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ARTICLE INFO ABSTRACT

Keywords: For operations dominated by waves, operational limits are normally expressed in terms of
Allowable sea states allowable sea state parameters, such as the significant wave height (H;) and spectral peak period
Operability

(Tp). The allowable sea states need to be assessed in the planning phase of the operations.
Wave spectrum Different sources of uncertainties (including weather forecasts, wave spectral model and nu-
Vessel heading merical models) should be accounted for in the allowable sea states to provide safety margins.
Lifting operation This study focuses on assessment of the operational limits (in terms of H; and T,,) considering the
uncertainties associated with the sea state descriptions used in the numerical analysis. The aim is
to demonstrate the effects of simultaneous description of wind sea and swell sea accounting for
their different directional spreading and directions of propagation. A case study using lifting
operation is chosen to address these uncertainties in the allowable sea states. To illustrate the
results, two types of floating crane vessels, mono-hull and semi-submersible are employed in the
case study. Operability analysis by using these vessels are performed and compared using
NORA10 hindcast data for a site in the Barents Sea.

Wind sea and swell sea

1. Introduction

Planning and execution of marine operations are integrated activities both in the process of designing marine structures and during
the operational life of the structure. The installation of a structure at its target site at sea will involve several marine operations and the
requirement established during planning of these operations may affect structural design. In this paper, we are not considering routine
operations that are frequently done onboard as a part of the normal day to day operation. We will follow the DNVGL terminology that a
marine operation is “a non - routine operation of a limited defined duration related to handling of object(s) and/or vessel(s) in the
marine environment during temporary phases” [1].

As a first categorization, a marine operation can be defined as: i) weather restricted operation, or ii) unrestricted operation. The
governing parameter for a weather restricted operation is its duration as established during planning. The planned duration must not
exceed the horizon of a reliable weather forecast, which is typically taken to be 72 h. All marine operations with a planned duration
beyond 72 h should be considered as an unrestricted operation. For an unrestricted operation, a standard ULS (ultimate limit state)
design control for the operation, i.e., the characteristic load effects should be taken as the value corresponding to an annual exceedance
probability of 10~ for the given season. For a weather restricted operation, the design requirements will be much milder. A possibility
that should be considered for an unrestricted operation is to consider if the operation can be divided into shorter sub-operations with
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each sub-operation fulfilling the requirement as for a weather restricted operation. However, it is important to ensure that for the
condition between the sub-operations, the safety of the temporary operation state should not be worse than that before the operation
started.

In this study, we consider a generic weather restricted operation. Operational limits need to be assessed during planning of marine
operations. The limits can be expressed in terms of environmental conditions or motions that can be monitored on-board the instal-
lation vessels. The operational limits depend on the type of operation and the characteristics of the dynamic system. The operational
limits can be used to improve the system performance in the planning phase, and they can also be used together with the weather
forecasts to support on-board decision making in the execution phase [2]. Traditionally, operational limits have relied mostly on
practical marine operation experiences. However, it is important to quantify the responses (forces, motions) and corresponding
operational limits for complicated operations with strict requirements. A systematic method to establish the operational limits is
required. Li (2016) and Guachamin-Acero et al. (2016) established a general methodology to establish the operational limits [3,4].
This general methodology uses response-based criteria to determine the allowable limits of sea states and to assess the safety of the
operation. The operation is considered to be safe if the characteristic value of the governing response is less than the design capacity.
Regarding examples of application of the general methodology and assessment of operational limits, reference is made to Refs. [5-7].

Often, safety factors need to be implemented to account for different sources of uncertainties in the operational limits. The alpha
factors are recommended by DNVGL (2016) and ISO (2015) to account for uncertainties in weather forecasts by reducing the H; limits
[1,8]. They depend on the operation duration, the level of the initial H limits and whether meteorologists or measurement equipment
are available on site. Alpha factors are only implemented in terms of H, limits. Uncertainties in both H; and T}, of the forecasts can be
assessed by evaluating the error distributions between the forecasted wave characteristics and the hindcasted or measured wave
characteristics [9-11].

Besides the wave parameters (H; and T,), the spectral shape also influences the predicted dynamic responses of the floating systems.
Often, analytical wave spectra are applied to predict the motions of the installation system, such as the Joint North Sea Wave Project
(JONSWAP) and the Pierson-Moskowitz (PM) wave spectral models [12,13]. For many situations, particularly moderate and low sea
states, the sea states are combination of more than one wave system. Sea state including both a wind sea system and swell sea system
can have a significant impact on the operability of floating offshore structures. Several models of combined sea states have been
proposed, including the Ochi Hubble spectrum and the Torsethaugen spectrum [14,15]. It is important to consider the wind sea and
swell sea components separately for sea state sensitive marine operations. To quantify the influences on the operational limits due to
difference between spectra in the real ocean and those used in the numerical analysis, Guachamin-Acero and Li (2018) proposed a
methodology to include the uncertainties related to the wave spectral shape in the operational limits (H; and T,) [16]. The meth-
odology applied the directional hindcast wave spectra and dynamic numerical models.

For marine operations involving floating systems, it is important to assess the operational limits by considering uncertainties
associated with how the short-term sea states are modelled in the numerical analysis during the planning phase. Therefore, the aim of
this study is to perform comprehensive sensitivity studies on the allowable sea states in terms of H, and T, by using different models of
the wave spectra. A lifting operation is chosen as a case study, and the vertical crane tip motion is considered as the most critical
parameter to derive the allowable sea states. Frequency-domain analyses are applied based on linear assumptions. The influence of
wave spreading, wave spectral type, and the direction misalignment of wind sea and swell sea on the allowable sea states are compared
and discussed by using two types of installation vessels. Operability analysis are performed for two vessel types using hindcast data for
a reference site in the Barents Sea.

2. Methodology

In this study, the example operation is lifting a sub-structure from the deck of the installation vessel using the crane of the vessel and
lowering it to the sea bottom. The operation may involve several phases, but this study focuses on the most critical phase regarding the
structural loading. The duration of the operation is taken to be 3 h. The vertical crane tip motion during the lowering phase is
considered as the most critical parameter.

