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3.1.2. Scour Depth Ratio (—)

Dy
The scour water depth rat10, v, increased as the gate
Froude number, Fg, increased as shown in Fig. (9). The
results for all cases of the stepped stilling basin with
negative and positive steps minimize scour depth
compared to the reference case, which corresponds to the
flat floor with no steps.

At F;=1.91, the maximum relative scour depth
decreases by 20%, 37%,31%, 40%, 48%, and 40% for
models B,, B,, B;, B,, C,, and C,, respectively, compared to
model A as shown in Fig. (10). Ali and Mohamed [19]
confirm that incorporating positive steps in the stilling
basin significantly improves the hydraulic performance
downstream of the gate.

3.1.3. Sequent Depth Ratio (:—:)

Flgure 11 illustrates the variation of the sequent depth

ratio (—) with the gate Froude number (F;) for different

Y,
basin conflguratlons In all cases, = increases as F;

increases, indicating that higher inflow momentum
produces a deeper downstream sequent depth. Among all

2.8
2.6
24
2.2

D,/Y,
=
[N}

1 1.2 1.4 F; 16

Flat basin
B3: Three positive steps
OC2: Three negative steps

% B1: One positive step
% B4: Four positive steps
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designs, the stepped stilling basin with two negative steBs
(C,) followed by four positive steps yield the hlghest
ratios, the hydraulic performance was improved, as
indicated by the reduction in scour depth.

Although C, and C, did not record the highest total
energy dissipation (—) they achieved the lowest scour
depth ratios (DS) ThlS is because scour is primarily
governed by the residual bed velocity downstream of the
basin, Wthh reflects the remaining kinetic energy,
whereas (—) measures the total energy loss, including
both kmetlc and potential components. In negative-step
designs, such as C, and C,, a substantial portion of the
kinetic energy is dissipated within the basin through
vortex formation and turbulent mixing before the flow
reaches the scour zone. This interpretation is supported by
the 2 results, where higher sequent depth ratios were
obsetved for C, and C,, indicating lower downstream
velocities and reduced residual kinetic energy.
Consequently, the bed velocity and associated scour are
minimized, even though the total energy loss is not the
highest compared to other configurations.

1.8 2 2.2 2.4

©B2: Two positive steps
+ C1: Two negative steps

Fig. (9). Effects of different shapes, B, C, and the flat basin model A, on maximum scour depth.
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Fig. (10). Reduction percentage of relative scour depths of different pooled basin models with positive and negative steps compared with

the flat basin at F; =1.91.



Evaluation of Negative and Positive Stepped Stilling Basins

55

35
1 1.2 1.4
<O A: Flat basin
B2: Two positive steps
X B4: Four positive steps

Fs 1.6

11

1.8 2 2.2 2.4

OB1: One positive step
X B3: Three positive steps
+ C1: Two negative steps

Fig. (11). Relationship between Relative Depth Ratio (Y,/Y;) and Gate Froude Number (F;) for Different Basin Configuration.
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Fig. (12). Effect of step configuration on bed elevation change along the flume and the flat basin model at F; 1.91.

Figure 12 shows the scour hole profiles for various
tests conducted at a Froude number of 1.91.

3.2. Effect of Adding Baffle Blocks to the Stepped
Stilling Basin

In this study, three different block configurations
(Square, rectangular, and cylinder) with varying relative
heights (%= 0.5, 1.0, and 1.5) were investigated to identify
the optimal block shape and height that achieves a
balance between energy dissipation within the stepped
poled basin and the reduction of local scour downstream.
A single-row arrangement was adopted based on previous
studies, which showed fewer fluctuations along the

channel centerline than double-row arrangements. In
contrast, double rows increase surface turbulence and
reduce overall energy dissipation efficiency due to
upstream water level rise and downstream flow
acceleration. The reason for this is that the water level
increased slightly upstream in the double-row array and
the flow velocity increased after the blocks [39, 40].

3.2.1. The Effect of Baffle Block Height

Figure 13 illustrates theAh;elationship between the
relative energy dissipation () and the gate Froude
number (F;), showing the block height influence on the

dissipation efficiency.
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Fig. (13). Effects of the shapes and relative height of baffle blocks on energy dissipation efficiency with the gate Froude number (f;).

