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FIGURE 1: BUILT-UP OF A ROCK PROTECTION BERM



 
 

 

 

FIGURE 2: AREA OF INTEREST OF THIS THESIS 



 
 

 

 

 

 

 

 

FIGURE 3: FLOW REGIMES BELOW A FALLPIPE



 
 

 

 

 

FIGURE 4: THE APPROACH  



 
 

 

FIGURE 5: ROADMAP OF THIS THESIS 

  

 

 



 
 

 

 

 

 

 

  



 

 

 

 

 



 

 

 

 

 

 



 
 

 

FIGURE 6: SINGLE LONG ROCK BERM 

 

FIGURE 7: FREE JET VELOCITY PROFILE 
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FIGURE 9: DISTRIBUTION OF THE KEY PARAMETERS FOR THE HOFLAND STABILITY PARAMETER
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𝜕𝑘𝑢𝑗

𝜕𝑥𝑗
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𝜕𝑥𝑗
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𝜈𝑡
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𝜕𝑥𝑗
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𝜕
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𝜀2

𝑘



 
 

 

𝐺𝑘

𝐺𝑘 = 𝜈𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
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 𝑘 − 𝜀 𝑘 − 𝜔

𝑘 − 𝜔𝑆𝑆𝑇

 



 
 

 

 

𝑘 − 𝜔𝑆𝑆𝑇

 

𝑘 − 𝜀

𝑘 − 𝜀

𝐺𝑏 = −𝑔𝑖𝐶𝑔𝑡
𝜈𝑡

𝜕𝜌

𝜕𝑥𝑖

TABLE 5: STANDARD MODEL CONSTANTS DRIFTFLUX MODEL 
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𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠  𝑆𝑂𝐷𝑠

TABLE 6: MODELLING CONSIDERATIONS STAND-OFF DISTANCE 

4𝐷 4𝐷

5.5𝐷 5.5𝐷

7𝐷 7𝐷

8.3𝐷 8.3𝐷

10𝐷 10𝐷

15𝐷 15𝐷

20𝐷 20𝐷

TABLE 7: STANDARD INPUT PARAMETERS FOR THE FLOW FIELD MODELLING 

0.65 𝑚

5 𝑚/𝑠

9.81 𝑚/𝑠2

1.42 ∗ 10−6



 

𝑘 − 𝜀 𝑘 − 𝜔𝑆𝑆𝑇

 1150 𝑘𝑔/𝑚3

8%

1 − 5 𝑖𝑛𝑐ℎ  1.25 𝑚/𝑠

TABLE 8: INPUT VALUES FOR THE DRIFTFLUX MODEL 
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1.25 𝑚/𝑠 
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FIGURE 10: NORMALIZED VERTICAL AND RADIAL VELOCITY PROFILE OF IMPINGING JET WITH SOD = 10D, EMPIRICAL APPROACH
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FIGURE 11: NORMALIZED VERTICAL AND RADIAL VELOCITY PROFILE OF IMPINGING JET WITH SOD = 10D, CFD APPROACH 
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TABLE 9: MODELLING CONSIDERATIONS INPUT VELOCITY 
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FIGURE 12: A) NORMALIZED CENTRELINE VELOCITY B) NORMALIZED RADIAL VELOCITY, 𝑘 − 𝜔𝑆𝑆𝑇 TURBULENCE MODEL 
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𝑘 − 𝜀 𝑘 − 𝜀 𝑘 − 𝜔𝑆𝑆𝑇

𝑘 − 𝜀

 

FIGURE 13: NORMALIZED TURBULENT KINETIC ENERGY, SOD = 10D



 

 

 

 200 𝜇, 400 𝜇 𝑎𝑛𝑑 5 𝑚𝑚

TABLE 10: MODELLING CONSIDERATIONS BOUNDARY ROUGHNESS 

𝑘 − 𝜀 𝑘 − 𝜔𝑆𝑆𝑇

4𝐷 200 𝜇𝑚 200 𝜇𝑚

 400 𝜇𝑚 400 𝜇𝑚

 5 𝑚𝑚 5 𝑚𝑚

7𝐷 200 𝜇𝑚 200 𝜇𝑚

 400 𝜇𝑚 400 𝜇𝑚

 5 𝑚𝑚 5 𝑚𝑚

10𝐷 200 𝜇𝑚 200 𝜇𝑚

 400 𝜇𝑚 400 𝜇𝑚

 5𝑚𝑚 5 𝑚𝑚

𝑘𝑠

𝑑𝑛50 𝑘𝑠

TABLE 11: NIKURADSE ROUGHNESS 

𝑑𝑛50 𝑘𝑠

200 𝜇 0.0004

400 𝜇 0.0008

5 𝑚𝑚 0.01

𝑆𝑂𝐷 4𝐷

𝑆𝑂𝐷  10𝐷
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FIGURE 14: MAXIMUM RADIAL VELOCITY REDUCTION DUE TO BOUNDARY ROUGHNESS, 𝑘 − 𝜀 TURBULENCE MODEL 
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FIGURE 15: CENTRELINE AND VERTICAL VELOCITY FOR THE DIFFERENT APPROACHES  



 

 

 

FIGURE 16: RADIAL VELOCITY FOR THE DIFFERENT APPROACHES
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FIGURE 17: VERTICAL VELOCITY FOR THE DIFFERENT APPROACHES
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FIGURE 18: VERTICAL VELOCITY FOR THE DIFFERENT APPROACHES
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FIGURE 19: CENTRELINE VELOCITY FOR THE DIFFERENT APPROACHES
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FIGURE 20: STONE LOCATION AND USED COORDINATE SYSTEM
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2𝐷 𝑥 − 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

 1.3 𝑚

 

FIGURE 21: VELOCITY FIELD, 𝑘 − 𝜀 TURBULENCE MODEL 

2650 𝑘𝑔/𝑚3

 1025 𝑘𝑔/𝑚3

1 − 5 𝑖𝑛𝑐ℎ

𝑣𝑠 =  0

𝑢𝑠 =  𝑢𝑓 + 𝑢𝑒

𝑢𝑠 [𝑚/𝑠]

𝑢𝑓 [𝑚/𝑠]



 

 

TABLE 12: POSSIBLE INPUT PARAMETERS FOR THE STONE TRACKER 

𝐿1

𝜌𝑠
2650 𝑘𝑔/𝑚3 2650 𝑘𝑔/𝑚3

𝜌𝑓
1025 𝑘𝑔/𝑚3 1025 𝑘𝑔/𝑚3

𝑑𝑛50

𝑙/𝑑

𝐶𝐷

 

𝑀𝑎 =
1

12
𝜋𝜌𝑓𝑑

3

𝑀𝑎 [𝑘𝑔]

(𝑀 + 𝑀𝑎)𝑎𝑣 =  𝐹𝐷 + 𝐹𝑏 + 𝐹𝑧

(𝑀 + 𝑀𝑎)
𝑑𝑢𝑠

𝑑𝑡
=

1

8
𝜋𝑑2𝐶𝐷𝜌𝑓|�⃗� |(𝑢𝑓̅̅ ̅ − 𝑢𝑠) +

1

6
𝜋𝑑3(𝜌𝑠 − 𝜌𝑓)𝑔

(𝑀 + 𝑀𝑎)
𝑑𝑣𝑠

𝑑𝑡
=

1

8
𝜋𝑑2𝐶𝐷𝜌𝑓|�⃗� |(𝑣𝑓̅̅ ̅ − 𝑣𝑠)

𝜌𝑠 [𝑘𝑔/𝑚3]

𝜌𝑓 [𝑘𝑔/𝑚3]

  



 

�⃗� 

�⃗�  = √(𝑢𝑓 − 𝑢𝑠)
2
+ (𝑣𝑓 − 𝑣𝑠)

