating on the ridge. At high values of Yt, hm is

also influenced by the sediment in the jet.

Ws

Ws

(a)

(b)

Figure 3. Typical scour hole formed for two values of discharge

with Yt ¼ 9.5 cm and Qs ¼ 0: (a) Q ¼ 1.45 l/s; (b) Q ¼ 2.97 l/s
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Figure 4. Effect of tailwater depth on scour profile
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The influences of sediment number qs=
ffiffiffiffiffiffiffiffiffi
gY 3

t

p
and Yt/Hc on Ys/Yt

are shown in Figure 11 for FrdR/Hc ¼ 0.65. Scour depth is seen

to reduce with increasing qs=
ffiffiffiffiffiffiffiffiffi
gY 3

t

p
and Yt/Hc: Figure 12 shows

the influence of the parameters qs=
ffiffiffiffiffiffiffiffiffi
gY 3

t

p
and Yt/Hc on Ls/Yt for

FrdR/Hc ¼ 0.65. Again, the effect of qs=
ffiffiffiffiffiffiffiffiffi
gY 3

t

p
in reducing

scour size is clear. The influences of the parameters qs=
ffiffiffiffiffiffiffiffiffi
gY 3

t

p
and Yt/Hc on Ws/Yt and hm/Yt are shown in Figures 13 and 14,

respectively, for FrdR/Hc ¼ 0.65. The influence of qs=
ffiffiffiffiffiffiffiffiffi
gY 3

t

p
on

Ws is similar to that for Ys and Ls: The influence of Yt on hm, as

shown in Figure 14, supports the observation above that Yt

governs hm for shallower Yt:

For the experimental data at all times (including data for both

clear water and sediment-laden conditions), the values of coeffi-

Eq. 8
�1·5

�1·0

�0·5

0

0·5

1·0

1·5

0

Y
Y/

s

L L/ s

1·00·80·60·40·2

Figure 8. Normalised scour profile for all the present data

14012010080604020
�20

�10

0

10

20

0

Be
d 

el
ev

at
io

n:
 c

m

Longitudinal distance from jet: cm

Q
Y

�
�

2·97 l/s,
11·3 cmt

Qs 0�
Qs g2·713 ( /s)�
Qs g3·965 ( /s)�
Qs g6·678 ( /s)�

Figure 9. Effect of Qs on scour profile: Yt ¼ 11.3 cm and t ¼ 2 h

14012010080604020
�20

�10

0

10

20

0

Be
d 

el
ev

at
io

n:
 c

m

Longitudinal distance from jet: cm

Q
Y

2·97 l/s,
20·3 cm

�
�t

Qs 0�
Qs 4·59 ( /s)� g
Qs 7·99 ( /s)� g
Qs 13·57 ( /s)� g

Figure 10. Effect of Qs on scour profile: Yt ¼ 20.3 cm and t ¼ 2 h

0·60·50·40·30·20·1

q Ys
3
t

0·5/( )g

Fr R Hd c/ 0·65�

2

4

6

8

0

L
Y

s
t

/

Y Ht c/ 0·34�

Y Ht c/ � 0·40
Y Ht c/ � 0·55
Y Ht c/ � 0·71

Figure 12. Variations of Ls/Yt with qs=
ffiffiffiffiffiffiffiffiffiffi
gY 3

t

p
for different values
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Yt ¼ 11.3 cm Yt ¼ 20.3 cm

Qs: g/s Ys: cm hm: cm Qs: g/s Ys: cm hm: cm

0 15.0 9.1 0 15.7 9.0

2.7 12.8 9.3 4.6 13.8 11.0

3.96 10.9 9.7 8.0 12.3 11.5

6.68 9.9 10.0 13.6 9.4 14.8

Table 2. Effect of Qs on Ys and hm for Q ¼ 2.97 l/s
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cients and exponents in Equation 7 are given in Table 3 for Ys,

Ws, Ls and hm: The correlation coefficient r2 and the average

percentage error E for each case are also given in this table.

Figure 15 presents a typical variation of Ys/Yt with Vt/Yt for

Q ¼ 3l/s, Qs ¼ 0 and Yt ¼ 15.8 cm. Equation 7 adequately pre-

dicts the variation of scour depth with time for ranges of

1.5 * 105 , Vt/Yt , 5.5 * 105, 0.29, Yt/Hc , 0.9 and 0 , qs=ffiffiffiffiffiffiffiffiffi
gY 3

t

p
, 0.6. The proposed model does not agree well during the

early stages of scour and further research is required in order to

develop a general equation. Moreover it was found that

qs=
ffiffiffiffiffiffiffiffiffi
gY 3

t

p
is the most significant parameter affecting the scour

depth, with Vt/Yt having the least effect on scour depth.

5. Conclusions
The conclusions from this experimental study are listed here.

(a) The sediment carried by a free-overfall jet reduces the

scouring potential of the jet as compared to a clear-water jet,

and its effect is included in a new relationship for scour depth

estimation.

(b) The height of the ridge downstream of the scour hole is

influenced by Yt and Qs: The influence of Qs on hm is less

significant at low values of Yt:

(c) With increasing Yt, the dimensions of the scour hole (Ys, Ls

and Ws) and the ridge height (hm) initially increase, reach a

maximum value and thereafter decrease. This trend is the

same for clear water jets and sediment-carrying water jets.

(d ) The height of the ridge formed at the sides of the scour hole

is reduced with increasing discharge.

(e) Scour profiles are geometrically similar throughout the

development of the scour hole.

( f ) Equation 7 adequately predicts the time dependency of the

scour hole geometry and the height of the downstream ridge

for a uniform sediment bed subject to free-overfall water jets

of varying relative sediment load.

(g) Additional work remains to confirm the presented

experiments for varying sediment sizes.
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