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Abstract: This paper presents a methodology for estimation of hydrodynamic loads acting on the
bottom and at the walls of a stilling basin of a stepped chute with converging walls, based on the
pressure measurements at the selected points of a scale model. This is the first study of hydrodynamic
loads for this type of structure, and the first one of the loads on the stilling basin walls in general.
For selected flow discharges, step heights and hydraulic jump submergence ratio, the hydrodynamic
pressures were measured at a significant number of points, providing the spatio-temporal distribution
of relevant hydrodynamic loads. The most influential effect proved to be a convergence angle of
the chute walls. Based on these measurements, appropriate regression expressions were proposed
for predicting hydrodynamic loads. These expressions show good agreement with measurements,
offering a reliable tool for the structural design of stepped spillway stilling basins.

Keywords: stilling basin; hydrodynamic load; stepped spillway; converging chute; pressure
fluctuations

1. Introduction

Stepped spillways have become common structures in large-dam hydraulic engineer-
ing due to the significant energy dissipation along the chute [1–7], hence considerably
reducing the size and the cost of the stilling basin. The spillway crest should be wide
enough to enable low overflow depth, enabling the minimum height of the dam, and the
stilling basin should be narrow enough to minimize the excavation costs [8]. These two
opposing conditions can be met only if the chute width narrows in the flow direction,
i.e., using a chute with converging walls. Converging stepped spillways are an ongoing
research topic, which has been investigated with scale and numerical models [8–11].

Pressure distribution at the contact of a fluid and solid boundary presents crucial
data for the stilling basin structural design. Since they depend on a significant number
of design and hydraulic parameters, pressures are often obtained from the scale-model
measurements in a limited number of gauging points [12,13]. From measured values,
engineers should devise a pressure distribution relevant for the structural design [14].
The transformation of pressure distribution to the design load (forces and bending mo-
ments) is a delicate task [15–17]. One alternative is to assume that the extreme pressures
(minimum or maximum) extend over the entire slab/wall–water contact surface. This is
extremely conservative, and results in extreme element dimensions, i.e., very thick slabs
and/or walls. Alternatively, the cross-covariance matrix procedure, based on the fact that
the extreme pressure cannot appear over the entire flow field in a single instant, could be
used [18,19]. This procedure provides a more realistic estimate of the design load, but at
the expense of the increased computational complexity, especially for a large number of
gauging points and long sampling sequences. In order to completely preserve the nature of
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the non-simultaneous occurrence of extreme pressures over the entire flow field, the pro-
cedure of direct statistical analysis (sorting of current values of total loads on the slab at
the moment of sampling) for estimating the hydrodynamic loads was used in this research.
Similar to [11], it is assumed that the probability density function of the sampled data can
be well approximated by normal distribution.

Dynamic load for stilling basins has been the subject of research for smooth converging
chutes [9] and in plunge pools with hydraulic jump [11,20]. Although there is some amount
of experimental research on the stepped stilling basin flow in general [4,21,22], there are few
published reports on the subject of dynamic loads in the stepped chute stilling basins [6],
and, to the authors’ knowledge, there is currently no published research in the area of
dynamic loads in the basins of stepped chutes with variable bottom width (chutes with
converging walls). In addition, there are no studies on the load on the stilling basin walls
in the available literature.

The aim of this research is to present the pressure distributions obtained from the
measurements in a stilling basin of a converging-walls stepped spillway scale model and to
provide regression expressions for reliable estimation of design loads at the bottom and on
the walls of such structures.

2. Methodology
2.1. Hydrodynamic Load Characterization

At any point in the flow field, instantaneous pressure, p, can be decomposed into
mean pressure, p, and pressure fluctuation, p′:

p = p + p′. (1)

Mean pressure is defined as a time-averaged integral:

p =
1
T

∫ T

0
p · dt, (2)

with T being the total measurement time [18], while pressure fluctuation can be estimated
through standard deviation:

σ =

√
p′2 =

√
1
T

∫ T

0
(p − p)2 · dt. (3)

The design load on the stilling-basin horizontal bottom slab is a vertical component of
the hydrodynamic force. As well as pressures, the hydrodynamic force can be decomposed
into time-averaged force (mean force), V, and fluctuating component, V′:

