
Asle N
atskår

D
octoral theses at N

TN
U

, 2020:383

ISBN 978-82-326-5112-2 (printed ver.)
ISBN 978-82-326-5113-9 (electronic ver.)

ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (electronic ver.)

D
oc

to
ra

l t
he

si
s Doctoral theses at NTNU, 2020:383



Asle Natskår


Reliability-based assessment of 
marine operations with 
emphasis on sea transport on 
barges

 

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

Te
ch

no
lo

gy
Th

es
is

 fo
r 

th
e 

de
gr

ee
 o

f 
Ph

ilo
so

ph
ia

e 
D

oc
to

r
Fa

cu
lty

 o
f E

ng
in

ee
ri

ng
 

D
ep

ar
tm

en
t o

f M
ar

in
e 

Te
ch

no
lo

gy



Reliability-based assessment of 
marine operations with 
emphasis on sea transport on 
barges

 

Thesis for the degree of Philosophiae Doctor

Trondheim, December 2020

Norwegian University of Science and Technology
Faculty of Engineering
Department of Marine Technology

Asle Natskår



NTNU
Norwegian University of Science and Technology


Thesis for the degree of Philosophiae Doctor


Faculty of Engineering
Department of Marine Technology


© Asle Natskår


ISBN 978-82-326-5112-2 (printed ver.)
ISBN 978-82-326-5113-9 (electronic ver.)
ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (electronic ver.)


Doctoral theses at NTNU, 2020:383

Printed by Skipnes Kommunikasjon AS 

NO - 1598



Abstract

This thesis addresses the structural reliability assessment of marine opera-
tions related to the transport of large and heavy objects. The base case has
been sea transportation by means of a towed barge with an emphasis on
seafastening structures, considering both weather-restricted and weather-
unrestricted operations. The results are, however, generic in the sense that
they are relevant for other marine operations where environmental loading
governs. The reliability assessments are related to natural uncertainties and
variations. Human and organizational errors are not considered. The focus
is on the structural failure of the grillage and seafastening.

While the methods for structural reliability analysis are quite mature,
modeling uncertainties in loads and load effects as well as the structural
strength are crucial and challenging. Particular efforts are directed towards
uncertainty in estimated vessel motions based on numerical and experimen-
tal investigations as well as on the uncertainty in wave conditions.

The estimated motion of the transport vessel is input to calculations
of the corresponding accelerations and roll/pitch angles that are applied in
calculating the load effects in the grillage and seafastening. The motion of
a typical transport barge have been studied by model tests. A model of
a North Sea barge at a scale of 1:50 was exposed to severe seas in regular
and irregular waves. Roll damping tests were also performed. Barge models
with sharp and rounded corners were tested. Based on the experiments,
a model for roll damping is established. The maximum expected extreme
value of the roll angle from the experiments was 22 degrees for a storm
duration of three hours. The linear analyses overestimated the maximum
roll angle, while the nonlinear analysis compared well.

For most marine operations, environmental loads play an important role
in the design of the operation, and there will be a limit on the environmen-
tal condition in which the operation can be performed. Weather forecasts
provide important information for marine operations with duration up to
three days and form the basis for decision making during operations. The
uncertainties in weather forecasts of the significant wave height have been
studied, especially by shedding light on the approach used in practice to
account for forecast uncertainty, where the so-called Alpha factor method
is used. This method was implemented in the structural reliability anal-
yses performed in this thesis and was seen to effectively compensate for
the uncertainty inherent in the weather forecast. Marine operations last-
ing more than three days are weather-unrestricted, and the environmental
conditions are based on long-term statistical data. Such data have been ap-
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plied in structural reliability analyses to study variations through seasons
of the year and durations of the operation. While the study of the fore-
cast uncertainty did not reveal an abrupt change in forecast quality for lead
times exceeding three days, this limitation was still used in the reliability
assessment to be in compliance with current design standards.

