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Abstract 

The management of water retaining structures and their environmental impacts are critical aspects of hydraulic engineering studies. From 
an environmental perspective, hydraulic structure planning is primarily concerned with the design of the water-releasing sections (outlet) of 
the water retaining structures. It is essential that such structures are properly designed in order to meet the requirements of sustainability of 
the surrounding ecological system. This study aims to examine the impact of hydraulic jump stilling basin length and energy dissipation blocks 
on scour depth and reach an optimum performance of the stilling basin. To this end, an experimental study was conducted to investigate the 
effect of the stilling basin’s baffle blocks on the river bed scour downstream of a water-retaining structure. Several hydraulic parameters were 
incorporated in the analysis and design of the stilling basin. The study introduces a novel approach to estimating the maximum scour based on 
a non-linear regression model.
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Introduction

Water retaining structures can be built for a variety of purposes, 
including irrigation, the supply of potable and industrial water, 
hydropower, flood control, recreation, river and inland waterway 
transport, desalination at river deltas, sediment retention, control 
and improvement of the quality of water, collection of waste, and 
protection of the ecosystem [1]. However, the efficiency of a water 
structure design is crucial for the sustainability of the surrounding 
ecosystem.

A water-retaining structure will generally result in an increase 
in water depth upstream of the structure. Therefore, there will 
be a significant difference between the potential energy at the 
upstream and downstream of the structure. Potential energy 
retained in the upstream section is converted into high amounts 
of kinetic energy in the downstream section. Fluid with high 
kinetic energy causes degradation in the river bed by increasing 
the irregularity and vector size of streamlines. Degradation can 
be described as sediment transportation caused by the kinetic 
energy of water in the natural river bed. Hydraulic structures  

 
should be modified to manage and dissipate the kinetic energy 
of water, which leads to degradation. Structures such as stilling 
basins, stepped spillways, and impact walls are examples of 
energy dissipators. In our study, we used energy dissipators that 
consisted of a stilling basin and blocks within the basin.

Stilling basins are an integral part of weirs, spillways, and dams. 
In order to protect the bed and banks from excessive scouring, it 
is necessary to reduce the kinetic energy of incoming water to a 
permissible level. This is done before releasing it into a channel 
downstream. The design of stilling basins and energy dissipators 
has been addressed in several studies [2-6]. The development of 
cutting-edge technologies and materials, computer software, and 
the expansion of the number of features of measuring devices are 
the basis for the continuation of studies on the design of stilling 
basins and energy dissipators. Researchers in the field of hydraulic 
engineering have conducted many experiments regarding the 
management and diversion of the energy released during the 
transmission of water stored in water retaining structures. The 
main objectives of the referred experiments are to improve the 
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design of the most common stilling basin types and to obtain a 
more efficient and economical design.

In particular, the work carried out by Verma and Goel between 
1999 and 2006 is noteworthy; The effects of different elements 
and their arrangement on the bed scour in the energizing zone 
of the water structure with a circular cross-sectional outlet were 
extensively studied and a dimensionless size called the “scour 
index” was used to make comparisons [7-10]. Tiwari [11] also 
designed a circular section post-exit calming pool in his study, but 
he evaluated it by incorporating a different set of parameters than 
Verma and Goel. Tiwari and Goel investigated the “impact wall” 
effect in a circular outlet water structure [12]. Ali [13] changed 
the roughness of the bed by using cube-shaped baffle blocks [13]. 
He then investigated the effect of changes in bed roughness on 
hydraulic jump length. The results obtained indicated that the 
length of the hydraulic jump had decreased due to the change 
in bed roughness. Ellayn & Sun [14] examined hydraulic jump 
stilling basins with wedge-shaped and pentagonal baffle blocks. 
In a comparison of the results of experiments performed with and 
without baffle blocks, the researchers concluded that the baffle 
blocks helped to shorten the length of the stilling basin [14]. 
Bestawy [15] focused on a sediment basin containing uniform 
sediment, and baffle blocks with different geometrical and 
dimensional characteristics. According to the results of the study, 
the semi-circular and trapezoidal baffle blocks have provided the 
best results [15]. Al-Mansori et al. [16] The authors presented only 
the results of their study on Energy Dissipation of the geometric 
properties of baffle blocks [16]. Alternatively, Elsaeed et al. [17] 
studied experimentally the effect of the water jet designed for the 
drop bearing on scour, and recommended designs that caused 
less scour to be used [17]. In addition to experimental and field 
studies, some of which have been mentioned, there are also 
studies that have been conducted by simulating the process in a 
computer environment. Aydın et al. [18] observed the standard 
discharge channel and the discharge channel containing baffle 
blocks using the Flow-3D program. The study used three different 
discharge values, as well as one type of baffle block, which was 
placed transversely on the bottom of the channel. In the study of 
Macián-Pérez et al. [19] the stilling basin’s physical and numerical 
modeling performances had been evaluated. Additionally, the 
study aimed to characterize the hydraulic jump in the stilling 
basin by studying a small-scale model, as well as Computational 
Fluid Dynamics (CFD) model [19].