For given sea state and vessel heading, linear theory is used to establish the distribution of the 3-h extreme value for the crane tip
vertical motions. Safety of operation is taken to be jeopardized if the amplitude of the vertical crane tip motion is too high. The
operational criterion requires that the probability for the 3-h extreme value to exceed the limiting value should be less than a target
probability. Thus, the permissible maximum H; for given T, can be found by fulfilling this criterion.

2.1. Crane tip response spectrum

The hydrodynamic properties of a floating vessel, including added mass, damping and excitation forces for different headings
across the relevant frequency range can be calculated using potential flow theory. Then, the transfer functions of the vessel rigid
motions can be obtained. The transfer function, H;(w,6), for the ith degree of freedom (DoF) can be expressed in complex form as shown
in Eq. (1).

Hi(,0) =A;(w, 0)exp(ig,(w, 6)) @

where w is angular frequency; 6 is the wave direction of propagation relative to the vessel; A;(w,8)(m /m) and ¢;(w, 6) are response
amplitude per unit wave amplitude and phase angle, respectively. The absolute value of the complex transfer function is the response
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amplitude operator (RAO) of the vessel motion. For lifting operations, the crane tip motions are critical and influence the operability.
The crane tip vertical motion, 2., is used as main criterion to assess the operability, and depends on the heave, roll and pitch motions of
the vessel, 77;_5. Assuming the crane tip location is (%, ¥;, Zp) in the vessel fixed coordinate system, z. is formulated as follows:

Ze =13 T Yy — Xplls = [H3(a), 0)+ \ A0 0) — xpHs(w, 9)} &y (2)

where ¢, is wave amplitude. The RAO for the vertical crane tip motion, RAOz, (»,0), is the absolute value of the transfer function for the
vertical motion of the crane tip, Hz, (w, ), which can be expressed as follows:

RAO; (0,0) = |Hz, (w0,0)] = ‘H3(CO,9) + ypH4(a),0) - pos(w,0)| 3)

Knowing the RAO, the response spectrum of the vertical crane tip motions for long-crested wave propagating in the main direction,
6y, is as follows:

Sz.(0,00) = (RAOz, (@, 6))” - S(w) “4)

where S(w) is the long-crested wave spectrum. The spectral moments for the response spectrum, my can be obtained:
my = / a)k . SZ‘,(C()7 Ho)da} (5)
0

The statistical parameters, including the standard deviation (STD), oz, the averaged zero-up-crossing period, T,, as well as the
average number of response cycles in 3 h, N3, for the given wave direction, 6,, can be estimated from the response spectrum.

(6)
T,=21- |0 @
my
10800
N3y, = T (8

These statistical parameters will be used for assessment of the allowable sea states for long-crested wave conditions. The commonly
used wave spectral types on the Norwegian Continental Shelf are discussed in Appendix A.1.

For short-crested waves with wave spectrum S(w, 0) (see Appendix A.2), we can re-write the response spectrum as functions of both
direction 6 and frequency  as follows:

Sz (w,0) = (RAO; (@,0))* - S(w, 0) 9)

The spectral moments, my, and standard deviation o, should thus be integrated with respect to both ¢ and w:

0+5 oo
m(6) = / o - Sy, (w,0)dwdd (10)
0—% 0
0+ o
67.(60) = / / Sz, (w, 0)dwdd an
6h-% 0

where 6, F J are the lower and upper spreading directions corresponding to the mean wave direction, 6. Typically, 6 is different for
wind sea and swell sea.

2.2. Operational criterion and allowable sea states

Heavy lift operations are often performed in relatively calm weather, where linear wave theory can be used to describe the waves
and the vessel motions. For a limited duration, say 3 h, the involved processes (surface elevation and vessel motions), can be reasonable
well modelled as stationary Gaussian processes. Provided these processes are strictly narrow banded, the global maxima (largest
maximum between adjacent zero-up-crossings) of the vertical crane tip motion follow the Rayleigh distribution [17]. In practice,
neither surface elevation process nor response processes are strictly narrow banded. However, provided that the processes are not
strictly broad banded (white noise) which will be fulfilled for most practical cases, the Rayleigh distribution will be a valid model for
predicting large extremes if the focus is on global maxima (global maximum: largest maximum between adjacent zero-up-crossings)
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and target exceedance probability are calculated in terms of the mean zero-up-crossing period [18].

For lifting operations, the maximum vertical motion of the crane tip in 3 h, Z3;, can be used as the critical parameter for the
operation. By further assuming that the global maxima are statistically independent and identically distributed, the distribution of Z3;
can be expressed as Eq. (12).

oo Y)Y

The present choice of 3 h’ duration is somewhat arbitrary. In practice, the target safety level for an operation will be specified per
operation with expected duration. But the acceptable target failure probability for any duration can be converted into the acceptable
target failure probability per 3 h. Here we refer to target safety in term of a maximum permissible failure in 3 h denoted gs.

To find the suitable limiting sea states, it is reasonable to require that the probability of the 3-h maxima exceeding the limiting
value, z;m, should be less than the selected target probability, gs,. To satisfy this, the following equation should be fulfilled:

1/z 2y ) Nan
P[Zsh>21im}:1—{1—eXP{—z(%> }} < g 13)
Z.

From Eq. (13), a limiting value for the standard deviation (STD) of the vertical crane tip motion, o7 s, can be calculated:
Zlim

V21— (1 —gs)' ™)

For different sea states with spectral parameters in terms of H and T,, the allowable sea states can be established by comparing the
STD values of the vertical crane tip motions calculated from Eq. (6) and Eq. (11) for long-crested and short-crested seas, respectively,
with the limiting value from Eq. (14).

07, <0z, jim = a4

3. Case study
3.1. Installation vessels

Two floating crane vessels, a mono-hull and a semi-submersible are employed in the case study. The hull shapes of the two crane
vessels are indicated in Fig. 1 and the main characteristics are listed in Table 1. The mono-hull vessel is a typical heavy lift vessel for
different offshore installation activities. The crane is able to perform lifting operation of up to 5000 tons at an outreach of 32 m. The
semi-submersible vessel has two fully submerged longitudinal pontoons, and they are connected to the main deck by six vertical
columns. The lifting capacity of the crane is over 10,000 tons. The displaced volume of the mono-hull vessel is about 40% of the
semisubmersible vessel. Both the semi-submersible vessel and the mono-hull vessel are equipped with dynamic positioning systems to
keep the vessels in position. Analyses of lifting operations using these two crane vessels can be found in Refs. [20,21].

