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The Steger and Warming flux vector splitting implicit scheme is used to 

numerically solve two dimensional Reynolds Averaged Navier–Stokes 

(RANS) equations governing the vortex induced vibration of a flexible riser 

laterally supported by a spring and a damper. The k–ε model is used as 

turbulence model to simulate the turbulent flow in the wake of the riser. To 

update the new position of the riser, the lift coefficient obtained from the 

previous RANS iteration is coupled by the body motion equation. The 

proposed numerical solution is able to provide fair results in terms of lift 

coefficient, amplitude of oscillation and the effect of reduced velocity on it. 

The numerical results are compared with the available experimental and 

computational data where fairly good agreement even at the lock-in regime 

has been obtained. Taking wider external boundary, using conservative form 

of the equations, applying k-ε turbulence model for the separated flow and 

finally using the variable time step as the lock-in region approaches, are main 

features of the proposed numerical model. 

Keywords: 
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1. Introduction
Vortex-induced vibration (VIV) is a vibration due to

oscillatory lift force caused by alternating vortex

shedding from opposite sides of slender bluff bodies.

VIV can have damaging effects on structures when

the frequency of vortex shedding is in vicinity of one

of the natural frequencies of the structure. VIV can be

present in many engineering situations including

marine and offshore applications such as in drilling

and production risers. Due to its occurrence in diverse

engineering applications, VIV has been the subject of

extensive experimental and computational research

including review articles in [1-5]. In studies of vortex-

induced vibration, the physical model is usually a 

relatively long rigid or elastic cylinder placed normal 

to an incident uniform flow where the cylinder can 

vibrate transverse to the flow direction. 

For a flexible and/or moving cylinder like a marine 

riser, the fluid interacts strongly with the riser motion 

and the vortex shedding frequency is captured by the 

body frequency over a wider range of flow speed [6]. 

Such a phenomenon is known as lock-in and the 

extent of the range of speed depends on the damping 

and mass of the riser [7]. Figure 1 presents a 

schematic sketch of three distinct branches obtained in 

experimental model of Khalak and Williamson [8]. 

The range of Reynolds number used here is 500–

10000 which corresponds to the reduced velocity 

range of 0.5–10 and is included in the experimental 

data of [8]. The Steger and Warming [9] implicit 

factorization scheme is used to solve the RANS 

equations. The k-ε two equation turbulence model is 

used to simulate the turbulent flow in the wake. A 

similar computational study to duplicate the 

experimental results of [8] is reported by Wanderley 

and Levi [7]. The difference between the present 

numerical model with that of [7] is summarized in 

Table 1.  

Table 1. Comparison of numerical models 

Present Model Wanderley and 

Levi [7] 

Turbulence 

Model 

k-ε Baldwin-Lomax 

Numerical 

||Scheme 

Steger-Warming Beam-Warming 

Factorization Approximate ------- 

Stretching 

Parameter 

1.02 1.025 

The numerical model used here is sufficiently 

accurate and robust and was able to duplicate 

experimental results of [8] with a success similar to 

http://ijcoe.org/browse.php?a_code=A-10-37-1&sid=1&slc_lang=en
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that achieved by [7], i.e., the Karman’s vortex street 

effects on the lift and drag coefficients and the build-

up and top part of the upper branch in Figure 1 were 

captured. 

Figure 1. Sketch of three branches response model of Khalak 

and Willaimson (1996) 

2. Governing Equations
The derivation of RANS equations in this section

follows that of [7] closely. By breaking down the

dependent variables into time averaged and varying

parts, and also by using the mass-weighted averaging

procedure of Farve [10] the RANS equations are

derived. To present a general scheme of RANS

equations, we first state them in a 3-D form although

the simulations will be carried out in 2-D. Following

the mass–weighted averaging procedure of Favre [10]

the x-component of RANS equation can be written as

follows:
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This equation appears to be very similar to the steady-

state, x-direction Navier-Stokes equation aside from 

terms involving the fluctuating velocities. It is 

conventional to transport these terms to the right-hand 

side so as to make the left-hand side b consistent with 

the steady state, Navier-Stokes x-direction equation:  
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The terms that appear in the last bracket of Eq. (1) are 

called Reynolds Stresses. This designation, while 

being traditional, is somewhat illogical because the 

terms in question arise from momentum flow rate 

terms. These “stresses” are the source that creates the 

turbulent disturbance of the otherwise steady Navier-

Stokes equations. An often-cited form of the RANS 

equation:  
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Here the mass averaged parameters are obtained by 

following formula: 
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The viscous stress tensor 𝜏̃𝑖𝑗 can be written as follows:
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Writing the mean variables and the additional 

Reynolds stress terms such as indicated in Eq. (6), 

will yield the continuity and momentum terms of 

RANS equations. 

jiij uu 
                                                        (6) 

Now, decomposing the components of the equation in 

two coordinate directions and considering the 

incompressible, turbulent momentum flow, the RANS 

equation can be written as follows: 

0
1

~~~1

~~~~)/~(~ 2










































































zyx

zyx

z

wu

y

vu

x

pu

t

u

xzxyxx

xzxyxx











(7) 

0
1

~~~
1

~~)/~(~~~ 2










































































zyx

zyx

z

wv

y

pv

x

vu

t

v

yzyyxy

yzyyxy











      (8) 

0
1

~~~1

)/~(~~~~~ 2










































































zyx

zyx

z

pw

y

wv

x

wu

t

w

zzyzxz

zzyzxz











      (9) 

To solve the RANS governing equations, the 

approximate factorization method, which is a stable 

approach in 2-D problems, is implemented. To 

estimate the convective terms and diffusion terms, the 

forward central difference and second order central 

difference schemes are used, respectively. Writing the 

RANS equation in 2-D curvilinear coordinates and in

the conservative and dimensionless form will result in 
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a more convenient and straight forwarded shape of the 

equation as follows:  
    0

 vevet FFEEQ
(10) 

where Q is the unknown vector, E and F are the flux 

vectors, and the subscript “v” is used to denote the 

viscous flux vectors. The transformed form of the 

vectors are presented as follows: 



























































y

xe

y

xe

pvV

puV

pV

J
F,

pvU

puU

pU

J
E,

v

u

p

J
Q

111

    (11) 

































































vAvAuAuA

vAvAuAuA
ReJ

F

vAvAuAuA

vAvAuAuA
ReJ

E

tv

tv

127114

115102

7653

4321

0
11

0
11

        (12) 

Re=

t x y

t x y

x y x y

U d

U u v

V u v

J





  

  

   

 



  

  

 

(13) 

22

125

114

22

103

72

22

6

22

1

3

4

3

2

33

2

3

4

3

3

4

3

4

3

4

3

4

yxyxyx

yx

xyyx

yx

yx

yyyxyyxx

yxyx

AA

AA

AA

AA

AA















(14) 

Wanderley and Levi [7] used Baldwin-Lomax 

turbulent model to calculate the dynamic viscosity of 

modeled system. Here, the k–ε model [11], which is a 

two-equation turbulence model is used. The zero–

equation models lack generality although they need 

minimum computer time, while two–equation models, 

have less limitations. As the boundary layer becomes 

separated, the zero–equation models are no longer 

relevant. As indicated in [12], the shear stress has 

qualitatively the same turbulent structure when it is 

detached as it is attached and the length scale is the 

height of the separated region. Here using this 

assumption, the k–ε model is based on eddy–viscosity 

concept given by: 
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where Cµ is a constant of dynamic turbulence and K 

and ε are obtained from differential equations 

representing transport of turbulence kinetic energy K, 

and the rate of dissipation ε. The transport equations 

are: 
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The three terms on the right hand side of Eq. (16), are 

turbulent diffusion, turbulent energy production and 

viscous dissipation, respectively. The values of 

constants in the equations are given by [11]: 

Cμ=0.09, Cε1=1.44, Cε2=1.92, σk=1.0, σc=1.3. 

Considering three conditions of initial, boundary of 

the body surface and free stream boundary given in 

Eq. (18): 
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The Eq. (11) is solved to obtain the flow variables. 

For the body motion equation, the dimensionless form 

of the Newton’s second law for a cylinder can be 

written as follows: 
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and subscripts L, k and 𝜁 are used to denote lift, 

stiffness and damping coefficients, respectively, and 

𝑦, 𝑦̇, 𝑦̈ are displacement, velocity and acceleration of 

the riser. The initial conditions are: 
0000  )(y,)(y  (20) 

3. Numerical formulation
A simple algebraic grid generator method (using

geometrical progression) is used to generate the

computational space around the riser. To capture more

information at area adjacent to the wall, the stretching

parameter of q=1.02 is used. In [7] this parameter is

equal to 1.025. Then the RANS and body motion

equations were solved simultaneously, to obtain CL

and in turn the position of riser. To obtaining the CL

coefficient an integration of pressure and skin friction

distribution around the riser surface is conducted. The

pressure distribution is obtained in the previous

RANS formulation. The governing equations were

solved as follows:



Hamed Ashuri  et. al./ A Numerical Model of Vortex-Induced Vibration on Marine Risers 

4 

3.1. RANS equation 

 Eq.(10) can be written in the implicit form as follows: 

0

11

111































































n

v

n

v

nnnn

FE

FEQQ

(21) 

Since the scheme of solution is implicit, a 

linearization procedure is applied to the RANS 

equation. The linearization can yield efficient and 

more accurate results. So, a linearization process was 

applied on RANS equations in present study. Using 

the Taylor series, the viscous and inviscid flux vectors 

appeared in the left hand side of Eq. (21), can be 

written based on the Jacobin matrices of A, B, Av and 

Bv (gradients of flux vectors with respect to the 

variable vector, Q) in the following form: 
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which can be rewritten as follows: 
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where I is the identity matrix. To increase the 

efficiency of solution of Eq.(23), the approximate 

factorization was applied. This procedure has reduced 

the process time of the developed code considerably. 

It converts the block penta-diagonal system of 

equations to a block three-diagonal system, which is 

more efficient and has potential to prevent expensive 

mathematical computations. Approximate 

factorization may create some instability in 3-D 

problems and may need artificial dissipation but it is 

quite stable for 2-D problems. In addition by splitting 

the Jacobin matrices based on their eigenvalues, the 

following two step form of equation can be obtained: 
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And 
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Simplifying the above equations and introducing the 

central difference approximation to inviscid terms, the 

compact forms of equations can be written as follows: 
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ÊêÊêÊê
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where r, s, e, f and corresponding capital letters, are 

functions of constants of Eqs. (24-25). Finally, by the 

Steger and Warming implicit scheme the RANS 

equations can be written as the following two 

equations: 
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3.2. Body motion equation 

To solve the body motion equation, two explicit 

methods were used. From Eq.(19), the acceleration 

term can simply be written as: 
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Applying the Lax–Wendroff and Euler methods, the 

position and velocity of riser can be obtained as 

follows: 

tyyy nnn   1

         (29) 
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       (30) 

4. Results and Discussion
Results of the work and discussions are presented

here. First, the laminar flow results for Re=100 are

compared with other results presented in the literature.

Fig 2 shows the generated grid in the physical domain.

In order to compare the results with those of

Wanderley and Levi [7] a distance to free stream

equal to 120 times of cylinder diameter is considered.

Although this configuration increases the data points

and the computational time, it ensures capturing the

properties of vortices in long distances and all

possible regions. Table 2 compares results of the

present numerical model with other numerical and

experimental results in the literature for the lift

coefficient. The higher value of lift coefficient
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obtained in the present model, could be related to the 

special finite difference scheme used here. However, 

the main reason of overestimation of CL needs more 

investigations in future works. 

(a) 

(b) 

Fig. 2 (a): Computational grid in the physical domain. (b): 

Pressure contours around a circular cylinder for Re=100; 

The present model, failed to improve the computation 

time. The time required for computation of 

eigenvalues of Jacobin matrices in the Steger–

Warming formulation, may be the main reason for the 

high computational time. 

Figure 3 shows the variation of lift force as a function 

of time at Re=100. As can be seen, numerical 

modeling of the phenomenon is able to present the 

real picture of the flow physics, since the oscillation in 

lift force is caused by the variation of pressure in 

effect of alternating vortex shedding in the wake of 

the riser. Fig. 4 shows the alternating nature of the 

vortices in four distinct time steps at Re=100. The 

well-known vortex street of Karman is quite obvious 

at this figure. 

Table 2. Comparison between results obtained by the present 

work and other numerical and experimental data 

Reference Trriton [15] 

(dt=0.005) 

Herfjord 

[14] 

J.B. 

Wanderley 

[7] 

Present 

study 

(dt=0.004) 
Model type experimental Finite 

element 

Finite 

difference 

(Beam-

Warming) 

Finite 

difference 

(Steger -

Warming) 
Reynolds 

no 

100 100 100 100 

    Lift 

coefficient 

0.34 0.34 0.313 0.37 

Fig. 3 Time variation of lift force at Re=100 

After the accuracy of the model is verified at Re=100, 

the modeling was generalized to other Reynolds 

numbers. The Reynolds numbers used in the present 

study are in the range of 500 to 10000 which are 

proportional to the reduced velocity in the range of 0.5 

to 10. The mass and damper coefficients used here, 

were Cµ=1.88 and ζ=5.42×10-3, which are the same 

coefficients used in [7] and [8]. Fig. 5 shows results 

obtained for the transversal displacement of the 

vibrating circular cylinder as a function of time. The 

time is traced in two states, one in the build-up of the 

upper branch and another at the top of the upper 

branch Khalak and Williamson [8]. Two values of 

reduced velocities of Ur=4.5 in Fig. 5a and Ur=6.5 in 

Fig. 5b correspond to the build-up and top part of the 

upper branch, respectively. The main reason that the 

lower branch in fig. 1 was not captured at present 

model may be related to the 2-D modeling using 

RANS equations, while the lower branch has been 

obtained in experimental model of Khalak and 

Williamson [8] which is 3-D. 
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(a)                                                                                                    (b) 

(d)   (c)

Fig. 4 Vortex strength contours at Re=100 in four time steps: (a) 100, (b) 500, (c) 1000, (d) 5000 

(a) (b) 

Fig. 5 Transversal displacement of the riser for (a) Ur=4.5; (b) Ur=6.5. 

The main reason the displacement is greater for 

Ur=6.5 than Ur=4.5 is that Ur=6.5 is in the lock-in

region, i.e. the region of top part of upper branch in 

Figure 1, where the synchronization of frequencies 

occurs. Figure 6 shows the spectral analysis of 

displacements for Ur=6.5. As seen, the main 

component of period of displacements is lied on 

T=39.81s which justify entering riser to lock–in area 

at that reduced velocity, since this time period is very 

close to the natural period of riser displacement 

(Tn=40s). The features presented here are in close 

agreement with those presented in Khalak, and 

Williamson [8]. 
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Fig. 6 Spectral analysis of riser displacement, Ur=6.5 

(Re=6500) 

5. Conclusions
Vortex-Induced vibration is a major concern in

offshore oil and gas industry. This phenomenon can

cause considerable damage to production lines. Here,

a numerical code was developed to capture the

vibration ranges of the risers and the comparison of

the results show that the finite difference method can

be considered as an efficient model tool to simulation

of riser dynamics. Is is also indicated that the regime

of so called the riser wake can also be captured using

the present finite difference method.