V =
∫

A
p · n · dA =

∫
A

p · n · dA +
∫

A
p′ · n · dA = V + V′, (4)

where n is the outward-pointing unit normal (the cosine of the angle between the normal
of the surface and the direction of the load), while A is the area of the surface. To design
the vertical wall of the basin, it is necessary to determine the hydrodynamic shear force, H,
and bending moment, M. The loads on the wall per unit length can be decomposed as:

H =
∫ h3

0
p(z) · dz =

∫ h3

0
p(z) · dz +

∫ h3

0
p′(z) · dz = H + H′, (5)

M =
∫ h3

0
p(z) · z · dz =

∫ h3

0
p(z) · z · dz +

∫ h3

0
p′(z) · z · dz = M + M′, (6)

where h3 is the flow depth at a given point along the wall.
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2.2. Dimensional Analysis

To estimate the values of design loads (forces and moment), one needs to understand
the characteristics of the flow in the stilling basin. The flow field in a stepped-spillway
stilling basin can be described with a large number of variables. These include geometric
characteristics, flow conditions and physical properties of fluid. Geometric conditions are
related to the spillway step height, s, and convergence angle of the chute walls, θ, (Figure 1).

Figure 1. Geometric conditions: spillway step height, s, and convergence angle of the chute walls, θ.
Parts of the model include: 1—reservoir, 2—weir, 3—stepped spillway, 4—stilling basin.

Flow conditions are related to inflow depth and velocity, h1 and v1, and tail-water
depth, htw (Figure 2). Physical characteristics of fluid include density, ρw, dynamic viscosity,
µw, bulk modulus, Ew, and surface tension between water and air, τw. As the gravitational
effects are important in open-channel flow, gravity, g, is included also. Taking all these
variables into account, one can deduce the general form of the equation describing an
arbitrary flow variable, Y:

Y = f (s, θ, h1, v1, htw, ρw, µw, Ew, τw, g), (7)

or in non-dimensional form:

Y∗ = f (χ, θ, Ω, Re1, Ca1, We1, Fr1), (8)

where χ = s
h1

is a relative step height, Ω = htw
h2

is the hydraulic jump submergence ratio, h2
is a second conjugate depth and Re1, Ca1, We1 and Fr1 are Reynolds, Cauchy, Weber and
Froude numbers at the inflow section (the upstream end of the basin, i.e., the downstream
end of the chute), respectively.
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Figure 2. Flow conditions: inflow depth, h1, inflow velocity, v1, and tail-water depth, htw .

For the flow field in the stilling basin, close to the solid boundaries, the influence of
Re1, Ca1 and We1 can be neglected [23], and the resulting form of the equation becomes:

Y∗ = f (χ, θ, Fr1, Ω). (9)

The first three terms in Equation (9) define upstream conditions for the stilling basin
(i.e., the downstream end of the converging stepped chute), while the last term presents the
tail-water effects.

2.3. Scale Models

Pressure measurements in the stepped-spillway stilling basin were performed on a
modular scale model (Figure 3) that was used in previous research related to the stepped
spillways and stilling basins [4,8,24]. The model was designed to accommodate variations
in parameters outlined in Equation (9). Variable geometric parameters included a variation
of a step height and a convergence angle of a stepped chute (Figure 1). The model was
designed for a maximum flow rate of Q = 100 L

S .

Figure 3. Scale model of converging stepped chute with stilling basin.

The stepped spillway used in this study was designed for two different step heights
(Figure 1b):

1. small steps (s = 4.5 cm), labelled as “S”,
2. large steps (s = 9 cm), labelled as “L”,

and four different convergence angles (i.e., four different widths, Figure 1a):

1. no convergence θ = 0◦ (B = 100) cm, labelled as “0”,
2. small convergence angle θ = 5.5◦ (B = 80) cm, labelled as “1”,
3. medium convergence angle θ = 11◦ (B = 60) cm, labelled as “2”,
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4. large convergence angle θ = 16.5◦ (B = 40) cm, labelled as “3”,

where B is the chute width at the downstream end and, in turn, the width of a stilling basin.
Unlike the converging chute walls of the stepped spillway, the walls of the stilling basin
were parallel (i.e., the basin was prismatic). The stilling basin was placed in the upstream
reach of a 250 cm long prismatic rectangular canal. The length of the basin varied with the
flow rate and was selected to be five sequent depths. This is in agreement with the general
recommendations for the stilling basin’s design [3,25]. The downstream part of the canal
had devices for adjusting the water level.