The purpose of this study is to investigate the relationship 
between the design parameters of stilling basins, the energy ratio, 
and the maximum scour depth, and to suggest optimum design 
features that control the river bed degradation. The Experimental 
study is conducted in order to determine the criteria for 
minimizing changes in natural streambeds by utilizing measurable 
parameters. In order to achieve this objective, it was investigated 
how the design parameters such as water head, flow velocity, size 
of baffle block, arrangement of baffle block, and length of stilling 

basin affect the energy of the fluid, sediment transportation, and 
scour depth at stilling basins that contain prismatic shaped baffle 
blocks. Thus, the study presents a novel empirical approach to 
estimate the optimum design features of the stilling basin with 
higher performance

Experimental Setup

Several variables are used in studies of scour depth in the 
riverbed [4,11,16,20,21]. The scour depth depends on a large 
number of flow and basin variables (geometric, kinematic, and 
dynamic variables) as follows.

0 0 50 0( , , , , , , , , , , , , , , , , , , , ) 0                                  (1)s w sb sb b b s ij if y y y H B L N b l U d g S R X l kρ ρ µ =

in which yo: initial sediment/soil layer thickness, ys: maximum 
scour depth, yw; water depth, H; water head, Bsb; stilling basin 
width, Lsb; stilling basin length, N; number of baffles , hb; baffles 
height, bb; baffles width, U0; flow velocity, ρ; density of the water, 
d50; mean size of bed material, ρ; density of the water, ρs; density 
of bed material, and μ; dynamic viscosity of water, g; gravitational 
acceleration, S0; bed slope of the channel, R: the radius of water 
nappe, X: the length of water nappe lij: the distance between the 
baffle blocks, ki: the distance between the rows of baffle blocks.

Since d50, ρ, ρs, μ, and S0 were kept constant throughout the 
experimental program, they removed from Eq. (1). The remaining 
parameters were made into the following dimensionless 
quantities with the help of the dimensional analysis method 
proposed by Langhaar (Eq. 2). 
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The non-dimensional parameters C, λ1, and λ2 were calculated 
using Equations 3, 4, and 5. The other parameters that were used 
for the calculation are shown in Figure 1. 
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where c: the occupancy rate of the bed of the stilling basin, λ1: 
the arrangement coefficient of the baffle blocks, λ2: the distance 
coefficient of the baffle blocks. 

The experiments were conducted in the Hydraulic Laboratory 
of the Civil Engineering Department of Ege University in a channel 
that can be used to mimic a river environment. The channel 
is 18 meters long, 0.7 meters wide, and 0.6 meters high. The 
sidewalls of the channel are made of fiberglass that is 1cm thick. 
The channel bed was formed by using a smooth silicone filler. 
The flow was controlled by the pump, which was controlled by 
the computer and the inverter. The depth of the water and the 
discharge were measured with an ultrasonic water level meter 
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and a flow meter, respectively, and recorded throughout the 
experiment. The ultrasonic level meters were used to determine 
the flow depth in the channel, and the water levels at specific 
points were measured. Data loggers recorded discharge and flow 
depth measurements at each second of the experiment for use in 
developing the regression model.

As shown in Figure 2a, three different sizes of cubic baffle 
blocks were used in these experiments. In the experiment, the 
end sill was scaled to 1:1 as shown in Figure 2b. River sand with 
a uniform gradation distribution curve, which had a material size 
distribution of d50 = 1.36mm, was used as bed material (Figure 2c 
& Table 1).

Figure 1: (a) Water nappe, (b) Arrangement of baffle block at the channel bed.

Figure 2: (a) Baffle Block, (b) End Sill, (c) Bed Material.

Table 1: Hydraulic and Geometric Parameters of Experimental Setup.