First, the results were obtained at Re=100, and

compared by data available in the literature. Then the

solution was generalized to other Re (or Ur) values.

The present mathematical model and respective

numerical formulation were able to capture the upper

branch of the amplitudes of oscillation reported in

Khalak, and Williamson [8]. The lower branch

obtained in the present investigation did not agree

with the experimental data. To modeling this part of

riser oscillation, it is needed to more robust models

such 3-D ones to obtain an accurate results for lower

branch regime.

The main features of present numerical investigation

are:

 Using the k-ε turbulent model which is more

suitable for separated flows.

 Formulating the conservative form of

governing equations

 Applying the approximate factorization to

increase the efficiency of solution.
Further investigations can include studying the 

problem with other turbulence models in CFD. Using 

the three-dimensional simulation and considering the 

more complicated geometries of the riser using 

overlapping Chimera Multi-block grids Houzeaux and 

Codina [13]. 
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Many procedures suggest for reduction of responses of riser to Vortex Induced 

Vibrations (VIV). Natural frequencies of marine risers is an important 

parameter that can affect the responses of riser to VIV. Change of riser 

properties such as top tension and bending stiffness can alter natural 

frequencies. In this study effects of riser specifications on the responses and 

fatigue damage of marine risers were investigated analytically and 

numerically. For numerically analysis 2D wake-structure coupled model is 

used for modeling of VIV of riser in two directions of Cross Flow (CF) and In 

Line (IL). The wake dynamics, including IL and CF vibrations, is represented 

using a pair of non-linear Van der Pol equations that solved using modified 

Euler method. The Palmgren–Miner Rule is used for evaluation of fatigue 

damage. Riser of Amir-Kabir semisubmersible placed in Caspian sea is used 

for case study. Because VIV is self-limiting, it is showed that lower modes 

have lower curvature, that in some cases this is lead to lesser stress and also 

fatigue damage. The results show that for tension dominant modes of 

vibration, natural frequencies was increased with top tension and for a certain 

Strouhal frequency, dominant modes of vibration was reduced which leads to 

reduction of stress and fatigue damage. The results show that stress and 

fatigue damage increased with module of elasticity of riser and reduction of 

this leads to reducing of stress and fatigue damage. Therefore suitable 

procedure for reduction of VIV responses of riser should be selected based on 

the current velocity. 

Keywords: 

VIV 

Wake Oscillator Model 

Finite Element Method 

Shifting Frequency 

1. Introduction
The Vortex Induced Vibration (VIV) of risers

subjected to currents has been a serious concern for

ocean researchers and engineers and if effects of this

condition not properly mitigated it imposes high

additional costs and risks on projects. When fluids

flow around slender marine structures, change in the

downstream pressure, caused vibration that is named

Vortex Induced Vibration. When vortex shedding

frequency coincide with one of the structures natural

frequencies, the lock-in situation take place and riser

vibrate with this natural frequency.

Reduction of VIV amplitude is a method that reduces

stresses and fatigue damage which can be achieved

using different ways such as increasing structural

damping, avoiding resonance and manipulate the

wake. Damping can be increased by various means,

such as permit scraping between structural elements,

use of composite materials, and materials with high 

internal damping, use of external dampers and etc. For 

avoiding resonance, the natural frequency does not 

coincide with the vortex shedding frequency. Many 

methods have been proposed in order to manipulate 

the wake flows behind circular cylinders and suppress 

VIV responses, which are classified as passive, active 

open-loop and active closed loop controls (Gad-el-

Hak and Bushnell [1]; Choi et al. [2]; Gad-el-

Hak [3]). During  the  past  20  years,  passive  control  

methods  have  been  further  developed, such as 

helical strake (Zhou et al. [4]), surface protrusions 

(Shih et al. [5]), shrouds (Zdravkovich [6]), splitter 

plate  (Hwang et al. [7]), rear-wake stabilizer 

(Eisenlohr and Eckelmann [8]), and small rods (Zhao 

et al. [9]; Zhao et al. [10]). Geometric modifications 

of cylinder wall are the main methods for these 

passive controls, which inevitably increase the mass 

http://ijcoe.org/browse.php?a_code=A-10-49-1&sid=1&slc_lang=en
mailto:y_komachi@yahoo.com
mailto:said.mazaheri@inio.ac.ir
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ratio and sometimes increase the drag coefficient (e.g., 

helical strake). Therefore, few of them are applied on 

a large scale in practice. 

Recently some studies was performed on the effects of 

riser structural properties on the VIV responses. The 

applied top tension and also bending stiffness may 

significantly affect the order of CF and IL dominant 

harmonics, collision avoidance (among adjacent 

risers) and vibration suppression and can be 

considered as an efficient method for the control of 

riser statics and dynamics. Sanaati and Kato [11] 

present the experimental results of a study on the 

effects of pre-tension and axial stiffness on VIV of a 

horizontally mounted flexible cylinder. They showed 

that high pre-tension, which reduces vibration 

amplitude, can significantly raise the lift coefficient. 

They also observed that the lock-in bandwidth of 

amplitude response narrowed with increase in pre-

tension, whereas, it broadened with axial stiffness. In 

addition, high applied pre-tensions delay the 

excitation of higher modal frequencies compared to 

lower pre-tensions within the same range of flow 

velocities. Chen et al. [12] examined effects of axially 

varying structural parameters, i.e. the effective tension 

and bending stiffness, on the dynamic characteristics 

and VIV of slender riser. They show that axially 

varying structural parameters can efficiently change 

the modal wave length as well as the modal 

displacement. The vibration amplitude of riser VIV 

response is influenced by the complex effect of factors 

involving the axial tension, bending stiffness and 

modal wave length. Generally speaking, for lower 

modes the response amplitude is larger at the axial 

position where the tension is smaller, whereas for 

higher modes the response amplitude is larger at the 

axial position where the bending stiffness is lower. A 

recent study by Lee and Gerretsen [13] showed the 

importance of the effect of axial stiffness on tension 

change and VIV motion amplitude. Lee and 

Allen [14] concluded that top tension and structural 

stiffness can have a significant impact on vibration 

frequencies and lock-in bandwidth. They concluded 

that bending-dominated cylinders have a slight 

increase in vibration frequency after an abrupt rise to 

their first lock-in frequency because the motion of the 

structure takes control of the shedding process. 

Moreover, for a tension-dominated cylinder, they 

concluded that there is a significant rise to the 

vibration frequency in each lock-in. Srinil [15] 

performed numerical simulations to analyze and 

predict the VIV of variable-tension on vertical flexible 

risers in linearly sheared currents. In his simulations, 

he emphasized the effects of tension and sheared flow 

on the amplitude response and multimodal VIV. 

Shifting the frequencies of riser can be used to 

reduction of responses of riser to VIV. The present 

paper studied the effects of riser properties such as top 

tension and module of elasticity on the VIV responses 

of deepwater marine risers. Relation of stress and 

fatigue damage with these parameters is obtained 

analytically which can be used to better understanding 

of effect of shifting frequency on the VIV response of 

riser and selection of suitable procedure for reduction 

of stress and fatigue damage.  

2. Formulation
Relation of stress and fatigue damage with riser

structural properties (top tension and bending

stiffness) obtained as follow. For a linear S-N curve in

log-log scale, the expected fatigue damage per unit

time can be expressed as:

0
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where a and m are the scale parameter and the slope 

parameter of S-N curve, respectively,  is stress, in is 

number of stress cycles at stress range, and ( )Sf  is 

the Probability Density Function (PDF) for the stress 

cycles. The expected fatigue damage is hence directly 

related to the mth order moment, 
mE    of the stress

cycle PDF. 

At lock-in condition response frequency will be close 

to vortex shedding frequency and the fatigue damage 

can be related directly to current velocity [16]. The 

damage proportionality relationship is obtained as 

follow:  
m
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where nf   is eigenfrequency of vibration. To 

obtaining the relation of stress and damage with Top

Tension (TT) and module of elasticity (E) of the riser, 

first the mode numbers ( ,CF ILn ) for a tensioned string

and an untensioned beam relative to TT and E are 

given as: 

2
,

,2

4
2 2

, ,4

,

2

,

2
=  

2 Re Re

2
=  

2 Re Re

Tensioned string

Unte

1   :

1  : nsioned beam

CF IL

CF IL

n

CF IL CF IL

CF IL

CF IL

n TT StU StU mL
n

mL TT
f

EI StU StU mL
n n

mL EI

n
TT

n
E



 


 


 


 


 

 

(3) 
where m and L are mass of unit length and length of 

the riser , respectively, U is current velocity and St 

and Re are Strouhal and Reynoldes number, 

respectively. Since VIV amplitudes are self-limiting, 

one can assume that the response amplitudes 0x  and 

0y are independent of the current velocity and one 

can write: 
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(4)  

 

 

0

0

sin

sin

CF

IL

n
y z y z

L

n
x z x z

L





  
  

  


      

Uniaxial stresses caused by moment of each direction 

are obtained as: 

2

2

2

2

2 2

2 2

CF o o
CF

IL o o
IL

M D D
E y

I z

M D D
E x

I z





 
  


  

 

  (5) 

Finally, with respect to above equations, relation of 

stress with top tension and bending stiffness computed 

as follow: 

(6)   
2

2

Uniaxial Tensioned Str
1

ing: 

Stress
Untensioned Beam:

n
TT

En E






 

 





It can be seen that increasing of top tension lead to 

reduction of stress due to VIV. It is obvious that 

reduction of module of elasticity decrease the stress 

amplitude, especially in higher modes of vibration. 

Using equations 2, 3, and 5 relation of fatigue damage 

with top tension and module of elasticity obtained as 

follow: 

 (7)

 

 

2

2

0.5

0.5( 1)

Tensioned
:    

Fatigue String
UntensionedDamage

: 
Beam

1 1

m
m

n

m
m

n

m

m

m

m

D

D

f TT n

f E En

TT
TT TT

E
E E

E











 

 
  

 

 








 




 

Fatigue damage of riser decreased with increasing of 

top tension and reducing of module of elasticity. For a 

linear SN curve, the slope parameter m is often seen 

to be 3.0 [17] and so    for tension dominant modes 

and   for bending dominant modes. So for mitigation 

of stress and fatigue damage of VIV it is suitable that 

module of elasticity is reduced for higher modes 

(higher current velocity) and top tension increased for 

lower modes (lower current velocity). 

3. Case study
Numerically investigation of effect of changing riser

properties on the VIV responses was done using

existing top tension riser of Amir-Kabir

semisubmersible placed in Caspian Sea as a case

study. Uniform current with various velocities was

used and some results are mentioned. Based on the

present position of semisubmersible, length of the 

riser is 713m. Other specifications of this riser are 

shown in the Table-1. 

Table. 1 Specifications of riser of Amir-Kabir 

semisubmersible. 

Specification Value 

Length 713 (m) 

Bending stiffness (EI) 922540 (kN.m2) 

Axial stiffness (EA) 10320240 (kN) 

Mass per unit length (m/L) 1080 (kg/m) 

Top Tension 1000 (kN) 

 3.1. Modeling 

There are several different available methods for 

prediction of VIV response of risers such as CFD, 

empirical models and experimental approaches. Wake 

oscillator model which was first introduced by 

Birkhoff & Zarantonello [18] used for modeling of 

VIV of riser. This model couples the equation of 

structural motion with a nonlinear oscillator equation 

that describes the fluid force for two directions of CF 

and IL. The dynamic response of a riser is described 

using the external force from the wake. The wake 

itself is described by a forced Van der Pol oscillator 

equation. The force term of the Van der Pol oscillator 

equation is related to the cylinder oscillation by a 

coupling term proportional to the cylinder’s 

acceleration. 

The marine riser is idealized as a tensioned Euler–

Bernoulli beam. A Cartesian reference with its origin 

at the bottom of the riser has been used, in which the x 

axis is parallel to the flow velocity, z coincides with 

the vertical axis of the riser in its undeflected 

configuration and y is perpendicular to both as shown 

in the Fig. 1. A 3-D finite element model was 

considered for riser structure. A MATLAB code was 

used in this study. The Newmark-Beta method is used 

to solve the dynamic equation from previous section 

by a step-by-step time integration scheme. At each 

node of riser, equation of motion and Van der Pol 

equation of wake is coupled at each time step. Van der 

Pol equation is solved using modified Euler method.  

The fatigue damage of a riser is evaluated based on 

the Palmgren–Miner Rule which Applying the Miner 

summation the fatigue damage is given by: 

(8)   
1

binN

i

i i

n
D

N

        

where iN is the number of cycles to failure and in is 

the number of stress cycles at stress range i and

binN is the number of stress range bins used in the 

Rainflow procedure. 
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Fig. 1. 3D model of riser and 2-D wake oscillator model. 

3.2 Validation of model 

Chaplin et al. [19] carried out the laboratory VIV 

measurements of tensioned risers in a stepped current. 

Properties of the riser model are listed in Table 1. 

Lower 6m length of model was in a uniform current, 

while the upper part was in still water. The layout of 

the experiments is shown in Fig. 8. Four cases with 

various top tension and current velocity are chosen for 

VIV predictions and comparisons, as shown in Table 

2. 

The envelopes of CF VIV amplitude are given in 

Fig. 3. The present model predicts the same main 

dominated mode and the amplitudes are the same as 

experimental results. The response is mainly 

dominated by single mode and with increasing current 

velocity, the higher mode is excited. The envelopes of 

IL VIV amplitude are given in Fig. 4. The results of 

model in this direction also is the same as 

experiments. 

Fig. 2. Layout of Chaplin Experiments [19]. 

Table 1: Properties of Chaplin’s tests. 

Properties Values 

Total length (m) 13.12 

Diameter (m) 0.028 

Mass (including internal water) 

(kg/m) 

1.85 

Apparent weight (N/m) 12.1 

Flexural rigidity (N/m2) 29.9 

Structural Damping 0.33% 

Table 2: Test conditions for VIV comparison [19]. 

Cases Top tension (N) Current speed (m/s) 

1 405 0.16 

2 407 0.21 

3 457 0.31 

4 598 0.54 

5 743 0.70 

Case-1: U=0.16m/s, TT=405N Case-2: U=0.21m/s, TT=407N 

Case-3: U=0.31m/s, TT=457N Case-5: U=0.70m/s, TT=743N 

Fig. 3. Comparison of the results of the present model with 

others for CF VIV in stepped currents. 

Case-1: 

U=0.16m/s, 

TT=405N 

Case-3: U=0.31m/s, 

TT=457N 

Case-4: 

U=0.54m/s, 

TT=598N 

Fig. 4. Comparison of the results of present model with others 

for IL VIV in stepped currents. 

4. Results
In this paper five cases according to Table. 2 is

considered for investigation of effect of riser

properties on the dynamic behavior to VIV.

Fig. 5 show natural frequencies of modes of riser and

corresponding current velocity of lock-in condition for

two directions of CF and IL.
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Table. 2 Cases considered for VIV investigation. 