The range of Froude numbers in this research was between 20 and 70, the range of
relative step height was between 0.1 and 0.3, the range of convergence angles was between
0 and 16.5 and the range of submergence was between 1 and 1.25.

2.4. Measurements

Locations of pressure gauges used in this study are presented in Figures 4 and 5.
The number of measurement locations placed on the bottom varied between 9 for the
narrowest variant and 24 for the widest to accommodate for different widths of the stilling
basins (Figure 4). Pressure on the wall was measured in six cross-sections at two levels per
section (Figure 5).

Figure 4. Locations of pressure gauges at the bottom.

Figure 5. Locations of pressure gauges on the wall.

Pressure was measured for every chute wall-convergence angle (labelled as 0, 1, 2 and
3) for small and large steps (labelled as S and L). The flow rate was varied between 20 and
60 L

S . In addition, experiments included the variable tail-water depth, i.e., hydraulic jump
submergence ratio, Ω.

Pressure was measured with DRUCK pressure gauges, with 0.1% accuracy. During the
preliminary experiments, the authors examined the influence of sampling duration on
the statistical parameters of the pressure distribution and concluded that a sampling
length of 120 s with a sampling rate of 200 Hz was sufficient to obtain stable statistics.
For synchronous data acquisition, we used “HBM QuantumX”.
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Velocities and depths at the downstream end of the stepped spillway (i.e., at the
upstream end of the stilling basin) were obtained from a previous study [8], where the used
measurement technique and measurement methodology were presented in detail.

3. Results and Discussion

Mean pressures and pressure fluctuations were measured at the selected points on
the walls and the bottom of the stilling basin (Figures 4 and 5) for the selected converging
angles, θ, and step heights, s, and varying Froude number, Fr1, and tailwater levels (i.e.,
submergence ratios, Ω). The measured values were statistically processed and presented as
a dimensionless ratio of the measured pressure (i.e., the height of a water column) and the
incoming-flow specific energy (specific energy at the entry section of the stilling basin).
In order to examine the dependence of the pressure on the parameters determined by
dimensional analysis, the value of one of the parameters was varied while the others were
kept constant.

3.1. Pressure Distribution at the Bottom

The bottom of the stilling basin consists of one or more horizontal slabs. Considering
the inherent instability of the inflow jet, it is hydraulically advantageous for the slab to be
as long as possible, as this reduces the risk of simultaneous occurrence of extreme pulsation
pressures along the entire slab [3], thus reducing the total vertical force. On the other
hand, a slab that is too long is susceptible to cracking due to thermal stresses; hence, for
long stilling basins, it is necessary to divide the structure into two or more slabs along the
length of the basin. In this study, two options were considered: (a) there is only one slab,
and (b) the basin is divided lengthwise into two equal slabs. Values on the abscissa are
presented in Figure 4 with axis “0” located at the toe of the right wall of the stilling basin.

Although it was found that pressure distributions for the steps do not fit normal
distribution [26], results show that pressure distributions for the stilling basin can be well
approximated with a normal distribution for every measurement location (Figure 6). This
finding is similar to [11] for smooth spillway basins, although the discrepancy is less
pronounced for stepped-chute spillways. This result shows that the pressure distribution
for the steps and the basin differs, which might be caused by the intense turbulent mixing
inside the hydraulic jump in the basin itself.

Figure 6. Comparison of a typical empirical (labelled empirical) and the normal probability density
function (labelled normal p.d.f.) for the pressure head. Values on the abscissa are mid-points of bins of
the histogram.

The research results indicate that the pressure distribution on the bottom is more
pronounced than that on the walls. Figure 7 shows the variation in mean pressures when
the inflow Froude number changes. Figure 8 shows the corresponding variation in the
distribution of pressure fluctuations. It can be concluded that pressure fluctuations are
significantly more pronounced in the upstream part of the stilling basin, where they reach
up to 25% of the corresponding mean pressures. However, this occurs in small zones
and should be taken into account only if the basin is designed with a large number of
small slabs.
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Figure 7. The influence of the Froude number, Fr1, on the mean pressures, p
E0

, at the bottom for
θ = 0◦, χ ≈ 0.25 and Ω ≈ 1.15 (dimensionless pressure fluctuations, expressed through standard
deviation, σ

E0
).