The crane tip position of the vessels depend on the practical arrangement of the lifting operations. In this study, we assume that
both vessels are performing heavy lift operations with the crane tip at 80 m height. The lifting positions are assumed to be close to the
mid-ship in longitudinal direction, and the coordinates of the crane tip in the transverse direction are chosen to ensure sufficient
clearance between the lifted object and the hull of the vessels. Thus, the crane tip position for the semi-submersible has a larger
coordinate in transverse direction compared to the mono-hull due to the larger breadth.

The eigenvalues of the floating vessels are evaluated in the frequency domain, without including any external forces or damping
effects. The undamped natural periods can be obtained by solving the following equation:

[-o*M+M,)+K] -x=0 (15)

(a) Mono-hull (b) Semi-submersible

Fig. 1. Hull shapes of two floating installation vessels for the case study.
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Table 1
Main parameters for the two floating crane vessels.
Parameters Unit Mono-hull Semi-submersible
Length (m) 183 175
Breadth (m) 47 87
Operational draft (m) 12 26.1
Displacement (tons) 6.3E4 1.7E5
Crane tip position (m) (-10.5, 53.5, 80) (-10.5, 70, 80)
Table 2
The natural periods (s) (and natural frequencies in rad/s) of the vessel motions.
Vessel Surge Sway Heave Roll Pitch Yaw
Mono-hull 87.3 75.2 10.6 (0.59) 13.7 (0.46) 9.4 (0.67) 85.7
Semi-submersible 83.7 75.3 22.2 (0.28) 22.8 (0.28) 17.2 (0.37) 86.7

where o is natural frequency; M and M, are mass matrix and the added mass matrix at infinite frequency, respectively; K is the
stiffness matrix including hydrostatic restoring and equivalent stiffness from the positioning system. x is the motion vector. By solving
the eigenvalue problem, the natural periods of the two installations vessels are presented in Table 2. For lifting operations, which are
sensitive to the crane tip vertical motions, the vessel motions in the vertical plane (heave, roll and pitch) are of most concern. The
response amplitude operators (RAOs) of the vessels have been calculated using potential flow solver WADAM [22], from which the
hydrodynamic properties are obtained based on the panel method in the frequency domain. Fig. 2 presents the RAOs of the two vessels
in heave, roll and pitch for three wave directions.

As clearly shown in Table 2, the natural periods of the mono-hull vessel motion in heave, roll and pitch are between 9s and 14s,
which are within typical wave period of swell seas when focusing on low sea states. The natural periods of the semi-submersible vessel
are above 17s, which are longer than typical period of swell sea at least in summer seasons. The peaks of the RAOs in Fig. 2 for different
vessel motions also correspond well to the natural periods for different vessel motions. For both vessels, the RAOs are highly dependent
of the wave directions. The beam sea condition (90 deg) will result in significant higher roll and heave motions compared to those
under head sea condition (180 deg) for both vessels. The highest RAO value in roll for the mono-hull under beam sea condition is
around three times higher as that for the semi-submersible. The strong couplings between heave and pitch for the semi-submersible are
observed, where multiple peaks in heave and pitch are displayed.

The different behavior of the RAOs of the two vessels introduces different responses of the crane tip under various conditions and
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Fig. 2. RAOs of the two crane vessels for three wave directions.
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Fig. 3. RAOs of the crane tip vertical motion of the two crane vessels.

thus result in different allowable sea states for the lifting operations. By following Eq. (3), the RAOs of the vertical crane tip motions at
the given tip positions (see Table 1) are obtained and presented in Fig. 3. As expected, the beam sea conditions introduce the highest
crane tip motions among all directions for both vessels. The frequencies of the peak values correspond to the eigenfrequencies in roll.
For typical wave frequency range between 0.5 and 1 rad/s, the crane tip vertical motions increases with decreasing wave frequencies,
indicating more severe motions in longer waves. In the swell frequency range, the mono-hull vessel experiences much higher RAOs
compared to the semi-submersible vessel.

3.2. Operational criterion

Different approaches can be used for analysis of lifting operations. For operations with complex geometry and non-linear hydro-
dynamic forces, time-domain simulations are required to obtain the responses of the lifting system. For preliminary assessment of
operational limits and operability during the initial planning phase of a marine operation, simplified methods can be applied based on
the recommend practice [23].

In this study, we focus on the influence of the spectral type of the wind sea and swell sea components on the operational limits.
Obtaining the critical responses by screening of all possible sea states is required, which makes time-domain simulations impractical.
Therefore, we use simplified method by assuming that the responses of the lifted object are dominated by the vertical motion of the
crane tip. The characteristic vertical crane tip motions can be used as operational criterion and found by using frequency-domain
methods [23].

The maximum vertical motion of the crane tip in 3 h is chosen as the critical parameter for the lifting operation. A limiting value,
zim = 0.5 m, together with a limiting target probability of exceedance, g3, = 0.0001, are applied to assess the operational limits, i.e.
the probability of a vertical crane tip motion exceeding 0.5 m during 3 h should be less than 0.0001. The limiting standard deviation of
vertical crane tip motion, oz, , can be calculated based on this criterion following Eq. (14). By screening different Hy and T, conditions,

clim?

the allowable sea states can be established by comparing the STD values with the limiting value, o7

clim *

4. Assessment of allowable sea states

The allowable sea states in terms of H; and T}, are presented in this section. The influence of wave spreading, wave spectral type, as
well as direction misalignment of wind sea and swell sea on the allowable sea states are discussed.

4.1. Long-crested waves

The allowable sea states under long-crested waves are evaluated by using JONSWAP and Torsethaugen spectra (see discussions on
wave spectral types in Appendix A.1). The response spectra of the vertical crane tip motions under two different spectral peak periods
are compared for the two vessels in Fig. 4.