Case TT (kN) E (kN/m2) Name 

Case-1 1000 2.1e7 TT,E 

Case-2 2000 2.1e7 2TT,E 

Case-3 1000 4.2e7 TT,2E 

Case-4 500 2.1e7 0.5TT,E 

Case-5 1000 1.05e7 TT,0.5E 

It can be seen that increasing of top tension is more 

effective for increasing of frequency of lower modes 

and increasing of bending stiffness is more effective 

for increasing of frequency of higher modes. It can be 

seen that altering top tension does not affect frequency 

of higher mode. This figure provides that for a certain 

current velocity, increasing of stiffness reduce the 

number of dominant modes. If the number of 

dominant mode reduce, the stress and fatigue damage 

reduce also. 

Fig. 5. Natural frequencies of riser and current velocity of 

lock-in conditions for two directions of CF and IL. (first 34 

modes) 

Fig. 6 and Fig. 7 shows Fast Fourier Transformation 

(FFT) of displacement of one node of riser in 

direction of CF for current velocities 0.2 and 1.8 m/s 

for five cases, respectively. This figure shows that 

approximately frequency of all cases is the same in IL 

direction but for CF direction is not. Table.3 shows 

frequencies of vibration of first 20 mode of riser. Also 

Strouhal frequency (CF direction) and twice of it (IL 

direction) shows in this table. In this table, frequencies 

that are closed to Strouhal frequency is highlighted 

with the same color. It can be seen that for U=0.2 m/s 

(tension dominant modes) in CF direction, the mode 

number of vibration and also frequency of vibration 

reduces for case with higher top tension (2TT,E) and 

mode number induce for lower top tension (0.5TT,E). 

For U=0.2 in IL direction all cases have the same 

frequencies at various mode numbers but mode 

number variation is the same as CF direction. Table 3 

shows that for current velocity equals to 1.8 m/s 

(bending dominant mode) the mode number is 

reduced for cases with higher module of elasticity 

(TT,2E) and is induced for lower module (TT,0.5E). 

the same trend can be seen in IL direction in this 

velocity. According to table generally it is obvious 

that for lower velocities top tension is effective to 

reduce mode number of vibration and for higher 

velocities the bending stiffness is effective. 

Fig. 6. Fast Fourier Transformation (FFT) of displacement of 

middle node of riser in CF direction-U=0.2 m/s. 
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Fig. 7. Fast Fourier Transformation (FFT) of displacement of 

middle node of riser in CF direction-U=1.8 m/s. 

Table. 3 Natural frequencies of riser and its relation with 

Strouhal frequency. 

U (m/s) OmegaF (Hz) 2OmegaF (Hz) 

0.2 0.047 0.094 

1.8 0.424 0.847 

Mode 

Number 

Frequency (Hz) 

TT,E TT,0.5E TT,2E 2TT,E 0.5TT,E 

1 0.018 0.018 0.019 0.026 0.013 

2 0.038 0.037 0.040 0.053 0.028 

3 0.060 0.058 0.066 0.082 0.046 

4 0.086 0.080 0.097 0.113 0.069 

5 0.115 0.104 0.135 0.147 0.096 

6 0.149 0.131 0.181 0.185 0.128 

7 0.188 0.161 0.234 0.228 0.165 

8 0.232 0.194 0.294 0.274 0.208 

9 0.281 0.231 0.363 0.326 0.256 

10 0.336 0.270 0.439 0.382 0.310 

11 0.396 0.314 0.523 0.444 0.370 

12 0.462 0.361 0.615 0.511 0.435 

13 0.533 0.412 0.715 0.583 0.505 

14 0.609 0.467 0.823 0.597 0.582 

15 0.691 0.526 0.844 0.661 0.663 

16 0.779 0.588 1.062 0.744 0.751 

17 0.872 0.725 1.194 0.832 0.844 

18 0.971 0.771 1.333 0.926 0.943 

19 1.076 0.799 1.481 1.025 1.047 

20 1.186 0.877 1.637 1.130 1.157 

Fig. 8 and Fig. 9 provide fatigue damage of riser 

nodes for current velocity of 0.6 m/s, for moment 

caused by vibration in CF and IL direction, 

respectively. It is evident from this figures that fatigue 

damage decreased with increasing of TT or reducing 

of E. The same trend can be seen for IL direction.  

Fig. 8. Fatigue damage of riser nodes for moment caused by 

CF vibration for current velocity equals 0.6 m/s.

Fig. 9. Fatigue damage of riser nodes for moment caused by IL 

vibration for current velocity equals 0.6 m/s. 

Fig. 10 and Fig. 11 show the ratio of stress due to 

moment of CF and IL direction for four cases (2TT, 

2E, 0.5TT, 0.5E) to main structure versus current 

velocity, respectively. It can be seen that decreasing of 

E and increasing of TT cause decreasing of stress at 

two directions of CF and IL. According to these 

figures when current velocity increased, effect of TT 

is reduced and stress ratio of both cases of TT ratio=2 

and 0.5 approach to one. Effect of variation of E 

approximately is constant for current velocities bigger 

than 0.4 m/s.   

Fig. 10. Ratio of stress of moment caused by CF vibration for 

various cases.  
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Fig. 11. Ratio of stress of moment caused by IL vibration for 

various cases.  

Fig. 12 and Fig. 13 provide the ratio of fatigue 

damage due to CF and IL moment for four cases to 

main structure versus current velocity, respectively. It 

can be seen that increasing of TT is effective in lower 

velocities and for higher velocities variation of TT is 

not affect fatigue damage predominantly and fatigue 

damage ratio is very close to one for cases (TT ratio 

equals to 2 and 0.5). These figures shows that in low 

velocities, fatigue damage is very sensitive to 

variation of riser properties and variations of fatigue 

ratio is very high for various cases. 

Fig. 12. Ratio of fatigue damage of moment caused by CF 

vibration for various cases.  

Fig. 13. Ratio of fatigue damage of moment caused by IL 

vibration for various cases.  

5. Conclusion
The effects of shifting frequency on the VIV

responses of marine risers were studied in this paper.

Relation of stress and fatigue damage variation with

riser properties such as top tension and module of

elasticity is obtained. For numerical study a coupled

2D wake-structure interaction model was used for 

modeling of VIV that considered both direction of CF 

and IL. Stress of two directions was computed based 

on the moments that are obtained from amplitude of 

displacement of CF and IL. The fatigue damage of a 

riser is evaluated based on the Palmgren–Miner Rule 

and Rainflow procedure is used for counting the 

number of stress ranges. The following results are 

obtained: 

 VIV has self-limiting property and for certain

amplitude of vibration, higher mode of vibration has 

higher curvature and also stress. Also because of 

bigger frequency of vibration, fatigue damage 

increased with mode number. 

 This shows that for a certain current velocity,

stress for tension dominant modes is proportional to 
1T  and for bending dominant modes is proportional 

to E . 

 For a certain current velocity, fatigue damage

for tension dominant modes is proportional to 
( 0.5)1 mT  and for bending dominant modes is

proportional to 0.5( 1)mE  . If the slope parameter m is

assumed to be 3.0 [17], fatigue damage is proportional 

to 2.51 T and 2E , for tension and bending dominant 

modes, respectively. 

 For tension-dominant modes, increasing of

top tension can reduce stress and fatigue damage. This 

effect decreased with increasing of mode number. So 

this method can be used for VIV reduction for lower 

current velocities. 

 Decreasing of module of elasticity can be

used to reduce stress and fatigue damage in a wide 

range of current velocities. 

 Increasing of bending stiffness, amplified

stress and fatigue damage of riser. This is because the 

term of EI is used for moment computing. This effect 

is higher for lower modes of vibration. 

 Stiffness and frequencies increased with

module of elasticity, but because the E is used in 

stress relation, finally the stress and fatigue, amplified 

with increasing of E.  
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Drilling Operations are exposed to a variety of hazards, some of which may be 

location and activity dependent and each could pose different risk from 

different paths.  Drilling operation may be vulnerable to hurricanes in one 

region and be exposed to Geohazards in another. However, there are other 

hazards, (e.g. corrosion, age degradation, poor maintenance), which equally 

affects every rig. Identifying what can go wrong and their likelihood and 

possible consequences provides insight into vulnerability of the operation and 

helps to generate mitigation options. Filtering and Ranking risk contributors 

enable to decide priorities and to focus on the most important risk 

contributors. This paper offers a framework to identify, assess, prioritize, and 

manage drilling risks, which includes: (1) a holistic approach to risk 

identification; (2) prioritization of a large number of risk influencing factors or 

risk scenarios; (3) structured elicitation of experts’ opinion and effective 

integration of experts judgment into qualitative and quantitative analyses to 

supplement limited data availability; (4) extreme and catastrophic event 

analysis; and (5) use of multi-objective framework to evaluate risk 

management priorities.  
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1. Introduction
Drilling operation is a complex activity and it is

subject to a variety of hazards, some of which are

location and activity dependent.   Thus, the drilling

risk management should be commensurate with the

site, water depth, available information and

complexity of the situation. As the drilling

commences, new information becomes available and

some predicted hazards may still pose risk, while

others may not. New hazardous situations may be

encountered or identified, and the characteristics of

those already identified could change. Thus, the risk

management should be carried out periodically at all

stages of the project; i.e. before, during and after

drilling.

There are usually more than six hazard categories that

influence the risk; also there may be several paths

through them a hazard could threaten the operation.

The main hazards are grouped under the distinctive

headings, such as: Geohazards; Equipment &

Material; Human Elements; Local environment;

Human-Machine Interface; Design issues; Technology

and Operation; Organizational elements; Maintenance

& Integrity; Externalities and so on. In some

situations the age of the equipment and procedures

may also require special attention. The above

categories are not exhaustive.

This paper proposes a framework, which starts with 

organizing hazards into a tree-like structure, 

consisting of three or more layers. The first level is 

the goal and the second level is all primary hazard 

categories. The identification of primary hazard 

groups is mainly based on engineering judgment, 

brain storming, QRA, reports and available data 

(accident databases). In the third level, each category 

is then broken down into several sub-categories.  Each 

sub-category can be in turn broken into sub-sub-

categories and so on (see Figure 2).   

Hazards are placed in this hierarchical structure as 

they are identified, and it is organized by source 

(category), consequently, the total risk exposure can 

be better visualized, and the risk mitigation plans are 

more easily implemented. This process produces a 

catalogue of all possible hazards, termed Risk 

Influencing Factors (RIFs), which must be filtered, 

since there is no need to take forward hazards of lesser 

importance for more detail study.  

2. Hazard Structuring
Hazard identification, or scenario building, is the first

step in determining hazards affecting an activity.

Identification also enable to documenting

characteristics of hazards. Each hazard is a risk

influencing factor, which are grouped under headings

and subheadings.  In risk analysis we envision what
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could go wrong, how often and what are the 

consequences if something goes wrong. For this we 

need to list all possible events or “scenarios”. This 

approach produces triplets [1], i.e. 

〈𝑆𝑖, 𝐿, 𝐶𝑖〉;     𝑖 = 1,2, ⋯ , 𝑁  (1)

Where, 𝑆𝑖is the scenario 𝑖 and 𝐿𝑖is the likelihood of

scenario𝑖 . Risk is defined as a function of these 

triplets, i.e. 

𝑅 = {〈𝑆𝑖, 𝐿𝑖, 𝐶𝑖〉} (2)

This equation is generally simplified as 

𝑅 = ∑ 𝐿𝑖 × 𝐶𝑖

𝑁

𝑖

 (3)

Where, 𝐶𝑖is the consequence of scenario 𝑖

Table 1:  The Risk Influencing Factors: showing major risks and their attributes 

Category Sub-categories 

C1-Geohazards 

C11- Formation pressure 

C12  Soil & Rock types and strength 

C13- Shallow faults 

C14- Gas hydrate 

C15- Multiple Geohazards 

C16-Top-hole Geology (sand, salt, carbonate, discontinuities, clay, loose formation) 

C17- Shallow soil ( for jack-ups), sediment type and strength, Boulder bed, 

C18 -Salt or mud diapirs and diatremes, Calcareous soils, Coral, hard ground 

C2-Equipment & 

material 

C21- Material  suitability & defects; Fabrication defects 

C22- Equipment used (robustness &  dependability, maintenance) 

C23: Effect of Ageing; wear & tear , worn or fatigued part; 

C24- Operational and resource  limits 

C25- Operational limit, failure to meet qualification  & code compliance 

C26-  Late changes to well design and procedures; 

C27-  Equipment quality (special equipment; delay; damaged) 

C28 - Spare & material availability, 

C29-  Unsuitability and unforeseen site condition, injuries, toxic emission 

C3- Human Elements 

C31- Skill & knowledge based  mix, Training, Experience 

C32- Workload & Work coordination; Shift and stint duration 

C33- Quality of working environment. 

C34- Communication, Language barrier, Openness, 

C35- Performance evaluated &  Suitability and Training; fit for the job 

C36 - Personnel exposure (qualification, experience, required presence, shift) 

C37 - Tiredness, boredom, 

C38 - Situational awareness 

C4- Design; 

Technology and 

Operation 

C41- Technology Readiness maturity, 

C42- New technology (e.g. packers and liner hangers); 

C43-Down-hole monitoring; 

C44- Kick tolerance; 

C45- Deviation versus hole size, Hole size contingencies, 

C46 - Cementing of long casing strings; 

C47- Well access and work over requirements, Well design and Job complexity 

C48- Blow out contingency; 

C5-Automation & 

human Machine 

Interface 

C51- Software  error 

C52- Temporary disabling safety devises to get round annoying alarms, 

C53- Information overload 

C54- Design of  Human-machine interface 

C55 - Failure of data processing function; failure of information support function; 

C56 - Failure of surveillance function; Failure of communication function; 

C57 - Expert system which by passes the operator involvement, 

C6- Local condition 

C61-  Water depth 

C62-  Local Weather 

C63 - Current , wave , tsunami, hurricane, ice, rain,  storm surge, tropical cyclones 

C64- Wind and water borne debris 

C65 - Requires special equipment 

C66 - Existing  infrastructure , surface and sub-surface, 

C67 - Shallow water flow, 

C68 -  Preservation areas and sanctuaries 

C7- Organizational 

elements 

C71- Mix of cultures & compatibility (e.g. working to different procedures) 

C72- Organizational leaning 

C73-  Personnel selection; Coordination 

C74- Training program, process and formalization 

C75- Safety commitment, perception & enforcement 

C76 Time  and cost constraints 

C77- Bonus system and benefits upon performance 

C78 experience with operators or contractors, 

C79 Operational aspects (language barriers,, local marine traffic, shore proximity); 
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The set of triplets should be complete, namely it 

should include every possible scenarios, or at least 

those which are important.  In fact, it is not obvious 

how even near completeness can be achieved [2]. 

Moreover, the set of scenarios must not overlap. This 

method generates a comprehensive list of all sources 

of hazards, i.e., categories of risks, in the order of 

dozens of entries. Consequently, there is a need to 

discriminate among these sources.  
Tables 1 and 2 show a catalogue of hazards which 

might influence a drilling activity. The heading 

indicates that all hazards that might impact the drilling 

are identified during the hazard identification process. 

The sub-headings are attributes of each heading which 

facilitates the judgment process.  Of course each sub-

category can be in turn broken into sub-sub-categories 

and so on. 