Figure 14 demonstrates the relatlonshlp between the
relative maximum scour depth (y—) and the gate Froude
number (F,) to examine the effect of baffle block height

with relative heights (% = 0.5,1,1.5) across different
shapes: rectangular, square, and cylindrical (models F, E,
and G). It was observed that the relative scour depth (?)
increases with an increase in the gate Froude number (FG).

Figure 15 111ustrates the variation of the relative
sequent water depth (‘*) with the gate Froude number
(Fg). Measuring the relative sequent water depth (Y‘I)
reflects the flow depth variation downstream of the basin
and provides an indirect measure of the residual flow
velocity at the exit section. Since scour and sediment
transport are primarily governed by the velocity near the
bed, the ratio (%) becomes a valuable indicator of the

basin’s ability to stabilize the flow. A higher relative depth
generally implies reduced exit velocity and therefore
better protection against bed erosion.

The experimental results illustrate that the baffle block
height plays a decisive role in hydraulic performance.
Taller blocks (E = 1.5) reduced scour depth effectively
because they suppressed the bed velocities near the bed
and dissipated the residual kinetic energy responsible for
local erosion. In contrast, shorter blocks (% = 0.5)
achieved higher energy dissipation within the stlli(lng basin
by generating intense turbulence and vortices, yet did not
significantly reduce the downstream bed shear stress.
Therefore, the optimal block height depends on whether
the design priority is minimizing local scour or maximizing
energy dissipation within the basin.

1.6 4

1.4

0.6 4

0.4 r T . r

m G1: Cylinder block(h/K=0.5)

x G2: Cylinder block( h/K=1)

G3: Cylider block (h/K=1.5)

4 F1:Rectangular blockk(h/k=0.5)

x F2:Rectangular block(h/k=1)

o F3:Rectangular block(h/k=1.5)

E1:Square block(h/k=0.5)

x E2:Square block (h/k=1)

1 1.2 14 1.6 1.8

%3 Square block(h/k=1.5)

Fig. (14). Effects of the shapes and relative height of baffle blocks on the relative scour depth with the gate Froude number (F).
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Fig. (15). Effects of the shapes and relative height of baffle blocks on relative sequent water depth (Y,/Y,) with the gate Froude number

(Fo).

Previous studies (Wu and Rajaratnam [41], Habibzadeh
and Wu [42], Zaffar, Haasan [26]) have consistently
reported that higher energy dissipation does not always
correspond to lower scour depths. This discrepancy arises
because energy dissipation accounts for the overall loss of
both potential and kinetic energy, whereas scour is mainly
governed by the residual flow conditions at the basin exit,
particularly the near-bed velocity and shear stress. As a
result, designs that strongly dissipate energy through
turbulence may still allow sufficient residual momentum to
cause local erosion.

Energy dissipation and scour reduction should be
viewed as complementary but separate goals from a
design standpoint. To prevent general scour, structural
vibrations, and excessive basin length, adequate energy
dissipation is crucial for overall downstream safety.
However, reducing local scour lowers maintenance costs
and guarantees stability at the immediate basin outflow.
Therefore, an intermediate block height (X = 1.0) often
provides a practical compromise, ensuring sufficient
energy loss within the basin while also limiting residual
velocities that drive local scour.

Abdelaal and Eltohamy [43] emphasized that the most
effective block sill height is close to the critical depth
(Yerea), @s excessive heights tend to deflect the jet
excessively, reducing turbulence and lowering dissipation
efficiency. The selected step heights represent a practical
range from low to high obstruction conditions, covering
values below, around, and above the optimum height,
which is typically close to the critical depth.

3.2.2. The Effect of Baffle Block Shape

The results demonstrate that block geometry strongly
influences both energy dissipation and scour reduction.
Square blocks, particularly with relative height ratios of %

=1, 1.5 (E, and E,), achieved the best overall performance:
they generated high energy dissipation comparable to or
even exceeding cylindrical blocks, while simultaneously
reducing downstream scour due to their ability to increase
the flow depth ratio (%) and weaken near-bed velocities.

