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Abstract: A series of experiments was conducted to investigate the erosion behaviors of the noncohesive
sediments downstream of smooth and rough aprons. A total of 33 tests were carried out with five different
roughness conditions (k =0, 1, 1.85, 3.35 and 5mm) in a flume 0.5m wide, 0.6m deep and 9m long. For each run,s

measurements were taken of the scour-hole profiles at the asymptotic or equilibrium state of scour. The results
showed that the main characteristics of the scour holes, such as the maximum scour depth and its distance from
the end of the apron, the maximum extension of the hole, the dune height and its distance from the end of the
apron, were much smaller for rough than smooth aprons. A minimum reduction of 60% was obtained for the
maximum scour depth with respect to the smooth beds. Also, the effect of submergence on the maximum scour
depth was investigated. It was found that as the submergence factor increased, the maximum scour depth
decreased. Finally, it was observed that the shape of the scoured beds was different in rough and smooth beds
and that the mound region was more flat for rough aprons.
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INTRODUCTION When a submerged jet passes over a bed roughness,

In order to prevent local scour from flows different from those of the corresponding jet over a
downstream  of  constructions  such  as  a  sluice  gate, it smooth bed. Also, bed roughness may affect the physical
is  a  common  practice to provide a small concrete apron properties, such as jet length that, in turn, can affect the
at the base to reduce the scour at or very near the rate of resultant changes of characteristics of scour hole.
structure's base that threatens to undermine it. Because However, little attention has so far been paid to this
flow conditions around a structure are complex, the characteristic of submerged jets.
design  and  planning of an apron are typically based on Submerged hydraulic jump has been the subject of
experimental results, modeling and measurements from extensive investigations by many researchers and
similar projects. numerous reports exist in the literature for this

Prediction of local scour holes that develop phenomenon (for example: [1], [2], [3], [4], [5], [6], [7]).
downstream of hydraulic structures due to submerged jets Most of these measurements were obtained on smooth
plays an important role in their design. Submerged jets are beds and so our knowledge on characteristics of flow in
those types of hydraulic jumps that form when tailwater submerged jumps on rough beds is deficient. A few
depth becomes sufficiently larger than the sequent depth studies have been made on submerged wall jets on rough
of free hydraulic jump. As these jets have high velocity, beds. Rajaratnam experimentally studied the plane
they can be led to erosion downstream of hydraulic turbulent wall jet on artificial rough beds [4]. Tachie et al.
structures. Thus, these areas should be prevented from reported the experimental findings of the effects of
the excessive erosion. Many studies have been smooth and transitionally rough beds on the flow
conducted with non-cohesive bed materials in this area. characteristics of a plane turbulent wall jet [8]. Rajaratnam
But, most of these studies are related to formation of jets found that the free jumps on rough beds were
upon smooth beds and few studies are carried out in the significantly shorter than those on a smooth bed [4]. Day
case of submerged jets on rough bed and the effect of and sarkar investigated the flow field in submerged jumps
roughness on local scour process. on horizontal rough beds [9]. 

the characteristics of velocity and turbulence of flow are
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Local scour downstream of a smooth apron due to the  characteristics  of  scour   holes   from  submerged
submerged jets has been studied by several researchers. wall jets.
Chatterjee and Ghosh measured the velocity profiles in
submerged wall jets as they develop over the apron ExperimentalInvestigations: Experiments were conducted
followed by the scour hole [10]. Hassan and Narayanan in a laboratory flume with a rectangular cross-section. The
(1985) studied the flow characteristics and the similarity of flume was 0.5 m wide, 0.6 m deep and 9 m long and the
scour profiles downstream of an apron due to a slope of the flume was adjusted to zero and it was
submerged wall jet [11]. Hopfinger et al. described the equipped with a sluice gate at the entrance. Discharges
scour process downstream of a short apron due to were measured by a calibrated sharp crested rectangular
submerged jets and proposed a method to predict the weir at the entrance of the upstream reservoir. The depths
time-variation of scour depth using the findings of Hogg were measured using a mechanical point gauge with an
et al., who put forward a model to compute the scour accuracy of ±0.1 mm. The point gauge was mounted on a
profiles due to horizontal turbulent wall jets without an traverse arrangement that could be moved longitudinally
apron [12, 13]. Sui et al. studied the influence of channel along the flume and transversely across the flume cross-
width and tailwater depth on local scour caused by square section. A schematic view of the experimental
jets [14]. arrangement is shown in Fig. 1. Experiments were

