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1-2 Section 1 — Introduction A,B

A. General

The aim of the present procedure is to provide methodological guidance for the calculation of the wave loads on oceangoing

vessels, including vessels with rule length over 350m.

This procedure is based on the principles of marine hydrodynamics and is based on the following assumptions which are
broadly acceptable in the international literature and whose adoption is necessary for the simplification of the ship-wave

interaction problem:

The sea water is considered as inviscid and incompressible fluid.

The flow around the ship is considered irrotational.

The equations of ship motions are linearized.

The ocean waves are considered as an ergodic and stationary stochastic process.

The procedure gives guidance for the calculation of the ship responses (including pressures and wave loads) in both,
regular and irregular waves. For the case of irregular waves, the short-term and the long-term responses are produced, the

latter being necessary for ship-design purposes.

B. Background

According to TL CSR Part 1/Chapter 1/Section 2 /para 3.2, in case of ships having a rule length over 350m, the Society
should have its own procedure for the calculation of the wave loads, instead of using the relevant methodology included in

the Rules and which is applicable only to ships up to this length.

The formulae currently in use by the Classification Societies for the calculation of the wave loads are the result of a variety
of statistical analyses of theoretical and experimental studies and full-scale measurements, and they have been proven
adequate for ships having a length less than 350m. For ships of length greater than 350 m the use of the conventional
calculation of applied wave loads needs additional verification due to the lack of adequate accumulated experience for this

size of vessels.

The aim of the present procedure is to provide the necessary methodological guidance to ship designers for the calculation
of the wave loads on any oceangoing vessel, including vessels having a rule length over 350m.

The ship responses in a real sea state is a stochastic process and the probability theory is a power tool to assess design
values of ship motions and the associated wave-induced loads. In the context of the ship design process, values of wave
loads that have a specified pre-defined probability of non-exceedance during the ship’s lifetime, are required. For linear
wave induced responses, theoretical methods to estimate short- and long-term probability distributions are well established.
For nonlinear response, it is difficult to obtain sufficiently accurate extreme value estimates. However, the extreme nonlinear
response is usually related in time to the extreme linear response. In this aspect, linear approach will be also adopted in

this procedure.
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Basic Definitions

For the sake of clarity and for the better understanding of the present procedure, following definitions are given:

11

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

Regular wave is called a two-dimensional (long-crested) wave of sinusoidal shape, described by the ideal fluid
potential flow.

Irregular waves are non-symmetric waves, where the phase velocity depends on wave height.

Wave period T is the time interval between successive crests of a wave sequences (s).

Wave frequency f is the inverse of the wave period (s™).

Wave angular frequency w is the angular frequency given by the relation w=21/T (rad/s).

Wave amplitude A is called the distance of a wave crest or wave trough from the undisturbed free surface (m).
Wave height H is the distance between a successive crest and trough (m).

Significant wave height H'? is the average of the 1/3 highest wave heights (m).

Wave length A is the distance between two successive crests or troughs (m).

Wave number k is defined as the ratio 21/A

Peak period Ty, is the wave period or the period of another response e.g heave motion, with most energy in the
wave or the response spectrum (s).

Zero-up-crossing period T: is the wave or response period, in seconds, between two up-crossings of the
undisturbed mean level (s).

Phase velocity is the propagation velocity of the wave form (m/s).

Probability density function px(x) is a function specifying that the probability that X will lie within a specific portion
of x.

Prob[xs<Xsx+dx]=px(x)dx
It is evident that the area under the probability density function equals to 1.

The cumulative probability distribution function, Px(x), often referred to as simply the “probability distribution”
is the below integral of the probability density function

X

Py(x) = f P (0)dx

The average or the expected value, either of a random variable X or, more generally, of any function of X, f(x), is
defined as follows:
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C Section 1 — Introduction 14
E[X] = [, xpx()dx and  E[f(0] = [, f(x)px(x)dx
117 The mean square of a random variable X, is the expected value of X2, which is the second moment of px(x), taken
about x = 0.
E[X?] =f x%py(x)dx
1.18 Variance o2 is defined to be the expected value of the square of the deviation from the mean:
o = B w7 = | (= w)pxCodx
It can be proved that g?=E[X?]-u?

1.19 The square root o of the variance is called standard deviation.

1.20 Gaussian distribution is called the following probability distribution which is defined only by means of its mean
and its variance:

px(x) = e (CmW?/20®  _oo < x < 4o
2no
1.21 Rayleigh distribution is the probability distribution defined by the following relation:
_x -x2/20? 0
pX(x)—Fe , <x <4
The surface elevation X at any point in the ocean is a random variable with a Gaussian distribution and a zero
mean. The peak values of X, denoted here as X , have a Rayleigh probability density function.