Rectangular and cylindrical blocks also enhanced
energy dissipation, but they were less effective in
minimizing scour, as their induced vortices transmitted
higher residual velocities toward the bed. Therefore, the
square block is identified as the most efficient geometry,
offering a balanced solution that maximizes energy
dissipation while minimizing scour risk.

e P

1) O || ==

e P —

= O|l=
b PN P

| O] | =

Fig. (16). Flow directions of different shapes.

It is observed that the square, cylindrical, and
rectangular shapes reduce the maximum scour depth by
54%, 47%, and 44%, respectively, at a Froude number of
1.91 with a relative height of (%=1.5).

Figure 16 illustrates flow patterns around different
obstacle shapes. It's observed that:
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e In the square shape, sharp corners cause strong flow
separation, forming a reverse wave that increases energy
dispersion and reduces erosion.

e In the case of the cylindrical shape, the flow is more
gently directed, though the effect of the width remains
unchanged.

e The rectangular shape, with a more elongated shape,
shows intermediate behavior, and the wake zone appears
more confined than in the square shape.

Figure 17 shows the relative scour depth versus
longitudinal distance beyond the stepped basin for
different shapes, E,, F,, G,, and a flat basin at relative

block height (%=1.5) and F, = 1.91.

Fahmy et al.

Figure 18 illustrates the reduction percentage of
relative scour depth for various cases in this study, based
on the flat bed model at F;= 1.91. The results show that

adding a single raw block with a relative height (2=1.5) to
the stepped stilling basin, which has two negatfve steps
followed by four positive steps, increased the reduction
percentage to 44%, 47%, and 54% for circular,
rectangular, and square shapes (Models G,, F;, and E;),
respectively.

Although energy dissipation improvements among
configurations, shown in Fig. (19), are relatively small, the
square block at %=1.5 produced a substantially larger
reduction in scour depth; therefore, when scour mitigation
is prioritized, this configuration is recommended.

4.5
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©
"

w
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Change in bed elevation (cm)
i
%
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Distance along basin (cm)

80

=== F|at basin
=== F2: square block
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G2: cylinder block

Fig. (17). Relative scour depth versus longitudinal distance beyond stepped basin for different shapes E2, F,, G,, and flat basin at relative

block height (%: 1.5) and F,= 1.91.
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Fig. (18). Reduction percentage of relative scour depths for pooled basins with baffle blocks of different configurations compared with

the flat basin at F; = 1.91.
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Fig. (19). Percentage increase in relative energy dissipation for pooled basins with baffle blocks of different configurations compared

with the flat basin at F; =1.91.
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Fig. (20). Relation between the measured and predicted data for different shapes of baffle blocks.

3.3. Prediction of Scour Hole Dimensions

The prediction of the relative scour depth 3
downstream of stepped stilling basins with negative steps,
positive steps, and baffle blocks with three different
shapes; rectangular, square, and cylindrical; was carried
out using the current experimental data to develop
empirical equations through statistical methods. The scour
estimation model was calibrated using 60% of the
experimental data and validated with the remaining 40%.
The regression coefficients (Co, C,, and C,,) were
estimated using the least squares method, based on the
datasets of (a) rectangular baffle block, (b) cylindrical
baffle block, (c) square baffle block, (Table 3). Substituting
the obtained regression coefficients into Eq. (7) yielded
Eq. (8) for case (a), Eq. (9) for case (b), and Eq. (10) for
case (C). The equations are applicable only within the
tested discharge range and the tested structural

configurations (stepped stilling basin with positive and
negative steps and baffle blocks). Parameters, such as the
Reynolds and Weber numbers, were neglected due to their
minor influence at the model scale. Therefore, the
proposed relations should be applied cautiously and are
not directly generalizable to prototype-scale conditions
without further verification. Figure 20 shows the
relationship between the measured and predicted data for
different baffle block shapes. The associated errors for
computing the maximum depths by Eq. (7) were consistent
and did not exceed * 4%, as shown in Table 3.