Also,  few  studies were  carried  out  on the effect of performed in both smooth and rough beds. The sediment
bed roughness on the characteristics lengths of the scour bed was 0.2m deep and 2m in length. The arrangements
hole. Revelli et al. found that the turbulence due to the assured that each equilibrium scour hole formed would
presence of the sill and some three-dimensional effects not hit the bottom of the flume. The initial bed was fully
due to roughness elements are responsible for the saturated prior to the start of tests. The downstream end
occurrence of the scour [15]. Then, there is the evolution of the flume was provided with a trap to prevent any
of the scour itself, due to the formation of a hydraulic accidental transport of the bed material into the flow
jump. The final form of the scour depends on the system. Sediments with the same properties as those of
roughness and dimension of the sill but seems to have a the erodible bed downstream of the apron were glued to
self-similar geometrical shape. the surface of the 1.0m long apron. The properties of the

Day   and   Sarkar  studied  the  flow  field in sediments used in the experiments are summarised in
submerged wall  jets   over   abrupt   changes  from Table 1. As recommended by Wiberg and Smith for
smooth  to  rough  beds  and  showed  that   the  decay roughness due to natural sand, d was used as the
rate  of  the  jet is faster on rough beds [16]. The change equivalent roughness height, k [17]. Fig. 2 shows the
in bed roughness induces an increased depression of the grain size distribution of used bed materials.
free surface over the smooth bed. The profiles of the In this study, overall 33 tests were carried out under
equilibrium scour hole have been calculated from the deeply submerged jet conditions, i.e. the tailwater depths
threshold condition of the sediment particles along the were larger than 10 times the size of the jet opening. The
bed surface. tailwater depth was controlled by an adjustable gate

Most  of  these  investigations focused on either the which was located at the end the flume. Each experiment
physical characteristics of the submerged jumps or the was run for a period of 12 h to reach equilibrium scour. At
hydraulics of plane turbulent wall jets on a smooth bed. the end of the run time the flow was stopped and the
There is a considerable dearth of understanding of the characteristics lengths of the scour hole such as the
effect of bed roughness on the flow characteristics in maximum depth of scour, the height of the dune and the
submerged jumps and consequently on scour-hole maximum longitudinal extension of the scour hole were
characteristics downstream from an apron. The present measured. Also, for some tests the length of the hydraulic
study aims to investigate the effect of bed roughness on jump was determined. 

50

s

Table 1: Properties of the sediments

d (mm) Relative density k =d (mm)50 s 50 g

1.00 2.65 1.00 1.11

1.85 2.65 1.85 1.12

3.58 2.65 3.58 1.10

5.00 2.65 5.00 1.19
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Fig. 1: Schematic view of the flume

Fig. 2: Size distribution curves for the five types of used bed material

RESULTS AND DISCUSSION As the size of the roughness elements increases, the

In total, 33 experiments were conducted under expected. As reported by Hogg et al. if a boundary is
different   hydraulic   and   bed-roughness   conditions. artificially roughened by grains of a given size, then the
The  results  showed  that  the magnitude of the bed roughness, k , which is the lengthscale of protrusions
roughness  of  the  apron  affects  the  characteristics  of into the flow, is simply proportional to the particle
the  scour  hole significantly. The results are summarized diameter [13]. Also, if these protrusions extend to far
in Table 2. outside the laminar sublayer, then most of the resistance

Figure  3  shows  the  variation  of  the dimensionless to the flow arises from the form drag associated with the
maximum   scour   depth   against   the  densimetric individual elements. For flows over rough boundaries it is
Froude   number   F    for   aprons   with   smooth  and not the fluid viscosity which eventually affects the flow0

rough   surfaces.    It    is    observed   from   this  figure because the roughness elements prevent the
that any magnitude of apron roughness has a establishment of a viscous boundary layer.
considerable  effect  on  the  maximum  scour  depth. It is verified in Fig. 3 where for a given F , the
When the apron is roughened, the threshold of the dimensionless  parameter  d /y   is  reduces  by an
occurrence of scour downstream of the apron is increase   in   the   roughness  height   (k ),   where   y   is
increased.  Unless  the  F   reaches  a  critical  value, no the gate opening size. Also, for a given k , the maximum0

scour  will  occur,  as  resistance  against the flow scour  depth  increases  as  the  densimetric Froude
increases due to the presence of roughness. Hence, more number increases. This is in good agreement with the
energy is dissipated relative to the smooth apron and the findings of Dey and Sarkar where they pointed out that
ability of the flow to erode the downstream alluvial bed the decay rate of submerged jets increases with increase
decreases. in bed roughness [9].