1.22 The covariance Cxy of the random variables X and Y is defined as:

Cor = BLX =)0 =)l = [ [ @ = 100 = ey G )dady = ELXY] = E[X] = BIY]
When X =Y, the covariance Cxx reduces to the variance o2« of the random variable X.

1.23 A random process is called stationary, if its statistical characteristics do not change with time t. It has been found
experimentally that, in the short term sense, the sea surface elevation is a stationary random process.

1.24 A random process is said to be ergodic if its statistical properties can be deduced from a single, sufficiently long
in time, random sample of the process. Obviously, an ergodic process must be stationary, but a stationary random
process is not necessarily ergodic. Ocean waves are considered as ergodic process.

1.25 The auto-correlation function, denoted by R(7), is the average, or expected value, of the product of any two

values of X: X1 = X(t1) and Xz = X(t2) = X(t1 + 1), and it is defined as follows:

R() = EX(OX(t +7) = E[X,X,] = f f Xy Px Gy, x,)d; Ay

—00 —00
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1.26

1.27

The auto-correlation function is evaluated as the product of two readings taken from the same record where the
reading points are separated by a shift in time t. For a stationary process, R(1) is independent of time t.

Spectral density function S(w) (or simply spectrum) is called the Fourier transform of the autocorrelation function
R(1).
S(w) = if:: R(7) cos(wt) dr and R(1) = %fj;o S(w) cos(wt) dw

Since functions S(w) and R(1) are both real and non-negative functions, when we are referred to physical problems

(like ocean waves) where the negative time and frequency are meaningless, we can use the following relation:

+00

R(1) = f 25(w) cos(wt) dw
0

The area S(wo)dw within a bandwith dw is directly proportional to the total energy of all of the components that lie
within the band (wo-1/2-6w, wo+1/2-dw). For this reason, the Spectral density function S(w) is often called energy

spectrum or wave spectrum.

One of the principal advantages of the spectral density function is that all basic characteristics of a random process
can be expressed in terms of moments of this function:

+ 00

my, =f w"S(w)dw
0

where n may be any integer.

Narrow-Band Process is called a process that is made up of components whose frequencies lie within a narrow
band or range, whose width is small compared with the magnitude of the center frequency of the band wo. Analysis
of ocean wave data showed that for a fully developed, wind-generated, mid-ocean sea state the wave spectrum

is relatively narrow-banded.
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2-2 Section 2 — Linear Ship Responses to Regular Waves A,B

A. Frequency of Encounter

Consider a ship advancing at a steady mean forward speed U in a train of regular waves of small amplitude moving in six
degrees of freedom. The angle  measured between the direction of U and the direction of wave propagation, defines the
ship’s heading (B = 180° corresponds to head seas). It is assumed that both the wave excitation forces and the resultant
oscillatory motions are linear and harmonic, acting at the frequency of encounter, we, expressed as follows:

w§
w, = |w, ——Ucosf
g

where wo is the circular frequency of the incident waves, and g is the acceleration of gravity.

For the computation of all responses of any vessel to regular waves, it is necessary to deal with the complete motions of
a ship with six degrees of freedom, considering important couplings among them. The linear equations will be presented
for a ship advancing at constant mean forward speed with arbitrary heading in a train of regular sinusoidal waves.

Detailed derivation of the equations can be found in Salvensen et al (1970), Newman (1977), Ogilvie (1964) and Wehausen
(1971).

B Equations of Motion

The linearization of the equations is based on the assumption of small ship motions (which is applicable to stable ships

sailing in relatively small amplitude waves).

The following right handed coordinate system (x,y,z) will be used, which is fixed to the mean floating position of the body
and with the positive z-axis directed vertically upwards through the center of gravity of the ship. The origin of the system

is located on the undisturbed free-surface and the xz plane coincides with the plane of symmetry of the ship. The Ox axis
is directed along the vessel and the Oy is directed portside. The unit vectors along Ox, Oy and Oz axes are denoted by i,

Jjand k respectively.

Let n1, N2 and n3 respectively denote the surge, sway and heave motions of the ship. Furthermore let n4, ns and ne
denote the roll, pitch and yaw angles respectively.