The uncertainties in load effects and the resistance of the seafasten-
ing structure and the corresponding failure probability are estimated. The
structure is assumed to be designed according to current practice, and the
results provide an indication of the inherent reliability of the current prac-
tice. Moreover, the sensitivity of the reliability to environmental conditions,
load effects and resistance variables is investigated.

This thesis may contribute to safer sea transport on barges by providing
more knowledge on some effects that influence the structural reliability, e.g.,
the time of year when transport is executed and the duration of operation.
The effect has not been quantified here, but the results can provide a useful
reference for future versions of design standards for marine operations.
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Abbreviations and terms

Alpha factor A factor to account for the uncertainty in the weather fore-
cast. The design environmental condition (the operational
limiting criterion) is multiplied by the Alpha factor to ob-
tain the forecasted operational criteria.

Cargo supports Structural elements with the purpose of supporting the
transported object, typically by grillage beams.

FORM First order reliability method.

Grillage A structure secured to the deck of a barge or ship, formally
designed to support the cargo and distribute the loads be-
tween the cargo and the transport vessel.

HAZID Hazard identification analysis. HAZID is used to identify
and evaluate hazards early in the project and may be a
useful technique for revealing weaknesses in the design and
the preliminary operation procedures.

HAZOP Hazard and operability study. The application of a struc-
tured and systematic review technique to a marine opera-
tion, to identify hazards and operability problems, includ-
ing causes, consequences, safeguards and remedial actions
but also issues related to the operability of an activity or
operation, including possible improvements, to avoid ac-
cidents and incidents and fulfill the zero accident/incident
target philosophy and increase safety during the operations.

Hindcast data Data, e.g., significant wave height and peak or mean zero-
crossing wave period, reconstructed based on meteorologi-
cal data registered by the meteorologist.
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x Abbreviations and terms

HTV Heavy transport vessel, a vessel that is designed to ballast
down to submerge its main deck and to allow self-floating
cargo to be on-loaded and off-loaded.

ISO International organization for standardization.

Lead time The period from forecast is issued until the time that the
forecast is given for.

Load transfer The operation to transfer the load (i.e. the transported
object) from or to a vessel without using cranes, i.e., by
ballasting or de-ballasting the vessel. A typical load trans-
fer operation is load-out.

Load-out Transfer of an object (module, component, etc.) onto a
transport vessel, e.g., by horizontal movement or by crane
lifting.

Marine operation: Non-routine operation of a limited defined duration re-
lated to handling of object(s) and/or vessel(s) in the marine
environment during temporary phases. In this context, the
marine environment is defined as construction sites, quay
areas, inshore/offshore waters or sub-sea.

MWS Marine warranty surveyor, the independent third party that
has been contracted to approve marine operation. The
MWS will review the proposed procedures and equipment
and, when satisfied that they and the weather forecasts are
suitable, issue a Certificate of Approval for each relevant
operation. The MWS may also attend during the oper-
ation to monitor that the procedures are followed and to
agree with any necessary changes.

QRA Quantitative risk analysis

Seafastening Structural elements used to secure the transported object
from rotations and translations in all directions, as well as
uplift at the supports. The term “Seafastening Structure”
and “Seafastening System” as used here also includes ver-
tical supports.

SORM Second order reliability method.

SRA Structural reliability analysis.



Abbreviations and terms xi

Standard North Sea barge: A flat top barge with a length of 91.4 m, width
of 27.4 m and depth of 6.1 m (300 by 90 by 20 feet), with
a raked bow and stern.

Vessel Barge, ship, tug, or other vessel involved in marine opera-
tion.

Weather-restricted operation: A marine operation with defined restrictions
to the characteristic environmental conditions planned to
be performed within the period for reliable weather fore-
casts. The estimated duration is typically not more than
72 hours, and the environmental design criteria are defined
by the owner or his representative and confirmed by weather
forecasts prior to the start of the operation.

Weather-unrestricted operation: A marine operation with characteristic en-
vironmental conditions is estimated according to long-term
statistics, normally with an estimated duration of more
than 72 hours.
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Chapter 1

Introduction

1.1 Marine operations

1.1.1 Definition

The term Marine Operations includes many activities performed in or at sea.
The marine operations considered herein are limited to specially planned,
non-routine operations of limited duration related to the load transfer,
transport and installation of objects.