2

𝑢𝑓̅̅ ̅  𝑣�̅�

 

𝑢𝑠
𝑛+1 = (

1

8
𝐴𝑠𝐶𝐷𝜌𝑓|�⃗� 

𝑛
|(𝑢𝑓

𝑛 − 𝑢𝑠
𝑛) + 𝑉(𝜌𝑠 − 𝜌𝑓)𝑔) ∗

Δ𝑡

(𝑀 + 𝑀𝑎)
+ 𝑢𝑠

𝑛

𝑣𝑠
𝑛+1 = (

1

2
𝐴𝑠𝐶𝐷𝜌𝑓|�⃗� 

𝑛
|(𝑣𝑓

𝑛 − 𝑣𝑠
𝑛)) ∗

Δ𝑡

(𝑀 + 𝑀𝑎)
+ 𝑣𝑠

𝑛

𝑛 [−]

𝑛 + 1 [−]

Δ𝑡 [𝑠]

 𝑥 −  𝑎𝑛𝑑 𝑟 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

𝑥𝑠
𝑛+1 =  𝑥𝑠

𝑛 + 𝑢𝑠
𝑛+1 ∗ Δ𝑡

𝑟𝑠
𝑛+1 =  𝑟𝑠

𝑛 + 𝑣𝑠
𝑛+1 ∗ Δ𝑡

 

 𝑢′ 𝑎𝑛𝑑 𝑣′

 



 

 

𝑥 𝑎𝑛𝑑 𝑟 −

𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

𝑢 =  𝑢 + 𝑢′

𝑣 =  𝑣 + 𝑣′

𝑢 [𝑚/𝑠]

𝑢′ [𝑚/𝑠]

𝑣 [𝑚/𝑠]

𝑣′ [𝑚/𝑠]

(𝑀 + 𝑀𝑎)
𝑑𝑢𝑠

𝑑𝑡
=

1

8
𝜋𝑑2𝐶𝐷𝜌𝑓|�⃗� |((𝑢𝑓̅̅ ̅ + 𝑢′) − 𝑢𝑠) +

1

6
𝜋𝑑3(𝜌𝑠 − 𝜌𝑓)𝑔

(𝑀 + 𝑀𝑎)
𝑑𝑢𝑠

𝑑𝑡
=

1

8
𝜋𝑑2𝐶𝐷𝜌𝑓|�⃗� |((𝑣𝑓̅̅ ̅ + 𝑣′) − 𝑣𝑠)

𝑢’ 𝑣’

𝑢′ =  𝜁√𝑢′2

𝑣′ =  𝜁√𝑣′2

𝜁 [−]

𝑢′ =  𝜁√
2𝑘

3

𝑣′ =  𝜁√
2𝑘

3

𝑆𝑂𝐷  15𝐷



 

 

FIGURE 22: TURBULENT KINETIC ENERGY FIELD, 𝑘 − 𝜀 TURBULENCE MODEL 

𝑘 − 𝜀 𝑘 − 𝜔𝑆𝑆𝑇

𝑇𝐿 =  0.30 ∗
𝑘

𝜀

𝑇𝐿 [𝑠]

𝜏𝑒 =  −𝑇𝐿𝑙𝑛(𝑟)

𝜏𝑒 [𝑠]

𝑟 0 < 𝑟 < 1 [−]

𝑡𝑐𝑟𝑜𝑠𝑠 =  −𝑡𝑝𝑙𝑛 [1 − (
𝐿𝑒

𝑡𝑝|𝑢 − 𝑢𝑝|
)]

𝑡𝑐𝑟𝑜𝑠𝑠 [𝑠]

𝑡𝑝 [𝑠]

𝐿𝑒 [𝑚]



 

 

𝑡𝑝 =  
𝜌𝑠 ∗ 𝑑2

18 ∗ 𝜌𝑓 ∗ 𝜈

𝐿𝑒 =  𝐶𝜇
3/4

∗
𝑘3/2

𝜀

𝐶𝜇 [−]

𝜁

𝑢𝑠
𝑛+1 = (

1

8
𝐴𝑠𝐶𝐷𝜌𝑓|�⃗� 

𝑛
| ((𝑢𝑓

𝑛 + 𝑢′𝑛) − 𝑢𝑠
𝑛) + 𝑉(𝜌𝑠 − 𝜌𝑓)𝑔) ∗

Δ𝑡

(𝑀 + 𝑀𝑎)
+ 𝑢𝑠

𝑛

𝑣𝑠
𝑛+1 = (

1

2
𝐴𝑠𝐶𝐷𝜌𝑓|�⃗� 

𝑛
| ((𝑣𝑓

𝑛 + 𝑣′𝑛) − 𝑣𝑠
𝑛)) ∗

Δ𝑡

(𝑀 + 𝑀𝑎)
+ 𝑣𝑠

𝑛

 𝑥 −  𝑎𝑛𝑑 𝑟 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

∆𝑟𝐿 = 𝑟𝐿𝑛
− 𝑟𝐿1

∆𝑟𝐿 [𝑚]

𝑟𝐿𝑛 [𝑚]

𝑟𝐿1 [𝑚]



 

𝑘 − 𝜀 10𝐷  

 
FIGURE 23: EXAMPLES OF SIMULATED ROCK SPREAD AND DISPLACEMENT, 𝑘 − 𝜀 TURBULENCE MODEL

 

𝑆𝑂𝐷 10𝐷

 

FIGURE 24: TRAJECTORY OF SINGLE STONES DETERMINED WITH THE EMPIRICAL APPROACH, NO TURBULENCE



 

 

 

FIGURE 25: SPREADING AND DISPLACEMENT AS FUNCTION OF A) SOD AND B) STONE DIAMETER, EMPIRICAL APPROACH

𝑘 =
3

2
(𝑈 ∗ 𝐼)2

𝑈 =  √𝑢2 + 𝑣2 [𝑚/𝑠]

𝐼 [−]

𝜀 =  𝐶𝜇

3
4
𝑘

3
2

𝑙

𝑙 [𝑚]



 

𝑙 =  0.07𝐷

𝑆𝑂𝐷 10𝐷

 

FIGURE 26: TRAJECTORY OF SINGLE STONES DETERMINED WITH THE EMPIRICAL APPROACH, TURBULENCE

 



 

 

 

FIGURE 27: TRAJECTORY OF SINGLE STONES, 𝑘 − 𝜀 TURBULENCE MODEL A) NO TURBULENCE B) TURBULENCE

 

TABLE 13: STANDARD INPUT PARAMETERS STONE TRAJECTORY MODELLING 

5 𝑚/𝑠

1 − 5 𝑖𝑛𝑐ℎ

𝑟𝐿1

𝑢0

𝑆𝑂𝐷



 

 

FIGURE 28: SPREADING AND DISPLACEMENT AS FUNCTION OF SOD

 𝑆𝑂𝐷𝑠

 

𝑆𝑂𝐷𝑠

 𝑆𝑂𝐷

TABLE 14: MODELLING CONSIDERATIONS STAND-OFF DISTANCE  

4𝐷 4𝐷

5.5𝐷 5.5𝐷

7𝐷 7𝐷

8.3𝐷 8.3𝐷

10𝐷 10𝐷

15𝐷 15𝐷

20𝐷 20𝐷



 

 

 

FIGURE 29: SPREADING AND DISPLACEMENT AS FUNCTION OF A) SOD AND B) GRADING 

𝑘 − 𝜀 𝑘 − 𝜔𝑆𝑆𝑇

 𝑆𝑂𝐷𝑠 𝑆𝑂𝐷𝑠

𝑆𝑂𝐷

𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠

 