Figure 8. The influence of the Froude number, Fr1, on the pressure fluctuations, σ
E0

, at the bottom for
θ = 0◦, χ ≈ 0.25 and Ω ≈ 1.15.

The influence of the stepped-chute convergence angle on the pressure distribution at
the bottom is presented in Figures 9 and 10. Figure 10 shows that with the increase in the
angle, the pressure fluctuations on the bottom increase in the upstream regions of the basin
and can be up to three times larger than in the case of a standard spillway chute (wall angle
0◦). This can be attributed to the flow separation caused by the converging chute walls.
Variation in chute convergence angle causes significantly greater changes in the vertical
force, both on the entire basin and on its upstream and downstream parts, compared to the
corresponding changes due to the variation of the Froude number.

Figure 9. The influence of the convergence angle, θ, on the mean pressures, p
E0

, at the bottom for the
Froude number Fr1 = 30, large step χ ≈ 0.25 and submergence ratio Ω ≈ 1.10.
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Figure 10. The influence of the convergence angle, θ, on the pressure fluctuations, σ
E0

, at the bottom
for the Froude number Fr1 = 30, large step χ ≈ 0.25 and submergence ratio Ω ≈ 1.10.

The influence of tail-water depth on pressure distribution is presented in Figures 11 and 12.
Figure 11 shows that the increase in tail-water depth increases the mean pressure in
the basin. This increase is proportional to the hydraulic jump submergence ratio for
downstream regions, while in the upstream region it goes up to 1.5 of the submergence ratio.
For pressure fluctuations (Figure 12), change in tail-water depth has a strong influence on
spanwise distribution in the regions close to the upstream section, while in the downstream
region of the basin its effect is negligible.

Figure 11. The influence of the submergence ratio, Ω, on the mean pressures, p
E0

, at the bottom for
the Froude number Fr1 = 33, small step χ ≈ 0.13 and convergence angle θ = 5.5◦.

Figure 12. The influence of the submergence ratio, Ω, on the pressure fluctuations, σ
E0

, at the bottom
for the Froude number Fr1 = 33, small step χ ≈ 0.13 and convergence angle θ = 5.5◦.

Figures 13 and 14 present the influence of the chute step size on the pressure distribu-
tion at the bottom of the basin. Large steps (larger chute roughness) produce higher energy
dissipation compared to small steps, creating a larger depth of water and an increase in
pressure fluctuations in the upstream region. The increase in fluctuations is possibly caused
by larger local jumps and splashes over the larger steps.
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Figure 13. The influence of the chute step size, χ, on the mean pressures, p
E0

, at the bottom for the
Froude number Fr1 = 30, submergence ratio Ω = 1.04 and convergence angle θ = 5.5◦.

Figure 14. The influence of the chute step size, χ, on the pressure fluctuations, σ
E0

, at the bottom for
the Froude number Fr1 = 30, submergence ratio Ω = 1.04 and convergence angle θ = 5.5◦.

3.2. Pressure Distribution on the Wall

The influence of the incoming-flow Froude number, Fr1, on the pressure distribution
along the wall for convergence angle θ = 0◦, large steps χ ≈ 0.25 and submergence
Ω ≈ 1.15 is presented in Figure 15 (dimensionless mean pressures, p

E0
) and Figure 16

(dimensionless pressure fluctuations, expressed through standard deviation, σ
E0

), where

E0 = h0 +
V2

0
2g is specific energy at the beginning of the stilling basin. Values on abscissa are

non-dimensional depths, i.e., vertical distance divided with twice the value of tail-water
depth. Values on the ordinate axis represent the position of the cross-section in the flow
direction, presented in Figure 5. All the measurements were taken along the reach of the
basin where the hydraulic jump is formed (approximately five times the length of the
sequent depth of the jump).

It can be observed from Figure 15 that the largest mean pressures on the wall occur in
the downstream region of the stilling basin, where the load varies weakly with the change
in Froude number. It should be noted that for the entire wall, the relevant section is the one
where the greatest loads occur, hence the change of load along the basin does not affect the
dimensions of the wall.