Channel Length (m) 18 Channel Width (m) 0.7

Channel Height (m) 0.6    

Stilling Basin Length (m) 2.25 - 3.375 - 4.50 Stilling Basin Width (m) 0.7

Initial river bed thickness 0.2 d50 (mm) 1.36

Water Head (m) 0.045-0.060-0.080 Flow Rate (l/s) 15.00 - 30.00- 45.00

Water Structure Wall Height (m) 0.35 Froude Number 0.85-0.49-0.31

Cubic Baffle block size 0.05 - 0.10 - 0.15    
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The experiments were carried out using three different water 
head ratios (water depth/weir height). 90 repetitive tests were 
carried out in total:

a)	 without baffle blocks

b)	 with one row of baffle blocks,

c)	 with two rows of baffle blocks,

d)	 with three rows of baffle blocks, and

e)	 with a stilling basin length of 225 cm,

f)	 with a stilling basin length of 337.5 cm,

g)	 with a stilling basin length of 450 cm.

It is important to mention that the experiments were 
conducted for two hours after each experiment was initiated, 
and then the flow characteristics were measured. As there is 
no sediment available for scouring holes, all experiments were 
conducted in clear water. After the experiment was completed, 
the flow rate was stopped by shutting down the pump. Gradually, 

the pump’s power was reduced so that the bottom structure was 
not affected by the flow arrest. In other words, once the scour 
depth reached equilibrium, the water flow in the channel was 
gradually reduced and stopped, and the water in the cavities was 
expected to drain by gravity. The morphology of the bed was then 
determined by using measurements taken by a digital laser meter 
with millimeter precision.

Results and Discussion

The effects of various parameters on the maximum scour depth 
were analyzed graphically and compared with those of previous 
studies. In order to interpret the effect of these parameters, the 
maximum scours depth by subdivision was considered. 

Effect of water head

Three different water head ratios (H/Hs) as being 0.129, 
0.171, and 0.229 were used during the experiments. Based on the 
data obtained from the tests, it was found in all the designs that 
the value of the scour depth ratio is increasing as the water head 
ratio increases (Figure 3).

Figure 3: Relationship between ys/y0 and H/Hs.

The results indicate that when the water head was initially 
increased approximately by 50%, the scour depth ratio increased 
approximately by 42% for all the designs. The scour depth ratio 
increased approximately by 38% for all designs when the water 
head ratio was increased by 50% again. The water head ratio 
increased at a constant rate, but the scour depth ratio decreased. 
These factors should be taken into account during the optimal 
design process.

Effect of stilling basin’s length

During the experiments, three different stilling basin length 
ratios (Lb/Hs) were used: 6.429, 9.643, and 12.857. The results 
were evaluated based on the maximum scour depth and the 
points where the maximum scour was observed. According to 
the experiments performed, the higher the stilling basin length 

ratio, the lower the maximum scour depth ratio (Figure 4). The 
maximum scours depth ratio did not change by more than 10% 
when the stilling basin length ratio was increased by 50%. On the 
other hand, the lowest maximum scour depth ratio was observed 
under the highest stilling basin length ratio. Nevertheless, the 
economic efficiency of a large stilling basin design is less than 
that of other stilling basin length ratios according to the optimal 
engineering design concept.

Figure 5 illustrates the channel bed morphologies of designs 
without baffle blocks. The morphology shown in the figure 
corresponds to the center of the sediment basin. The maximum 
scour depths were observed approximately equidistant from 
the starting point of the natural river bed at the points where 
maximum scour depths were observed. The maximum scours 
depth ratio was determined to be 0.755.
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Figure 4: Relationship between ys/y0 and Lb/Hs for stilling basin, (a) Lb=225cm, (b) Lb=337.5cm, (c) Lb=450cm.

Figure 5: Sediment basin morphologies of stilling basin designed without a baffle block.

 Effect of baffle block’s size

The experiments were conducted using stilling basins with 
three different block size ratios (Hb/Hs = 0.143, 0.286, and 
0.429) (Figure 6). Observations from experiments indicate that 
as the block size ratio increased, the maximum scour depth ratio 
decreased for the same experimental setups (Figure 7). Comparing 
the block size ratios for identical system configurations, it was 
observed that the scour depth decreased by an average of 3%. The 
same comparison was performed using block size ratios of 0.286 
and 0.429, and the scour depth was reduced by 2.5% on average. 
During prototype model studies, these values must be taken into 
account in the most critical cross-section design.

Effect of baffle block’s arrangement
The experiments were conducted with four different 

arrangements: one row of baffle blocks, two rows of baffle blocks, 
three rows of baffle blocks, and without baffle blocks (Figure 4). 
Using the results obtained from the experiments, it was observed 
that the scour depth decreased as the number of baffle block rows 
increased (Figure 8).