%=60+61F6+C3(h—;) 7
Ds-0.015+0.49F ;-0.063( 2) @)
Y1 K
D h
7220.145+0.45F 5-0.14 () ©

D5-0.118+0.431F ;-0.142 (%) 10)
Yy K
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Table 3. Coefficients of equation 7.

Fahmy et al.

Case Co C, C, Multiple R R Square Adjusted R Square Standard Error
(@) 0.015 0.49 -0.063 0.98 0.97 0.96 0.023
(b) 0.145 0.45 -0.14 0.97 0.95 0.94 0.031
(c) 0.118 0.431 -0.142 0.97 0.94 0.93 0.04

4. LIMITATIONS AND FUTURE WORKS

Scale effects: Prototype sediment flow and turbulence
may not be adequately captured at laboratory scale under
Froude similarity.

Testing conditions: Sediment sizes, block designs,
and limited step heights were investigated.

Sidewall influence: Scour patterns may still have
been impacted by some lateral effects.

Simplifying the sediment: Unlike natural mixed or
cohesive beds, uniform sand was utilized.

Future Work: To validate the equations and support
useful design guidance, numerical and field-scale research
under broader hydrological and sediment conditions is
advised

CONCLUSION

This study, based on sixteen basin configurations,
provides the following key findings:

o Effect of Step Configuration

[1] Introducing negative and positive steps
significantly improved hydraulic performance
compared with the flat basin.

[2] The configuration of two negative steps followed
by four positive steps (Model C;) achieved the
largest scour reduction (up to 48%) due to
enhanced turbulence and improved jump
stability.

[3] Models with negative steps effectively dissipated
kinetic energy within the basin before the flow
reached the downstream bed.

[4] Despite not achieving the highest total energy
dissipation, model C, and C, delivered the lowest
residual velocities, demonstrating that total
energy loss is not the sole determinant of scour
protection.

[5] Higher % Values in models C, and C, indicated
improved jump stability and lower residual
velocities, consistent with their superior scour
control.

o Effect of Baffle Block Height

[1] Increasing relative block height (%) enhanced
scour reduction.

[2] Blocks of Z2=1.5 suppressed residual kinetic
energy most effectively and minimized local
scour.

[3] Shorter blocks (E= 0.5) produced strong
turbulence and higﬁer energy dissipation inside
the basin but did not sufficiently reduce
downstream shear stresses.

o Effect of Baffle Block Shape

[1] Block geometry strongly influenced hydraulic
behavior.

[2] Square blocks provided the best overall
performance, reducing scour by 54%, followed by
cylindrical (47%) and rectangular (44%) blocks.

[3] Flow pattern observations revealed strong
separation zones and reverse waves behind
square blocks, increasing flow depth and
reducing bed velocity.

e Design Implications

[1] Energy dissipation and scour reduction should be
considered complementary but separate design
objectives.

[2] For practical engineering applications, 2=
1.0-1.5 with square blocks offers the optimal
balance between energy loss and scour
protection.

[3] The study provides empirical evidence and
regression relationships useful for designing
compact, efficient stilling basins under
submerged-jump conditions.
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B = Channel bed width (L)

L, = stepped stilling basin length (L)

Y,, = Upstream water level (L)

Y, = Initial water level (L)

Y, = Backwater depth (L)

Y, = The depth of water at the end of the submerged
jump (L)

G = Gate opening (L)

K = stepped stilling basin height (L)
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L, = Block length (L)

h, = Block height (L)

A = The relative blockage Ratio (-)

D;, = Median grain size (L)
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A Scour hole depth (L)

S, = Submergence ratio (-)

P = Mass density of water (ML?)

U4 = Dynamic viscosity of water (ML'T")

ps = Mass density of water (ML?)

Vs = The velocity under the gate (LT")

V, = The velocity at vena contraction (LT

V, = The velocity at the end of the hydraulic jump (LT")

F; = Gate Froude’s number (-)

F, = the densimetric particle Froude number with V
cross-sectional flow velocity (-)

g = modified gravitational acceleration (LT?)

w, = Webber number (-)

R, = Reynolds number (-)
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