In short wave conditions (T, = 6s), the response spectra using Torsethaugen wave spectrum represent much higher spectral
density than using JONSWAP wave spectrum for both vessels. As discussed, the swell sea is expected to have a period around 10s using
the two-peak spectrum when the wind sea peak period of 6 s. For JONSWAP spectrum, the wave spectrum is concentrated around 6 s.
Moreover, the RAOs of the vertical crane tip motion are peaked around 12 s for the mono-hull and have large values for waves longer
than 12 s for the semi-submersible (see Fig. 3). Because of this, additional response variance is seen around 12 s using Torsethaugen
spectrum compared to what is obtained using JONSWAP with peak period around 6 s. When T, = 12 s, the response spectra have
peaks around 12 s using both wave spectra. The response variance is larger for both spectra compared to T, = 6 s. Moreover, the peaks
are lower using Torsethaugen than using JONSWAP when T, = 12 s, because using Torsethaugen spectrum spreads spectral densities
to the wind sea component with lower spectral peak period.
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Fig. 4. Response spectra for the vertical crane tip motion of the two crane vessels (H; = 2 m, long-crested wave).
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When comparing the response spectra using the two vessels, the spectral density is in general higher for the mono-hull than the
semi-submersible, especially in the short wave condition (T, = 6s). These observations are consistent with the RAOs of the vertical
crane tip motions. For both vessels, the density of response spectra increases when the wave direction changes from the head sea to the
beam sea.

By screening the possible wave conditions, the allowable sea states using long-crested waves are obtained and presented in Fig. 5.
Obviously, the allowable Hy values are significantly lower using Torsethaugen spectrum in wave conditions with T, less than 9 s for all
cases. When the wind sea component is dominant with T, less than 9 s, the Torsethaugen spectrum gives a secondary peak corre-
sponding to swell sea component with larger T,,. This swell sea adds variance to the crane tip response that is missing using the single-
peak JONSWAP spectrum. On the other hand, the JONSWAP spectrum only has one peak, and the allowable H decrease rapidly with
increasing T,. For very long wave condition with T, larger than 12 s, it is observed that the allowable H; values are higher using
Torsethaugen spectrum. This is consistent with the response spectra shown in Fig. 4 and is due to that part of the wave variance energy
is shifted to short wave components with Torsethaugen spectrum. Furthermore, as the RAOs of the vertical crane tip motions are
greatly influenced by the vessel roll motions, the allowable H; values drop greatly when the wave direction moves away from the head
seas.

Because of the better performance of the semi-submersible vessel, the allowable sea states are higher than those using the mono-
hull vessel. The highest H; values of the semi-submersible vessel are around 3 m (180 deg & T, = 9 s) using Torsethaugen spectrum,
which is 1 m higher than that of the mono-hull vessel. These differences will result in significant deviations in the operability of the two
vessels. It should be noted that the operations are often carried out with wave directions close to the heading sea condition. However,
the allowable sea states under sea beam sea condition are presented in this study for a better comparison.

4.2. Influence of short-crested seas

As discussed in Appendix A.2, real ocean waves spread into different directions of propagation, especially for wind seas. When
using long-crested waves, the influence of the roll motion on the crane tip response can be minimized by heading to the waves (180
deg). However, when the waves are short-crested, the contributions from other wave directions also need to be considered. Fig. 6
presents the 3D response spectra for the crane tip motion for the chosen sea state. Spreading index n of 2 and 10 for short-crested waves
are compared for two wave spectra.

When the wave spreading is high (n = 2), the spectral density is distributed over a larger range of directions compared to n = 10 for
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Fig. 5. Allowable sea states using long-crested waves.
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Fig. 6. Response spectra for the crane tip vertical motion, Sz, (», ), for short-crested wave conditions (H; = 2m, T, = 6 s, main wave direction
180 deg).

both vessels and both spectral types. Although the wave spectrum is most powerful at 180 deg, the response spectral density is highest
close to 110-135 deg and 225-250 deg since the RAO values are much higher close to beam seas for the mono-hull vessel. For the semi-
submersible vessel, the highest response density appears around 150 deg and 210 deg.

Similar to the long-crested wave condition, the 3D response spectra also display that the spectral density distributions across the
wave frequency are rather different using JONSWAP and Torsethaugen spectra. While the response spectrum is peaked close to 7-8 s
using JONSWAP, the energy is concentrated to close to 14 s using the two-peak spectrum for mono-hull. For the semi-submersible, the
spectral density is peaked close to 6 s using JONSWAP and close to 12 s using Torsethaugen spectrum. When using Torsethaugen, the
spectral densities are spreading over a broader frequency range for the semi-submersible. This is because the crane tip RAOs for the
mono-hull has one high peak value around 14 s, which is close to the second peak of the wave spectrum. However, the RAOs values are
between 0.5 and 1 for a broader wave period range between 9 and 15 s for semi-submersible.
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As the wave spreading has great influence on the responses, it is important to study their effects on the allowable sea states. Fig. 7
compares the allowable sea states for two wave directions using three different spreading indices. Both JONSWAP and Torsethaugen
spectra are applied for each vessel type. For both vessels, the influence of the wave spreading on the sea states have similar trend. When
wave direction is 180 deg, including the spreading of the waves decrease the sea states. The decrease is more significant for the mono-
hull vessel. Thus, if the wave spreading is not considered properly, the operability may be greatly over-estimated.

4.3. Influence of direction misalignment of wind seas and swell seas

In the previous subsections, both single-peak and double-peak wave spectra are considered when assessing the allowable sea states.
For the double-peak wave spectrum, both wind sea and swell sea components are represented. Moreover, when using Torsethaugen
spectrum formulation, both wind sea and swell sea components are assumed to have the same wave direction. In real offshore con-
ditions, however, the two components will typically propagate in different directions relative to the structures. The spreading of the
two components are usually different as well. While wind sea often has spreading index around n > 2 — 4, swell sea are more
concentrated around its main direction with n > 8. What is governing for swell spreading index is whether the swell sea represents
incoming swell from a remote storm, or it represents decaying wind sea in target area due to a large shift in wind direction. Thus, it is
useful to decompose the two wave components and examine the influence of the misalignment angle on the allowable sea states.
Sensitivity of response to spreading indices do also represent sources of uncertainties, in particular for the swell sea.

As shown in Fig. 21 (see Appendix A.1), the Torsethaugen spectrum can be decomposed into two JONSWAP wave spectra, rep-
resenting wind sea and swell sea components, respectively. Here, for a given total H; and T,, we split the two wave components and
apply different directions and spreading indices. n = 2 and 10 are applied as spreading indices for wind sea and swell sea components,
respectively. Fig. 8 displays the 3D wave spectrum for one total sea condition with two wave components propagating in different
directions. As clearly seen, the wind seas have more directional spreading compared to the swell sea. The resulting 3D response spectra
for the vertical crane tip motions are shown in Fig. 9 for both installation vessels.

