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Abstract: This experimental study investigates scour dynamics in cohesive sediments induced by
submerged inclined jets, focusing on the interactive effects of Froude number (Fr = 3-9), jet inclination
angle (30°, 45°, 60°), and tailwater depth (10, 15, 20 cm). Experiments were conducted in a hydraulic
flume using cohesive sediment mixtures (80% silica sand, 15% kaolinite, 5% bentonite) with precise
laser profilometry for bed topography measurement. Results demonstrate that increasing Froude
number significantly amplifies scour hole dimensions, with scour width at Fr = 9 approximately four
times greater than at Fr = 3, while shifting maximum erosion downstream. Jet angle variation
systematically alters scour symmetry and sediment ridge morphology, with 30° jets producing the most
symmetrical scour holes. Greater tailwater depths reduce scour intensity through energy dissipation
mechanisms. A novel symmetry index (SY7) quantifies scour hole asymmetry, revealing that 30° jets
yield optimal symmetry while 45° jets produce maximum asymmetry. The findings extend existing
prediction models and provide critical design criteria for hydraulic structures in cohesive soil
environments.
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Introduction: Scour around hydraulic structures remains a critical challenge in river engineering due to its
significant impact on structural stability and sediment transport dynamics. Previous research has demonstrated
the complexity of scour phenomena influenced by flow turbulence, sediment cohesion, and geometric parameters
(Kuti & Yen, 1976; Balachandar et al., 2000; Partheniades, 2007). Despite substantial advances, the interplay
between jet inclination, tailwater effects, and cohesive sediment properties remains insufficiently quantified. Most
studies have focused on non-cohesive sediments, while cohesive soils exhibit fundamentally different erosion
behaviors due to electrochemical forces between particles (Breusers & Raudkivi, 1991). These forces can increase
erosion thresholds by up to 90% compared to non-cohesive materials. The limited research on cohesive sediments
has yielded conflicting results, with some studies reporting deeper scour in cohesive beds while others indicate
reduced erosion rates (Ansari et al., 2003; Panagiotopoulos et al., 1997). Consequently, systematic experimental
investigations are urgently needed to elucidate the combined effects of hydraulic parameters on scour morphology
in cohesive sediments. This study aims to systematically evaluate these factors under controlled laboratory
conditions to enhance predictive capabilities and inform mitigation strategies for hydraulic infrastructure.

Methodology: All experiments were conducted in a hydraulic flume 7 m long, 61.5 cm wide, and 95 cm deep. A
water storage tank and a centrifugal pump with a maximum capacity of 10 liters per second provided the required
water flow. The depth of the effluent was controlled through a rectangular weir made of Plexiglas with adjustable
heights of 10, 15, and 20 cm. The jet device consisted of a 1 cm diameter tube connected to a mechanical system
equipped with a graduated conveyor for precise adjustment of the jet angle (8) at 30, 45, and 60 degrees. A
schematic diagram of the laboratory equipment is presented in Fig. 1. The sediment beds are composed of cohesive
mixtures (80% silica sand, 15% kaolinite, 5% bentonite) to simulate natural conditions. Tailwater depths were set
at 10, 15, and 20 cm to represent varying downstream flow conditions. Flow rates corresponded to Froude numbers
ranging from 3 to 9. Sediment bed topography post-experiment was measured via laser profilometry with £0.001
m accuracy. Key experimental parameters including Reynolds number (Re), jet velocity (Uo) and jet flow rate
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(Qo) and setup details are outlined in Table 1 and Figs. 1-2. Data acquisition ensured repeatability and precision.

Results and Discussion: Results demonstrate that increasing Froude number significantly enlarges scour hole
dimensions. At Fr =9, scour width is approximately four times that at Fr = 3, while the relative maximum scour
depth (Yy/d;) increases by 120%. The volume of eroded sediment rises, the downstream sediment ridge grows, and
both the scour length and the location of maximum depth shift downstream. Longitudinal profiles for the 30° jet
show that at Fr = 3 the hole is small with no distinct ridge; as Fr increases, the hole deepens and migrates
downstream, forming an upstream ridge at Fr = 9. Ridge height increases up to fourfold, transforming from
trapezoidal to triangular shape. For the 45° jet, the trend is similar, but stronger upward flows reduce downstream
extension while increasing upstream extension. At 60°, downstream sediment accumulation decreases while
upstream accumulation increases.