Tables 1 and 2 contain major risk influencing factors 

reported in the literature. These tables show a two-

level risk break down structure. More remote or 

obscure hazards may not be identified and hence 

making the set of scenario incomplete. 

It can be seen that there are numerous Risk 

Influencing Factors (RIFs) which could influence a 

drilling operation, and there is a certain probability 

that only a number of RIFs to affect a given operation. 

How strongly a RIF influences the risk is described by 

its weight relative to other RIFs.   

Table 2:  The Risk Influencing Factors: showing major risks and their attributes 

Category Sub-categories 

C8- Complexity 

C81- Multiple paths to failure; -Uncontrollability;  Un-detectability; Cascading effect; Irreversibility 

C82- Latency (duration effect); 

C83-  Demanding job; 

C84- High pressure & high temperature 

C85- Combination of Several adverse conditions 

C86 - First time experience; the number of components,  novel assemblies, New skill  set 

C87 Complexity mix (Combination of Several adverse conditions 

C9-Uncertainty 

C91- Phasing and planning; 

C92  Scope change 

C93- Complex procedures 

C94- Management  of change( design , operating conditions,  equipment substitution, plans, personnel) 

C95- Unforeseen events 

C96- Safety critical equipment 

C10-Seabed 

Condition 

C101- Seabed topography and relief, Seabed channels and scours, Seafloor sediments 

C102- Fault escarpments, Unstable slopes Sand banks, waves, and mega-ripples, Collapse features 

C103- Cold water 

C104- Rock outcrops, Pinnacles, Boulders, Rock outcrop, Hard grounds, Seafloor sediments, Reefs 

C105- Mud flows gullies, Volcanoes, Lumps, Lobes, Slumps, Fluid expulsion features 

C106-  Sand banks, Sand waves, Mega-ripples 

C107-  Gas hydrate mounds, Gas vents, Pockmarks, shallow gas, as cut mud sections, 

C108 - Seabed channels and scours 

C109-  Diapiric structures, escarpment, Collapse features, shallow faults 

C11-  Regulation 

C111- lack of Independent oversight 

C112- Inadequate regulation 

C113- mandatory regular inspection 

C114-periodial re-certification 

C115- regulator involvement and visibility 

C12 -Wellbore 

Integrity 

C121-  Mechanical Wellbore Instability (Rock type & strength, 

C122- Wellbore geometry (hole inclination and azimuth) 

C123- manmade related stress, poor hole cleaning , excessive drilling vibration 

C124: Drilling into  pre-stressed rock, excessive wellbore pressure, vibration 

C125 - Shale type & instability , time dependent swelling, reaction between fluid and shale 

C126 - Shale hydration mechanism, forces holding plates together, pore presses. stresses 

C127 - Inadequate well planning  (wrong drilling fluid, wrong inclination &azimuth) 

C13- Manmade 

C131 - Hazardous waste 

C132 - Pipelines, Umbilicals, Power cables , Communication cables, Wellheads 

C133 -  Dumped Munitions or chemicals 

C134-  Sanken ships 

C135 – Debris; disposed wastes 

C14- Miscellaneous 

C141 - Shipping route 

C142 - Military training area 

C143 - Spill prevention 

C144-  External Interferences, wilful acts, Third party present 

C145 - Anchor System limitation, Boat support needs 

C146- Weight restriction, riser length, draught limitation 

C147 - Cost sensitivities, 
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Table 3: Questionnaire for sifting hazards (After [1]) 

Question Meaning 

Is this hazard detectable The system has redundant means of detecting and arresting a hazard before a harm could occur. 

Is this hazard controllable There are controls by which it is possible to take action or make an adjustment to prevent harm. 

Is there multiple paths to 

failure 

There are multiple and possibly unknown ways for events to cause harm, e.g. by circumventing safety 

controls. 

Is the effect irreversibility The system cannot be returned to the normal condition once the adverse event occurred. 

Is the event duration of long 

enough to cause harm 

Prolonged events with  adverse consequence 

Would the event trigger a 

cascading events 

The event  can trigger a cascading events which  easily and rapidly propagate which cannot be contained 

Does the event originate from 

external sources? 

Risk due to external interferences with little or no control over them. 

Can the system take more 

wear and tear 

Would further degradation lead to degraded performance or accident 

Does the machine-human 

interface aggravate the 

problem 

Interfaces among diverse subsystems (e.g., human, software  and 

hardware) causing adverse events 

Do we understand the 

complexity? 

Too many complexity create a potential for system level behaviours that are not anticipated from a 

knowledge of components and the laws governing  their interactions 

Is technology qualified for 

the task? 

Immature  or inappropriate technology  or other lack of concept qualification 

This risk influencing structure can be viewed as a 

means leading to a set of actions or behaviour that are 

required of the system in order to succeed in 

functioning safely; conversely, each risk factor 

defines a scenarios in which the system fails to deliver  

in one or more ways.  The union of all risk scenarios 

should then be complete. This completeness is a very 

desirable feature. However, the intersection of two of 

our risk scenario sets, corresponding to two different 

heading, may not be empty. The method allows the set 

of subsets to be overlapping. Thus, by a filtering 

process overlapping hazards must be rationalised.  

Risk Filtering 

Filtering is performed at the sub-category level, to 

eliminate overlapping and less relevant RIFs.  RIFs 

are filtered according to their perceived levels of 

likelihood and consequences. Filtering is achieved on 

the bases of expert experience and knowledge, as well 

as function, and operation of the drilling system being 

assessed. This activity often substantially reduces the 

number of RIFs. In this, the joint contributions of two 

different types of information-the likelihood of what 

can go wrong and the associated consequences-are 

estimated on the basis of the available evidence and 

engineering judgment. The evidence for taking 

forward a hazard for detailed studies, can be 

determined by answering questions noted in Table 3. 

Risk matrix is a useful tool for visualising risk. This 

type of tool is commonly used with the assistance of 

experts. Since risk is defined as triplet then its 

likelihood and consequence must be judged.  

Commonly, 5x5 Matrix is used, but the 8x8 matrix 

(Figure 1) provided a better resolution. Figure 1 

defines eight scales and their linguistic description. 

Each risk scenario is characterized using qualitative 

assessment of both consequence and likelihood.  In 

risk matrix, the likelihoods and consequences are 

combined into a joint concept called "severity" [2]. 

The group of cells in the upper right indicates the 

highest level of severity. The mapping is achieved by 

first estimating the likelihood of a hazard then judging 

its consequence, and finally determining which cell it 

belongs to. The cells position determines the relative 

levels of severity. 

In quantitative risk assessment, risk is defined as the 

product of likelihood of a hazards and its impact 

should it happen [2].  The multiplication method 

could yield the same numerical value for a high 

consequence but low likelihood event to be the same 

as high likelihood but low consequence event.  This is 

a misleading picture, though both events are 

damaging, the high consequence event can wipe out 

an organisation.  The problem is more pronounced for 

event in the middle of the risk matrix.  Thus, cells in 

Figure 1are numbered to indicate their position 

importance. This importance numbering gives more 

emphasis to the middle range, compared with the 

multiplication approach. 

Each RIF from the catalogue is placed into a cell, 

according to its perceived likelihood and impact, to 

represents a failure scenarios. Each scenario has its 

own combination of likelihood and consequence. 

These hazards can also be filtered based on scope, 

spatial & temporal domain considerations.   Since we 

are considering the safety at the planning stage, we 

start by presenting an initial set of relevant hazards 

which could be validated by all stakeholders.  RIFs 

falling in the low-severity boxes are filtered out and 

set aside for later consideration. The completed matrix 

shows which events are the major risk drivers.  
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Figure 1:  A typical industry risk matrix for filtering (and ranking) risks. 

Risk Ranking 

The boundaries of the different levels of risks are not 

symmetrical, because a catastrophic event, 

irrespective of its probability, could cause very large 

loss. The risk matrix doesn’t provide a numerical 

relative importance of each rating, so the tool divides 

the risks into groups, but does not say anything about 

the ranking within each grouping. Thus, after filtering 

of minor hazards, the remaining hazards must be 

ranked to determine their relative strength. This 

enables to prioritise expenditure for avoiding, 

controlling and mitigating impact of hazard if they 

were to occur.  

There are two types of comparisons: absolute and 

relative. In absolute comparisons, two hazards are 

compared with a standard or a baseline which exists in 

one’s mind and has been formed through experience. 

In relative comparisons, hazards are compared in pairs 

according to a common attribute.  Saaty, [8] and [9], 

proposed a pairwise comparison for determining the 

relative importance of two criteria known as analytic 

hierarchy process (AHP). The input to AHP models is 

the experts’ answers to a series of questions of the 

general form, e.g. ‘How important is Category 'C1' 

relative to Category ‘C2’?’ These are termed 

‘pairwise comparisons’ [8]. Within AHP, questions of 

this type may be used to establish, both weights for 

categories and importance scores for different 

categories, using a suitable scale (see [8] or [10]). 

Very often qualitative data cannot be known in terms 

of absolute values. AHP allows the integration of 

both, quantitative and qualitative criteria [9].  

It is difficult to be completely consistent because of 

the complexity and diversity of   subjective judgment.  

The AHP does not require that judgments to be totally 

consistent.  But, priorities make sense only if derived 

from consistent or near consistent matrices, and hence 

consistency check must be applied. Saaty [8] 

Proposed a consistency index (CI) to measure the 

degree of consistency (or inconsistency) of the 

judgments for each stage of the AHP process. If the 

comparisons are not reasonably consistent, then this 

check provides a mechanism for improving 

consistency by going back to the pairwise comparison. 

The mathematical background can be found in [10] 

Case Study 

The ranking process is illustrated using an example 

case, which is a drilling operation in a seismically 

active area.  In a hazard filtering process, it was 

determined that the categories C1 to C7 (Table 1) 

have the largest direct effect on the risk, which are as 

listed in the first column of Table 3. The rest of 

hazards listed in (Tables 2) are considered either not 

to apply or to be of no importance and hence were 

filtered out.  Figure 2 shows the content of Table 3 in 

its hierarchal format.  

In consultation with the industry experts seven 

pairwise comparison matrices were developed to 

determine the categories and sub-categories weights. 

The weights for all the pairwise comparison matrices 

were computed using a spreadsheet. By aggregating 

the hierarchy, the preferential weight of each criterion 

is found. A consistency check is then performed. If 

the comparisons are not reasonably consistent, then 

this check provides a mechanism for improving 

consistency by going back to the pairwise comparison. 

Aggregating opinion of more than one expert, in 

principle, would enhance the decision making process 

[6] and [7].
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Figure 2: Hazard Breakdown Structure for the case study 

C1 C2 C3 C4 C5 C6 C7 Weight 

C1 1 2 1 1 1 2 6 0.20 

C2  1/2 1  1/2 2 2 1 6 0.17 

C3 1 1 1 1 2 3 2 0.19 

C4 1  1/2 1 1 2 2 2 0.16 

C5 1  1/2  1/2  1/2 1 1 4 0.12 

C6  1/2 1  1/3  1/3 1 1 5 0.11 

C7  1/6  1/6  1/2  1/2  1/4  1/5 1 0.05 

Sum 6 1/6 4 5/6 6 1/3 9 1/4 10 1/5 26 6 1/6 1.00 

CR= 0.0589 

Figure 3: First level pairwise comparison matrix 

Figure 3 shows the pairwise comparison of the 

primary categories (the second layer). Each column is 

summed up first, and then each element is divided by 

the sum of its column. The weight is then averaged of 

each row. The pairwise comparison matrices for 

subcategories are not shown here, but the results are 

given in the column 4 of Table 4.  Table 4 summarizes 

these results. The second column gives the ranking of 

the top level categories as calculated in Figure 4.  The 

fourth column give the ranking of all hazards within 

each category. The last column is the multiplication of 

the second and the fourth columns. These results are 

plotted in Figures 4 and 5. 
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Table 4: Summary of pairwise comparison matrices 

Primary Criteria Weight/Primary Sub-

criteria 

Sub-criteria 

weight 

Combined 

weight 

C1-Geohazards 0.20 C11 0.213 0.043 

C12 0.343 0.069 

C13 0.153 0.031 

C14 0.146 0.030 

C15 0.073 0.015 

C16 0.073 0.015 

C-2 Equipment & material 0.17 C21 0.228 0.040 

C22 0.125 0.022 

C23 0.039 0.007 

C24 0.218 0.038 

C25 0.098 0.017 

C26 0.098 0.017 

C27 0.098 0.017 

C28 0.098 0.017 

C3- Human Elements 0.19 C31 0.183 0.034 

C32 0.212 0.040 

C33 0.195 0.037 

C34 0.196 0.037 

C35 0.213 0.040 

C4- Design; Technology and Operation 0.16 C41 0.028 0.005 

C42 0.026 0.004 

C43 0.058 0.009 

C44 0.053 0.009 

C45 0.115 0.019 

C46 0.180 0.029 

C47 0.180 0.029 

C48 0.180 0.029 

C49 0.180 0.029 

C5-Automation & human-Machine 

Interface 

0.12 C51 0.147 0.017 

C52 0.107 0.013 

C53 0.285 0.033 

C54 0.261 0.030 

C55 0.199 0.023 

C6- Local environment 0.11 C61 0.151 0.017 

C62 0.201 0.022 

C63 0.367 0.041 

C64 0.281 0.031 

C7- Organizational elements 0.05 C71 0.215 0.010 

C72 0.247 0.012 

C73 0.148 0.007 

C74 0.077 0.004 

C75 0.115 0.005 

C76 0.090 0.004 

C77 0.106 0.005 

Figure 4: Ranking of all hazard sub-categories 
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Figure 5: Ranking of all hazards sub-categories to risk. 

Risk Management 
The hazard control is based on the concept of safety 

barriers. The safety barrier approach in turn is based 

on two models, the Swiss cheese accident model and 

the bow tie method. For this, imagine a row of Swiss 

cheese slices, (Figure 6), in which each slice is a 

barrier and the hole represents a weakness in the 

barriers that may fail to prevent an accident. If the 

holes line up, which may occur when multiple robust 

barriers are not in place or they are properly 

functioning, accidents can occur. This simple model is 

surprisingly a useful tool – the more barriers, i.e. more 

Swiss cheese slices, the safer the facility, and the 

smaller the holes, the smaller is the weaknesses of the 

barrier. Barrier management is an effective tool to 

connect facility operations with HSE cases, design 

features and regulatory requirements in an integrated 

fashion. 

The tool that captures the Swiss cheese concept and 

carries it further is the Bow Tie Diagram (Figure 7). 

For each “Top Event”, such as a major leak, blowout, 

or explosion, , and all of other threats, e.g. equipment 

malfunctions or failure to follow operating procedures 

are shown on the left, while the effects, such as 

injuries, asset or environmental damage are shown on 

the right. The prevention barriers are then between the 

threats and the top event, while the mitigation barriers 

are between the top event and the outcome. 