On the other hand, Figure 16 shows that the strongest pressure fluctuations are ex-
hibited within the upstream region of the wall. This behavior can be attributed to the
strong turbulence intensity of the incoming jet. The downstream regions of the basin wall
showed the lowest values in pressure fluctuations, which can be attributed to the decrease
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in turbulence intensity caused by the decrease in flow velocity. By comparing the mean
values and standard deviations of the pressure distribution, one can conclude that the
pressure fluctuations in the upstream regions of the wall amount to 20% to 30% of the
mean pressure, with insignificant influence of the Froude number. For the downstream
part, pressure fluctuations are significantly smaller, being roughly 2% of the mean pressure.

Figure 15. The influence of the Froude number, Fr1, on the mean pressures, p
E0

, along the wall for
θ = 0◦, χ ≈ 0.25 and Ω ≈ 1.15 (dimensionless pressure fluctuations, expressed through standard
deviation, σ

E0
).

Figure 16. The influence of the Froude number, Fr1, on the pressure fluctuations, σ
E0

, along the wall
for θ = 0◦, χ ≈ 0.25 and Ω ≈ 1.15.

The influence of the convergence angle, θ, on the mean pressure distribution along the
wall for Froude number Fr1 = 30, large step χ ≈ 0.25 and submergence ratio Ω ≈ 1.10 is
presented in Figure 17. Increasing the chute convergence angle slightly alters the distribu-
tion of mean pressures in the downstream end of the basin, yet with little significance for
the wall design.



Water 2024, 16, 140 11 of 18

Figure 17. The influence of the convergence angle, θ, on the mean pressures, p
E0

, along the wall for
the Froude number Fr1 = 30, large step χ ≈ 0.25 and submergence ratio Ω ≈ 1.10.

The influence of the convergence angle, θ, on the pressure fluctuations distribution
along the wall for the Froude number Fr1 = 30, large step χ ≈ 0.25 and submergence ratio
Ω ≈ 1.10 is presented in Figure 18. The pressure fluctuations decrease slightly with the
increase in the convergence of the supercritical flow, primarily within the most upstream
region of the basin. At the most downstream section, fluctuations are almost negligible
compared to the mean pressures.

Figure 18. The influence of the convergence angle, θ, on the pressure fluctuations, σ
E0

, along the wall
for the Froude number Fr1 = 30, large step χ ≈ 0.25 and submergence ratio Ω ≈ 1.10.

The influence of the submergence ratio, Ω, on the pressure distribution along the wall
for the Froude number Fr1 = 33, small step χ ≈ 0.13 and convergence angle θ = 5.5◦ is pre-
sented in Figures 19 and 20. Mean pressures increase slightly with increasing submergence,
while the influence on the pressure fluctuations is negligible, except in the most upstream
zone of the jump.
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Figure 19. The influence of the submergence ratio, Ω, on the mean pressures, p
E0

, along the wall for
the Froude number Fr1 = 33, small step χ ≈ 0.13 and convergence angle θ = 5.5◦.

Figure 20. The influence of the submergence ratio, Ω, on the pressure fluctuations, σ
E0

, along the wall
for the Froude number Fr1 = 33, small step χ ≈ 0.13 and convergence angle θ = 5.5◦.

Figures 21 and 22 display the influence of the chute step size on the pressure distribu-
tion. Figure 21 shows that the mean pressure distribution for small steps is slightly more
stretched than for large steps. This can be attributed to the increase in energy dissipation in
a stepped spillway with larger steps, which, in turn, leads to a decrease in mean velocities
in the upstream section. With the increase in step size, pressure variations are slightly
larger in the upstream regions of the basin walls (Figure 22). This can be explained by the
more pronounced turbulence and energy dissipation at the upstream section for larger
steps. On the other hand, downstream regions of the walls show that an increase in step
size leads to the faster attenuation of pressure fluctuations. This could be attributed to
the lower inflow residual energy required to sustain velocity fluctuations (and, in turn,
pressure fluctuations as well).
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Figure 21. The influence of the chute step size, χ, on the mean pressures, p
E0

, along the wall for the
Froude number Fr1 = 30, submergence ratio Ω = 1.04 and convergence angle θ = 5.5◦.