The motion of any point on the ship is written as:

s=mit+nj+mk+eoxr, (2.2.1)

where
w=1n0+nsj+nsk and r = xi +yj + zk , (2.2.2)

By replacing following formula is obtained:

s= (M +2zns —yne)i+ (N2 — 204 + xn6)j + (M3 + yn4 — xM5)k (2.2.3)

Abkowitz (1969) has shown that for a ship with a vertical longitudinal plane of symmetry the system of linearized

equations is written in the form:
A(fjy + zc7js) = Fy
A(fiy = 2cTja + xc7jg) = Fa
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B Section 2 — Linear Ship Responses to Regular Waves 2-3

A(fjz — x.7js) = F3 (2.2.4)
LaaTia — laglis — A2.7j,) = Fy
Isstis + A[zcTjy — xcTjs) = Fs
lsstie — lgalja + Axcj; = Fp
where:
Fi(t), j=1,2,3 are the total forces in the x,y,z directions, respectively.
Fi(t), j=4,5,6 are the total moments acting about the x,y,z axes, respectively.
A, is the vessel’s displacement (total mass).
lj, j=4,5,6 are the moments of inertia around the x,y,z axes, respectively.
ls6=lea, is the roll-yaw product of inertia.
(x¢,0,zc) are the coordinates of the center of gravity of the ship.
7j;(t) is the acceleration in the j-th degree of freedom, where j=1,2,3,4,5,6 refers to surge, sway, heave, roll,

pitch and yaw, respectively

The linearized equations of motions may be also written in the form:

Yh=1djifix = Fj(t) = Fg; + Fyj, j=123,..6 (2.2.5)
where
Fgj is the component of the gravitational force acting on the vessel in the j-th direction,

Fuj is the component of the fluid force acting on the vessel in the j-th direction,

Aj is the inertia matrix

[ A 0 0 0 +A4z, 0
| o A 0 —Az, 0 +A4x, |
] o 0 A 0 —4x, O
k=1 o -4z, 0 Ly O —Lg (2.26)
+4z, 0  —Ax, 0 I 0
0 +4x. 0 —Ig O Ieg

Since only the vessel's response to sinusoidal waves is being considered in this section, the time dependent ship

responses can be written in the form:
n; () =1, et [ j=1,2,....6 (2.2.7)

Where we is the frequency of encounter:
2

Wo
w, = wg —— U, cosf
g

In this relation, wo is the circular frequency of the incident waves, g is the acceleration of gravity, and, 7, is the complex

amplitude of the vessel’s response in the j-th direction.

The gravitational forces are simply due to the weight of the vessel applied at the center of gravity. Since the mean
gravitational forces cancel the mean buoyant forces, they are usually combined with the hydrostatic part of the fluid flow to

give the net hydrostatic forces.

The fluid (hydrostatic and hydrodynamic) forces acting on the ship are obtained by integrating the fluid pressure over the
wetted part of the hull. The components of the fluid forces acting in each of the six degrees of freedom are given by the

formula:
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2-4 Section 2 — Linear Ship Responses to Regular Waves B
FHj = ffS P n;c ds, ] =12...6, (228)
where:
n; is the generalized normal vector to the hull surface,
P is the fluid pressure,
S is the wetted hull surface
The components of the generalized normal are given by the following relations:
ﬁ = (nlv ny, n3)
7 X1 = (g, N, Ng)
Where 7 is the unit normal to the hull surface out of the fluid and # the position vector to a point of the hull
7 =xl+y] +zk
The pressure on the body can be found by using the Bernoulli’'s equation for inviscid and irrotational flow:
P =%pU§ —pi—f—%p(V(P-V(D)—pgz , (2.2.9)
Where ®(x,y,z) is the flow potential, a scalar function the gradient of which gives the fluid velocity.
The fluid forces can be decomposed to a hydrostatic (Fys;) and hydrodynamic (Fyp;) part as follows:
Fuj = Fus; + Fupj, (2.2.10)
Hydrostatic component:
Fysj=—pg [f; z-n;-ds (2.2.11)
Hydrodynamic component:
Fupj = —p JJ; (%Ug—i—f—%(V@-Vdﬁ))njds (2.2.12)
a) Net hydrostatic forces
As previously defined the net hydrostatic forces Fys; are the sum of the gravitational and hydrostatic forces
F;IS] =FHSJ+FGJ' ]= 1,2,....6, (2213)
After the calculation of the integrals the net hydrostatic forces are written in the form:
Fiisj = = Xz CixTle et (2.2.14)