Symmetry analysis, quantified by index SY=AV/AV yax+AA/AAmax+AW/AW ayx (ranging 0.018-3.0), shows that the
30° jet produces the most symmetrical scour holes, the 45° jet yields maximum asymmetry, and the 60° jet exhibits
intermediate symmetry. Generally, increasing Froude number increases asymmetry. Dimensionless analysis
reveals that for the 30° jet, 30% of the 120% depth increase occurs between Fr = 3 and 5, 50% between Fr =5
and 7, and 30% between Fr =7 and 9. For the 45° jet, the sharpest increase occurs between Fr =3 and 5. Tailwater
depth effects show that greater depths reduce scour intensity, altering deposit geometry from trapezoidal to
triangular. Additionally, jet deflection toward channel walls is observed at shallow tailwater depths (Y/d; < 10)
due to Coanda effects and surface waves, contributing to asymmetry. An empirical equation Yyd;= d +
a(Fr)°(Y/d;)°, with coefficients provided for each angle, yields R? values of 0.966, 0.859, and 0.845 for 30°, 45°,
and 60°, respectively.

Conclusion: This study quantifies the interactive effects of hydraulic and geometric factors on scour formation
in cohesive sediments subjected to submerged inclined jets. The comprehensive methodological approach,
supported by rigorous referencing and detailed experimental documentation, enhances model accuracy for
predicting scour behavior. The findings are crucial for designing resilient hydraulic structures and managing
sediment dynamics in cohesive soil environments, contributing to improved engineering practices and
infrastructure safety.

© 2024 University of Zabol, Zabol, Iran.
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Table 1 Characteristics of experiments

No Test name (00; (c}llrtl) Fr Re (m/s) U, (Li t(/21:11n)

1 30-10-3 30 10 3 9400 0.94 443

2 30-10-5 30 10 5 15700 1.57 7.38

3 30-10-7 30 10 7 21900 2.19 10.32

4 30-10-9 30 10 9 28200 2.82 13.28

5 30-15-3 30 15 3 9400 0.94 443

6 30-15-5 30 15 5 15700 1.57 7.38

7 30-15-7 30 15 7 21900 2.19 10.32

8 30-15-9 30 15 9 28200 2.82 13.28

9 30-20-3 30 20 3 9400 0.94 443

10 30-20-5 30 20 5 15700 1.57 7.38

11 30-20-7 30 20 7 21900 2.19 10.32

12 30-20-9 30 20 9 28200 2.82 13.28

13 45-10-3 45 10 3 9400 0.94 4.43

14 45-10-5 45 10 5 15700 1.57 7.38

15 45-10-7 45 10 7 21900 2.19 10.32

16 45-10-9 45 10 9 28200 2.82 13.28

17 45-15-3 45 15 3 9400 0.94 443

18 45-15-5 45 15 5 15700 1.57 7.38

19 45-15-7 45 15 7 21900 2.19 10.32

20 45-15-9 45 15 9 28200 2.82 13.28

21 45-20-3 45 20 3 9400 0.94 443

22 45-20-5 45 20 5 15700 1.57 7.38

23 45-20-7 45 20 7 21900 2.19 10.32

24 45-20-9 45 20 9 28200 2.82 13.28

25 60-10-3 60 10 3 9400 0.94 443

26 60-10-5 60 10 5 15700 1.57 7.38

27 60-10-7 60 10 7 21900 2.19 10.32

28 60-10-9 60 10 9 28200 2.82 13.28

29 60-15-3 60 15 3 9400 0.94 443

30 60-15-5 60 15 5 15700 1.57 7.38

31 60-15-7 60 15 7 21900 2.19 10.32

32 60-15-9 60 15 9 28200 2.82 13.28

33 60-20-3 60 20 3 9400 0.94 4.43

34 60-20-5 60 20 5 15700 1.57 7.38

35 60-20-7 60 20 7 21900 2.19 10.32

36 60-20-9 60 20 9 28200 2.82 13.28
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Fig. 4 Bed topography for different Froude number: 8=30° and ¥;= 10 cm
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Table 2 Symmetry index for scour hole

Jet angle &= 60° 6= 45° 6=30°
Fr 9 7 5 3 9 7 5 3 9 7 5 3
Y:=10 cm
Y:=15 cm
Y. =20 cm
Sy':ly“;ztl‘y Weak symmetry Medium symmetry Well symmetry
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1.0 Fig. 14 Different bed topography with different
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Table 4 Values of constants in Eq. (2)

a b c d R?
©

30 0.147

1.733 0249 -1.165 0.966

45 1340 0.005 0 -1340  0.859

60 7.699 0313 0.001 -8.925 0.845
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Fig. 17 Comparison of predicted and observed values of
maximum relative scour depth for different jet angles
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5- List of symbols

dso (cm) Average diameter of bed particles
d; (m) Jet diameter

Fr(-) Froud number
H (m) Drop height

0, (m’/s) Discharge

Re (-) Reynolds number

SYi (-) Scour index

U, (-) Jet Velocity
X (m) Longitudinal distance

Y (m) Lateral distance

Y, (m) Sour depth

Y, (m) Tailwater depth

Z (m) Bed level

Difference in the distance from the scour
AW (m)  hole edge to the location of maximum
scour depth

0 (o) Jet angle
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