1 − 5 𝑖𝑛𝑐ℎ

1 − 3

1 − 4 𝑖𝑛𝑐ℎ

TABLE 15: MODELLING CONSIDERATIONS GRADING 

4𝐷 1 − 3′′ 1 − 3′′

 1 − 4′′ 1 − 4′′

7𝐷 

10𝐷 

15𝐷 



 

10𝐷 𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠

 

0.15 𝑚

 0.016 𝑚

TABLE 16: MODELLING CONSIDERATIONS STONE DIAMETER 

ε

4𝐷 0.016, 0.04, 0.016, 0.04,

 0.06, 0.075, 0.06, 0.075,

 0.10, 0.125, 0.15 𝑚 0.10, 0.125, 0.15 𝑚 

7𝐷 

10𝐷 

15𝐷 

𝑘 − 𝜀

 
FIGURE 30: SPREADING AND DISPLACEMENT AS FUNCTION OF A) STONE DIAMETER AND B) CONCENTRATION, 𝑘 − 𝜀 MODEL



 

 

𝑆𝑂𝐷𝑠

 

8%. 𝑘 − 𝜀

6% 10%

 𝑆𝑂𝐷𝑠  𝑆𝑂𝐷𝑠

TABLE 17: MODELLING CONSIDERATIONS CONCENTRATION 

ε

4𝐷 6 % 6 %

 8 % 8 %

 10 % 10 % 

7𝐷 

10𝐷 

15𝐷 

 

5 𝑚/𝑠



 
TABLE 18: MODELLING CONSIDERATIONS INPUT VELOCITY 

𝑘 − 𝜔𝑆𝑆𝑇

4𝐷 3 𝑚/𝑠

 7 𝑚/𝑠

7𝐷 

10𝐷 1 𝑚/𝑠

 3 𝑚/𝑠 

 7 𝑚/𝑠 

 9 𝑚/𝑠 

 11 𝑚/𝑠 

15𝐷 3 𝑚/𝑠

 7 𝑚/𝑠

𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠

 
FIGURE 31: SPREADING AND DISPLACEMENT AS FUNCTION OF THE OUTFLOW JET VELOCITY

 



 

 

 

FIGURE 32: NORMALIZED STARTING LOCATION VS. DISPLACEMENT, 𝑘 − 𝜀 TURBULENCE MODEL

𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠

 



 

 𝑆𝑂𝐷

 



 

 

 

 

 

 

FIGURE 33: BASIS FOR DETERMINING THE HEIGHT INCREASE OF THE ROCK BERM



 

𝑘 − 𝜀

10𝐷

1 − 5 𝑖𝑛𝑐ℎ

 

Figure 34: Probability density distribution of rock spreading, 𝑘 − 𝜀 model

1 − 5 𝑖𝑛𝑐ℎ

Δ𝑧𝑏 =  (
1

1 − 𝜖
∑𝑃𝑖 ∗ 𝐷 ) ∗ Δ𝑡

Δ𝑧𝑏 [𝑚]

𝜖 [−]

𝑃𝑖 [−]

𝐷 [𝑚3/𝑠]

0.1 𝑚/𝑠

1600 𝑡/ℎ



 

 

 

FIGURE 35: HEIGHT INCREASE OF A ROCK BERM 

0.1 𝑚/𝑠

 

FIGURE 36: HEIGHT INCREASE OF A ROCK BERM 

𝑆𝑂𝐷 4𝐷 < 𝑆𝑂𝐷 < 10𝐷

𝑆𝑂𝐷

 

TABLE 19: OUTFLOW VELOCITY CORRESPONDING TO PRODUCTION RATE 

− −

− −

− −



 

1: 2

 

Ψ𝐿𝑚 =
𝑚𝑎𝑥 [〈�̅� + 𝛼 ∗ √𝑘〉𝐿𝑚

𝐿𝑚

𝑧
]
2

 

Δ ∗ 𝑔 ∗ 𝑑𝑛50

Φ𝐸 =  1.15 ∗ 10−9 ∗ Ψ𝐿𝑚
4.53          𝑓𝑜𝑟 1.3 < Ψ𝐿𝑚 < 3.2

𝐸 =  Φ𝐸 ∗ √Δ ∗ 𝑔 ∗ 𝑑𝑛50

𝑢𝑥

 

FIGURE 37: BASIS FOR DETERMINING THE STONE TRANSPORT



 

 



 

 
FIGURE 38: PERPENDICULAR VELOCITY COMPONENT BELOW THE FALLPIPE

 

 

 

 

 

FIGURE 39: ENTRAINMENT PARAMETER FOR DIFFERENT TURBULENCE MODELS AT 𝑟 = 0 



 

 

0.1 𝑚/𝑠

 

FIGURE 40: ENTRAINMENT RATE AT THE CENTRE OF THE JET

𝜕𝑧𝑏

𝜕𝑡
=  −

1

(1 − 𝜖 − 𝑐𝑏)
(𝐸 − 𝐷𝑟)

𝑧𝑏 [𝑚]

𝐷𝑟 [𝑚/𝑠]

𝑐𝑏 [−]



 

Δ𝑧𝑏 = (−
1

1 − 𝜖
∑𝐸𝑑𝑖  ) ∗ Δ𝑡

Δ𝑧𝑏 [𝑚]

𝐸𝑑𝑖  [𝑚/𝑠]

𝑆𝑂𝐷

4𝐷 10𝐷

 

FIGURE 41: MAXIMUM ENTRAINMENT RATE

𝑆𝑂𝐷𝑠

5 𝑚/𝑠  𝑆𝑂𝐷𝑠



 

 

 

FIGURE 42: ENTRAINMENT RATE FOR DIFFERENT INPUT VELOCITIES 

9 − 10 𝑚/𝑠

 

  



 
  



 

 

 

9 − 10 𝑚/𝑠

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

 

 



 

 

  

 

 

 

 

 

𝑆𝑂𝐷

𝑆𝑂𝐷𝑠.

 𝑘 − 𝜔𝑆𝑆𝑇

𝑘 − 𝜀

 



 

 

 𝑘 − 𝜀 𝑘 − 𝜔𝑆𝑆𝑇

 

𝑆𝑂𝐷𝑠 

 

 

 

 

 𝑆𝑂𝐷𝑠

 

 𝑆𝑂𝐷

 



 

 

 

𝑘 − 𝜀 𝑘 − 𝜔𝑆𝑆𝑇

 



 
  



 

 

 

𝐶 =  
𝑢 ∗ Δ𝑡

Δ𝑥
≤ 𝐶𝑚𝑎𝑥

𝐶 [−]

Δ𝑡 [𝑠]

Δ𝑥 [𝑚]

 

 



 
 

 

  0 < 𝑦+ < 5

  5 < 𝑦+ < 30

  30 < 𝑦+ < 300

  𝑦+ > 300

 

FIGURE 43: VELOCITY DISTRIBUTION NEAR A SOLID WALL (ADAPTED FROM 

𝑢+ =
1

𝜅
𝑙𝑛 𝑦+ + 𝐵

𝑢+ [−]

𝑦+ [−]



 
 

 

𝐵 [−]

 𝐵

 Δ𝐵

𝛥𝐵 =
1

𝜅
𝑙𝑛 (1 + 𝐶𝑠𝑘𝑠

+) 

𝐶𝑠 [−]

𝑘𝑠
+ 𝑘𝑠

+ =
𝑘𝑠𝑢𝜏

𝜐
) [−]

𝑘𝑠 [−]

𝑦+ =  
𝑦𝑢𝜏

𝜈

𝑦 [𝑚]

𝑢𝜏 [𝑚/𝑠]

𝑢𝜏 = √
𝜏𝑤

𝜌

𝜏𝑤 [𝑘𝑔/𝑚𝑠2]