The bow tie risk model can address hardware, 

administrative and procedural controls, either on the 

main pathways as shown in the simplified diagram of 

Figure 6, or on separate branches [5]. The bow tie is a 

simplified representation of a fault tree diagram where 

each barrier is an AND gate with two inputs – a 

demand AND barrier fails. An escalation branch is 

just building out the barrier fails arm from an 

undeveloped event to one that is developed – showing 

the means in place to maintain that barrier. A 

requirement of fault trees and thus of bow ties is an 

assumption of barrier independence.        

Human intervention can cause degradation of many 

barriers if their intention is to reduce time or resources 

from what was originally planned. A system with 

multiple barriers can in fact has fewer if resources are 

not devoted to maintaining them. The bow tie, like the 

fault tree, is poor at capturing these overarching 

influences, but they important to overall system safety 

and a systems process is important [3]. 

Figure 6: Reason’s Accident model 
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Figure 7:  A typical bow-tie model 

There are three levels of well control: primary, 

secondary and tertiary. Primary refers to control 

during the drilling phase with mud weight. Secondary 

refers to well control with a blowout preventer, and 

tertiary refers to a worst-case scenario – a blowout. 

Conventional well-control strategies include casing, 

fluid programs, and other barriers to well control 

incidents in the well design and BOP, and other 

mitigation procedures that help minimize the impact 

of an incident should one occur.  The primary barrier 

is the hydrostatic pressure of mud which is larger than 

of the pore pressure. In underbalance drilling, this 

barrier must be adjusted. In this case it is composed of 

the drilling fluid column and a separate back pressure 

choke.  The secondary barrier is the envelope 

consisting of the blowout preventer, the casing, the 

exposed wellbore below the casing shoe and the drill 

string. If the primary barrier is failed, this barrier is 

closed.  

Conclusions 
The purpose of risk analysis is to obtain robust design. 

Risk analysis identifies all factors which influences a 

design. Measuring risks is essential to reduce 

exposure, and it can be used for other purposes such 

as upgrading an existing drilling rig for life extension, 

change of use, reducing corporate risk exposure or 

measuring cost effectiveness of expenditures. The 

proposed approach is an effective tool for such 

purposes.  

We used the risk matrix to filter out less important 

hazards and AHP to rank the remaining hazards by 

eliciting opinion of several experts [4]. Opinions of 

several experts can be aggregated after going through 

the process described above and then averaging the 

calculated ranks. Such averaging may be done before 

processing the data. Using fuzzy mathematics was 

also proposed for aggregation in the literature, but 

their value is uncertain as AHP itself is dealing with 

fuzzy situation and it is doubtful if further 

complication would add value.  There are other 

methods for aggregation [6] which involve more 

calculations. 

The AHP is a versatile decision aid which can handle 

problems involving both multiple objectives and 

uncertainty. It is popular with many decision makers 

who find the questions it poses easy to answer.  It 

should, however, not be forgotten that the purpose of 

any decision aid is to provide insights and 

understanding, rather than to prescribe a “correct” 

solution. Often the process of attempting to structure 

the problem is more useful in achieving these aims 

than the numeric output of the model.  
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Subsea structures such as manifolds, line pipes and flow lines are important 

investments. Also because of the sensitivity of environmental issues, corrosion 

of these structures is of vital importance. Subsea corrosion management is 

different from on-shore and shallow water off-shore corrosion management in 

mainly three factors: materials, corrosion management practice and cathodic 

protection. There are important limitations in many aspects of these three 

factors that make them different from their “counterparts” in other industries. 

In this paper, some of these differences especially with regards to corrosion 

prediction softwares and associated design strategies  are addressed and 

discussed. 
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1. Introduction
Deep sea oil and gas industry is becoming more and

more an attractive option for energy-thirsty industry.

In addition to its various economical benefits, it also

has its dangerous downsides, mainly ecological. With

no doubt corrosion is a significant issue in these

structures that can lead into ecological disasters.  Any

failure in the deep sea structures (manifold, line pipe,

flow lines …) could be disastrous. Unlike on-shore

structures or even shallow water structures, the access

for regular monitoring and repair is not an easy

option, in terms of both the cost and the accessibility.

Therefore corrosion management for the subsea

structures mostly rely on the estimation of corrosion

rates. These corrosion rates themselves are calculated

based on semi-experimental research results and

therefore, are always limited in terms of their

assumptions and applications. In this paper we will

review some important features of deep sea corrosion

issues and the main counter-measures to address such

issues.

2-Some of the highlights for  the corrosion

management  of deep sea structures:

There are mainly three aspects of deep sea structures

corrosion management (DSCM)  that make them

different from on-shore and shallow water structures

corrosion management (OF/SW CM) techniques:

 Materials

 Corrosion   Management  Practice

 Cathodic Protection

These  three issues are important in the sense that  

when they are taken together, they can define  the job 

description  of a typical subsea corrosion engineer 

and differentiate it from that of a, say, corrosion 

engineer who works in mining industry. 

Materials 

The variety of materials that are used  in OF/SW CM  

applications is not seen with DSCM. This is in fact 

dictated by the corrosion models and their underlying 

design philosophy. The materials of frequent use in 

pipes for subsea applications are [1]: (carbon) steel, 

stainless, duplex and superduplex  stainless steels, 

clad and titanium  pipes. A more general classification 

of t he materials can be either: 

-Carbon steel (clad or lined)

-Corrosion resistant alloys (CRA) such as but not

limited to duplex stainless steels (DSS)

Clad steel plate is a composite steel plate made by 

(metallurgical) bonding the cladding material (such as 

all types of stainless steels, nickel and nickel-copper 

alloys and Titanium) to either or both sides of a 

carbon steel or low alloy steel plate (base metal). 

While different methods may be used to apply the 

cladding, both the economy and the available sizes of 

the final product are important factors, in addition to 

mechanical properties, that will affect the use of these 

materials.  However, it must be noted that as 

application of these methods can change the overall 

microstructure, it can have some unwanted effects as 

well: a study on  stainless-cladded carbon steels  by 

hot-rolling shows that the following changes in the 

bimetallic microstructure has happened [2]: 

-formation of a decarburized region near the carbon

steel side,

http://ijcoe.org/browse.php?a_code=A-10-86-1&sid=1&slc_lang=en
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- a hardened region with high carbon   content at the

stainless steel side where a partial Cr depletion had

occurred.

These micro structural changes along with the 

formation of residual stresses –which mostly have 

tensile natures- can be leading into premature failures. 

An example of CRA  is duplex stainless steel.  These 

steels are mainly charcterised by their “dual” crystal 

structure, Figure 1: 

Figure  1. An example of  the microstructure of a duplex 

stainless steel (SAF2205): (bright: austenite, dark: ferrite). 

The structure shows 52 ± 2 wt% retained austenite. 

Duplex stainless steels are taken more corrosion 

resistant than austenitic stainless steels owing to their 

relatively higher chromium content. A very important 

issue with duplex stainless steels is the spacing 

between austenite  islands as short austenite spacing is 

normally preferred  due to both shorter hydrogen 

diffusion paths, more “hydrogen” tapping and crack 

stop properties [3].To avoid hydrogen induced stress 

cracking (HISC), based on deformation mode and 

induced strains, an austenite spacing from less than or 

equal to 30μ  to 60 μ [4]. 

Corrosion   Management: 

Corrosion management includes items such as  

corrosion allowance, corrosion models and inhibitor 

availability and the like. 

In contrast to many on-shore corrosion management 

techniques, subsea corrosion management still applies 

“corrosion allowance”.  This is in essence the extra 

thickness of the pipe wall to compensate for 

corrosion.  While it may appear as a simple issue of 

just adding “a few” millimeter to the net thickness of 

the pipe (to get the nominal thickness), this corrosion 

management technique has huge economical and 

application impacts, a rather  “classical” example in 

this regard is for  a pipe line of 8-in. diameter and 225 

miles (~362 km) long and a wall thickness of 0.322 

inches, by increasing the thickness by only 0.250 

inches, an extra 3700 tons of steel will be  needed as 

well as well as decreasing the internal capacity by 5% 

[5]. 

Corrosion modeling and inhibitor availability are the 

main two  features that  define the main differences 

between corrosion prediction models [6]. In these 

models the type of inhibitor (cathodic, anionic or 

mixed) is of no importance and the assumption is  that 

whatever the mechanism  of action, it is the 

availability of the inhibitor that matters. Corrosion 

models can be classified into two groups, 

“conservative” BP (Cassandra)  and NORSOK  (and 

their various in-house alternatives) and rather “liberal” 

Shell model [6].   Figure 2 schematically shows  some 

of the features of these modeling approaches: 
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Figure 2. Schematic comparison between two most  frequently used corrosion prediction models  for subsea structures 

Although  so-called BP model is based on papers 

published by de Waard [7]-[8] ,  and they essentially 

show similar results, there are slight differences 

between the model and the work by de Waard, in  

issues  such as use of a correction factor for carbon 

dioxide fugacity and its lack in the BP model [9]. 

Figure 3 shows a typical input for a  BP  93 (flow 

insensitive) model: 

Assumptions: 

- Hold up conservatively assumed to be all

water.

- DW pH model has been used

- We assume a total shear stress of 1 Pa.

-The values given for TOL BP93  have been

calculated based on the assumption that it is

top of line condensing corrosion only and

that wetting occurs only 10% of time

(F=0.1).

CO2 Value in  mol.% 

H2S Value in  mol.% 

pH Model DW 

Glycol Value % 

Internal 

Diameter 
Value in  m 

Water SG 

(specific 

gravity) 

(Normally accepted as 1.00)_ 

Acetates as 

acid? 
False/True 

Water 

Chemistry 

(mg/l) 

Na, K, Ca, Mg, Sr, Ba, Fe, Cl,  SO4,  HCO3 

Figure 3. Typical Input data for a BP 93 Cassandra corrosion 

prediction model 

The Norwegian NORSOK model, de Waard model 

and the BP model  predict the same corrosion rates at 

temperatures below or equal to scaling temperature, 

after the scaling temperature these models will predict 

corrosion rates that can be different from each other 

(Figure 4) , and thus  will dictate  different strategies. 

Figure  4.  Corrosion rates as predicted by three models  for 

temperatures above scaling temperature (NORSOK, by 

default, calculates ferrous ions unsaturated rates). 

To illustrate how the same data can result in different 

corrosion management strategies according to these 

models, Marsh and Teh consider the example of 

100,000ppm sodium chloride brine with 500ppm of 

bicarbonate ions, 100bara, 5% CO2 (gas phase), 

100oC, No significant flow effects considered, 20 

year design life.   In addition, we can take In this 

example, Cassandra model by assuming 95% 

availability upper limit, inhibited corrosion rate 

0.1mm/yr will recommend the use of CRA (such as 

13% Cr  supermartensitic stainless steel or SAF 2205)  
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whereas for the same set  of data, NORSOK M-506 

by assuming 99% availability upper limit, inhibited 

corrosion rate 0.05/0.1 mm/yr (65oC/100oC) 

recommends carbon steel with 3mm corrosion 

allowance. Considering that  the average costs of 13% 

Cr  supermartensitic stainless steel  and  SAF 2205 

are, respectively, 4 and 10 times of carbon stel, the 

readers can easily calculate that the  economic impact 

of differences in corrosion rate calculations and 

design philosophies. In addition to  de Waard, 

Cassandra and NORSOK, there are other corrosion 

prediction models such as [10]   Cormed (Elf), 

Lipucorr (Total), Predict (InterCorr), CorPos 

(CorrOcean/FORCE  Technology), as it can be 

expected while all these models have the same basics, 

the input and results will differ.  

One important shortcoming of corrosion prediction 

models is that in models such as BP, deWaard and 

NORSOK, microbial corrosion is not considered. 

Cassandra [9] for example, is not valid for liquid 

velocities less than 1.5 ms-1.  It is interesting to know 

that this is also the velocity limit where microbial 

corrosion can be expected [11]. Even the standards 

frequently used in subsea corrosion management 

(such as DNV) [12]  do not address microbial 

corrosion properly. This matter becomes important 

when we consider that microbial corrosion has been 

shown as a cause of failure in subsea structures [13]. 

Table 1. Methods and techniques for corrosion monitoring 
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3- The Concept of Corrosion Monitoring for

subsea structures
The concept of corrosion monitoring has developed

from two distinct areas, plant inspection techniques

and laboratory corrosion testing techniques, with the

original aim of assessing or predicting corrosion.

Use of Corrosion Monitoring Data: 

 To provide operational or management

information

Corrosion can often be controlled by maintaining a 

single operational variable (e.g., temperature, pH, 

humidity) within limits determined by prior 

monitoring or other investigations. If the significant 

variable is measured for other reasons, this 

measurement can be used directly for corrosion 

control. If the variable is not otherwise measured, or 

in more complex cases where several variables 

interact, corrosion monitoring information can be used 

by plant operators to control plant operation so as to 

control corrosion. Any process change may have 

significant effects on corrosion, and corrosion 

monitoring techniques allow full scale trials to 

proceed with a minimum of risk to plant.  

 Corrosion Monitoring Techniques

A wide range of corrosion monitoring techniques is 

now available allowing determination of total 

corrosion, corrosion rate, corrosion state, analytical 

determination of corrosion product or active species, 

detection of defects or changes in physical parameters. 

Associated costs can be small where simple 

instrumentation and a few measurements are 

appropriate but in some cases may be extremely costly 

and require expert skills.  

Much of the progress which has been made in the past 

few years has been due to advances in electronics 

which have allowed multiprobe measurement and 

recording at a tolerable cost. Instantaneous feedback 

of corrosion information can be obtained from various 

parts of the plant, which can be fed to the plant control 

room and/or plant computer to permit control of the 

necessary process variable to provide corrosion 

control. Table 1 indicates corrosion monitoring 

techniques   

 Selecting a Technique for Corrosion

Monitoring

Many techniques have been used for corrosion 

monitoring (see Table 1), it is clearly possible to 

develop others. Consequently when a possible new 

application is being considered, a problem arises in 

choosing the most appropriate technique. Each has its 

strong points and its limitations, and none is the best 

for all situations.  

Any monitoring technique can provide only a limited 

amount of information, and the techniques should be 

regarded as complementary rather than competitive. 

Where more than one technique will give the 

information required, the information is obtained in 

different ways; a cross-check can be valuable and 

differences in detail can add meaning.  

A corrosion monitoring technique rarely gives wrong 

information, unless the equipment used is faulty. 

"Nonsense" results arise because the information is 

correct, but irrelevant in the corrosion sense.  

The polarization resistance method, for example, 

measures the combined rate of any electrochemical 

reactions at the surface of the test sample. If the main 

reaction is the corrosion ones, the rate measured is the 

corrosion rate. If however, other reactions are possible 

at rates that are comparable or greater, the measured 

rate includes the other reactions. Useful deductions 

can still be made provided it is recognized that the 

corrosion rate has not been measured. The choice of a 

monitoring technique is a complex problem requiring 

expert knowledge. The first essential is to establish 

what type of information is needed. This necessarily 

involves an input from the management of the plant in 

question. 

 Cathodic Protection 

For obvious reasons, impressed current CP cannot be 

an option for deep sea water applications. According 

to  DNV- OS-F101 [14],  “duplex and martensitic 

stainless steel linepipe, and C-Mn steel linepipe with 

SMYS > 450 MPa require special considerations of 

the susceptibility of environmentally assisted cracking 

(including SSC and hydrogen induced cracking 

related to cathodic protection)”.  