1.1.2 History and background

For several decades, complex marine operations have been performed within
the offshore oil and gas industry. During the construction of an offshore plat-
form for drilling and petroleum production, several marine operations are
performed. Modules to be assembled into topsides for drilling and produc-
tion platforms are transported from fabrication yards all over the world to
assembly sites. Complete topsides and substructures are transported from
the assembly sites to the installation locations offshore.

The offshore oil and gas activity started in the Norwegian sector of the
North Sea in the late 1960s. Steel jacket structures and reinforced concrete
platforms require a large number of marine operations during construction
and installation. In Fig. 1.1, the Condeep platform Statfjord B is shown
moored at the construction site. Examples of marine operation include the
transport of topside modules, installing the topside onto the substructure
(deck mating) and towing of the complete platform.

The activity in the renewal energy sector is increasing, and this mar-
ket is expected to grow substantially in the future. For fabrication of large
infrastructure projects, e.g., fjord crossings by road bridges, cutting edge

1



2 Introduction

Figure 1.1: The Condeep platform Statfjord B during construction in Vats,
Norway, 1981. Photo: Jon Natskår.

marine operations will be required. The marine operations performed dur-
ing construction and installation can utilize the experience obtained from
the offshore industry over the last five decades. The demand for marine op-
erations related to the transport of large and heavy structures is therefore
predicted to be high in the future.

1.1.3 Sea transport of heavy objects

Heavy transports are often performed by towed barges; an example is shown
in Fig. 1.2. Barges are given special attention in this thesis, but the general
methodology is similar for other towed objects and for transport on self-
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propelled vessels. The part related to forecasting uncertainties is relevant
for all marine operations.

The need for special planning may arise, e.g., because the transported
object is large and/or heavy, is of high economic value, has a long replace-
ment time or there could be a risk of environmental pollution. Therefore,
the consequences of severe damage to, or total loss of, the transported ob-
jects are large with regard to economic loss. Most likely, there will also be
delays in the project, and the companies involved may experience a loss of
reputation. It is therefore necessary to quantify the uncertainties inherent
in such operations. Furthermore, there will probably be a requirement for
increased cost effectiveness in the future, such as in the offshore wind in-
dustry, compared with the traditional oil and gas industry. An optimized
safety level in marine operations should therefore be attained.

Figure 1.2: A typical heavy transport; transport of the Peregrino jacket on
the barge H-542 towed by the tug Bylgia from the Netherlands to Brazil
in November 2019 (the picture is taken during an inspection of the barge
and cargo; during offshore tow, the tow line is much longer). Photo: Asle
Natskår.
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1.2 Assumptions and limitations

Several assumptions have been made for the work performed in this thesis.
Some main assumptions and limitations are listed below.r Roll motion is normally governing for the loading in the grillage and

seafastening and has been in focus in this study, and pitching is not
studiedr The structural reliability assessment focus on the cargo support struc-
ture; the structural capacity of the cargo is not consideredr The forces in the cargo supports are calculated based on dynamic
equilibrium of the cargor The weather forecasts and the long term statistical data in this thesis
are from the Norwegian Sea and the North Sea (however, they are
considered to be more generally representative of extratropical condi-
tions)r The reliability assessments performed in this thesis are related to nat-
ural uncertainties and variationsr Human and organizational errors are not considered in detail other
than in Sec. 1.3.4, where precautions to reduce the probability of
such errors are discussedr Forward motion of the barge is not included, as the barge is assumed
to be towed at low speed or in drift during the governing loading
condition

1.3 Risk assessment of marine operations

1.3.1 Risk management

Active risk management is normally considered vital for the successful exe-
cution of marine operations and should be an integrated part of planning.
The risk management plan should cover risk assessment of the marine op-
erations as well as the various construction phases [55], and human errors
should also be analyzed in risk management work; see also Sec. 1.3.4. Risk
management should include risk assessment to define relevant loading con-
ditions and accidental load cases [30, 71]. Robust and well-proven equip-
ment, vessels and operational procedures should be used to minimize the
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risk of failures or unacceptable delays as much as possible. The principle of
ALARP, “As Low As Reasonable Practicable”, should be adhered to, mean-
ing that the risk is reduced as much as found practicable during planning
and execution, which is also below the formally defined acceptance levels,
based on cost-benefit assessments [30, 34].