dissipation of energy increases and so less scour is

s

0
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Table 2: Summary of the experimental data

Run No. k  mm Q lit/s Tailwater cm d  cm h  cm L  cm L  cm L  cm u  m/s Fs sm d 0 sm d 0 0

1 smooth 13.35 20.7 2.2 4.7 24.6 10.0 44.0 1.34 7.71
2 smooth 15.5 20.0 2.8 5.4 28.9 11.0 51.0 1.55 8.96
3 smooth 17.72 20.0 3.3 5.6 32.8 12.0 55.0 1.77 10.24
4 smooth 19.95 15.5 4.7 5.1 36.7 15.0 69.0 2.00 11.53
5 smooth 19.95 17.0 4.4 5.9 36.9 12.0 72.0 2.00 11.53
6 smooth 19.95 20.4 3.9 6.9 41.0 15.0 75.0 2.00 11.53
7 smooth 19.95 22.9 3.5 7.6 43.9 21.0 81.0 2.00 11.53
8 smooth 19.95 24.5 3.4 7.7 44.9 15.0 75.0 2.00 11.53
9 smooth 22.11 19.7 4.9 8.1 48.7 15.0 95.0 2.21 12.78
10 1 13.35 20.0 0.2 0.5 2.1 0.0 9.0 1.34 7.71
11 1 15.5 20.0 0.1 0.9 4.2 0.0 21.0 1.55 8.96
12 1 17.72 20.0 0.8 1.6 7.8 4.0 26.0 1.77 10.24
13 1 19.95 15.0 2.8 2.9 24.3 9.0 45.0 2.00 11.53
14 1 19.95 17.5 2.3 2.9 22.2 6.0 45.0 2.00 11.53
15 1 19.95 20.0 1.3 3.0 16.3 5.0 36.0 2.00 11.53
16 1 19.95 22.5 1.1 1.9 11.2 0.0 39.0 2.00 11.53
17 1 19.95 25.0 1.1 2.9 13.3 3.0 48.0 2.00 11.53
18 1 22.11 20.0 2.0 4.4 28.0 7.0 54.0 2.21 12.78
19 1.85 13.35 20.0 0.0 0.0 0.0 0.0 0.0 1.34 7.71
20 1.85 15.5 20.0 0.1 0.5 1.9 0.0 18.0 1.55 8.96
21 1.85 17.72 20.0 0.5 0.8 3.0 3.0 30.0 1.77 10.24
22 1.85 19.95 20.0 0.8 2.1 13.1 3.0 33.0 2.00 11.53
23 1.85 22.11 20.0 1.7 3.1 22.6 6.0 45.0 2.21 12.78
24 3.35 13.35 20.0 0.0 0.0 0.0 0.0 0.0 1.34 7.71
25 3.35 15.5 20.0 0.0 0.0 0.0 0.0 0.0 1.55 8.96
26 3.35 17.72 20.0 0.3 0.3 4.0 2.0 21.0 1.77 10.24
27 3.35 19.95 20.0 0.4 1.2 5.3 4.0 33.0 2.00 11.53
28 3.35 22.11 20.0 0.8 1.8 17.1 6.0 39.0 2.21 12.78
29 5 13.35 20.0 0.0 0.0 0.0 0.0 0.0 1.34 7.71
30 5 15.5 20.0 0.0 0.0 0.0 0.0 0.0 1.55 8.96
31 5 17.72 20.0 0.0 0.0 0.0 0.0 0.0 1.77 10.24
32 5 19.95 20.0 0.2 0.9 9.0 3.0 27.0 2.00 11.53
33 5 22.11 20.0 0.3 1.0 11.9 6.0 36.0 2.21 12.78

Fig. 3: Variation of the dimensionless maximum scour depth against the densimetric Froude number
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Fig. 4 shows the effect of the height of the roughness variations  of  the dimensionless parameter L /y  against
on the maximum scour depth with respect to the smooth F . It is seen that for a given roughness as F  increases,
bed. The vertical axis is the percent scour reductions at the dimensionless parameter L /y  increases which means
equilibrium (r ), which is defined as: that the scour hole extends. Also, for a given F  andsm

parameter L /y . So, as the roughness height increases the
(1) longitudinal extension of the scour hole reduces.