NORSOK workshop agreement [4] seems more 

detailed about the joint use of CP and duplex stainless 

steels. According to this document duplex stainless 

steels are well protected  for potentials more negative 

than -600 mV (Ag/AgCl) on the condition that a 

complete electrical insulation  from the structural 

elements, that are protected at -1050  mV, is also 

applied. Although some modifications in CP system 

design may be promising in using both CP and 

supermartinsitic stainless steel together [15]. As it can 

be seen, two major limitations on applying CP to  

subsea structures  are that only one method of CP  can 

be applied  and that  we are limited to use of  certain 

alloys whose yield stress is lower than a certain limit. 

4- Conclusion
Subsea structures like on-shore and other off-shore

(shallow water) structures need to be protected from

corrosion.  However the practice of corrosion

management for these structures is different from on-

shore and off-shore in not only the materials used but

also in applications such as cathodic protection. Due

to factors such as difficulty in having access to the

subsea structures and the costs involved, different

corrosion prediction models have been developed.

These models-with their in-house variants- are
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frequently used in not only estimation of corrosion   

but also selecting the strategy that will be the most 

feasible one to apply. Although these models have 

similar basics, due to their assumptions and 

conservative approaches , the very same inputs may 

result in different corrosion ,management strategies 

and therefore  different budgeting for the projects. 

When applying these models, their limitations must be 

considered and their approaches must be taken with 

required precautions. 
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In this paper the TELEMAC-3D model has been hired to simulate and study 

the high waves’ interaction with coastal structures. Therefore a special 

arrangement of TELEMAC-3D has been prepared in this study to simulate 

wave generation, coastal processes, wave set-up and overtopping over coastal 

structures. Experimental data has been used to verify this arrangement of the 

model. Thereafter, the model has been used to simulate the interaction of 

waves induced by Cyclone Gonu and Ramin Port breakwaters. Visually 

comparisons between images provided by Iran Fisheries Organization during 

the Gonu event and the TELEMAC3D results conclude that the numerical 

model could simulate the interaction of Gonu induced wave and Ramin 

breakwaters with a good accuracy. Different kind of results like inundation 

area, wave overtopping discharge over the breakwaters and wave penetration 

in port were obtained in this simulation.   
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1. Introduction
Cyclone Gonu (Fig. 1), June 2007, is the strongest

cyclone among all tropical cyclones recorded in

Arabian Sea since 1945, the year which recording

began in this region. Most of tropical cyclones

generated in Indian Ocean tend to travel to Oman in

the West or Pakistan and India in the North and only

their swell waves reach to Iranian Coasts, therefore

Gonu was exceptional. It killed 49 people in Oman

and 23 people in Iran [1] in spite of on time warning

systems’ public awareness and early evacuation;

otherwise much more lives could be lost.

Figure 1. Cyclone Gonu (https://visibleearth.nasa.gov) 

The maximum wind speed during Gonu on the Iranian 

Coast reached 58 km/h and about 4.5 m significant 

wave height was recorded outside of Chabahar bay in 

depth of 30 m, [1, 2].  

After the Cyclone, The maximum watermark detected 

in the field observations was about 4 m above mean 

sea level in mud flats of Chabahar Bay [3]. On the 

other hand, on the Omani coast the inundation height 

reached up to 5 m [4].  

Gonu is not the only powerful Cyclone reached to the 

Iranian Coasts; there are other evidences about strong 

cyclone crashing Iranian coasts before Gonu. The 

India Meteorological Department compiled an 

extensive summary of cyclonic storm tracks for the 

period from 1877 to 1970. Reviewing those tracks, 

four severe storms were identified to enter Oman Sea 

including storms happened in June 1889, June 1890, 

May 1898 and April 1901. However the “Best track” 

data of these events were weakened as they 

approached Iranian Coast. One might concluded that 

the Cyclone patterns has been changed due to climate 

change and made Gonu reach to Iranian Coast at a 

very strong situation [2].   

Therefore strong Cyclone like Gonu may attack 

Iranian Coasts again in the future. That’s why it is 

essential to estimate the effect of high waves induced 

by tropical cyclones on the Iranian coastal structures 

to check the design of existing structures and design 

the future structures. 

This made many researchers to study the effect of 

cyclone Gonu on Iranian and Omani coastlines. Most 

http://ijcoe.org/browse.php?a_code=A-10-90-1&sid=1&slc_lang=en
https://visibleearth.nasa.gov/
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of the studies were on the Gonu storm surge and 

inundation in both countries. Fritz et al. [4] observed 

the high water marks and inundation along Omani 

side in 2007 while Shah-hosseini et al [3] measured 

the water marks in Iranian side in 2008.  

Khalilabadi and Mansouri [5] analyzed the hourly sea 

level recorded by tide gauges of the National 

Cartographic Center (NCC) at Jask and Bandar-Abbas 

to calculate the non-tidal sea level change during 

Gonu in Persian Gulf. Golshani and Taebi [1] 

numerically simulated Gonu and its resulting waves in 

the southern Iran using a time-dependent radius 

cyclone field and used the computed waves for 

extreme value analysis. Mashhadi et al. [6] also 

simulated the storm surges and wave characteristics 

during Gonu employing the SWAN and GETM 

models. However, to the authors’ knowledge, there is 

no study on the effect of the Gonu induced wave on 

the coastal areas and structures.  

Therefore in this this research, TELEMAC-3D has 

been hired to simulate wave generation, shoaling, 

refraction, diffraction, penetration as well as wave 

overtopping over coastal structures. The model has 

been verified based on Hsiao and Lin [7] experiments 

on solitary waves imping a seawall. After that, the 

interaction of high waves induced by the Cyclone 

Gonu with Ramin port breakwaters was simulated. 

The results then have been compared visually with the 

photos taken during the Cyclone in Ramin port. 

Ramin fishing port is located in the east of Chabahar, 

in the Southeast of Iran (Fig. 2). Its breakwaters were 

damaged by wave overtopping over them during 

Gonu event; however their stability was preserved 

(Fig. 3).  

2. Numerical Model
2.1. Mathematical formulation

The TELEMAC-3D open source software is part of

the TELEMAC modeling system developed and

managed by a consortium of core organizations e.g.

Artelia (France), Electricité de France R&D (EDF,

France), and HR Wallingford (United Kingdom).

TELEMAC-3D solves the RANS equations by the

finite elements method through the vertical integration

of the continuity equation and momentum equations

[8].

0
j

j

U

x





(1) 

 
1j j

i j j j

i j

U U p
U g U F

t x x




  
      

  
(2) 

Ui and Uj are velocity component in ith and jth 

coordinate directions (for three dimensional equations 

i and j =1, 2, 3), p is pressure, gj= gravity acceleration 

in jth direction, νt kinetic eddy viscosity, ρ is water 

density. To simplify the solvation process, the 

pressure 
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Figure 3. Damaged in Ramin Port breakwaters resulted by 

wave overtopping during Gonu Cyclone 
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where k is the turbulence kinetic energy, ε is the 

kinetic energy dissipation rate. P is a turbulence 

energy production term and G is a source term due to 

the gravitational forces. Cμ, Prt, C1ε, C2ε, C3ε, σk and σε

are k-ε model contestants.  

2.2. Model Verification 

Since there was no nearshore wave measurement near 

the Ramin port during the Cyclone, the model has 

been verified against Hsiao and Lin [7] experiments 

on solitary waves imping a trapezoidal seawall on a 

sloped bed (Fig. 4). The physical characteristics of the 

selected experiment for the verification are 

summarized in Table (1). In this simulation, the bed 

and seawall act as rough wall. Slip boundary 

condition is used for the side walls and a variable free 

surface condition is placed as the wave generator in 

the inlet boundary.  

After the simulation, the calculated water free surface 

configuration over the seawall has been compared 

with measurement data in four different stages of 

wave transmission over the seawall and illustrated in 

Fig. (5); as could be seen in the figure, TELEMAC-

3D results have an acceptable accuracy. After testing 

the TELEMAC-3D accuracy in simulation of wave 

runup and overtopping over coastal structures, the 

model has been hired to simulate the runup and 

overtopping of Cyclone Gonu induced waves over 

Ramin port breakwaters. 

Figure 4. Sketch of wave flume layout [7] 

Figure 5. Comparison between numerical results and Hsiao and Lin (2010) experimental measurements 

Table 1. The simulation characteristics based on Hsiao and Lin [7] 

𝑹𝑪  (M)ɛ=𝒉𝟎 /𝑯𝟎𝑯𝟎 (𝒎)𝒉𝟎 (𝒎)

0.0560.350.070.2
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2.2. Model Setup 

To run the model, the local bathymetry and free 

surface elevation in addition to wave condition near 

the offshore boundary are necessary.  For bathymetry 

data, Ramin port hydrography provided by Iran 

Fisheries Organization in 2005 has been used. The 

numerical domain was discretized to triangular mesh 

with mean side length about 10 m. To achieve higher 

accuracy, the mesh size decreased to about 1 m 

around the breakwaters (Fig. 6). As if it’s a 3D 

domain, it is divided to 5 layers in vertical direction. 

This number of layer was chosen based on try and 

error. More layers increase computation time without 

meaningful changes in the results; while fewer layers 

couldn’t calculate the wave propagation and 

transmission well. 

The East and West boundary are introduced as slip 

boundary condition. In the South, the inlet boundary, 

a wave generator should be defined by introducing a 

time varying free surface elevation at the inlet 

boundary.  At the time of Gonu event, an AWAC 

current and wave profiler had been installed in 

25.261° N and 60.650° E in 30 m depth as a part of 

measurement tools installation during the project 

MONITOR SB&B by Ports and Maritime 

Organization of Iran. Fig.7 shows the time series of 

significant wave height, peak period and wave 

direction measured during Gonu event.  

The AWAC was located about 9 km  from the South 

boundary of the numerical domain used in this 

research and in the same depth, therefore its 

measurements was suitable enough to be used as the 

offshore boundary condition of this simulation. The 

simulations of Mashhadi et al. [6] also showed that the 

wave height in the location of the AWAC and the 

south boundary of our numerical domain was almost 

the same in different time steps of Gonu event. 

Therefore we have chosen these measurements as the 

input waves for the south boundary condition. 

To start the simulation we also need the free surface 

elevation covering tide and storm surge effects. As 

long as there was a tide gage installed inside Ramin 

port at the time, there was no difficulty to obtain the 

free surface variations. Fig. 8 shows the water free 

surface variations during Gonu event. For the 

simulation, one of the most extreme situations has 

been considered which was observed in 2006/06/06; 

table 2 summarized the hydrodynamic parameters of 

this situation. In this table Δη is the difference 

between mean sea -  - level and the free surface 

influenced by tide and storm surge. Considering the 

mean sea level equal 2.9 m based on the Ramin port 

design studies (Fig. 9) we have:  

= 2.9+1.5=4.4 m    (9) 

Table 2. The hydrodynamics parameters for the simulation of 

Gonu induced wave crash on Ramin port breakwaters 
Hs (m) Tp (s) dir (degree) Δη (m) 

5.0 12.0 175 1.5 

Figure 6. Computational grid for TELEMAC-3D based on Ramin port geomorphology 
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Figure 7. Significant wave height, peak wave period and mean wave direction measured by AWAC2 during Gonu event [6] 

Figure 8. Free surface variation during Gonu event in Ramin port [6] 

Figure 9. Ramin port breakwater sections versus sea levels 
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Figure 10. Free surface input time series 

t=131 s 
t= 44 s 

t= 300 s t=187 s 
Figure 11. Wave propagation inside the numerical domain 

Based on table 2 a wave time series based on 

JONSWAP wave spectrum was generate using 

WAFO module in MATLAB, this time series then has 

been used to introduce a time varying free surface 

boundary condition at the South boundary as 

illustrated in Fig. (10). At the bottom, a rough bed 

boundary condition has been considered.  

The simulation start from still water condition which 

means the free surface elevation is set to mean water 

level. In addition zero velocities and hydrostatic 

pressure is considered in the entire domain as initial 

conditions. 

4. Results and Discussion
The simulation was carried out for 5 minutes of the

worst situation in Ramin port during the Gonu

incident. Waves generated at the South boundary

propagate inside the numerical domain. Fig. (11) 

shows us 3D views of free surface results in four 

different time steps of the simulation. As illustrated in 

the figure, waves start to response to the bed 

hydrography as they approaching the shoreline. At t= 

187 s, wave diffraction is observed around the main 

breakwater tip. Also wave penetration inside the port 

basin is clear. At t=300, wave overtopping over the 

main breakwater is also recognizable.  

To study the interaction of waves and breakwaters 

four different sections were selected in the simulation 

domain (Fig. 12). The maximum and minimum of the 

water line in the shore area is illustrated in this figure 

with two black continues lines. The maximum line 

can be considered as the inundation line. The variation 

of free surface can be extract in any location needed. 

For example Fig. 13 shows the free surface variation 
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at Transect 2, Stations 1 to 6. As it could be seen in 

the figures, starting from Station 1 to Station 3, waves 

height reduces considerably during the reducing water 

depth, but as for Station 4, the water surface variations 

starts to get stronger as a result of interaction between 

waves and the main breakwater. In some points, water 

level exceeded 5.7 m which is the breakwater crest 

level. Station 5 is located inside the port basin, as one 

can see in the figure, the wave heights are less than 

0.3 m there which show that the port remained almost 

calm during the simulation. 

Figure 12. The selected sections for extracting outputs 

Fig. (14)  shows the maximum and minimum free 

water surface in front of the main breakwater at 

Transection 2. The wave overtopping over the 

breakwater can be observed clearly in this figure. The 

overtopping discharge can be estimated by 

multiplying average flow velocity and thickness of the 

water jet over the breakwater in each section. Fig. (15) 

shows this discharge for Transection 2. The maximum 

discharge reaches to 1.5 m2/s in this section during the 

simulation. 

Fig. 16 a and b show a comparison between 3D view 

of wave overtopping over the main breakwater and the 

photos taken by Iran Fisheries Organization; as it 

could be seen in this figure, the model results visually 

agree with the wave overtopping filmed in the port.  

Figure 13. free surface variation in transection 2 

Figure 14. Maximum and Minimum free surface level in front 

of the breakwater, Transection 2 

Figure 15. Overtopping discharge over the main breakwater, 

Transection 2 
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Figure 16. Comparison between a) real image of wave 

overtopping during the Gonu incident and b) the numerical 

results 

5. Conclusions
TELEMAC-3D model has been hired for the first time

to simulate high wave crash on coastal structures. For

this simulation, Ramin port breakwaters were

considered during Cyclone Gonu. The model was first

verified versus Hsiao and Lin [7] experimental results

because there wasn’t any nearshore measurement

during the cyclone. The simulation inputs were

hydrography of Ramin port area, a variable free

surface boundary condition as a wave generator in the

South boundary and the free surface affected by storm

surge. The 3D results show that the model was

successful in simulating coastal process like wave

shoaling, refraction and the diffraction at the tip of the

breakwater.