1.3.2 Risk exposure during marine operations

Marine operations involve many stages and many suboperations where the
handled object is exposed to risk. For the marine operations considered
herein, see Sec. 1.1.1, the following sub-operations are generally relevant:r Load-out of the object onto the transportation vessel by lifting with

a crane, multiwheel trailers or skiddingr Berthing of the transportation vessel after the load-out (i.e., shift the
vessel from the load out position to a temporary position along the
quay)r The loaded vessel moored along the quay during final preparationsr Commencement of the voyage; leaving the quay and maneuvering out
of the harborr Sea voyage in open waterr Maneuvering into the harbor and berthing of the transport vessel when
arriving at the destination, or arrival at an offshore locationr Discharge of the transport vessel, typically by a reversed load-out
(load-in) at a yard or by lifting with a crane or by a float-over operation
for an offshore installation

Keeping the general risk exposure and the various failure modes in mind,
the focus here is on the structural failure of grillage and seafastening.

1.3.3 Categorization of uncertainties

Various categories of uncertainties are used, for example, random errors,
systematic errors and gross errors (blunders) [41], human and organizational
factors, etc.

The categorization can also be based on the type of uncertainties [96]:r fundamental or inherent uncertainties; the aleatoric uncertainties
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r uncertainties in mechanical or probabilistic models and statistical un-
certainties; the epistemic uncertaintiesr uncertainties related to human errors that affect the resistance and
load effects

An alternative categorization for structural assessment could be 1) nor-
mal variability and uncertainty due to inherent variability or lack of data
(also to establish analysis models) and 2) human errors, affecting both the
loads and the load effects as well as the resistance [98].

The fabrication quality is one of the main design assumptions. Devia-
tions in the fabrication quality contribute to the uncertainties in the struc-
tural capacity. Welding of grillage and seafastening is performed on the
deck of the transport vessel, and weather sheltering can be challenging.

1.3.4 Effects of human factors

Human errors and omissions may be related to:r the planning of the operation and choice of equipmentr the fabrication of the object to be handled, grillage and seafastening,
etc.r the execution of the operation

Several studies related to the human and organizational factors in marine
operations have been performed, and it is indicated that human errors ac-
count for as much as 80-90% of all accidents [83, 88].

During the project phase, e.g., when performing structural design, hu-
man errors may lead to under-dimensioned structures [94, 138] that may
substantially increase the risk of structural failure.

Other studies illustrate that the probability of personnel making the
wrong choice while performing a task, by pushing the wrong buttons, etc.,
may become very high under unfavorable working conditions with high
stress levels [66]. This approach to consider the effect of human errors
can be relevant for execution of marine operations related to control panels
for ballasting as an example.

Human errors should not be compensated by an additional design factor.
Instead, gross errors in marine operations should be eliminated by extensive
QA/QC activities (quality assurance and quality control) during design,
fabrication and execution as well as utilizing defined safety barriers and
redundant equipment and systems. Standard methods for risk reduction
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during the planning of marine operations include independent (third party)
design verification, Hazids, Hazops, etc. [30]. Operational errors should be
eliminated by adequate training of the involved personnel [57] and by safety
meetings, toolbox talks and risk assessments [128]. Safety barriers should
be applied where possible to prevent one single failure from leading to severe
failures [31, 65, 133].

While human factors are not directly included in this thesis, the above
mentioned precautions are assumed to have been taken as relevant, sub-
stantially reducing the probability of human errors leading to catastrophic
failures. Based on this assumption, the structural capacity checks are per-
formed in the ultimate limit state. The corresponding target reliability level
is discussed in the following section.