𝜏𝑤 =
1

2
𝐶𝑓𝜌𝑢𝑓𝑟𝑒𝑒𝑠𝑡𝑟𝑒𝑎𝑚

2

𝐶𝑓 [−]

 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑘 − 𝜀

𝑝, 𝑈, 𝑘, 𝑒𝑝𝑠𝑖𝑙𝑜𝑛  𝑛𝑢𝑡 𝑛𝑢𝑡  𝜈𝑡

𝑘 − 𝜔𝑆𝑆𝑇  𝑒𝑝𝑠𝑖𝑙𝑜𝑛

𝑜𝑚𝑒𝑔𝑎

 

 

 

FIGURE 44: OPENFOAM CASE STRUCTURE 



 
 

TABLE 20: PRIMITIVE AND DERIVED PATCH TYPES [OPENFOAM, 2012] 

𝜺

𝝎

𝝂𝒕

 

 𝜈

 

 

 

TABLE 21: BASIC PATCH TYPES [OPENFOAM, 2012] 



 
 

 

TABLE 22: LINEAR SOLVERS USED IN OPENFOAM [OPENFOAM, 2012] 



 
 

 

 

 

TABLE 23: UNDER-RELAXATION FACTORS 

 

TABLE 24: MAIN KEYWORDS USED IN FVSCHEMES [OPENFOAM, 2012] 

𝝏/𝝏𝒕, 𝝏𝟐/𝝏𝟐𝒕

𝛁

𝛁 ∙

𝛁𝟐

 

 



 

 

 

2𝐷

𝑘 − 𝜀 𝑘 − 𝜔𝑆𝑆𝑇

 



 
 

𝑘 =
3

2
(𝑢𝐼)2

𝜀 =  𝐶𝜇

3
4
𝑘

3
2

𝑙

𝜔 =  𝐶𝜇

−
1
4
√𝑘

𝑙

𝜈𝑡 =  𝐶𝜇

𝑘2

𝜀

𝐼 [−]

𝜀 [𝑚2/𝑠3]

𝐶𝜇 [−]

𝑙 [𝑚]

𝜔 [𝑠−1]

𝜈𝑡 [𝑚2/𝑠]

0.65 𝑚 

 5 𝑚/𝑠 5%

𝐼 =  0.16𝑅𝑒−
1
8

𝑘 − 𝜀

TABLE 25: INITIAL AND BOUNDARY CONDITIONS USED IN THIS THESIS FOR THE 𝑘 − 𝜀 MODEL 

 

  



 
 

 

𝑘 − 𝜔𝑆𝑆𝑇

TABLE 26: INITIAL AND BOUNDARY CONDITIONS USED IN THIS THESIS FOR THE 𝑘 − 𝜔𝑆𝑆𝑡 MODEL 

 

TABLE 27: INITIAL AND BOUNDARY CONDITIONS USED IN THIS THESIS FOR THE DRIFTFLUX MODEL 

𝐹𝑙𝑢𝑥 𝑖𝑛𝑙𝑒𝑡 = 𝑎𝑙𝑝ℎ𝑎. 𝑠𝑡𝑜𝑛𝑒 ∗ 𝑢

𝐹𝑙𝑢𝑥 𝑐𝑒𝑙𝑙 1 = 𝑎𝑙𝑝ℎ𝑎. 𝑠𝑡𝑜𝑛𝑒 ∗ 𝑢 + 𝑎𝑙𝑝ℎ𝑎. 𝑠𝑡𝑜𝑛𝑒 ∗ 𝑢𝑒

𝑎𝑙𝑝ℎ𝑎. 𝑠𝑡𝑜𝑛𝑒 (𝑖𝑛𝑝𝑢𝑡) = 𝑎𝑙𝑝ℎ𝑎. 𝑠𝑡𝑜𝑛𝑒 (𝑑𝑒𝑠𝑖𝑟𝑒𝑑) ∗
𝑢 + 𝑢𝑒

𝑢

  



 
 

  



 

 

 

 

 

 

 

10−4  10−5

  1%

𝑘 − 𝜀

180𝑘

 1%

1.5

 

FIGURE 45: THE CENTRELINE AND VELOCITY AT CERTAIN MONITORING POINT VS. NUMBER OF CELLS WITHIN THE MESH

 



 

1.24𝑀

𝑘 − 𝜔𝑆𝑆𝑇

1.24𝑀

 5 < 𝑦+ < 300

 

 

𝑦 =  
𝑦+𝜈

𝑢𝜏

 1.15

 1.14

14%

TABLE 28: USED MESH VARIABLES 

2 𝑚𝑚

1.14

  



 

 

 

 

FIGURE 46: CENTRELINE, VERTICAL AND RADIAL VELOCITIES AS FUNCTION OF INPUT VELOCITY

3 − 7 𝑚/𝑠



 
 

 

FIGURE 47: TURBULENT KINETIC ENERGY DEPENDING ON THE INPUT VELOCITY

 

FIGURE 48: RADIAL VELOCITY DEPENDING ON THE BOUNDARY ROUGHNESS



 
 

 

 

FIGURE 49: MAXIMUM RADIAL VELOCITY REDUCTION DUE TO BOUNDARY ROUGHNESS
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FIGURE 50: CENTRELINE, VERTICAL AND RADIAL VELOCITIES FOR DIFFERENT APPROACHES, 𝑆𝑂𝐷 = 4𝐷

 

FIGURE 51: CENTRELINE, VERTICAL AND RADIAL VELOCITIES FOR DIFFERENT APPROACHES, 𝑆𝑂𝐷 = 7𝐷



 
 

 

 

FIGURE 52: CENTRELINE, VERTICAL AND RADIAL VELOCITIES FOR DIFFERENT APPROACHES, 𝑆𝑂𝐷 = 15𝐷



 
 

 

FIGURE 53: STONE TRAJECTORY DETERMINED WITH THE EMPIRICAL APPROACH

 

FIGURE 54: SPREADING AND DISPLACEMENT AS FUNCTION OF THE 𝑆𝑂𝐷



 
 

 

 
FIGURE 55: SPREADING AND DISPLACEMENT AS FUCNTION OF THE GRADING

 
 



 
 

 

FIGURE 56: SPREADING AND DISPLACEMENT AS FUCNTION OF THE STONE DIAMETER

 

FIGURE 57: SPREADING AND DISPLACEMENT AS FUCNTION OF THE CONCENTRATION



 
 

 

 
FIGURE 58: SPREADING AND DISPLACEMENT AS FUCNTION OF THE JET VELOCITY



 
 

 
FIGURE 59: SPREADING AND DISPLACEMENT AS FUCNTION OF THE STARTING LOCATION

 

 

 
FIGURE 60: ENTRAINMENT PARAMETER FOR DIFFERENT TURBULENCE MODELS 



 

 

𝑘 − 𝜔𝑆𝑆𝑇

𝑘 − 𝜀

 𝑘 − 𝜀

𝑘 − 𝜀

𝑘 − 𝜀

𝑘 − 𝜀

𝑘 − 𝜀

𝑘 − 𝜀

𝑟 = 0

file:///D:/FINAL/Main%20report%20workableNewCleaned.docx%23_Toc462498737
file:///D:/FINAL/Main%20report%20workableNewCleaned.docx%23_Toc462498743
file:///D:/FINAL/Main%20report%20workableNewCleaned.docx%23_Toc462498742


 
 

𝑆𝑂𝐷 = 4𝐷

𝑆𝑂𝐷 = 7𝐷

𝑆𝑂𝐷 = 15𝐷

𝑆𝑂𝐷

 

 

 

 

 

 

 

 

file:///D:/FINAL/Main%20report%20workableNewCleaned.docx%23_Toc462498779


 

 