Some wave overtopping was observed during the

simulation which is in agreement with the videos

taken by Iran Fisheries Organization videos during

Gonu event. The overtopping discharge can be

obtained from this simulation. It was also observed

that in spite of wave diffraction and overtopping, the

port basin was almost safe. According to this

simulation, TELEMAC-3D could be hired in

modeling of waves and coastal structure interactions

as well as wave penetration inside ports and coastal

process; however wave and current measurement are

needed to verify and calibrate this model.

List of Symbols (Optional) 

Cμ, Prt, C1ε, C2ε, 

C3ε, σk and σε 

k-ε model contestants

g Gravity acceleration 

G Source term due to the gravitational 

forces 

k Turbulence kinetic energy 

p Pressure 

patm Atmospheric pressure 

pd Dynamic pressure 

P Turbulence energy production term 

Ui Fluid velocity in ith direction 

x, y, z Coordinate directions 

Δη Difference between mean sea level 

and the free surface 

ε Kinetic energy dissipation rate 

η Free surface elevation 

νt Kinetic eddy viscosity 

ρ Water density 

ρ0 Reference water density 
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The current manuscript presents the validation of Smoothed Particle 

Hydrodynamics (SPH) techniques for wave generation by underwater 

explosion, utilizing the so-called DualSPHysics numerical model. This 

numerical method is used to analyze generated waves which are initiated by 

man-made or natural explosions below free surface level of sea. In spite of the 
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agreement is accomplished with predictions of the existing formula as well as 
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inherently more accurate computational for the prediction of wave 

characteristics generated by underwater explosions. 
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1. Introduction
Underwater explosions are known to generate

relatively slow, outward-moving surface waves, with

certain recognizable characteristics. Such waves,

originating in the volume oscillations and upward

movement of the explosion-induced gas bubble

breaking on the surface, eventually form a train

spreading in widening circles of steadily diminishing

height around the still water level. Predominantly, the

first surface wave near the burst is too steep a

waveform to be sustainable; consequently, it breaks

into a turbulent kind of motion, dissipating a large part

of the initial energy that would otherwise be available

to create surface waves. Subsequently, the wave-train

usually travels over deep waters almost without

further loss of energy.

Past studies on waves generated by underwater

explosion lead to valuable results regarding the

behavior of waves and developing wave theories.

Moreover, given the similarity of these waves to the

waves caused by the impact of meteorites in large

water bodies, exploding volcanoes and tsunamis

caused by underwater landslides, therefore, by virtue

of studying waves induced by controlled underwater

explosions, the derived results may be similarly

applicable to for the simulation of other types. 

Naturally, the waves produced by a downward surface 

elevation impulse, or via an underwater explosion, 

constitute a dispersive system whose properties are 

not constant as wave characteristics such as 

representative periods, celerities and wave-lengths 

often increase over duration of propagation and wave-

heights decrease with increasing travelled distance. 

Various theoretical concepts have been established 

often rooted in analytical derivations in combination 

with empirical observations to characterize wave 

properties at a given place and time in order to 

achieve good conformity with measurements, 

however, a study of the literature points to the fact 

that in recent era numerical modeling tools are yet to 

be widely used in tackling this interesting topic. 

Therefore, it is strived in this article to address this 

issue by applying state-of-the-art numerical modeling 

tools for the sake of better understanding explosion 

created water waves as well as other waves of similar 

mode of generation. 

A number of previous studies on underwater 

explosion phenomena have been performed in 

different related realms, such as, field experiments, 

laboratory investigations, analytical approaches, and 

http://ijcoe.org/browse.php?a_code=A-10-57-1&sid=1&slc_lang=en
mailto:akbarpour@inio.ac.ir
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numerical modeling. Generally, water waves due to 

underwater explosions are originated by a pulsating 

bubble. As a result, some researchers focused on the 

ensuing bubble behavior during its movements, while 

others worked on the stage of the bubble collapse and 

wave initiation, utilizing similar methodologies and 

assumptions which present study is more close to the 

last series of researches. 

The first theoretical treatment of wave generated by 

an initial free surface disturbance of infinitely small 

radius, but finite energy, is due to Cauchy (1815) and 

Poisson (1816). An early study of considerable 

significance in the field of bubble research is 

investigation by Lord Rayleigh (1917) about collapse 

of a spherical cavity in an infinite fluid. The 

generalization of Lamb's method to a case of an initial 

disturbance of finite extent was developed by 

Terazawa (1915), for the cases of deep and 

intermediate water depth. Terazawa also investigated 

the effect of the depth of burst in the case of an 

impulsive explosion. Rayleigh’s idea was extended in 

the context of underwater explosion research by Lamb 

(1923) who assumed that the pressure within the 

explosion bubble is variable. For motion under the 

influence of buoyancy alone Herring (1941) first gave 

the system of equations describing the evolution of the 

explosion bubble. A numerical investigation of the 

generation and propagation of an underwater blast 

wave was undertaken by Penney (1941) and Penney 

and Dasgupta (1942) in which the equations of 

compressible flow were integrated along 

characteristics. Penney and Price (1942) were 

motivated to consider the stability of an initially 

spherical bubble rising under the action of buoyancy 

forces. The significant practical technique employed 

being high speed photography by Taylor and Davies 

(1943) and Bryant (1944), which allowed accurate 

records of the bubble shape as a function of time and 

the migration of the bubble to be obtained, with data 

also being recorded during collapse phase of the 

motion. Charlesworth (1945) performed a series of 

tests and studied underwater explosion effects on 

wave generation and propagation. Penney (1945) 

proposed an analytical relation for dome and crater 

formation during bubble collapse near free surface of 

water. Besides he worked on gravity waves in water 

caused by explosions. Bryant (1945) applied Penney’s 

analytical solution for test results. Herring (1949) 

presented a discussion of possible loss mechanisms 

including radiation of acoustic energy, turbulence and 

heat transfer and concluded that although the principal 

loss mechanism is via radiation [1].  

Axi-symmetric solutions for explosion generated 

water waves was given by Kranzer and Keller (1959) 

in which the influence of water depth was taken into 

account [2]. The characteristics of explosion cavities 

at reduced pressure have been modeled in detail on a 

small scale by Kaplan and Goodale (1962). A 

generalization of the Cauchy-Poisson Theory to a 

finite disturbance of arbitrary form was developed by 

Le Mehaute (1963). By approximating the dispersion 

relationship to include only the long wave portion of 

the spectrum and limiting the source disturbance to a 

long narrow strip, Kajiura (1963) arrived at results 

same as Eckart’s works (1948). Applications of 

Kranzer and Keller analytical approach were 

presented by VanDorn (1964), Whalin (1965), Hwang 

and Divoky (1967). Theory was developed to predict 

the wave properties at a given travel time and distance 

for given source energy, displacement and travel path 

depth profile by Jordaan (1965). In their landmark 

paper Benjamin and Ellis (1966) introduce the 

concept of the Kelvin impulse to the study of bubble 

dynamics. Some researches were performed about 

propagation of water waves due to explosions and a 

sort of concepts were raised, such as VanDorn et. al 

(1968). They also found the behavior of explosion 

generated water waves on the continental shelf and its 

effect on costal area. Chapman (1971) employed a 

marker in cell technique and computed the collapse of 

an initially spherical vapor cavity adjacent to a rigid 

boundary. A theoretical mathematical model for the 

simulation of the hydrodynamics related to 

underwater explosion and subsequent bubble 

dynamics and free surface effects was formulated by 

Amsden (1973); Hirt and Rivard (1983); Fogel, et al. 

(1983) and Mader (1988) [1].  

Bottin and outlaw (1987) prepared a class of field 

investigations about explosion generated waves in 

shallow water [3]. The vulnerability of coastal 

facilities and vessels to explosion generated water 

waves was studied experimentally by Bottin and 

outlaw (1988) in US army engineer waterways 

experiment station [4]. Wilkerson (1988) studied 

theoretical cavity shapes and potential flow by 

numerical methods. For a given experimental wave 

record at a defined distance from zero surface, the 

initial conditions are determined numerically by 

reverse transforms by Le Mehaute, et al. (1989), 

Wang, et al. (1989) and Khangaonkar and Le Mehaute 

(1991). Le Mehaute and Khangaonkar (1991) 

proposed a simple relationship for horizontal radius of 

the cavity when it is developed in depth of water. 

Wang (1992) worked on simulation of crater 

formation and surface movement [5]. 

The effects of an underwater explosion depend on 

several parameters, including distance from the 

explosion source, energy of the explosion, the depth 

of the explosion, and the water depth. Underwater 

explosions generate relatively slow, outward-moving 

surface waves, which have certain recognizable 

characteristics. These waves, originating in the 

oscillations of the gas bubble as it breaks the surface, 

eventually form a train spreading in widening circles 

of steadily diminishing intensity around the surface 

zero. Generally, the first surface wave near the burst is 

https://en.wikipedia.org/wiki/Explosion
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too steep to be sustained; consequently, it breaks into 

a turbulent kind of motion, consuming a large part of 

the initial energy that would otherwise have been 

available to create surface waves. Subsequently, the 

wave train travels over deep water often almost with 

no further loss of energy. Certain characteristics of 

surface waves become more pronounced when the 

detonation occurs in shallow water rather than in deep 

water. Field test observations showed that the first 

wave behaved differently from the succeeding ones; it 

was apparently a long, solitary wave, generated 

directly by the explosion, receiving its initial energy 

from were probably formed by the venting of the gas 

bubble and refilling of the cavity in the high-velocity 

outward motion of the water accompanying the 

expansion of the gas bubble. Some other tests 

indicated that the initial, solitary wave is characteristic 

of explosions in shallow water. Detonations in deep 

water generate a train of waves in which the number 

of crests and troughs increases as the train propagates 

outward from the center of the explosion. The 

properties of dispersive wave motion in the space-

time field were derived for general conditions and 

certain practical applications. Maximum wave 

heights, periods, lengths, velocities, travel times, 

envelopes, group velocities, and the modification by a 

shoaling bottom can be uniquely expressed in terms of 

the initiating disturbance and stated by VanDorn 

(1964), LeMehaute (1964), Whalin (1965) and 

Jordaan (1964) [6]. 

In case of deep water or near surface explosions with 

low quantity of yield, after reaching bubble to the free 

surface region of water, sea surface started to deform 

into a dome shape body (see Figure 1). During this 

process water layer which is located on top of water 

become thinner and unstable until its strength be 

broken, so confined gas and vapor inside the bubble 

will be released outward. Finally the fragmented 

bubble will be reshaped into a crater which is 

surrounded by lip shape all around it (see Figure 2) [7, 

8, 9, 10]. 

2. SPH numerical model
SPH is a Lagrangian method in which the continuous

medium can be discretized into a set of disordered

points [11]. SPH allows any function to be expressed

in terms of its values at a set of the particles by

interpolation without using grid to calculate spatial

derivatives. In this way physical properties of each

particle, such as: acceleration, density and etc. are

quantified as an interpolation of the same values in

neighbor nodes. The main feature of the SPH

technique is to approximate a scalar function 𝐴(𝒓) at

any point with r vector of position, as follows [12, 13,

14]:

𝐴(𝒓) ≅ ∫ 𝐴(𝒓′). 𝑊(𝒓 − 𝒓′, ℎ)𝑑𝒓′         (1)

where in Eq.(1) ℎ is called smoothing length to 

represent the influence of the nearest particles in a 

neighboring domain, so it is weighted in accordance 

with distance between particles. Kernel function 

𝑊(𝒓 − 𝒓′, ℎ) is used to estimate the amount of

participation by means of smoothing length 

parameter. In discrete form Eq.(1) becomes [12, 14]: 

〈𝐴(𝒓𝑎)〉 ≈ ∑ (
𝑚𝑏

𝜌𝑏
) . 𝐴(𝒓𝑏). 𝑊(𝒓𝑎 − 𝒓𝑏 , ℎ)𝑏            (2)

where in Eq.(2) the summation is extended to all the 

particles within the neighboring distance of particle 

"a", and the volume associated with the particle "b" is 
𝑚b

𝜌b
, so 𝑚b and 𝜌b are respectively the mass and the

density of this neighbor particle. The kernel functions 

shall have several properties [12, 13], including: 

positivity inside the area of interaction, compact 

support, normalization, and monotonic decrease with 

distance. One kernel option is the quintic kernel 

described by Wendland (1995), for which the 

weighting function vanishes for inter-particle 

distances greater than 2ℎ. It is defined as (Altomare 

et. al., 2014, 2015): 

𝑊(𝑞) = 𝛼𝐷 (1 −
𝑞

2
)

4
(2𝑞 + 1)  ;  0 ≤ 𝑞 ≤ 2         (3)

Where in Eq.(3), 𝑞 =
|𝒓|

ℎ
 is defined as ratio of particle 

distance to smoothing length and 𝛼D is a

Figure 1. Rising dome due to expansion and upward 

migration of bubble 

Figure 2. Generating crater and lips after bubble collapse 
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normalization constant, which is equal to 
7

14𝜋.ℎ2 in two 

dimensions and 
21

16𝜋.ℎ3 in three dimensions. 

The conservation laws of continuum fluid dynamics, 

in the form of differential equations, are transformed 

into their particle forms by the use of the kernel 

functions. The momentum equation proposed by 

Monaghan (1992) has been used to determine the 

acceleration of a particle "a" as the result of the 

particle interaction with its neighbors, such as particle 

"b" [12, 13]: 

𝑑𝒗𝑎

𝑑𝑡
= − ∑ 𝑚𝑏 (

𝑃𝑏

𝜌𝑏
2 +

𝑃𝑎

𝜌𝑎
2 + 𝛱𝑎𝑏) 𝜵𝑎𝑊𝑎𝑏 + 𝒈𝑏          (4)

where 𝒗 is particle velocity, 𝑃 is particle pressure, 𝒈 

is gravitational acceleration vector equal to 

(0,0, −9.81), and 𝑊𝑎𝑏 is the kernel function that

depends on the distance between particles "a" and "b". 

𝛱𝑎𝑏 is the viscous term according to the artificial

viscosity proposed by Monaghan (1992) [12, 13]: 

𝛱𝑎𝑏 = {
−

𝛼𝑣 .  𝑐𝑎̅𝑏 .  𝜇𝑎𝑏

𝜌̅𝑎𝑏
 ;   𝒗𝑎𝑏 .  𝒓𝑎𝑏  < 0

0  ;    𝒗𝑎𝑏 .  𝒓𝑎𝑏  ≥ 0
(5) 

where 𝒓ab = 𝒓a − 𝒓b , 𝒗ab = 𝒗a − 𝒗b; which are the

particle position and velocity, respectively. 𝛼𝑣 is a

coefficient that needs to be tuned in order to introduce 

the proper dissipation. The value 𝛼𝑣 = 0.01 was used

in this work because it is the minimum value that 

prevents instability and spurious oscillations in the 

numerical scheme. 𝑐a̅b =
 𝑐a +  𝑐b

2
 is the mean speed of 

sound of particles, 𝜌̅ab =
 𝜌a +  𝜌b

2
 is the mean density 

of particles and  𝜇ab =
ℎ .𝒗ab .  𝒓ab

𝒓ab .  𝒓ab+ 𝜂2 with 𝜂2 = 0.01 ×

ℎ2. 