Where Ci are the hydrostatic restoring force coefficients and 7je“<t replaces the arbitrary motions 7, (t).
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B Section 2 — Linear Ship Responses to Regular Waves 2-5

The hydrostatic restoring force coefficient Ci gives the net hydrostatic force acting in the j-th direction due to a unit

displacement in the k-th direction. The hydrostatic restoring force coefficients Cik are obtained by the following relations:

Cjx, = 0,except for the following values

Css = pg | BGOdx
C35 = Cs3 = —pg [ xB(x)dx (2.2.15)
Caq = pgVGMr

Css = pg fsz(x)dx + pgV(KB — KG)

where:
B(x) is the sectional waterline beam,
GMr, is the transverse metacentric height of the ship
KB, is the vertical distance of the ship’s center of gravity from the base line

KG, is the vertical distance of the ship’s center of gravity from the base line.
In the relations (2.2.15) all integrals are taken over the length of the ship.
b) Hydrodynamic forces

In the context of the linearization, the following decomposition to the velocity potential is considered:

d(x,y,z;t) = [Upx + @s(x,y,2)] + pre'®et = [~Upx + ¢s(x,y,2)] +
+or + @p + X6-; @), Jeiwet (2.2.16)
where:
@s is the time independent (steady) perturbation potential due to the steady translation,
@7 is the unsteady perturbation potential
@, is the potential of the incident waves
¢p is the diffracted wave potential, and,

®;, j =1,2,...6 are the radiation potentials due to the motion of unit amplitude in the j-th direction.

It has to be noted that in the above decomposition the time dependence of the unsteady part of the potential is included in
the harmonic term e‘“<t and the potentials ¢;, ¢, and @; are time independent and are functions of the space variables

only.

After the linearization, the hydrodynamic forces are decomposed as follows:

Fupj = Fxj + Frj = {F} + FP}e'" + Xi_ Ty fce'@e (2.2.17)

where:

Fl'=-pff; n (iwe -U, ;;x) @ds , is the complex amplitude of the exciting forces due to the undisturbed

wave (Froude-Krylov forces),

FP=—p Jle (iwe - U, ;;x) @pds is the complex amplitude of the exciting forces due to the diffracted

waves, and
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2-6 Section 2 — Linear Ship Responses to Regular Waves B

Ty =—p ffs n; (iwe -U, ;;x) Qrds and the term Ty, n,is the complex amplitude of the hydrodynamic force

in the j-th direction due to the forced motion in the k-th direction.

The term T, is written in the form:

Tik = W5Ajx — iweBjk, (2.2.18)

where:

Aji = Re :’—f] is the added mass in the j-th mode due to the unit motion in the k-th direction, and,

Bj, =Im [— Z’—"] the corresponding damping coefficient in the j-th mode due to the unit motion in the k-th direction.

Finally by introducing in the linearized equations of ship motions the expression for the several forces as expressed

above, the equations of motion are written in the form:

Yhoa[—w(Aj + Ajic) + iweBjy + Cpe| e = F/ + FP, j=12,..6 (2.2.19)

The above system of equations consists of six coupled linear equations for the unknown complex amplitude of the six

motions 7.

For an arbitrarily shaped vessels the system of the six coupled equations of motion should be solved simultaneously.
However, in case of a vessel which is symmetrical port and starboard, the six equations of motion may be uncoupled into
two sets of three equations each. The surge, heave and pitch equations of motion are uncoupled with the sway, roll and
yaw motions. This uncoupling is a consequence of the considered linearization.

For the calculation of the several terms of this system the radiation and diffraction potentials are required to be calculated
by solving the corresponding hydrodynamic problems. For the solution of the hydrodynamic problem the use of the 3D
Boundary Element Method (BEM) or the Finite Element Method (FEM) are recommended.

The calculated ship motions depend on the heading angle and the linear system should be solved for several heading
angles. Finally, the calculated complex amplitudes are functions of the encounter frequency and the heading angle
Nk (w.; B) and are called Response Amplitude Operators (RAOs) or transfer functions. The concept of RAO is coming from
the theory of the Linear Systems. In marine hydrodynamics, the RAO of a specific ship response to a regular (harmonic)
incident wave is a complex number (which depends on the ship speed, the wave heading and the wave frequency) the
modulus of which represents the amplitude of the response (which is also considered as harmonic due to the linearity) to
an incident harmonic wave of unit single amplitude, while the argument of the RAO (also called “phase”) represents the lag
(in degrees or rads) between the incident wave and the ship response under consideration. The concept of RAO is
applicable to all linear ship responses (e.g. pressure on the wetted hull, bending moments, shear forces etc) and is not
restricted only to motions and accelerations. However, the RAO concept can not be used to nonlinear responses like the

Von Mises stress, the expression of which involves squares of several stress components.