When the wind sea and swell directions are misaligned, the response spectrum tends to concentrate the energy around the swell sea
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Fig. 7. Allowable sea states with different spreading index for short-crested waves.
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Fig. 8. Wave spectra with separate wind sea and swell sea components (total sea: H; = 2m, T, = 6 s; wind sea component: Hgy = 1.69m, Tp; =
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Fig. 9. Response spectra for the crane tip vertical motion, Sz, (»,9), with misaligned wind sea and swell sea (total sea: H, =2m, T, = 6 s; wind sea
component: Hg = 1.69m, T,; = 6s,n; = 2; swell sea component: Hy, = 1.06 m, Tpo = 1035, ny = 10).
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Table 3
Standard deviations (m) of the vertical crane tip motion corresponding to the cases in Fig. 9 (total sea H; = 2m, T, = 65).
Vessel type Headings of wind sea and swell sea components (deg)
180, 180 180, 150 180, 120
Mono-hull 0.228 0.370 0.610
Semi-submersible 0.071 0.089 0.118
3 T T . 3 . : -
——Dir, = Dir_= 180" ——Dir,, = Dir_= 180"
w S w S
—-—--Dir_ = 180°, Dir_= 150" =-=-=Dir,_ =180, Dir_= 150"
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Fig. 10. Allowable sea states with misaligned wind seas and swell seas.

directions. This is because the crane tip motion RAOs have higher values close to the T, of the swell sea component. When the swell
moves from the 180 towards 120 direction, the total density of the response spectra increases with increasing misalignment angle
because of the increasing RAO as the directions moves towards beam seas. The STD values of the corresponding response spectra can be
found in Table 3.

Because of the direction misalignment of wind sea and swell sea components, the allowable sea states decrease compared to the
aligned conditions. The resulting sea states for both vessels are compared in Fig. 10. For wave conditions with T}, less than 10 s, the
misalignment can cause a 20-50% decrease of the limiting allowable H; values for both vessels, indicating a potential huge influence
on the operability. However, the operability for a given site condition depend greatly on the relative wave height and directions
between the wind sea and swell sea components.

4.4. Discussions on the uncertainties in the allowable sea states

It has been shown that the allowable sea states depend on the sea state modelling methods with parameters including wave spectral
type, spreading, and direction misalignment between the wind sea and swell sea components. During the planning phase of an
operation, it is important to choose representative parameters and provide the allowable sea states that will be used during the
execution phase. Because of the differences between the modelled sea states in the numerical analysis and those in the real conditions,
uncertainties on the allowable sea states do exist. These uncertainties reflect that the operational limits may be over- or under-
estimated by the numerical analysis. Thus, it is essential to include different sources of uncertainties during both the planning and
execution phases to increase the safety level of the operations.

The commonly used engineering approach only applies alpha factors to consider the uncertainties in the weather forecasts as
recommended by DNVGL and ISO [1,8]. Moreover, the numerical analyses during the planning phase are often simplified to some
extent, and sensitivity studies on the sea state modelling parameters are not comprehensively implemented. Because of this, it is
important to discuss the uncertainties in the allowable sea states and assess whether alpha factors can cover these uncertainties. Three
cases are selected as below for comparisons:

a) Base case, for which the sea state is modelled using long-crested JONSWAP spectrum with a wave direction of 160 deg. This case
represents the commonly used simplified engineering approach. As suggested by DNVGL [23], when long-crested sea is applied for
simplicity, a heading angle of +20° is recommended to account for the additional effect from short-crested sea.

b) Case 1, for which the sea state is modelled by short-crested (n = 2) JONSWAP spectrum with a wave direction of 180 deg. This case
represents the wind sea condition with a significant degree of directional spreading.

c) Case 2, for which the sea state includes both wind sea (short-crested with n = 2 and a direction of 180 deg) and swell sea (short-
crested with n = 10 and a direction of 150 deg). The direction misalignment between the wind sea and swell sea components is also
considered in order to represent a more realistic and complicated sea condition.

The allowable sea states for the above three cases are obtained for both the mono-hull and semi-submersible vessels, as shown in
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Fig. 11. Allowable sea states for the three chosen cases.

Table 4
Comparison of ratios for H; limits with the recommended a-factor from DNVGL.
Vessel type H; ratios T, (s)
6 8 10 12 14
Mono-hull Casel/Base case 0.66 0.63 0.68 0.48 0.71
Case2/Base case 0.32 0.79 0.89 1.38 1.36
DNVGL a-factor 0.87 0.73 0.72 0.72 0.72
Semi-submersible Casel/Base case 0.90 0.71 0.79 0.85 0.93
Case2/Base case 0.18 0.65 1.02 1.39 1.65
DNVGL a-factor 0.87 0.86 0.75 0.72 0.72

The Hs ratios, which are less than the corresponding alpha factors are bolded in the table.

Fig. 11. As discussed earlier, the H; limits drop significantly in short wave periods when considering both wind sea and swell sea
components separately. The allowable H; limits for Case 2 are highest when T}, is higher than 10 s, especially for the semi-submersibles.
In general, the Hy limits are very low for T, over 10 s: below 0.5 m for mono-hull and below 1 m for semi-submersibles for most cases.
However, too much attention should not be given to the absolute values for the various cases, because the operational criterion applied
is an example case. The focus here is the relative differences between these cases.

Since alpha factors are the only consideration in the current practice, it is interesting to check whether the alpha factors applied on
the base case results can include the uncertainties in the allowable sea states due to different sea states modelling methods. In practice,
the alpha factors are applied to reduce the H, limits obtained from the planning phase, Hsyn, to increase the safety level during
execution.

Hswr=a x Hsg, (16)

where the alpha factor, 0 < a < 1, depends on the planed operation period, Hsy;, , the forecast levels and whether or not meteorol-
ogists or wave measurements are available on site [1]. Hsyy is the forecasted H; limit that will be used for execution of the operation.
To compare with the alpha factors, H; ratios of Case 2 and Case 3 with respect to the base case are calculated. The results for both
vessels are presented in Table 4 for five T, conditions. Alpha factors from DNVGL recommended practice corresponding to ‘Level A
with meteorologist at site’ for operation duration less than 12 h are used. Because alpha factors do not depend on T}, the factors for T,
larger than 10 s are very close to each other due to low H; variations.