1.3.5 Target reliability level

An acceptable reliability level for marine operations is presently not ac-
curately defined in any design standard. However, muck work has been
performed with respect to code calibration to obtain a specific safety level
for offshore structures (at the offshore site) [41, 97, 99].

Offshore structures will typically be on location for twenty years or more,
and the definition of the reliability level is linked to the annual probability of
failure. Marine operations typically last a few days or weeks, and it is then
more natural to define a probability of failure per operation, independent of
the duration [84]. This approach is applied in this thesis. The target safety
level, however, could depend on the possible progressive failure of structural
components, i.e., the consequences of a component failure.

Structural reliability analyses (SRA) are used to quantify the probability
of failure. While SRA are tools for assessing failure probability, they do not
account for human errors. Hence, the probabilities should not be considered
as the “true”, or “real”, failure probabilities but rather than as a calibrating
tool relating to the generic uncertainties included in the analysis.

Research has also been performed to combine quantitative risk analysis
(QRA) with structural reliability analysis for marine operations [124, 125,
142], which is an alternative to SRA. The reliability level will depend on
the type of analysis performed to some extent.
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1.4 Planning and execution of marine operations

1.4.1 General principle

The marine operations discussed here are based on thorough planning and
preparations. The environmental condition, wave-induced load effects, struc-
tural integrity, etc., are some key elements in planning such operations. All
parts of marine operations need to be described by operational procedures,
drawings, etc., collected in an operation manual. The structures and equip-
ment must comply with the relevant requirements in the design standards.
A few items related to the planning and execution of marine operations are
described below, and a short discussion and a brief review of some previous
research are given.

1.4.2 Rules and standards for marine operations

There is a long history of standards and guidelines in marine operations.
The first guidelines (to my knowledge) were given as far back as 1958, when
Captain William David Noble introduced criteria for tow preparation for
the LeTourneau jack-up AMDP-1 to cross the Atlantic Ocean, which was
the first drilling platform to do so [24]. Later, the Noble Denton guidelines
[47] became well known in the industry. The first guidelines from DNV were
issued in the late 1970s, and the first design standard was issued in 1985,
the DNV Standard for Insurance Warranty Surveys in Marine Operations.
This standard was replaced by theDNV Rules for Planning and Execution of
Marine Operations in 1996 [23]. These rules were replaced by an Offshore
Standard [26] in 2011. During this period, marine operations could be
planned according to the DNV standards or the Noble Denton guidelines.

The ISO standard for Marine Operations was issued in 2009 [72]. Parts
of this standard were based on the Noble Denton guidelines, and there were
some differences compared with the DNV standards [6].

Following the merger between DNV and GL in 2013, the DNV standard
and the Noble Denton guidelines (Noble Denton was owned by GL at the
time) were both managed by DNV GL. The standard and guidelines both
gave technical requirements and guidance for all types of marine operations,
but their structure and detailing of the requirements were quite different [7],
and they were combined into one standard [31].

There are also other standards and guidelines available. London Off-
shore consultants have their own Guidelines for Marine Operations [86].
The International Maritime Organization, IMO, issued Guidelines for safe
ocean towing [70] in 1998. The US Navy issued a towing manual [110]. Ship-
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ping and oil and gas companies have issued Guidelines for Offshore Marine
Operations [48]. The API Recommended Practice for fixed platforms [8]
contains a chapter with general requirements for load-out, transportation,
and installation. Oil companies may also have their own specification with
requirements in addition to the standards and guidelines for the design of
marine operations. Some of the large marine operation contractors have
company-specific design guidelines.

The main reference standard in this thesis is the current version of the
DNV GL standard for marine operations [31]1. This standard has the most
comprehensive method for planning operations, such as accounting for un-
certainty in weather forecasts.