𝑘 −  𝜀

𝑘 −  𝜔𝑆𝑆𝑇

𝑘 − 𝜀

𝑘 − 𝜔𝑆𝑆𝑡

 

 

 

 



 
 
 

  



 

 

 

 

 

 

 

 

 

 

 

DELFT UNIVERSITY OF TECHNOLOGY | TIDEWAY OFFSHORE SOLUTIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
II 

 

 

 

 



 

 

(𝑆𝑂𝐷) 𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠

 𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠

 𝑆𝑂𝐷𝑠

𝑆𝑂𝐷𝑠 𝑆𝑂𝐷𝑠

 



 
 

 



 

 
 



 
 

 
IV 

 

 

 

FIGURE 1: FLOWCHART OF THE LAYOUT OF THE LITERATURE STUDY 
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FIGURE 2: TIDEWAY OFFSHORE SOLUTIONS’ LOGO
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FIGURE 3: A) SIDE STONE DUMPING VESSEL, B) SPLIT HOPPER DREDGER, C) FALLPIPE VESSEL, D) DRAGLINE
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    FIGURE 4: LAYOUT OF THE TIDEWAY FLINTSTONE



 

 

FIGURE 5: FALLPIPE BUILT-UP 
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FIGURE 6: SINGLE LONG BERM 



 

 

 

   FIGURE 8: PROTECTED PIPELINE AGAINST FISHING TRAWLERS 

FIGURE 7: SPOT BERMS 



 

 

 

FIGURE 9: UPHEAVAL BUCKLING OF A PIPELINE 

 

 



 
 

 

  



 

 

  
 

TABLE 1: THE TERMINOLOGY OF TYPES OF FLUID INTRUSIONS 

 

𝑅𝑒 =  
𝑢 ∗ 𝐿

𝜈

𝑅𝑒 [−]

𝑢 [𝑚/𝑠]

𝐿 [𝑚]

𝜈 [𝑚2/𝑠]



 

 

𝑅𝑒 >  2000

 

 

 

𝑄0 =
1

4
𝜋 ∗ 𝐷2 ∗ 𝑢0

𝑀0 =
1

4
𝜋 ∗ 𝐷2 ∗ 𝑢0

2

𝐵0 =  𝑄0 (
𝜌𝑚 − 𝜌𝑓

𝜌𝑓

) 𝑔

𝑄0 [𝑚3/𝑠]

𝐷 [𝑚]

𝑢0 [𝑚/𝑠]

𝑀0 [𝑚4/𝑠]

𝐵0 [𝑚3/𝑠3]

𝜌𝑚 [𝑘𝑔/𝑚3]

𝜌𝑓 [𝑘𝑔/𝑚3]

𝑔 [𝑚/𝑠2]

 

  



 

 

𝑆𝑂𝐷 [𝑚]

𝑟 [𝑚]

𝑥 [𝑚]

FIGURE 10: DIFFERENT FLOW REGIONS OF A JET BELOW A FALLPIPE



 

 

 

 

 FIGURE 11: THE THREE ZONES OF THE FREE JET
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𝑢 =  𝑢𝑚 ∗ 𝑒−(
𝑟
𝑏

)
2

𝑢𝑚 [𝑚/𝑠]

𝑟 [𝑚]

𝑏 [𝑚]

FIGURE 12: FREE JET VELOCITY PROFILE



 

 

 (𝑢0 = 𝑢𝑐 = 𝑢𝑚)

 𝑟 > 𝑟1

𝑢 =  𝑢0 ∗ 𝑒−0.693(
𝑟−𝑟1

𝑏
)

2

𝑏

𝑟0

= 0.10 + 0.111
�̅�

𝑟0

𝑟1

𝑣𝑒

𝑢0

=  
2𝑟0

𝑟2

(0.010 + 0.003
�̅�

2𝑟0

)

𝑣𝑒 [𝑚/𝑠]

𝑟2 [𝑚]

T

0.026

 

FIGURE 13: ENTRAINMENT COEFFICIENT IN THE ZFE FOR CIRCULAR JETS 



 

 

 

𝑢𝑚 =  𝑢0 ∗
0.965𝑟0

𝛼 ∗ 𝑥

𝛼 [−]

 𝛼 = 0.066

𝑢𝑚 = 14.64𝑢0 ∗
𝑟0

𝑥
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1.61
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𝑥
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 𝑏 =  0.10𝑥 (3.15) 

 

 

FIGURE 14: CENTRELINE VELOCITIES FOR THE DIFFERENT EXPRESSIONS 



 

 

 

𝑢 =  𝑢𝑚 ∗ 𝑒
−[(

𝑟
𝑏∗)

2
]
𝜉(𝑥)

𝜉(𝑥) [−]

𝑏∗ [𝑚]

𝜉(𝑥) =  𝑒
𝑥Δ

𝑥

𝑥Δ [𝑚]

FIGURE 15: JET VELOCITY AS FUNCTION OF THE RADIAL COORDINATE FOR A FREE JET BY RAJARATNAM 
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𝑢0
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𝑥∆

𝑥
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1/𝑥
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𝐷

2
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(𝑢0
2 + 2𝑢0 ∗ 𝑢∞)

2𝑢𝑚 ∗ 𝑢∞ ∗ 𝐴1 + 1.1𝑢𝑚
2 ∗ 𝐴2

]

1
2

𝐴1 = ∑ [(−1)𝑛 ∗
1

𝑛!
∗

(ln 100)
−(𝑛+

1
𝜉

)

(𝜉 ∗ 𝑛 + 1)
]

∞

𝑛=0

[−]

𝐴2 = ∑ [(−1)𝑛 ∗
2𝑛

𝑛!
∗

(ln 100)
−(𝑛+

1
𝜉

)

(𝜉 ∗ 𝑛 + 1)
]

∞

𝑛=0

[−]



 

 

 

FIGURE 16: JET VELOCITY AS FUNCTION OF THE NORMALIZED RADIAL COORDINATE FOR A FREE JET BY LEE ET AL. 

 

𝐿𝑄

𝑆𝑂𝐷
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𝑄0

𝑆𝑂𝐷 ∗ 𝑀0
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𝐿𝑄 [𝑚]
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𝐿𝑀𝐵

𝑆𝑂𝐷
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 𝑀0
3/4
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1/2

𝐿𝑀𝐵 [𝑚]

≪ 1

≫ 1
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 𝒪(1)

FIGURE 17: BUOYANT JET BEHAVIOUR



 

 

𝑅0 =  
𝐿𝑄

𝐿𝑀𝐵

=
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FIGURE 18: CENTRELINE VELOCITY FOR LARGE STAND-OFF DISTANCES
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FIGURE 19: IMPINGING JET VELOCITY PROFILE 
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FIGURE 20: COMPARISON OF THE CENTRELINE VELOCITY FOR LARGE AND SMALL STAND-OFF DISTANCES 
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FIGURE 21: JET VELOCITY AS FUNCTION OF THE RADIAL COORDINATE FOR AN IMPINGING JET WITH A SMALL SOD 
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FIGURE 22: RADIAL VELOCITY AS FUNCTION OF RADIAL COORDINATE FIGURE 23: RADIAL VELOCITY AT 𝑟 = 𝑟1 

FIGURE 24: WALL JET VELOCITY PROFILE
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FIGURE 25: RADIAL VELOCITY FOR A WALL JET
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∗ 𝐶𝐷 ∗ 𝐴𝐷 ∗ 𝜌𝑓 ∗ 𝑢|𝑢|
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FIGURE 26: FORCES ACTING ON A STONE LYING ON THE BED 
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FIGURE 27: ORIGINAL SHIELDS CURVE 
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FIGURE 28: TYPICAL DISTRIBUTIONS OF THE KEY PARAMETERS ACCORDING TO (4.6), (4.16), (4.17) AND (4.21) [HOAN, 
2008] 