From Table 4, it is seen that the needed alpha factors deviate significantly with the calculated H; ratios. The H; ratios, which are less
than the corresponding alpha factors are bolded in the table. These conditions indicate that the alpha factors are not conservative
enough to include the uncertainties due to the different sea state modeling methods compared to the base case. The largest deviations
are found for Case 2 in short T, conditions, where the H; ratios are much lower than the suggested alpha factors. This reflects that if the
real sea states contain wind sea and swell sea components from different directions, the simplified model used in the base case will
provide too high estimate of the H; limits even with alpha factors implemented. The consequence may be severe if the execution
decision is made based these values. Thus, extra safety factors need to be considered to cover the sea state modelling uncertainties to
lower the H; limits. In longer waves, the alpha factors for most cases are lower than the calculated ratios. This indicate the alpha factors
can cover the associated uncertainties for those conditions.
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From the above comparison, it is suggested to improve the sea states modelling based on the actual site condition when assessing
the allowable sea states in the planning phase. Otherwise, the alpha factors may not be able to cover the uncertainties from the
simplified analysis with inaccurate sea state description.

5. Operability analysis

The previous section shows that the wave spectral type, spreading, and misalignment of the wind sea and swell sea have different
influences on the allowable sea states. The influences also differ for the two vessel types. When planning the operations, it is of utmost
importance to estimate the operability for the target location. In this section, a reference site in the Barents Sea is considered for the
case study to compare the influences of the studied parameters on the operability. The same operation and operational criterion as
described in Section 3 are used in the operability analysis.

5.1. Wave condition at the reference site

The hindcast wave data of one reference site at Barents Sea is chosen for the operability analysis. The coordinate of this site is
[72.02°N, 22.1°E] with water depth around 350 m, and the location is illustrated in Fig. 12. The hindcast data are from the Norwegian
Reanalysis Archive 10 km (NORA10) database providing wind and sea states characteristics every 3 h from September 1957 to present.
NORALIDO is a regional hindcast for the northeast Atlantic, including the North Sea, the Norwegian Sea and the Barents Sea, developed
by the Norwegian Meteorological Institute based on the atmospheric downscaling of the European Reanalysis project (ERA-40) [24].
The NORA10 hindcast data has been validated and shown reasonably good agreement with offshore measurement data [25]. The data
used in this study is 10-year wave data from 2003 to 2012, with 3-h resolution in time. The hindcast wave data provide statistics of H;,
T, and wave direction for total sea, wind sea and swell sea.

Fig. 13 presents the scatter of the H; and T), of the wave data in January and July. The total sea, as well as the wind sea and swell sea
components are displayed in the same figure. Although there are overlapping of these scatter plots, the swell seas are in general less
steep with longer period than the wind seas. The extreme wave conditions with high H; values are often dominant by the wind seas. For
marine operations that are carried out in moderate and low sea states, wind sea and swell often occur simultaneously and can also be of
comparable H; level. In addition, the scatter plot of the two months clearly shows the higher possibility of severe wave conditions in the
winter than in the summer, indicating the large deviation of the operability of the lifting operation for different months.

To better compare the wind sea and swell sea components for operational sea states, the wave conditions with total sea H; < 2.5m
are chosen. Fig. 14 shows the relationship between H values for the two wave components for the chosen sea states. There is clear
evidence that both swell sea and wind sea are significant, indicating the importance to model both components for marine operations.
The mean and maximum H; for swell sea decreases with increasing mean H; for wind seas, especially in January. Moreover, the mean
Hj; for swell sea are lower in July, especially for low wind sea conditions.

The direction differences between simultaneous wind sea and swell sea are obtained for the chosen conditions and the distributions
are presented in Fig. 15. The distribution shows the high possibility of having misalignment angle larger than 30 deg between the two
components. However, it is also important to combine the relative wave heights of the two components with the direction
misalignment. The most critical conditions correspond to the situations when both wave components can induce large motions for the
installation vessel, and the misalignment is high. In such case, it is essential to choose the proper heading of the vessel to minimize the

Barents Sea

72°01°12.0°NI22:0

Norwegian Sea

Sweden

Fig. 12. Location of the installation site (from Google Maps).
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Fig. 13. Scatter plot of H; and T, for total sea, wind sea and swell sea components for the reference site.
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Fig. 15. Distribution of the direction difference between sea and swell sea components for conditions with total sea Hy < 2.5 m.

crane tip motions.

5.2. Comparison of operability
The operability of an operation is defined as the ratio between the length of the workable weather windows and the total reference
duration. The most critical phase of the lifting operation is assumed to last for 3 h. For each 3-h wave condition, knowing the wave

statistics from the hindcast data, the response spectra and the STD values for the vertical crane tip motions can be calculated following
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the procedure from Egs. (4)-(6). By comparing the STD values with the limiting STD by Eq. (14) based on the operational criterion, it is
found if this wave condition is allowable or not. Repeating this process for all the 10 years’ hindcast data, the corresponding operability
for this site can be estimated. Because there exists strong seasonal variability, operability for each month of the year are calculated
separately.

First, the statistics of the total seas are used for the operability analysis to study the influence of the wave direction and spectral
type. Fig. 16 presents the operability for two vessels using JONSWAP and Torsethaugen spectra, respectively. Three directions for the
total sea with a spreading index of n = 2 are applied for all cases. It should be noted that the operations are often carried out with wave
directions close to the heading sea condition. The operability under beam sea condition are presented only for comparison purpose.

For the mono-hull installation vessel, it is obvious that the operability are very sensitive to wave directions. The averaged oper-
ability in the summer months (May to August) using JONSWAP are 50.4%, 37.6% and 15.6%, respectively for the mono-hull vessel for
heading of 180 deg, 150 deg and 90 deg. When using Torsethaugen to model the total wave spectrum, the resulting operability drop by
around 13% for the summer months for 180 deg and 150 deg, and the variations of the operability over the months are higher. The
operability in the winter seasons (November to February) are on average less than 4% for all directions. The decrease of the operability
when using the two-peak spectrum compared to the single-peak spectrum are consistent with the allowable sea states that have been
discussed in Section 4.