After the solution of the hydrodynamic problem and the determination of the several components of the potential, the
pressure transfer function can be calculated from the relation (2.9) after the rejection of the non-linear term ip(V(D V).
Corresponding fluid forces are calculated by integrating the pressure over the wetted ship surface (see (2.2.8)).
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3-2 Section 3 — Description of Sea Environment A,B

A. The Unidirectional Wave Energy Spectrum

In an actual sea state, the wave induced response depends on the specific encountered wave system which is statistically
characterized by e.g. a wave height and a wave period. Short term response is a statistical representation of the wave
induced response during a specific sea state, which is defined by a wave spectrum and wave energy spreading function.
Long term response is based on a statistical representation of all encountered sea states defined by a scatter diagram.
These wave conditions are described in the following, and constitute necessary input to calculation of wave induced

response.

A wave spectrum represents the wave energy distribution of individual wave frequencies in a stationary sea state. Wave
spectra most relevant for ships are the two-parameter Pierson—Moskowitz (PM) (i.e.Bretschneider) and Jonswap wave
spectra (Ochi, 1998). These are unidirectional wave spectra, referred to as single peak one-dimensional wave spectra, i.e.
without wave energy spreading. In the context of the present procedure the two-parameter Pierson Moskowitz spectrum

will be used for the calculation of wave loads.

The PM wave spectrum for fully developed sea is given by:

41 T,

-4 4 4
S(w) = 15—6 Fwpw  exp [—%(a%) ] - S(w) = — HZ (ZT—:) w™Sexp [—%(Z—H) a)“*] (3.1.1)

where:
Hs is the significant wave height, in m,
wp =211/Tp , is the spectral peak frequency of the waves, in rad/sec,
Tp is the spectral peak period, in sec,
Tz is the zero cross period, in sec,

w is the angular frequency, in rad/sec,

The zero cross period is calculated by the formula:

— o M
T, = 2n\/n: (3.1.2)

where mo and m: are the zeroth and second order spectrum moments respectively(see para. 1.2.26).

B. The Directional Wave Energy Spectrum

The wave energy spreading to different heading angles S describes how the wave energy is distributed over different
headings relative to the main heading S,. A large spreading implies that the waves are short crested, while a narrow
spreading implies that the waves are long crested or unidirectional. Directional short-crested wave spectra S(w,,9) may be

expressed in terms of the unidirectional wave spectra as:
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B,C Section 3 — Description of Sea Environment 3-3

S(we, ) = S(we) - f(6), (3.2.1)

The angular spreading function f(99), unless otherwise specified, to be taken as ([Ochi ?7?]):

£(6) = %cosz(ﬁo —0), Y€ [—gg]

(3.2.2)

f@ =0, vel-2.7

C. Selection of Design Sea Environment

According to TL-G 34, but TL-CSR Rules and GBS as well, the standard wave data used for the prediction of the wave
loads are those related to the sea area of the North Atlantic (sea areas 8, 9, 15 and 16 in the map shown in Figure 3.3.1):
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Figure 3.3.1: Definition of the extent of the North Atlantic sea area.

The scatter diagram for the North Atlantic, as per TL-G 34, is given by the following Table:
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Table 1: Probability of sea-states in the North Atlantic described as occurrence per 100000 observations.
(Derived from BMT'’s Global Wave Statistics)