Figure 22. The influence of the chute step size, χ, on the pressure fluctuations, σ
E0

, along the wall for
the Froude number Fr1 = 30, submergence ratio Ω = 1.04 and convergence angle θ = 5.5◦.

3.3. Estimating Hydrodynamic Load

Due to the non-simultaneous occurrence of extreme pressures over the entire flow field
(characteristic for the fluctuation loads), the procedure of direct statistical analysis (sorting
of current values of total loads on the slab at the moment of sampling) for estimating the
hydrodynamic loads was used. It is assumed that the probability density function of the
sampled data can be well approximated by the normal distribution. With the adopted
normal distribution, the maximum and minimum values of the fluctuation loads can be
defined as:

Y′
max = −Y′

min = k ·
√

Y′2, (10)

where the load, Y, can be the vertical force, V, or a horizontal force, H, or the bending
moment, M, and the coefficient k depends on the probability of occurrence, and for the
probability of 99.9% equals 3.2.

For evaluation of the design hydrodynamic load (vertical force) at the bottom, V,
the following regression expressions, based on the research presented in this paper,
are proposed:
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V∗
=

V
W

= C0 ·
(

1 + Cχ0 ·
χ − χ0

χ0

)
· (1 + Cθ0 · e−|θ−θ0|) ·

(
1 − 2χ − 3χ0

χ0
· Cχθ0 · e−|θ−θ0|

)
+

+ (Ω − Ω0) · CΩ ·
(

1 + Cχ · χ − χ0

χ0

)
·
(

1 + Cθ · e−|θ−θ0| − m · θn

2

)
(11)

V′∗ =
V′

W
= K0 ·

(
1 + Kχ0 ·

χ − χ0

χ0

)
·
(

1 + Kθ01 ·
(

θ

θ0

)2
+ Kθ02 · e

−|θ−θ1 |
4

90

)
·

·
(

1 +
2χ − 3χ0

χ0
· Kχθ0 · e−|θ−θ0|

)
+

Ω − Ω0

Ω2 · KΩ ·
(

1 + Kθ · e−|θ−θ1| − k · e
−|θ−θ1 |

0.1

)
(12)

where V∗ is the dimensionless vertical force on the bottom slab from mean pressures,
V′∗ is the vertical dimensionless force from pressure fluctuations and W is the weight of
the water above the stilling basin slab, as if the basin was completely filled with water
at the tail-water level. Variable regression coefficients are presented in Tables 1 and 2
for Equations (11) and (12), respectively, and the constants are χ0 = 0.127, θ0 = 5◦ and
Ω0 = 1.112.

Table 1. Regression coefficients for Equation (11) for the slab occupying: (a) entire bottom area,
(b) upstream half of the bottom area, (c) downstream half of the bottom area.

(a) Entire Slab (b) Upstream Slab (c) Downstream Slab

C0 0.759 0.647 0.836
Cχ0 0.134 0.179 0.1
Cθ0 0.081 0.087 0.031
Cχθ0 −0.093 −0.013 −0.065
CΩ 0.837 0.523 −0.347
Cχ 0.406 −0.167 0.929
Cθ 0.478 0.617 −0.179
m −0.573 −0.092 −1.749
n 0.25 0.25 0.2

The mean deviations of the regression expressions from the measured values were
4.4%, 6.2% and 6.9% for the mean vertical force on the slab over the entire bottom, on the
upstream half slab and on the downstream half slab, respectively.

The mean deviations for the fluctuation vertical force were 11.3%, 12.2% and 14.9%
on the slab over the entire bottom, on the upstream half slab and on the downstream half
slab, respectively.

Expressions (11) and (12) give reliable results within the domain 20 ≤ Fr1 ≤ 70;
0.1 ≤ χ ≤ 0.3; 0◦ ≤ θ ≤ 16.5◦ and 1 ≤ Ω ≤ 1.25.