The influence of the heading on the operability are much less for the semi-submersible vessel compared to the mono-hull vessel.
Compared to 180 deg, the averaged decrease of operability for summer months are around 7% and 25% for 150 deg and 90 deg,
respectively. The less sensitivity with wave directions for the semi-submersible is because that the allowable sea states are higher for
the same installation task compared to using the mono-hull vessel. The other reason is that the RAOs of the crane tip motion are less
sensitive to wave directions than the mono-hull, as shown in Fig. 3.

The Torsethaugen spectrum is a good option when not much information is available about the nature of two-peaked spectra at a
given location. However, limitations do exist on the analytical spectra when they are applied for operability analysis, since they
represent average conditions [26,27]. Fig. 17 and Fig. 18 present the distribution of Hy and T, for wind sea and swell sea components,
respectively, based on the hindcast data at the reference site. Only the wave conditions with total sea Hy and T}, in the range of 1.75m <
H; <2.25mand 5.55 < T, < 6.5s are selected to obtain the distribution. The wind sea and swell sea parameters based on Torse-
thaugen spectrum (TH) with three different total sea Hy and T, values are calculated and compared in the same figures. It can be
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Fig. 16. Operability using total sea (spreading index n = 2).
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Fig. 17. Distribution of the wind sea and swell sea H values based on the hindcast data (the wave conditions for total sea with 1.75m < H, <
2.25mand 5.5s5 < T, < 6.5 s are selected for this distribution).
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Fig. 18. Distribution of the wind sea and swell sea T, values based on the hindcast data (the wave conditions for total sea with 1.75m < Hy <
2.25mand 5.5s5 < T, < 6.5 5 are selected for this distribution).

observed that, except the wind sea T}, the other three parameters are rather scattered. Although Torsethaugen can capture the mean H;
and T, values for the two components, it cannot provide the uncertainties of the parameters for the same total sea condition. Thus, in
the operability analysis considering wind sea and swell sea components, we directly use the hindcasted wind sea and swell sea
characteristics.

Three scenarios for the vessel headings are compared by considering wind sea (with spreading index n = 2) and swell sea (with
spreading index n = 10) separately when calculating the operability: 1) the wind sea and swell sea components are assumed to be
aligned and both directions are 180 deg; 2) the vessel is always heading to the wave component with higher H; values, and the wave
direction of the other component is based on the misaligned angle between the two components from the hindcast data; 3) the vessel is
always heading to the wind sea component, and the swell direction is based on the misaligned angle between the two components from
the hindcast data. The operability of the above three scenarios using the separate wave components are also compared with those using
the total sea modelled by Torsethaugen with n = 2, and the results are presented in Fig. 19.

For the operability of the mono-hull vessel shown in Fig. 19 (a), when using separate components and both propagating in 180 deg,
the operability are much higher than using total sea modelled by Torsethaugen with the same heading. This is because that both the
wind sea and swell sea components in the Torsethaugen use spreading index n = 2, and this will result in much higher responses of the
crane tip compared to using n = 10 for the swell sea component in the separate case. When direction misalignment of the wave
components is considered, the operability reduces. Compared to the aligned condition, the reduction of the operability when heading
to the larger H; component is limited, with an average of 4% for the summer months. However, the reduction when always heading to
the wind sea component are much larger and around 14% on average. Thus, if the vessel responses are very sensitive to swells, it is not
recommended to always head to the wind seas.

For the semi-submersible vessel, the operability are in general 30% higher than the same case using the mono-hull vessel. Because
of the high allowable H; values and the calm sea states in summer seasons, the differences of the resulting operability using different
spectrum and heading scenarios are much less compared to the mono-hull vessel. However, the differences are still noticeable for the
less favorable months in the year. Thus, the sensitivity of the operability with the wave spectral models and directions also highly
depend on the vessel type.
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Fig. 19. Operability using total sea and separate wind sea and swell sea components. For separate cases, the spreading indices n = 2 and 10 are used
for wind sea and swell sea, respectively.

6. Conclusions

This paper focuses on a case study of a typical lifting operation with the purpose to address the uncertainties of the operational
limits due to different sea states modelling methods. The vertical crane tip motion is considered as the critical parameter to assess the
allowable sea states. The influence of wave spreading, wave spectral type, as well as direction misalignment of wind sea and swell sea
on the allowable sea states are compared. Two types of installation vessels are used for all the case studies. Operability analysis of such
operation are performed using hindcast data for a reference site in the Barents Sea. The main conclusions from this study are drawn as
follows:

e The response spectra of the crane tip vertical motions are sensitive to the spectral models used in the analysis. The response spectra
tends to concentrate the density towards the swell sea direction. The allowable H; values for both vessels are significantly less using
Torsethaugen spectrum than using JONSWAP spectrum when T, is less than 9 s. The inclusion of spreading of the waves provide
conservative estimates on the operational limits compared to using long-crested waves.

e The H; ratios based on three representative cases are calculated and compared with the alpha factors from the recommended

practice. Alpha factors cannot cover the uncertainties due to sea state modelling for many conditions, and it is recommended to

improve the sea state modelling in the planning phase based on actual sites to reduce the uncertainties in the allowable sea states.

The hindcast wave data from the reference site shows high probability of direction misalignment between the wind sea and swell

sea components. The data also indicate that the analytical spectra cannot well describe both wind sea and swell sea components for

individual sea states, as well as their direction differences. To provide a better estimation of operability, it is recommended to use
separate wind sea and swell sea in the sea state modelling and position the vessel to head to the sea component with higher H, value.
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e When comparing the behavior of the two vessels in the case study, the motion responses of the semi-submersible are much lower
compared to those of the mono-hull vessel under the same condition, resulting in higher allowable sea states and operability.
However, it should be mentioned that the cost of the vessels are significantly different. The choice of vessel needs to consider
different practical aspects, in addition to the operability.