According to the results, although the length of the stilling 
basin remained constant, there was no significant difference in the 
maximum scour depth between experiments performed with one 
row and two rows of baffle blocks. Furthermore, the maximum 
scour depth decreased by 10% when compared to experiments 
performed with one row and three rows of baffle blocks.
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Figure 6: The arrangement of baffle blocks on the bed of the channel (a) No Baffle Block, (b) 5cm Baffle Block, (c) 10 cm Baffle 
Block, (d) 15 cm Baffle Block.

Figure 7: Relationship between scour depth and baffle block’s size.

Figure 8: Relationship between scour depth and number of baffle block rows.
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Investigation of the maximum scour depth

In order to determine the maximum scour depths, we used 
a dimensionless analysis, which is commonly used to handle 
complex physical models. Equation 5 outlines the parameters 
used in the dimensional analysis.

1 22

1( , , , , , )                    (5)w b b
s

y L by f
H H H Fr

λ λ=

Using the parameters with significant coefficients obtained 
following the step-wise regression analysis, the scouring 
estimating model was calibrated and validated. The calibration 
was performed using 67% of the data set, and the validation 
was performed using the remaining 33%. Figure 9 illustrates the 
comparison of calibration and validation results. In Equation 6, 

we present the parameters affecting the maximum scour depth 
as a result of nonlinear multiple regression analysis, as well as 
the validation, where significant coefficients were obtained. Table 
2 presents the coefficients of each parameter resulting from the 
regression analysis.

1 2 3 4 5 6
1 2 2

1(( ) , ( ) , ( ) , , ,( ) )                    (6)a a a a a as b b wy L b yf
H H H H Fr

λ λ=

Based on all the calculations and the graphs obtained, 
Equation 7 is suggested for the maximum scour depth parameter, 
which is a non-dimensional parameter.

3.866 0.039 2.198 0.125 4.376 1.428
1 2 2

1( ) ( ) ( ) ( )                    (7)s b b wy L b y
H H H H Fr

λ λ− − −= × × × × ×

Table 2: Coefficients of non-dimensional parameters.

a1 a2 a3 a4 a5 a6
3.866 -0.039 -2.198 0.125 -4.376 1.428

Figure 9: Calibration and validation of the regression model.

Conclusion

In this study, the relationship between the stilling basin’s 
design parameters (the length of the stilling basin, the size of 
the baffle block, the arrangement of the baffle block), the energy 
dissipation rate, and the maximum scour depth was examined. 
The maximum scour depth decreased by 2% - 15% when the basin 
length ratio was increased by 50%. Increasing the same parameter 
to 100% resulted in a decrease of 16% - 29% in the scour depth. 
The energy of water was measured at different locations during 
the experiment. The measurement points were located before the 
water retaining structure, as well as before and after the baffle 
blocks. When the basin length ratio was at its maximum, the 
maximum energy change was observed as 39%. When the basin 
length ratio was the smallest, the minimum energy change was 
observed to be approximately 30%.

The other parameters investigated were the effect of the 
baffle blocks and the arrangement of the baffle blocks on the 
energy ratio and the maximum scour depth. Initially, the stilling 
basin was not equipped with baffle blocks. This setup was used 
as a reference for the study. The experiments were conducted for 
setups containing one row, two rows, and three rows of baffle 
blocks in the stilling basin.

The results indicated that the energy ratio increased as the 
block sizes increased, and therefore, the maximum scour depths 
decreased. According to all the experimental results, the scour 
depth decreased by about 3%. The designs were examined in 
terms of arrangement criteria, and no significant differences were 
observed between the cases of having one row and two rows. In 
the case of having one row and three rows, the maximum scour 
depth values decreased by approximately 6%-12%. In the analysis 
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of nonlinear multiple regression, which was conducted using 
the non-dimensional parameters in the model, it was found that 
the suggested model estimates 90% of the observed maximum 
scour depth. It is essential to consider this ratio when developing 
prototype models or when improving this study.

As a result of the experimental studies, it was observed that the 
scouring was greater at the edge of the channel bed’s width than 
at the center of the channel bed due to the effect of the sidewall. 
In order to avoid the effects of the sidewall, future studies may 
be improved by considering a wider channel. Additionally, this 
experimental study used 1-2.5mm uniform siliceous river sand 
in the sediment basins. Thus, experimental sets with different 
sediment types can be performed to observe the effects of 
sediment gradation and particle diameter on scouring.
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