𝛼 = 3.5

FIGURE 29: MEASURED Ψ𝑠  VERSUS MEASURED Φ𝐸  [HOAN, 2008] 



 

 

Φ𝐸 =  1.16 ∗ 10−12 ∗ Ψ𝑊𝐿
4.57          𝑓𝑜𝑟 11 < Ψ𝑊𝐿 < 25

𝛼 = 3

FIGURE 30: MEASURED Ψ𝑊𝐿  VERSUS MEASURED Φ𝐸  [HOAN, 2008] 

FIGURE 31: MEASURED Ψ𝐿𝑚  VERSUS MEASURED Φ𝐸  [HOAN, 2008] 
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4.53          𝑓𝑜𝑟 1.3 < Ψ𝐿𝑚 < 3.2

 𝜎(𝑢)

Ψ𝑢−𝜎[𝑢] =
〈[𝑢 + 𝛼 ∗ 𝜎(𝑢)]2 ∗ √1 − 𝑧/ℎ〉ℎ 

Δ ∗ 𝑔 ∗ 𝑑

Ψ𝑢−𝜎[𝑢] [−]

𝜎(𝑢) [𝑚/𝑠]

〈… 〉ℎ

𝛼 = 3

Φ𝐸 =  9.6 ∗ 10−12 ∗ Ψ𝑢−𝜎[𝑢]
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          𝑓𝑜𝑟 7.5 < Ψ𝑢−𝜎[𝑢] < 18

FIGURE 32: MEASURED Ψ𝑢−𝜎[𝑢] VERSUS MEASURED Φ𝐸  [HOAN, 2008] 



 

 

𝑑𝑛50 =
〈[𝑢 + 𝛼 ∗ 𝜎(𝑢)]2 ∗ √1 − 𝑧/ℎ〉ℎ 

Δ ∗ 𝑔 ∗ Ψ𝑢−𝜎[𝑢],𝑐

                            𝑤𝑖𝑡ℎ 𝛼 = 3.0

𝑑𝑛50 =
〈(�̅� + 𝛼 ∗ √𝑘)2〉ℎ𝑚  

Δ ∗ 𝑔 ∗ Ψ𝑊𝐿,𝑐

                                                        𝑤𝑖𝑡ℎ 𝛼 = 3.5

𝑑𝑛50 =
𝑚𝑎𝑥 [〈�̅� + 𝛼 ∗ √𝑘〉𝐿𝑚

𝐿𝑚

𝑧
]

2

 

Δ ∗ 𝑔 ∗ Ψ𝐿𝑚,𝑐

                                     𝑤𝑖𝑡ℎ 𝛼 = 3.0

Ψ𝑢−𝜎[𝑢],𝑐 [−]

Ψ𝑊𝐿,𝑐 [−]

Ψ𝐿𝑚,𝑐 [−]

 

𝑅𝑒 ≈ 5 ∗ 104  𝑅𝑒 ≈ 105

 𝑅𝑒 ≈ 2 ∗ 106

 

 



 

 

 
 

 



 

 

150 𝑡𝑜 200 °𝐶 1500 𝑏𝑎𝑟

 

𝑑50 

50%

50%

𝑑𝑛50 = (
𝑀50

𝜌𝑠

)

1
3

𝑑𝑛50 [𝑚]

𝑀50 [𝑘𝑔]

𝑑𝑛50 = 𝐹𝑠 ∗ 𝑑50

𝑑50 [𝑚]

𝐹𝑠 [−]

𝐹𝑠
∗ = (

𝑀50

𝜌𝑠 ∗ 𝑑50
3 ) = 0.843 ≅ 0.60

𝐹𝑠
∗ [−]



 

 

= 0.60 

 0.34 𝑡𝑜 0.72 0.66 𝑡𝑜 0.70

 

TABLE 2: RECOMMENDED GRADING WIDTHS 

 (𝑊85/𝑊15)1/3 𝑜𝑟 𝑑85/𝑑15 𝑊85/𝑊15 

Narrow or “single-sized” gradation Less than 1.5 1.7 – 2.7 

Wide gradation 1.5 – 2.5 2.7 – 16.0 

Very wide or “quarry run” gradation 2.5 – 5.0+ 16 – 125+ 

 𝐶𝑃45/125

20/40

20 𝑚𝑚  40 𝑚𝑚 𝐺𝑐,85/20 85%

20%

TABLE 3: COURSE GRADINGS [EN 13242, 2008] 

2𝑑𝑙𝑐𝑙 1.4𝑑𝑙𝑐𝑙 𝑑𝑙𝑐𝑙 𝑑𝑢𝑐𝑙 𝑑𝑢𝑐𝑙/2

𝑑𝑢𝑐𝑙/𝑑𝑙𝑐𝑙 < 2 𝑜𝑟

𝑑𝑢𝑐𝑙 < 11.2 𝑚𝑚

𝐺𝑐85/200

𝐺𝑐85/200

𝑑𝑙𝑐𝑙 [𝑚𝑚]

𝑑𝑢𝑐𝑙 [𝑚𝑚]

𝐺𝑐 [−]



 

 

TABLE 4: STANDARD CLASSES OF ROCK GRADING [EN 13383, 2002] 

𝑑50(𝑐𝑚) 𝑑85/𝑑15 𝑑𝑛50 (𝑐𝑚)

1.5𝑑𝑛50(𝑐𝑚) 1.5𝑑𝑛50(𝑘𝑔/𝑚3)

𝑀50

(𝑘𝑔)

45/125 𝑚𝑚

63/180 𝑚𝑚

90/250 𝑚𝑚

45/180 𝑚𝑚

90/180 𝑚𝑚

5 − 40 𝑘𝑔

10 − 60 𝑘𝑔

40 − 200 𝑘𝑔

60 − 300 𝑘𝑔

15 − 300 𝑘𝑔

300 − 1000 𝑘𝑔

1 − 3 𝑡𝑜𝑛

3 − 6 𝑡𝑜𝑛

6 − 10 𝑡𝑜𝑛

 

TABLE 5: ROCK GRADING BY [Statoil TR1370, 2009] 

(𝑚𝑚)  (𝑚𝑚) (𝑚𝑚)

1 –  3” (75 𝑚𝑚 𝑟𝑜𝑐𝑘) 𝑑𝑚

𝑑90

𝑑50

𝑑5

1 –  4” (100 𝑚𝑚 𝑟𝑜𝑐𝑘) 𝑑𝑚

𝑑90

𝑑50

𝑑5

1 –  5” (125 𝑚𝑚 𝑟𝑜𝑐𝑘) 𝑑𝑚

𝑑90

𝑑50

𝑑5

  



 

 

 

 

 

 

 

(𝑙/𝑑)

 

FIGURE 33: MEASUREMENT SYSTEM FOR STONE SHAPES [CIRIA/CUR/CETMEF, 2007] 

 

(𝐵𝐿𝑐)

𝑋𝑌𝑍 𝑏𝑜𝑥

 



 

 

 

FIGURE 34: BLOCKINESS (FROM LEFT TO RIGHT, BLC = 80%, 60% 𝑎𝑛𝑑 40%) [CIRIA/CUR/CETMEF, 2007] 

𝐵𝐿𝑐 = (
𝑀

𝜌𝑠

∗
1

𝑋 ∗ 𝑌 ∗ 𝑍
) ∗ 100

𝐵𝐿𝑐 [%]

𝑋, 𝑌 𝑎𝑛𝑑 𝑍

𝑋, 𝑌 𝑎𝑛𝑑 𝑍 𝑍  𝑑 𝑋 𝑎𝑛𝑑 𝑌

 