Equation of states for ideal gases is as follow [12, 13, 

14]: 

𝑃 = 𝐵 [(
𝜌

𝜌0
)

𝛾
− 1] (6)

𝐵 =
𝑐0

2 .  𝜌0

𝛾
(7)

𝑐0 = 𝑐(𝜌0) = √
𝜕𝑃

𝜕𝜌
|

𝜌0

(8) 

the parameter 𝐵 is a constant related to the fluid 

compressibility modulus, 𝜌0 = 1000 kg/m3 is the

reference density, chosen as the density at the free 

surface, 𝛾 is a constant, normally between 1 and 7, 

and 𝑐0 is the speed of sound at the reference density

[14]. 

3. Present Approach
In this study, it is aimed to simulate the initiation and

primary wave propagation via underwater explosion

phenomena partaking of the SPH method. Results of

the adopted SPH model were compared with some of

well-known experimental, analytical and numerical 

studies, focusing on the primary wave formation after 

cavity collapse and wave propagation aspects. 

It is intended to investigate of the flow after the cavity 

in the free surface reaches its maximum dimensions, 

assuming that the flow is single phase type, neglecting 

any two-phase flow effects, as well as that the 

surrounding fluid is deemed approximately at rest at 

the time of reaching the maximum bubble radius [15]. 

As stated in user manual of the DualSPHysics code 

[16], it has been developed starting from the SPH 

formulation implemented in SPHysics [17]. This 

FORTRAN code is robust and reliable but is not 

properly optimized for huge simulations [18, 19]. 

DualSPHysics is implemented in C++ and CUDA 

language to carry out simulations on the CPU and 

GPU respectively [20]. Furthermore, better 

approaches are implemented, for example particles are 

reordered to give faster access to memory, symmetry 

is considered in the force computation to reduce the 

number of particle interactions and the best approach 

to create the neighbor list is implemented [21]. The 

CUDA language manages the parallel execution of 

threads on the GPUs. The best approaches were 

considered to be implemented as an extension of the 

C++ code, so the most appropriate optimizations to 

parallelize particle interaction on GPU were 

implemented [22]. The DualSPHysics code has been 

developed to simulate real-life engineering problems 

using SPH models such as the computation of forces 

exerted by large waves on the urban furniture of a 

realistic promenade [14] or the study of the run-up in 

an existing armour block sea breakwater and wave 

forces on coastal structures [12, 13]. 

The main purpose of the present study is to investigate 

the precision of SPH-type methods for computing 

water waves generated by underwater explosion 

occurrences. Hence, some new modeling test cases 

were compared with analytical-rooted solutions 

proposed in the literature, and with experimental data 

as well as traditional numerical modeling results.  

DualSPHysics version 3.1 (2013) is used in the 

current study, requiring hardware with run of a 

Central Processing Unit (CPU) or a Graphical 

Processing Unit (GPU) in addition. The computational 

efficiency offered by the GPU has made high 

performance computing more readily available for 

computational fluid dynamics applications, especially 

in the case of very large modeling domains. 

Two types of GPU cards on different machines were 

used in current study. Applied machines and 

processors are as following: (1) GeForce GTX 680 

with 1536 CUDA cores on a personal computer with a 

CPU type of AMD A8-3870 APU, (2) GeForce GTX 

780M with 1536 CUDA cores on a MSI laptop which 

has CPU type of Intel® Core™ i7-4700MQ. 
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4. Comparison of simulation results with

existing analytical and empirical solutions
Before application of the code for field tests,

appropriate justification of the DualSPHysics was

required to clarify that the numerical model could

reliably simulate free surface shock propagation

phenomena due to predefined initial condition [23].

Thus, several recognized analytical solved problems

were simulated, so the generated wave shapes and

behavior of propagated waves due to initial crater of

underwater explosion were monitored. Finally the

results were compared with those are described in

reference works and literature. There are too many

theories and formulae about underwater explosion

waves, so in this study the Penney’s (19450

theoretical relations [24], Charlesworth (1945)

experimental results [25] and Mader (1976) numerical

experiences [26], were considered as case studies.

4.1. Charlesworth’s experimental setup 
One of the experiences in a field-laboratory 

environment was performed by Charlesworth (1945) 

at the Road Research Laboratory, London [25]. A 

complete description of the experimental definition 

and set of outputs were provided by him. This field 

test was an underwater explosion experiment within a 

semi rectangular bay, which was limited by banks in 

west and south directions respectively 55 ft (16.76 

meter) and 70 ft (21.34 meter) from surface zero. 

Water depth was approximately uniform, from 15 to 

18 ft (4.57 to 5.49 meter), all around the charge 

location (see Figure 3). Charge depth locations and 

weights were considered variable. Wave amplitudes in 

specified locations were captured by a camera on 

south bank.  

In this study, the recorded amplitudes of surface 

waves produced by a 32 lb (14.5 kg) charge detonated 

in water at a depth of 8 ft (2.44 meter) which was 

recorded for point at 56.5 ft (17.22 meter) from the 

charge, were considered for evaluation of SPH 

modeling. 

4.2. Penney’s analytical solution 
Analytical solution proposed by Penney (1945) for 

initial condition of cavity formation due to underwater 

explosion [24], especially in deep water, was 

examined by Bryant (1945) for last mentioned 

experiment by Charlesworth (1945) [25]. The same 

three dimensional SPH model was applied for 

comparison of results (see Table1). In this case both 

initial conditions, Penney’s theory and modified 

Penney’s curve as described by Bryant (1945), were 

tested in simulations. 

Table 1. SPH-3D model parameters of the simulation of 

Charlesworth’s experiment and Penney’s analytical solution 

by bryant 

Characteristic Value 

Particle size 0.2 ~ 0.5 [m] 

Smoothing length 0.015 [m] 

Number of particles 1,000,000 ~ 3,700,000 [-] 

Artificial viscosity 0.01~0.5 [-] 

Speed of sound coefficient 10 ~ 20 [-] 

CFL number 0.2 [-] 

Kernel function type Wendland [-] 

4.3. Mader’s numerical experiences 
As mentioned before, some researchers tried to model 

underwater explosion and its effects such as surface 

water waves. One of this kind of researches, is 

numerical simulations of waves generated from 

surface cavities by Mader (1976) [26]. Mader applied 

two reference numerical model, SWAN and ZUNI, 

for simulation purposes in his works [26]. Here the 

results of Mader were used for re-assessing the 

primary wave generation from cavity formation of 

underwater explosion phenomenon. Mader studied the 

wave motion resulting from cavities in the ocean 

surface, using both the long wave, shallow water 

model and the incompressible Navier-Stokes 

equations. He found that the fluid flow resulting from 

the calculated collapse of the cavities is significantly 

different for the two models. Also he supposed that 

the experimentally observed flow resulting from 

explosively formed cavities is in better agreement 

with the flow calculated using the incompressible 

Navier-Stokes model. 

4.4. Prins’ experimental setup 
In this section SPH modeling results are also 

compared with the experimental data provided by J.E. 

Prins (1956) at Wave Research Laboratory of the 

Institute of Engineering Research, University of 

California, Berkeley [27, 28]. The model 

investigations were carried out in a flume one foot 

wide by sixty foot long. In this experimental research 

water depression was created by an air-tight box of 

Plexiglas with a sliding front wall in which the water 

level could be elevated or depressed by means of a 

Figure 3. Site plan of underwater explosion tests 

(Charlesworth, 1945)  
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decreased/increased pressure in the air compartment. 

By pulling the slide upward in the shortest possible 

time it was possible to develop a free elevated or 

depressed area of uniform height with all the water 

particles effectively at rest. The back wall of the box 

was considered to cause a total reflection and hence is 

the axis of symmetry of the system. At the opposite 

end of the channel a wave absorber was installed. The 

vertical movement of the water surface, η, was 

recorded as a function of time simultaneously at five 

places along the channel with a six-channel recorder 

by using parallel wire resistance wave gages [27, 28]. 

The test results with water depth d=2.3 ft (0.7 meter), 

upward initial bore Q=0.4 ft (0.12 meter) by a length 

of L=2 ft (0.61 meter) were considered for modeling 

purposes. Recorded wave profile at X=15 ft (4.57 

meter). 

5. Results and discussions
This section shows the capability of the SPH method,

the DualSPHysics code in particular, to simulate

collapse of initial cavity and primary wave domain

due to underwater explosion.

The process of numerical simulation of fluid particles,

during initiation of primary wave shapes and their

radial propagation from surface zero towards all

directions, is related on the physical properties at each

SPH particle and its interaction with other ones. The

wave shapes can be numerically measured by wave

gauges in specified locations or by free surface

waterline calculations. These techniques were applied

in following simulation test cases to assess the results

with experimental, analytical or numerical

experiences by others.

Prior to applying DualSphyics to model experimental

and numerical cases, a simple wave propagation due

to free water surface initial condition deformation was

tested and wave shapes were monitored qualitatively.

In this numerical test, wave forms were originated and

propagated very smooth. The effects of variation of

different parameters were checked and found that the

most critical parameter in this type of hydrodynamic

problem is particle sizes. For very large or very small

sizes of particles, the waves were dissipated or

damped very quickly due to low accuracy in very

large sizes and numerical viscosity effects in very

small sizes. Finally it has been proven that for a good

behavior of numerical model, it is better that the

optimum size of particles to be considered in the

range of 1/10 to 1/1000 of largest dimension in 3D

simulations and 1/1000 to 1/100000 of largest

dimension in 2D models. Also it is found that in

vertical direction at least 5 to 10 particle is required.

The primary wave formation and propagation is

shown in Figure 4.

 

3D presentation of dome evolution in time and 

primary wave propagation mechanism in Figure 5a, 

also velocity components in X, Y and Z directions are 

quoted respectively in Figures 5b to 5d. Two instant 

of the SPH simulation using DualSPHysics is depicted 

in Figure 6. Different numerical parameters related to 

the number of particles and 3D-SPH simulations are 

summarized in Table 1. A good agreement between 

experimental and SPH results are presented in Figure 

6. Both trends are definitely compatible and besides

three peaks are approximately simulated with a shift

in time of occurrence which become greater from first

crest in curve to the third one (see Figure 6).

Experimental measurements included the time series

of the wave amplitudes. These experimental data were

also used by Bryant (1945) to validate the Penney’s

theoretical formula for initiation of water waves and

cavity formation. The initial surface condition was

considered to be parabolic with the characteristics that

are specified in Bryant’s work (1945) for both SPH

models of Charleston and Penney [28].

Various types of two dimensional SPH models were

prepared for these samples, so their simulation

Figure 4. Primary wave generation and propagation due to 

underwater explosion (times in seconds, distances in meters) 
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parameters are similar to last SPH modeling case that 

is presented in Table 1.  

Figure 5a. Time evolution of dome shape and primary wave 

propagation with vertical velocity contours 

Figure 5b. Time evolution of velocity X-component contours 

Figure 5c. Time evolution of velocity Y-component contours 

Figure 5d. Time evolution of velocity Z-component contours 

Such as last numerical experience in present work, 

there is reasonable agreement between the two curves 

(see Figure 7).Results of SPH are shown in Figure 8 

for SWAN modeling and also Figure 9 for simulations 

by ZUNI respectively. SPH model properties of these 

series are quoted in Table 2.  
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Figure 8. Comparison of SWAN modeling wave generation 

and propagation due to initial crater (Mader, 1976) with SPH 

results (Current study) in different time steps 

Table 2. SPH-2D model parameters of the simulation of 

Mader’s numerical experiment 

Characteristic Value 

Particle size 0.01 ~ 0.05 [m] 

Smoothing length 0.015 [m] 

Number of particles 20,000 ~ 100,000 [-] 

Artificial viscosity 0.01~0.5 [-] 

Speed of sound coefficient 10 ~ 20 [-] 

CFL number 0.2 [-] 

Kernel function type Wendland [-] 

It is important to note that wave shapes are very 

similar but a slight time shift in wave propagation is 

visible. Water levels and especially geometry of 

primary wave are approximately simulated by SPH 

technique. A series of two dimensional SPH models 

of Prins’s tests were built, which their simulation 

properties are presented in Table 3. 

Figure 7. Comparison of Penney’s analytical solution 

with SPH results

Figure 6. Comparison of Charlesworth’s experimental data 

with SPH results

Figure 9. Comparison of ZUNI modeling wave generation and 

propagation due to initial crater (Mader, 1976) with SPH results 

(Current study) in different time steps 
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Table 3. SPH-2D model parameters of the simulation of 

Prins’s laboratory experiment 

Characteristic Value 

Particle size 0.0006096 ~ 0.01016 [m] 

Smoothing length 0.0015 [m] 

Number of particles 130,000 ~ 365,000 [-] 

Artificial viscosity 0.01~0.5 [-] 

Speed of sound coefficient 10 ~ 20 [-] 

CFL number 0.2 [-] 

Kernel function type Wendland [-] 

Results of 2D-SPH modeling are shown in Figure 10 

for these experiments. Obviously the location and 

peak values of wave time histories in SPH models are 

very close to experimental results. 

6. Conclusions
Generation of first leading wave of a cavity type

initial condition on free surface of sea water line, is a

typical shock wave that is very high and unstable due

to its extra ordinary steepness. Most of the time this

primary wave is the largest and strongest wave among

other wave in a trail of underwater explosion surface

waves. Prediction leading wave and calculation of its

properties, is important for design of coastal and

marine structures that are located in the effective

domain of leading wave. Smoothed Particle

Hydrodynamics, is a proper numerical method for

prediction of turbulent and harsh condition of surface

water waves. In this research it is found that:

SPH model can predict first two or three leading

waves. It is seen than SPH model prediction has good

agreement with experimental or field records (see

Figures 6 & 10).

SPH results are more compatible with Eulerian

models which are constructed on the basis of Navier-

Stocks equations such as ZUNI model (see Figure 9).

Obviously shallow water models such as SWAN has

not capability of underwater explosion wave

generation by free surface initial conditions and

results are not compatible. Even in this case the

general trend of wave initiation and propagation are

the same but they are not match from scale and shape 

point of view (see Figure 8). 

SPH model results has shorter wave crest prediction 

vs. analytical and other numerical models. This 

difference is raised from discrete nature of SPH and 

splash of particles especially in contact moments 

when some parts of fluid particles coincide with other 

particles or rigid walls. In these cases, some parts of 

fluids are separated from the whole body and will 

drop again in another place with impact. This may 

cause some extra wave generation or damping of main 

wave bodies, so the results shows shorter wave 

heights than other techniques. 

The main difference between analytical and traditional 

numerical models with SPH models is discrete 

behavior of the last one. This property make it more 

suitable for modeling of shock phenomena. For 

instance when initial cavity form of water surface 

started to collapse, it is very hard for traditional 

models that simulate mixing multiple layers of fluids, 

but it is simulate inherently by SPH method. 

The major weak point of SPH is its lower accuracy vs. 

traditional CFD tools, then it may enforce user to 

create a fine size of particle and cause to larger 

computational times. On the other hand, by use of 

coarse size of particles, it is possible to find the main 

trend of surface waves of underwater explosion 

phenomenon. 
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