Hs/Tz 15 25 35 45 55 65 75 85 95 105 15 125 135 145 155 165 175 185 SUM
05 00 00 13 1337 8856 1180 6342 1863 369 58 o7 01 00 00 00 00 00 0o 3050
15 00 00 00 293 986.0 49760 77380 56697 23787 7035 1607 305 51 08 01 00 00 0o 2675
25 00 00 00 22 197.5 2158.8 62300 74405 48604 20660 6445 1602 7 63 11 02 00 00 23810
35 00 00 00 02 49 655 3265 56750 50091 28380 11141 3377 3 182 35 08 01 0o 19128
45 00 00 00 00 6.0 1981 13643 30885 38575 26855 12752 4551 109 319 69 13 02 0o 13289
65 00 00 00 00 10 510 4984 16029 23727 20083 11260 4836 1509 410 97 21 04 01 8328
65 00 00 00 00 02 126 1670 6903 12579 12686 8259 3868 140.8 422 109 25 05 01 4806
75 00 00 00 00 00 30 521 2701 5044 7032 5249 27e7 mr 367 102 25 06 01 2586
85 00 00 00 00 00 07 154 979 2559 3506 2069 1746 ] 277 84 22 05 01 1309
95 00 00 00 00 00 02 43 332 1019 1599 1622 992 483 187 6.1 17 04 01 626
105 00 00 00 00 00 00 12 107 379 675 i 515 3 14 40 12 03 01 285
115 00 00 00 00 00 00 03 33 133 268 314 247 142 64 24 07 02 01 124
125 00 00 00 00 00 00 01 10 44 99 128 no 68 33 13 04 01 0o 51
135 00 00 00 00 00 00 00 03 14 35 5.0 46 3t 16 o7 0z 01 0o 21
145 00 00 00 00 00 00 00 01 04 12 18 18 13 07 03 01 00 0o 8
155 00 00 00 00 00 00 00 00 01 04 08 o7 05 03 01 01 00 0o 3
165 00 00 00 00 00 00 00 00 00 0.1 02 02 02 Q1 0.1 00 00 00 1
SUM: 0 0 1 165 2091 9280 19022 24879 20870 12808 6245 2479 837 247 66 16 3 1 100000

According to IMO GBS FR 11.1, the specified ship design life is equal to 25 years. This life span determines the number of
cycles of the ship response to waves which in turn determines the probability of response exceedance per cycle. It is
assumed in the numerical model determining the long-term ship responses to waves that the probability of exceeding the
design value of ship response to waves is 108, which approximately corresponds to 25 years of the specified ship design
life.
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A. Response Spectrum

Consistent with linear theory short term extreme values can be derived from the standard deviation o of the response. The
response spectrum can be interpreted as the energy distribution of the response with respect to wave (encounter) frequency
we and heading angle B. Given the RAO n,(w,, B) for a given response k (from the solution of the system 2.2.19), the

response spectrum R(we,B) is defined as:

R(we, B) = |meCwa, B|” - S(we, B) 4.1.1)

The moments of the response spectrum are defined as:

Myn = fozn fom w" R(w,, f)dwdB , n=0,1,23, ... 4.1.2)

where n = 0 provides the variance (standard deviation squared), n = 1 the first moment and n = 2 is the moment of inertia
of the spectra.

B. Short Term Statistics

Short term statistics can be derived from the standard deviation o of the response corresponding to the zero moment:

0% =m,, 4.2.1)

Assuming that the response amplitudes follow the Rayleigh distribution:

X =2 ¥ 2, < x < 4o, 2.
px(x) = S e /2%, 0 (4.2.2)

following predictions of the statistical characteristics of the response can be made.

The probability the value of the response R to exceeds a given threshold value rv is given by the following relation:

2

wr ¥ L
P(R>1)= er ~e 2w -dr=e, (4.2.3)

The significant response amplitude, R, 5 , is defined as the mean value of the highest one-third part of the amplitudes:
R1/3 = 21¢mn’0 (424)

The mean period T1and the average zero-crossing period Tz, in s, of the response are defined as:

_ M0
T, =21 — (4.2.5)
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- M0
T, =21 /mm, (4.2.6)

The expected extreme value E[R,,,,] depends on the exposure time Tq in the actual sea state. For narrow banded linear
processes a good approximation is given by:

E[Rmax]) = 0 - |2in (%), (4.2.5)

Ty

where Tz is the zero-crossing encounter period of the response. It should be noted that the probability of exceeding this
value is 63%. However, the extreme value distribution is narrow for large durations and the response will usually not exceed

this estimate significantly.

Another often applied metric is the extreme value, R, , , associated with a small prescribed exceedance, probability, a.

An approximate formula valid for narrow banded linear processes is:

Rmaxa =0+ [2In (L), (4.2.6)

aT,
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A. Long Term Statistics

The long term statistics of ship responses take into account the various sea conditions that the ship is expected to encounter
during its life time. As a consequence, the long term statistics combine results from various short term assessments as
described in the previous section.

The most common method for assessing long term statistics is to apply simple weighting of short term responses based on
the probability of encountering various sea conditions. The weighting factor is defined by the probability of occurrence of
each sea state as defined by the actual wave scatter diagram.