1.4.3 Weather-restricted and -unrestricted operations

Marine operations are defined as weather-restricted or weather-unrestricted
operations depending on the duration. The separation between these two
categories is important, as they are planned differently with respect to envi-
ronmental conditions. If the duration of the operation is less than 72 hours
(96 hours when the contingency time is included) or if the operation can
be halted and the handled object brought into a safe condition during the
same period, the operation can be defined as weather-restricted. The design
environmental criteria are defined in an early phase of the project. The op-
eration may commence when all preparations are finished and the weather
forecasts indicate acceptable environmental conditions. The uncertainty in
the weather forecasts and how to include this uncertainty in the planning
of the operation thus become key issues [108, 107].

Operations with planned durations longer than 72 hours are weather-
unrestricted. They are not planned based on environmental conditions that
can be confirmed by weather forecasts because the duration of such opera-
tions is longer than the duration for which weather forecasts are considered
reliable. In the planning of a weather-unrestricted operation, the environ-
mental criteria for the design must be considered according to long-term
statistics accounting for the geographical area, the season of the year, and
the duration of the operation.

1This standard is not freely available, and access requires a subscription. However,
the requirements referred to in this thesis are practically the same as those given in the
previous DNV offshore standards. Planning related to the duration and requirements for
weather-restricted operations (see Sec. 2.2) are covered by DNV-OS-H101 [26], while the
barge motion criteria can be found in DNV-OS-H202 [27]. These standards are available
for free on the Internet.
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1.4.4 Capacity checks and failure modes

For a typical marine operation, numerous design checks are required. Gen-
erally, four types of limit states are checked (see Sec. 1.4.7), but the ul-
timate limit state is the focus here. The structural strength is calculated
according to recognized design standards, e.g., Eurocode and Norsok stan-
dards [36, 113], and adequate capacity is documented for the relevant limit
state by applying the relevant reference levels for the loads and load effects.
All vessels, equipment and structures involved in marine operations need to
have documented capacity and shown to be adequate for their purpose. The
sufficient capacity of the tug (e.g., the bollard pull) and the tow line capac-
ity must be verified. The hydrostatic and dynamic stability of all floating
vessels must be documented.

The design checks cover normal uncertainties due to fundamental vari-
ability/uncertainty and lack of data. As mentioned in Sec. 1.3.4, human
errors are not accounted for in the standard ultimate limit state capacity
checks.

1.4.5 Wave-induced loads and load effects

The governing load effects in the cargo supports are typically caused by
the wave-induced motions, i.e., accelerations and rolling/pitching, of the
transport vessel. Much research, both numerical and experimental, has
been performed on wave-induced barge motion, particularly for the rolling
of barges. Early research on the rolling of ships was performed by Froude in
the 1860s [42]. In the 1960s, research on the rolling of ships and the effect
of bilge keels was performed by Tanaka and Kato [80, 140]. In the 1970s,
Ikeda et al. studied roll damping of ships with forward motion [68]. A barge
research project was also initiated by Noble Denton [37].

The rolling of ships and barges is influenced by roll damping, which
can be split into potential damping due to wave generation and viscous
damping due to vortex shedding at the bilges. Vortex shedding and the
details of the flow at the bilges have been studied by several researchers
[49, 50, 12, 33, 126, 67], and studies are still ongoing [40, 51, 52, 101].

Handbooks based on numerical analysis and experiments, giving spe-
cific values to be used for typical vessel shapes during rolling, heaving and
swaying, are available [81, 144]. More recently, ITTC issued a report giving
a method for roll damping estimation that can be used in the absence of
experimental data [75]. In addition to studying viscous damping as such,
research has been performed on barge motion in waves [14, 18, 135]. Ad-
ditionally, studies on wave-induced motions based on real transports have
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been performed, and full-scale measurements of barge motions have been
published [139], as well as model test results [79, 136].

The deformation of the transport barge in head and beam seas will have a
limited effect on an object placed on four supports with a static determinate
seafastening system, while there is a larger effect of deformations in oblique
seas and for the transport of structures on several supports, e.g., a jacket
[20]. Then, the relative stiffness of the transported object and the transport
barge will influence the support forces.