This study presents the case study using frequency-domain methods based on linear assumptions. For more complicated marine
operations, dynamic time-domain analysis may be required to capture nonlinear responses. However, to assess the allowable sea states
and estimate the operability using time-domain methods will be very time-consuming. More sophisticated models with less compu-
tational costs are essential to assess the operability for complicated marine operations. Moreover, the joint probabilistic models of wind
sea and swell sea components based on long-term hindcast data can be established. The joint probabilistic models are often applied to
find extreme conditions for design purpose. It is interesting to apply the joint probabilistic models and Monte Carlo simulations to
study the uncertainties in the allowable sea states and operability. Future work can be devoted to study these aspects.
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Appendix A

A.1 Wave spectral types

There are several analytical wave spectrum models that are widely used for design of marine operations. The most used spectra on
the Norwegian Continental Shelf are Pierson-Moskowitz wave spectrum (PM), JONSWAP wave spectrum, and Torsethaugen wave

spectrum.
PM spectrum is often used to describe a fully develop sea by the following equation [13]:
_Sip4 s 5(o\™"
Spm (@) = gHsw, @ exp| =7 o) 17

where w, = %‘ is angular spectral peak frequency. The JONSWAP spectrum is formulated as a modification of the PM wave spectrum
for a growing wind sea in a fetch limited situation [19]:

exp| —05 (";:}i”)’)
Si(w) =A,Spm(w)y < 18)

where Spy (@) is the PM spectrum; A, = 1 — 0.287 In(y), is a normalizing factor ensuring that correct variance of surface process is
obtained for various values of y; y is the spectral peak parameter. Default values for spectral width parameter, ¢ are: 6 = 0.07 for w <
®p, and ¢ = 0.09 for ® > w,. For low and moderate wind seas which are of interest for most marine operations, a likely range for y is
1-3. To have a peak parameter larger than 3 will require strong wind, i.e., conditions not adequate for marine operations. For y = 1, the
JONSWAP spectrum reduces to the PM spectrum.

It is well-known that in many offshore areas, including the North Sea, real seas are often a combination of wind seas and swell seas.
Such multi-modal wave spectra can result in unexpected vessel responses if the underlying spectral shape is not adequately described.
The Torsethaugen two-peak spectrum is obtained by fitting two generalized JONSWAP functions to averaged measured spectra for a
number of sea state classes based on wave measurements from the Northern North Sea [15]. Input parameters to the Torsethaugen
spectrum are H; and T,,. The spectral parameters are related to H; and T, by empirical functions established during the fitting process.

The Torsethaugen spectrum is given as a sum of wind sea spectrum and swell sea spectrum:

Sr(@) =Y $(@) (19)

where j = 1 corresponds to the primary sea system and j = 2 refers to the secondary sea system. The dominant condition (wind sea or
swell sea) is determined by comparing T, with the following defined period:
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Ty=a;-H/ (20)

If T, > Ty, the primary spectral peak corresponds to the swell system, otherwise primary spectral peak corresponds to the local
wind sea system. The factor a; depends on the fetch length. For a fetch length of 370 km, a; is 6.6 s/m'/® and for H; = 2 m we find T)y =
8.1s, so a sea state characterized be H; = 2 m and T, = 6 s will be dominated by the wind sea. Regarding detailed formulation of the
two wave spectrum components, reference is made to Refs. [15,19].

Fig. 20 compares the PM, JONSWAP and Torsethaugen spectra for two sea states with different spectral peak periods. For both sea
states, JONSWAP spectrum results in higher peaks than the other two spectra. Under shorter wave condition (T, = 6 s), in addition to
the peak at 6 s, Torsethaugen shows a secondary peak at period around 10s, representing the expected swell sea condition. The
separation of the Torsethaugen into wind sea and swell sea components for T, = 6 s condition is illustrated in Fig. 21 where the two
wave components are modelled using standard JONSWAP spectrum with y = 3.3. As can be seen, although swell sea component is
secondary, it still represents around 30% of the total wave energy. If the vessel is sensitive to long waves, the swell sea can produce
much larger motions than the wind sea component, depending to some extent on the direction of propagations of the two wave systems
relative to ship heading.

It should be noticed that Torsethaugen spectrum utilizes equal direction of propagation of wind sea and swell sea. This is because
the data to which the Torsethaugen spectrum was fitted did not provide directional information. In practice, however, the wind sea
normally follows close to the wind direction, while the swell system may come from another direction exposed to incoming sea from
distant areas. One way to account for the direction misalignment is to decompose the two components of the Torsethaugen spectrum
and apply two different directions. If measurement or hindcast data are available, the statistics of the two wave components are
normally provided, and they can be modelled separately. The influence of the misalignment of the wave direction of the two com-
ponents will be discussed when assessing allowable sea states and operability using the hindcast data.
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Fig. 20. Comparison between Torsethaugen (TH), JONSWAP (JON) and PM spectra (H; = 2 m).
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Fig. 21. Decomposition of Torsethaugen spectrum into two JONSWAP spectra (total sea: H; = 2m, T, = 6 s; wind sea component: H;; = 1.69m,
Ty = 65; swell sea component: Hy; = 1.06m, Tpz = 10.3s).
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A.2 Directional short-crested waves

The wave spectra discussed above are based on long-crested waves, in which the spectrum is only considered as functions of
frequency w. In the real sea condition, waves are typically short-crested, especially for the wind-generated seas. The directional
spreading of wave energy may give rise to forces and motions that are different from those corresponding to long-crested waves. If
long-crested waves are propagating in the worst direction regarding the response under consideration, short-crested seas will reduce
the response. For other directions of propagation, short-crested waves may worsen the response.

A short-crested sea can be characterized by a two-dimensional wave spectrum, which is a function of both direction 6 and frequency
:

S(w,0) =S(w) - D(0, w) (21

where D(0,w) is the directional spreading function, which in general varies with frequency. Often, the frequency dependence is
neglected and D(¢) can be approximated by the following equation [19]:

C(n) -cos" (0 — 6y), |0— 6| <z/2

D(0) = {0' |0 — 60 > m/2 @

where 6, is the mean wave direction of propagation about which the angular distribution is centered. The parameter n is a spreading
index describing the degree of wave short-crestedness with n — oo representing a long-crested wave field. C(n) is a normalized constant
ensuring the integration of D(6) over 6 equals 1 and is given by:

1 I(1+n/2)

= Fa5n/2)

(23)

where I" denotes the Gamma function. Consideration should be taken to reflect an accurate correlation between the actual sea state and
the index n. Therefore, with a sea state composing of both wind sea and swell sea, it is reasonable to separate these two components and
use different spreading indices. Typical values for the spreading index for wind generated sea are n = 2 to n = 4. If used for swell, n > 6
is more appropriate [19].
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