A mathematical model of the probability of exceeding a given value yL of the ship response to waves is determined by the

following expression:

P(R27) =YX Zkpi v pily Jy Jo Prom(/(Hs,T,) - pur(Hs, T,) - dHs - dTy - dr (5.2.1)

where:

pram(r/(Hs, T,) is the probability density function of the random variable R, which represents any ship response
to waves, in the sea state condition (HS; Tz) (see relation 4.2.2),
Hs is the significant wave height, and
Tz is the average zero up crossing wave period, at a certain angle B of ship course in relation to the wave
propagation, in a given sea environmental condition, and ship loading condition;
pur(Hs, T,) is the probability density function of the occurrence of the specific sea state;

Dk is the probability of ship’s heading Bk , k=1,2, ...., nn, in relation to wave direction;

p; is the probability of ship’s presence in the specific sea state (Hs,T,); , j=1.2, ...., nss, in relation to the

wave direction;
D; is the probability of ship’s loading condition LC; , i=1,2, ...., n.c;
i is a predefined threshold number.

The probability distribution function py;.,(r/(Hs, T,)) for a specific response R follows the Rayleigh distribution and is

calculated by (5.2.2), where the variance o2 is calculated by the corresponding response spectrum:

Piim(r/(Hs, T,)) = —e7*"/27%, 0 < x < 4oo, (5.2.2)

The probability pyr(Hs, T,) of occurrence of a specific sea state with given significant wave height Hs and zero-crossing
period Tz is calculated from the scatter diagram for the North Atlantic sea area given in Table 1.

According to TL-G 34, in long term calculations, all wave headings (0-360°) can be assumed to have an equal probability
of occurrence. However, as per IACS document “CSR URCN1 TB Report(1) for NC01”, a more realistic representation of
the probability of ship’s heading B« , k=1,2, ...., nn, in relation to wave direction is proposed. The latter is adopted in this
procedure for the sake of uniformity with the IACS Members. Therefore probability p, can be calculated by the following

formula:
e = P(Bi; L) = a(By) - (L — 90) + P(90,8,), 90m < L < 350m (5.2.3)
pr = p(Bx; L) = 0.083333, L > 350m
where:
L is the ship’s length in m,
a(By) = 0.08333236-'2(90,,8,()’ and

TURK LOYDU - PROCEDURE FOR DESIGN WAVE LOADS ON SHIP STRUCTURES- JULY 2021



5-3 Section 5 — Long Term Ship Responses A

P(90, B;) takes the values indicated in the following Table:

B P(90,Bs)
0 0.271838
30 0.040681
60 0.031733
90 0.02541
120 0.051746
150 0.047857
180 0.333307
210 0.047857
240 0.051746
270 0.02541
300 0.031733
330 0.040681

For the long-term calculations a maximum spacing of 30 degrees between headings should be applied.

The probability p; of ship’s presence in the specific sea state (Hs,T,); , j=1,2, ...., Nss, is normally assessed by means of
the vessel’s operational profile taking into account the associated wave data of the areas of operation. However, for design
purposes and according to the Functional Requirement 1.2 of IMO GBS, the considered sea areas are to be the North
Atlantic, covering the zones 8, 9, 15 and 16 (see Figure 3.3.1) and therefore corresponding wave statistics included in TL-
G 34,can be used. If we consider that the vessel sails all her life (i.e. 25 years) in the North Atlantic, the probability to sail
in a specific sea state ((Hs,T,); can be considered equal with the probability of occurrence of this stated, as can be
calculated from the scatter diagram of North Atlantic (TL-G 34).

For the estimation of the probability p; of ship’s loading condition LC; , i=1,2, ...., n.c the most unfavorable Loading

Conditions included in the vessel’s Loading Manual shall be considered.

Taking into account equation (5.1.2) and the scatter diagram for the North Atlantic, the relation (5.1.1) for the calculation of
the long-term probability that the amplitude of the ship response R will exceed the threshold value r;, can be alternatively

expressed in the following way:

r
P(RZrL)=ZZZZZ;6"‘2/ZUZ'Pk'Pj'Pi'Pht
T TR

L

where the probability p;,;, h=1,2,..17, t=1,2,...,18 is the probability of occurrence of a specific sea state (H,,T;) as

calculated from the scatter diagram of TL-G 34.
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A. The Equivalent Design Wave concept

The Equivalent Design Wave (EDW) approach represents a consistent rational procedure that employs a direct analysis
for the particular hull structure. The Equivalent Design Wave approach is widely used in the industry as an efficient
engineering procedure. It is the basis of the hydrodynamic loads formulas in the different classification rules, such as the
IACS Common Structural Rules.