𝐶𝑢𝑏𝑖𝑐𝑖𝑡𝑦 =
𝐿 + 𝐼

2𝑆

𝐿 [𝑚]

𝐼 [𝑚]

𝑆 [𝑚]

𝑋, 𝑌 𝑎𝑛𝑑 𝑍 

 𝐿, 𝐼 𝑎𝑛𝑑 𝑆  𝐿

 𝐺 𝑎𝑛𝑑 𝐸

𝑋, 𝑌 𝑎𝑛𝑑 𝑍 𝑍

𝐿

 



 

 

 
 

 

 

 

𝐹𝑧 =  𝑀 ∗ 𝑔

𝐹𝑧 [𝑘𝑔𝑚/𝑠2]

𝑀 [𝑘𝑔]



 

 

𝑉𝑠 =
1

6
∗ 𝜋 ∗ 𝑑3

𝑀 =
1

6
∗ 𝜋 ∗ 𝑑3 ∗ 𝜌𝑠

𝐹𝑧 =
1

6
∗ 𝜋 ∗ 𝑑3 ∗ 𝜌𝑠

 

𝐹𝑏 =  −
1

6
∗ π ∗ 𝑑3 ∗ 𝜌𝑓 ∗ 𝑔

𝐹𝑏 [𝑘𝑔𝑚/𝑠2]

𝐹𝑤 =
1

6
∗ 𝜋 ∗ 𝑑3 ∗ (𝜌𝑠 − 𝜌𝑓) ∗ 𝑔

𝐹𝑤 [𝑘𝑔𝑚/𝑠2]

 

  

FIGURE 35: VERTICAL FORCES ON A SINGLE STONE FALLING THROUGH WATER



 

 

 

𝐴𝑠 =
1

4
∗ 𝜋 ∗ 𝑑2

𝐴𝑠 [𝑚2]

𝐹𝐷 =
1

8
∗ 𝜋 ∗ 𝑑2 ∗ 𝐶𝐷 ∗ 𝜌𝑓 ∗ (𝑢𝑓 − 𝑢𝑠) ∗ |𝑢𝑓 − 𝑢𝑠|

𝑢𝑓 [𝑚/𝑠]

𝑢𝑠 [𝑚/𝑠]

 

𝐹𝑧 + 𝐹𝑏 + 𝐹𝐷 =  𝑀 ∗ 𝑎𝑣

𝛼𝑣 [𝑚/𝑠2]

𝑢(𝑡) = √
4 ∗ 𝑔 ∗ 𝑑 ∗ (𝜌𝑠 − 𝜌𝑓)

3 ∗ 𝐶𝐷 ∗ 𝜌𝑓

∗ tanh (√
3 ∗ 𝐶𝐷 ∗ 𝑔 ∗ 𝜌𝑓

8 ∗ 𝑑 ∗ (𝜌𝑠 − 𝜌𝑓)
∗ 𝑡)

𝑡 [𝑠]

𝑢(𝑥) = √
4 ∗ 𝑔 ∗ 𝑑 ∗ (𝜌𝑠 − 𝜌𝑓)

3 ∗ 𝐶𝐷 ∗ 𝜌𝑓

∗ (1 − 𝑒
−3∗𝐶𝐷∗𝜌𝑓

2∗𝑑∗𝜌𝑠
∗𝑥

)



 

 

I

 0.075 𝑚

1025 𝑘𝑔/𝑚3  2650 𝑘𝑔/𝑚3

 

FIGURE 36: VELOCITY OF A SETTLING SPHERE AS FUNCTION OF TIME 

FIGURE 37: VELOCITY OF A SETTLING SPHERE AS FUNCTION OF DISTANCE 



 

 

0.4 𝑠 𝑜𝑟 0.6 𝑚

 1.25 𝑚/𝑠

𝑢𝑒 =  √
2 ∗ V ∗ 𝑔 ∗ ∆

𝐴𝐷 ∗ 𝐶𝐷

𝑢𝑒 [𝑚/𝑠]

𝑢𝑒 =  √
4 ∗ 𝑔 ∗ 𝑑 ∗ ∆

3 ∗ 𝐶𝐷

𝑥 = −
1

𝜑𝑚

𝑙𝑛 (1 − 𝜖2)

𝜑𝑚 [𝑚−1]

𝜖 [−]

𝜑𝑚 = 1.5 ∗
𝐶𝐷 ∗ 𝜌𝑓

𝑑 ∗ 𝜌𝑠

𝐶𝐷 =
24

𝑅𝑒𝑝

                                                                                        𝑅𝑒𝑝 ≤ 1

𝐶𝐷 =
24

𝑅𝑒𝑝

+
3

√𝑅𝑒𝑝

+ 0.34                                                    1 < 𝑅𝑒𝑝 < 2000

𝐶𝐷 =  0.4                                                                                          2000 ≤ 𝑅𝑒𝑝 < 200000

𝑅𝑒𝑝 =  
𝑢𝑒 ∗ 𝑑𝑛50

𝜈



 

 

𝜈 =  
40 ∗ 10−6

20 + 𝑇

𝑇 [°𝐶]

 270 𝑚𝑚

 
𝐶𝐷,𝐾𝑛𝑖𝑒𝑠𝑠 =

2 ∗ Δ ∗ 𝑔 ∗ 0.245 ∗ 𝑙

0.25 ∗ 𝜋 ∗ 𝑢𝑒
2

 

0.81 ± 0.25

0.017 𝑚 𝑎𝑛𝑑 0.25 𝑚 0.7 ± 0.15

(𝑙/𝑑 ≥ 2)

 (𝑙/𝑑 ≤ 1.5)

FIGURE 38: RELATIONSHIP DRAG COEFFICIENT FOR SPHERES AND THE PARTICLE REYNOLDS NUMBER [ROOK, 1994] 



 

 

𝑓𝐶𝐷
(𝐶𝐷) =  

1

√2𝜋 ∗ 𝜎𝐶𝐷

∗ 𝑒
−

(𝐶𝐷−𝜇𝐶𝐷
)

2

2𝜎𝐶𝐷
2

𝑓𝐶𝐷

𝜇𝐶𝐷 [−]

𝜎𝐶𝐷 [−]

10%

 𝑑𝑛50 = 0.016 𝑚 𝑎𝑛𝑑 0.077 𝑚

𝜇𝐶𝐷
= 1.43 𝑎𝑛𝑑 1.64 𝑙/𝑑 𝑙/𝑑

 0.15 𝑚

𝑙/𝑑

 

 

 

 (𝑙/𝑑)

 

𝑢𝑒 =  √2 ∗ ∆ ∗ 𝑑𝑛 ∗
𝑔

𝐶𝐷



 

 

𝜇𝐶𝐷
= 0.54 ∗

𝑙

𝑑
+ 0.42

𝜎𝐶𝐷
= 0.30

(𝑙/𝑑)

𝜇𝐶𝐷
= 1.42

𝜎𝐶𝐷
= 0.33

 

𝜇𝐶𝐷
= 1.64

𝜎𝐶𝐷
= 0.30

𝑙/𝑑

𝑢𝑒 =  6.425√
𝑑𝑛50

𝑙/𝑑

𝑙/𝑑 𝑙/𝑑

𝑙/𝑑 𝑑𝑛50

 0.075 𝑚 1025 𝑘𝑔/𝑚3

 2650 𝑘𝑔/𝑚3



 

 

 

FIGURE 39: COMPARISON OF THE DIFFERENT TERMINAL VELOCITIES FOR ROCK BY DIFFERENT DRAG COEFFICIENTS 

𝑇𝑠 =
𝑆𝑂𝐷

𝑢𝑒 + 𝑢𝑓

𝑇𝑠 [𝑠]

 

. 