The statistical distribution chosen to represent the responses for the
analysis of sea transport is also important. Research is performed on the
statistical distribution of the extreme value of the responses. The stan-
dard approach is to assume Rayleigh or Weibull distributed individual max-
ima. An alternative method was developed by Naess and Gaidai [102]; this
method can be used for extreme value statistics of roll motions [45]. Other
methods have also been studied [105, 119].

1.4.6 Weather forecasts

The start-up of a marine operation requires forecast confirmation that the
environmental criteria are fulfilled, and hence weather forecasts are impor-
tant input for decision making during the execution of marine operations.
The uncertainty in the forecasts must be accounted for in the planning of
the operation.

The standard method to account for the forecast uncertainty is to re-
duce the design criteria by an Alpha factor [31]. For example, if the design
sea state is Hs,design = 4 m and α = 0.75 (the Alpha factor depends on the
duration of the operation), the operation can start when the forecast pre-
dicts Hs,wf ≤ 3 m throughout the operation period. The Alpha factors are
based on the uncertainty estimated based on a comparison of the measure-
ments and forecasts [87, 146]. Alternative approaches exist, for example, for
making criteria for unmanning platforms during storm events [59], where
ensemble weather forecasts are utilized.

Weather routing has become more available as technology has progressed.
While the traditional approach for weather routing was to avoid certain ar-
eas during the winter season, weather routing can now use updated weather
forecasts on board as part of the decision-making process [1]. Instead of
defining the limit for the execution of marine operations based on the wind
speed and significant wave height, the industry seems to be heading towards
a response-based approach. For several years, there has been great interest
in this approach within the industry, and in 2019, DNV GL initiated a joint
industry project (JIP) to further investigate response-based methods. With
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the response-based approach, the wave forecasts are not limited to Hs and
Tp/Tz, but forecasted 2D wave energy spectra can be utilized (an example
of a 2D spectrum is shown in Fig. 3.1). Several wave systems, e.g., wind
waves and one or more swell systems, can thereby be included in the nu-
merical models. Until now, this method has mostly been used in addition
to the traditional approach and not as a complete decision tool for marine
operations [19]. There have also been studies related to the assessment of
operational limits and limiting sea states based on the allowable response
[54]. Such operational-based methods by means of the on board monitoring
of waves and vessel motion are being developed [21]. The response-based
approach contains various methods for improving shipping and marine op-
erations in general. The methodologies are expected to be further developed
over the coming years. Nevertheless, the traditional approach based on the
significant wave height will be used for small projects and by companies
without the resources or the need for a response-based system. To quan-
tify the forecast uncertainty, the forecasts should preferably be compared
with measured data. However, hindcast data are of high quality and can be
used in comparisons instead of measured data [82]. The European Centre
for Medium-ranged Weather Forecasts, ECMWF, verifies the forecasts by
comparing the measured and forecasted environmental data [9, 147].

In areas and times of year where polar lows can occur, this phenomenon
should be included in the forecasts. The period where a reliable forecast
of polar lows can be given is short, as polar lows may be predicted for a
period of approximately 24 hours [114]. Standard weather forecasts do not
include polar lows. Polar lows should be specially considered where relevant
[118, 123].

1.4.7 Structural design of the grillage and seafastening

The grillage and seafastening are designed based on the load effects from
accelerations and roll/pitch angles given by a motion analysis using a 3D
panel model or from simplified motion criteria. The forces should include
possible effects of friction. Even if vessel motions used for calculating the
load effects for the design of the cargo support system can be calculated by
different methods, the safety coefficients, e.g., the load and material factors,
applied in the design do not reflect the method for calculating the motions
but depend on the design limit state.