An Equivalent Design Wave is a sinusoidal wave, or a group of waves, which is defined in order to maximize a
given target (dominant) load. This target load is often a load parameter (such as vertical bending moment, acceleration,
etc...), but it can be any type of ship response (local pressure, stress...).

The underlying assumption is that if the ship is investigated to resist loadings caused by selected (equivalent) regular
waves, it will resist all loads expected during its lifetime.

General practice is to choose a regular sinusoidal wave for the EDW, the main advantage being its simplicity. The EDW
is defined by the following parameters: frequency, heading angle, amplitude and phase angle (crest position wrt to LCG).

For each Load Case, an equivalent design wave is determined which simulates the extreme response value of the Dominant
Load Response of the Load Case. The effect of the EDW for the dominant load response on other load responses is

implemented through the application of appropriate Load Combination Factors.

B. Determination of EDW characteristics

The basic steps of the proposed procedure are the following:

1. Linear Seakeeping Analysis

The responses of the ship to regular waves are calculated by solving the equations of motion and the transfer functions

(RAOs) are calculated, as described in Section 2, for the several target loads.

2. Short term responses

By using the calculated RAOs and the several North Atlantic input wave spectra, the corresponding response spectra and

the associated response spectral characteristics (e.g. spectral moments) are calculated, as described in Section 3.

3. Long term responses

On the basis of the short term responses, a long term anlysis is performed and cumulative distributions of long-term wave-
induced extreme loads are calculated, as described in Section 5. In this way, by using relation (5.2.4) for each probability
level the target extreme load is calculated. In the context ofthis procedure, and as per GBS requirements the probability

level of 108 is used for strength assessment and the probability level 10-2 is used for fatigue assessment.

4. Equivalent design wave

These waves are characterized by wave amplitude, wave length, wave heading, and wave phase (i.e. wave crest position

referenced to LCG). Where appropriate, still water loads are first added to long-term wave-induced loads.
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depwj

Aepwj

The wave amplitude of such an equivalent extreme wave is determined by dividing the extreme long-term value of the
dominant load response under consideration by the maximum value of its transfer function (RAQO), occurring at the wave
frequency and wave heading corresponding to the maximum amplitude of the transfer function. The wave length is obtained
from the functional relationship to the wave frequency; the wave crest position, from the wave phase, as described below.

The amplitude of the equivalent regular wave can be calculated from the following formula:

LTEI/}-
AEDWi = oA
maxRAO;
where:
aepwj, is the amplitude of the equivalent regular wave,

LTEV;is the most probable extreme value of the j-th load response corresponding to a probability of occurrence of

108 (for strength assessment) and 102 for fatigue assessment, and,
maxRAQ;, is the maximum value of the RAO of the j-th load response.

The equivalent wave frequency and length for each dominant load response are determined from the lifetime maximum
value of the RAO of the dominant load response for each considered heading angle. When the RAO reaches maximum,
the corresponding wave frequency and wave direction are denoted as equivalent wave frequency wepw; and equivalent

wave direction 8. The wavelength of the equivalent regular wave can be determined by the following deepwater dispersion

relation:
2mg
lEDWj =
WEpwj
where :

Aeow;, is the wavelength of the EDW for the j-th dominant load response
g, is the gravitational acceleration and
wepwj is the frequency of the equivalent design wave

The wave crest position (phase) is calculated with respect to the LCG of the hull by the following formula:

AEDWj -0

*e = 7 360- cosf

where:
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Xe, is the wave crest position with respect to the LCG
0, is the phase angle in degrees of the dominant load response, and
B, is the heading angle

For beam seas ($=90°) the distance xc is meaningless and it is not defined from the above relation. In this case the
distance of the wave crest line from the vessel’s center line is given by the following formula:

AEDWj -0

Ye = 7360 sing

5. Load Combination Factors (LCFs)

The effect of the EDW for a specific dominant Load response on other Load Responses is assessed through the adoption
of appropriate weight coefficients called Load Combination Factors (LCFs). The LCF for any load response other than the
dominant represent the relative value of the response in comparison with its long term value. The LCF is 1 or -1 for the
dominant load response. When global FE analysis is performed, the load combination factors are not necessary to derive
as pressures and accelerations (inertia) are directly transferred.

6. Transformation of extreme loads into nodal forces

The external pressures caused by the extreme wave-induced loads are added to inertial loads and transformed to the FE
model as nodal forces.
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