 



 

 

𝑆𝑡 =  
𝜔 ∗ 𝑑

𝑢
=

2𝜋 ∗ 𝑑

𝑇𝑣𝑠 ∗ 𝑢

𝑆𝑡 [−]

𝜔 [𝑠−1]

𝑇𝑣𝑠 [𝑠]

FIGURE 41: VON KARMAN VORTEX STREET [RAKESH ET AL., 2014] 

FIGURE 40: HORIZONTAL FORCES ON A SINGLE STONE FALLING THROUGH WATER



 

 

𝑇𝑣𝑠 =  
2𝜋

𝑆𝑡√
2Δ ∗ 𝑔

𝐶𝐷

∗ √𝑑

 
FIGURE 42: MAGNUS-EFFECT 



 

 

 

𝑡𝑎𝑛(𝜑) =
𝑣

𝑢
=

𝑣𝑓𝑙𝑜𝑤

𝑢

𝜑 [°]

𝑣𝑓𝑙𝑜𝑤 [𝑚/𝑠]

𝑉 ∗ (𝜌𝑠 − 𝜌𝑓) ∗
𝑑𝑣

𝑑𝑡
=

1

2
∗ 𝐶𝐿 ∗ 𝐴𝐿 ∗ 𝜌𝑓 ∗ (𝑣 − 𝑣𝑓𝑙𝑜𝑤)

2

 

FIGURE 43: CURRENT ON A SINGLE STONE FALLING THROUGH WATER 



 

 

 

 

𝑆ℎ = 𝑣 ∗ 𝑡 =
2 ∗ 𝑢𝑏𝑜𝑢𝑛𝑐𝑒

2 ∗ COS(𝜙) ∗ 𝑠𝑖𝑛(𝜙)

𝑔

𝑆ℎ [𝑚]

𝑢𝑏𝑜𝑢𝑛𝑐𝑒 [𝑚/𝑠]

𝜙 [°]



 

 

 

 

 

 

FIGURE 44: SCHEMATIZATION OF THE BOUNCING OF A STONE ON THE SEABED 



 

 

 

2300 𝑡/ℎ

 

 



 

 

 

FIGURE 45: PHASE 1: ACCELERATION OF THE GROUP 



 

 

 

 

 

FIGURE 46: PHASE 2: DECELERATION OF THE GROUP 



 

 

 

FIGURE 47: PHASE 3: ROCK FRONT OF LARGER STONES 

 

 

FIGURE 48: PHASE 4: SETTLING PROCESS ACCORDING TO THE SSM 



 

 

 

FIGURE 49: RADIAL RUNOFF FOR TWO STONE GROUPS WITH EQUAL DIAMETER BUT DIFFERENT MASS [VAN DER WAL, 2002] 



 

 

 

𝑢ℎ𝑠 =  𝑓(𝐶𝑣)𝑢𝑒

𝑢ℎ𝑠 [𝑚/𝑠]

𝐶𝑣 [−]

𝑢ℎ𝑠 =  𝑢𝑒 ∗ (1 − 𝐶𝑣)𝛽

𝛽 [−]

𝛽

𝛽 = 4.65 + 19.5
𝑑

𝐷
                                             𝑓𝑜𝑟    𝑅𝑒𝑝 < 0.2

𝛽 = (4.35 + 17.5
𝑑

𝐷
) ∗ 𝑅𝑒𝑝

−0.03                 𝑓𝑜𝑟    0.2 < 𝑅𝑒𝑝 < 1

𝛽 = (4.45 + 18.5
𝑑

𝐷
) ∗ 𝑅𝑒𝑝

−0.1                   𝑓𝑜𝑟    1 < 𝑅𝑒𝑝 < 200

𝛽 = 4.45𝑅𝑒𝑝
−0.1                                                    𝑓𝑜𝑟    200 < 𝑅𝑒𝑝 < 500

𝛽 = 2.39                                                                   𝑓𝑜𝑟     𝑅𝑒𝑝 > 500

β

𝛽 =  
(𝑎 + 𝑏𝑅𝑒𝑝

𝛼)

1 + 𝑐𝑅𝑒𝑝
𝛼



 

 

TABLE 6: DIFFERENT COEFFICIENTS FOR DETERMINING THE EMPIRICAL EXPONENT 𝛽 

𝑅𝑒𝑝 𝑎 𝑏 𝑐 𝛼

0.001 < 𝑅𝑒𝑝 < 3 ∗ 104 0.04 < 𝐶𝑣 < 0.55

0.2 < 𝑅𝑒𝑝 < 103 0.04 < 𝐶𝑣 < 0.55

0.01 < 𝑅𝑒𝑝 < 1 ∗ 103 0 < 𝐶𝑣 < 0.05

- 0 < 𝐶𝑣 < 0.3

 

T

 103

2.39, 2.70, 2.41, 3.0 𝑎𝑛𝑑 2.8 

 

FIGURE 50: DIFFERENT APPROACHES FOR THE VALUE OF THE EXPONENT FOR HINDERED SETTLING 



 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

  



 

 

 



 

 

 

 

 



 

 

 
 

 

 

 

FIGURE 51: DIFFERENT STAGES OF THE BUILT-UP OF A ROCK BERM



 

 

𝜎𝐺  

𝜎Δ =  √
𝐴

6 ∗ 𝑡𝑎𝑛 (𝜑)

𝜎Δ [−]

𝜑 [°]

 

FIGURE 52: RELATION BETWEEN RADIUS OF GYRATION AND WATER DEPTH, REPRODUCED FROM [VAN GELDEREN, 1999] 



 

 

 

 

 

𝑆𝑡 =
2𝜋

𝑇𝑣𝑠

𝑑

𝑢

 

𝜎𝐺 =
𝛾′′

√𝑆𝑡3
∗

𝜌𝑓

𝜌𝑠

∗ 𝐶𝐿 ∗ √ℎ ∗ 𝑑

𝜎𝐺 [−]

ℎ [𝑚]

𝛾′′ [−]

𝜎𝐺 =  𝑐 ∗ √ℎ ∗ 𝑑𝑛50

𝜎𝐺 =  𝑐 ∗
𝜌𝑓

𝜌𝑠

∗ √ℎ ∗ 𝑑50



 

 

 

𝑓𝑠𝑠𝑚2𝑑
(𝑥) =  

1

√2𝜋 ∗ 𝜎𝐺

∗ 𝑒
−

1
2

(
𝑥

𝜎𝐺
)

2

𝑓𝑠𝑠𝑚2𝑑 [−]

𝑓𝑠𝑠𝑚3𝑑
(𝑟) =  

𝑟

𝜎𝐺
2 ∗ 𝑒

−
𝑟2

2𝜎𝐺
2
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FIGURE 53: RING MODEL 
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)

2
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2 ∗ 𝑒

−
1
2

(
𝜇𝑟𝑚
𝜎𝑟𝑚

)
2

+ 𝜇𝑟𝑚 ∗ 𝜎𝑟𝑚√2𝜋 ∗ 𝑒𝑟𝑓 (
𝜇𝑟𝑚

𝜎𝑟𝑚 ∗ √2
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𝑓𝑟𝑚 [−]
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FIGURE 54: A) REAL EXPERIMENT                  B) CFD SIMULATION [RAKESH ET AL., 2014]  
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FIGURE 57: OVERVIEW OF OPENFOAM STRUCTURE [GREENSHIELDS, 2015] 

 

FIGURE 55: VERTEX-CENTRED FIGURE 56: CELL CENTRED  



 

 



 

 

𝑟 = 𝑟1

Ψ𝑠 Φ𝐸

Ψ𝑊𝐿 Φ𝐸

Ψ𝐿𝑚 Φ𝐸

Ψ𝑢 − 𝜎[𝑢] Φ𝐸

= 80%, 60% 𝑎𝑛𝑑 40%
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