where d  and d  are the maximum scour depths for the reduction  of  the  scour  magnitude  due  to  rougheningsms smr

smooth and rough bed, respectively. the apron is verified.
As it seen in this figure, the minimum percent The tailwater depth was adjusted so that no general

reduction of the scour depth after roughening the apron scour would occur and any sediment grain eroded from
is about 59% for the greatest densimetric Froude number the alluvial bed was gathered on the downstream bed, as
(F =12.78) and the smallest roughness (k =1mm). On the the flow could not keep it in motion. The presence of the0 s

other hand, for the greatest roughness height (k =5mm), dune may have affected the flow characteristics ands

the minimum reduction in scour depth is more than 93% needed to be considered. Variation of the dimensionless
respect to the smooth bed. It is clearly seen from Fig. 4 dune height (h /y ) against F  is plotted in Figure 7, which
that for the two great magnitudes of the apron roughness shows that The dune height was smaller for the rough
were used in the experiments, i.e. k =3.5mm and k =5mm, apron than the smooth. Because dune height indicatess s

the safe range of F  where no scour occurs is increased. some flow characteristics, the rough apron may reduce the0

Hence, for these values of the apron roughness no scour perturbation of the flow. As with the other characteristics
occurs until the densimetric Froude number reaches a of the scour hole, as roughness increased, dune height
value of F  about equals to 10. It will be interesting to reduced.0

note that as F  increases and the flow becomes more Figure 8 plots the variations of the distance of the0

intensive, the role of the roughness height will be more maximum dune height to the end of the apron L  against
distinct. From Fig. 4 it is observed that the deference the densimetric Froude number. As the bed was
between percent reduction of scour of the smallest and roughened, the dune formed closer to the end of the
the largest roughness height were used in the experiments apron than with the smooth bed, but this influence was
is about 35%. not obvious. 

One of the other characteristics lengths of the scour As mentioned previously, the main aim of locating
hole is the location of the occurrence of the maximum the apron is to control the unwanted action of the
scour depth (L ). Fig. 5 shows the variations of the non- hydraulic jump that forms over it. When aprons don’tsm

dimensional parameter L /y  versus the parameter F . It is have enough length for the submerged jump, the scoursm 1 0

seen that, for all values of F , the maximum scour depth holes eventually form behind them. As reported by0

occurs farther for smooth rather than rough apron. So, Rajaratnam (1968), the jumps on rough beds are
when the apron is roughened, the maximum scour depth significantly shorter than the classical jump [4]. To
moves toward the apron and it may sound that the investigate the effect of roughness on the characteristics
stability of the apron encounters more risks. But, it must of the hydraulic jump, the length of the jump was
be considered that as the bed is roughened, the geometry measured under different hydraulic conditions. Figure 9
of the scour hole is reduced in size by all dimensions in all shows the variations of the length of the jump (L ) for
direction. Therefore, as the maximum scour depth smooth and rough aprons against the submergence factor
approaches the end of the apron, the magnitude of the defined in Eq. (2): 
scour reduces simultaneously, which  was  showed in
Fig. 5 and the risk of failure of the structure will be
reduced. (2)

As  well as  the  maximum  depth  of the  scour  hole
and  its  location,  the  maximum   longitudinal   extension where Tw and y  are the tailwater depth and the sequent
of the scour hole, L , is another parameter that must be depth of the jump respectively. The length of the jump0

known for the protective works. Fig. 6 shows the was measured for a rough apron with k =1mm.

0 1

0 0

0 1

0

increase in the roughness height may reduces the
0 1

Therefore, the predescribed hypothesis regarding the
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Fig. 4: Reduction of the maximum scour depth for different roughness heights.

Fig. 5: Variation of the non-dimensional parameter L /y  versus the parameter Fsm 1 0

Fig. 6. Variation of the dimensionless parameter L /y  against F0 1 0
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Fig. 7: Variation of the dimensionless dune height h /y  against Fd 1 0

Fig. 8: Variation of the dimensionless parameter L /y against F .d 1 0

Fig. 9: Variation of the dimensionless length of the jump L /y  for smooth and rough aprons against the submergencej 2

factor
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Fig. 10: Variation of the dimensionless maximum scour depth against the submergence factor for smooth and rough
aprons.