Design loads for the stilling-basin wall are the maximum horizontal force and the
maximum bending moment. In all performed experiments, both loads had their maximum
values at the very downstream end of the basin, where the water depth was equal to
hTW . These maximum loads occur as a cumulative effect of hydrostatic and hydrodynamic
impacts. The experimental values of dimensionless mean horizontal force, H∗

= Hm
HTW

,

and dimensionless mean moment, M∗
= Mm

MTW
, as hydrostatic components of maximum

loads at the downstream end of the basin are shown in Figures 23 and 24, where HTW and
MTW are the corresponding horizontal force and moment due to the hydrostatic pressure
of the downstream water depth on the wall.
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Table 2. Regression coefficients for Equation (12) for the slab occupying: (a) entire bottom area,
(b) upstream half of the bottom area, (c) downstream half of the bottom area.

(a) Entire Slab (b) Upstream Slab (c) Downstream Slab

K0 0.07 0.115 0.059
Kχ0 −0.057 −0.098 −0.09
Kθ01 0 0 0.04
Kθ02 0.152 0.158 −0.158
Kχθ0 0.005 0.341 0.743
KΩ −0.105 −0.322 −0.045
Kθ −0.513 0.437 −0.076
θ1 9.007 9.434 5.33
k −364.957 −162.869 −2.479

Figure 23. Experimental values of dimensionless mean horizontal forces. Circles represent dimen-
sionless mean horizontal forces based on measures results, and the green line is proposed value of
dimensionless mean horizontal force.

Figure 24. Experimental values of dimensionless mean bending moments. Circles represent dimen-
sionless mean bending moments based on measures results, and the red line indicates the proposed
value of dimensionless mean bending moment.
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From Figures 23 and 24, it can be observed that the value of dimensionless loads is
equal to unity, that is, the values of mean horizontal force and mean moment deviate very
little from the corresponding static force and moment due to the downstream water depth.
Therefore, the mean loads on the wall of the stilling basin can be calculated as:

H = HTW , (13)

M = MTW . (14)

The experimental values of dimensionless fluctuation horizontal force, H′∗ = H′
HTW

,

and dimensionless fluctuation moment, M′∗ = M′
MTW

, at the downstream end of the basin
are shown in Figures 25 and 26.

Figure 25. Experimental values of dimensionless fluctuation horizontal forces. Circles represent
dimensionless fluctuation horizontal forces based on measures results, and the green line is proposed
value of dimensionless fluctuation horizontal force.

Figure 26. Experimental values of dimensionless fluctuation bending moments. Circles represent
dimensionless fluctuation bending moments based on measures results, and the red line is proposed
value of dimensionless fluctuation bending moment.

As seen from Figures 25 and 26, the values of fluctuating horizontal forces and mo-
ments commonly had a value between 5% and 15% of the corresponding hydrostatic



Water 2024, 16, 140 17 of 18

load from downstream depth. Fluctuation loads have extreme characteristics, so it is
recommended that the envelopes of these loads be used for design:

H′ = 0.14HTW , (15)

M′ = 0.15MTW . (16)

4. Conclusions

In this paper, the results of the study of hydrodynamic loads (vertical force, horizontal
force and bending moment) in a converging stepped-chute stilling basin are presented.
This is the first study to address the dynamic loads of this type of structure and the first
research concerning the loads on the stilling basin walls in general.

Pressure distribution in the stilling basin is influenced by the convergence angle of the
walls of a spillway chute, inflow Froude number, submergence ratio and chute step size.
Experimental results show that, in statistical sense, pressure distribution at every location
can be well approximated with normal probability distribution.

The most influential appears to be the chute convergence angle. Its influence is mainly
limited to the regions close to the upstream section of the basin.

Mean pressures (and forces) have the lowest values in the upstream parts of the basin
and increase in the downstream direction, while pressure fluctuations have the largest
impact in the upstream parts of the basin and diminish in the downstream direction.

From the measured pressure distributions, regression expressions for predicting hy-
drodynamic loads (vertical force for the bottom slabs and horizontal force and bending
moment for the walls) are proposed. These expressions provide a reliable tool for the
structural design of stepped-spillway stilling basins.

Practical limitations of the current research include a relatively narrow range of Froude
numbers and convergence angles. Practically, further research should provide additional
information, particularly for a larger range of Froude numbers. In addition, the study
of other types of stilling basins (stilling basin with adverse slope bottom, stilling basin
with diverging walls, etc.) and different types of energy dissipating devices (baffle blocks,
dentated sill) could be performed.
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