Fig. 11: Bed profiles at the centerline for asymptotic state and different roughness conditions.

Fig. 12: Formation of dunes adjacent to the end of the apron for low discharges.
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In addition, the equation proposed by Rajaratnam for CONCLUSION
smooth boundaries has also been included in Figure 9,
which shows that, for a given submergence factor, the
length of the jump for a rough apron is much smaller than
for a smooth apron [18]. Smaller undulations are
transported downstream and the ability of the flow to
erode the unprotected bed is reduced. Variation of the
dimensionless maximum scour depth against the
submergence factor for smooth and rough aprons is
plotted in Figure 10. It is clear from this figure that as the
submergence factor increases, the maximum scour depth
decreases for both smooth and rough beds. This
relationship is made more complex by the fact that the
submergence factor and the length of the hydraulic jump
are proportional. Omid et al. investigated the effect of
tailwater depth on the local scour downstream of
hydraulic jumps [19]. They concluded that as the
submergence factor increases, first the maximum scour
depth reduces and then, with increases in the
submergence factor, increases. However, for the range of
the submergence factors in the present study this
controversy is not significant.

Center-line scoured profiles were measured for
various discharges and tailwater depths. Figure 11 shows
the bed profiles at the asymptotic state for a constant
hydraulic condition (Q=19.95lit/s and Tw=20cm) and five
roughness conditions (k =0, 1, 1.85, 3.35 and 5mm). It iss

clear from this figure that roughness affected the shape of
the scour hole and the subsequent mound. As the scour
hole was shortened, the mound region was elongated.
The nearly flat mound in rough aprons caused less flow
disturbance.

It was also discovered during the test that the scour
near the side walls of the canal was greater than the
center-line scour. Moreover, the surplus particles
removed from the bed at the walls was deposited at the
center-line. Thus, the volume of the eroded bed at the
centerline was less than that of the deposited particles at
the mound region. Hence, for low discharges where the
scour at the centerline was not considerable, the mound
was formed at the end of the apron. Figure 12 shows, for
example, the test with Q=15.5lit/s and Tw=20cm.

For high discharges only, it was observed that that
some roughness elements were dislodged due to the flow
action. However, the main concern with jumps on rough
beds is that the roughness elements located in the
upstream part of the jumps might be subjected to
cavitation and probable erosion, in which case the jumps
would move downstream to the unprotected streambed,
thus causing scour and possible failure of the structure.

The experiments in this study examined the effects of
bed roughness on local scour downstream of an apron.
They were carried out using five different roughness
conditions. Variations of the characteristics of the scour
hole downstream of the apron were investigated. It was
observed that the geometry of the scour hole was
completely different when the apron was rough. Also, the
pattern of the scour process seemed to be somewhat
different for rough beds, as the dune that formed next to
the scour hole was more flat. The results showed that all
of the characteristics of the scour hole, such as the
maximum scour depth and its distance from the end of the
apron, the maximum extension of the hole, the dune height
and its distance from the end of the apron, were smaller in
rough beds. A minimum reduction of 60% was found for
the maximum scour depth with respect to the smooth bed.
Also, as roughness increased, scour decreased.
Measurements of the length of the hydraulic jump on
rough aprons found that as the submergence factor
increased, the length of the jump increased, which follows
the trend for smooth beds proposed by Rajaratnam (1965).
The maximum scour depth was found to be proportional
to the submergence factor. However, the risk of cavitation
must be considered as the main concern with jumps on
rough beds.

List of Notations:
d  = median diameter of sediment particles (mm)50

k  = equivalent roughness height (mm)s

F = densimetric Froude number(-)0

d = maximum scour depth (cm)sm

y =gate opening (cm)1

r = reduction in maximum scour depth (%)dsm

d  and d  = the maximum scour depth for the smoothsms smr

and rough bed, respectively (cm). 
L = location of the occurrence of the maximum scoursm

depth (cm).
L = maximum longitudinal extension of the scour hole0

(cm).
h = dune height (cm).d

L = distance of the maximum dune height to the end of thed

apron (cm)
L = length of the jump (cm).j

S= submergence factor (-).
Tw = tailwater depth (cm).
y  = sequent depth of the jump (cm).2

Q= discharge (lit/s).
u = jet velocity (m/s).0

=geometric standar deviation (-)
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