The transports are assumed to be planned and executed according to a
recognized standard using the load and resistance factor design approach,
and the structural capacity can generally be verified for four design limit
states:
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r ultimate limit state, ULS

r accidental limit state, ALS

r fatigue limit state, FLS

r serviceability limit state, SLS

The ULS covers the normal uncertainty and variability in the loads and
resistances, while the ALS is introduced to avoid progressive failure after
accidental damage. The accidental limit state is important when there is
a risk of the tanks flooding or the load shifting. For heavy cargo, shifting
of the load will lead to a total loss, but for smaller cargo, this may be a
relevant ALS case. The fatigue limit state is relevant for transports with a
long duration, i.e., transports lasting more than a few days, and for struc-
tures with poor fatigue properties (high stress concentrations). Fatigue is
not considered here. The serviceability limit state is mainly related to de-
formations and is normally not of main importance for sea transports. The
SLS may be important if the transported object has equipment that is sen-
sitive to relative deformations, e.g., large equipment and piping in a process
module. The main category is the ultimate limit state, which is relevant for
all transports. This category is the focus here.

The method used to calculate the structural strength can affect the
overall reliability, e.g., the use of standard capacity formulas versus linear or
nonlinear finite element analyses. For example, capacity checks according
to Eurocode 3 [36] may serve well for design purposes for plate girders
with a relevant geometry, but it is difficult to apply these checks to more
complicated fabrications [32].

Even if there are recommendations for the general principles for seafas-
tening [53], different transport vessels, e.g., a barge, a transport ship or a
heavy transport vessel, may also have different characteristics, and a vessel-
specific design approach may be required. For example, a module placed on
grillage beams on a barge, as shown in Fig. 4.1, cannot rely on friction at
all because wet steel to steel has very little friction. On the other hand, a
large object transported on the deck of a heavy transport vessel is normally
set on wooden cribbing, and the positive effect of friction can be included
[5].

As a consequence, the probability of failure will to some extent depend
on the type of transport and how the load effects are calculated. Hence, the
calculated probability of failure could vary from case to case depending on
the design method.
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1.4.8 Operational procedures

Operational procedures and other relevant information related to organiza-
tional and technical items needed during the execution of a marine opera-
tion are written in a Marine Operation Manual. The operation manual is
custom-made for each operation and should include the following, as appli-
cable [31]:

r reference documents

r general arrangements and references to relevant drawings

r permissible load conditions

r organization charts and lines of command

r environmental criteria

r weather forecasts and wave reporting

r specific step-by-step instructions for each phase of the operation

r references to relevant calculations, e.g., environmental loads, mooring
arrangements, ballast conditions, stability, tug bollard pull

r permissible draughts, trim, and heel and corresponding ballasting
plans

r contingency and emergency response plans

r vessels involved
r tow routes and ports of refuge

r towing arrangements

This information is needed for the crew to know what to to in the nor-
mal operation mode and in case of emergencies. For barge transport, this
document is called a Towing manual and will contain the above listed infor-
mation as relevant, depending on the type of transported object, geographic
area, distance, duration, etc.
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1.4.9 Marine warranty surveys

Insurance companies often require that an independent verification of the
planned operation and the execution be performed to ensure the required
quality in the operations. A Marine warranty surveyor (MWS) is then en-
gaged to verify and approve the marine operation [60]. The MWS will
perform their work in accordance with a recognized standard [31, 72] and
approve the planning of the operation, which typically include drawings, de-
sign calculations and operational procedures. The MWS is normally present
during the execution of the operations, confirming that all preparations have
been performed, that the forecasted weather conditions are within accept-
able limits and that the operational procedures are being followed [46].
These verification activities aim to improve the quality and hence reduce
the risk inherent in the operation.

1.5 Aim and scope

The scope of this thesis is shown in Fig. 1.3, where the interconnection
between the research topics and papers included in Appendix A is demon-
strated. The primary aim of the research is to develop a structural relia-
bility model to quantify the reliability level implicit in current guidelines
and possibly calibrate the reliability level. The focus is on assessing the un-
certainties of the environmental conditions, wave-induced load effects, and
structural capacity and studying the safety level and reliability of the cargo
support system for sea transport in the ultimate limit state. The main ob-
jectives and scope of the research work in this thesis can be summarized as
follows:

r To study the methods for the prediction of wave-induced barge motion
and related seafastening forces for cargo on a transport barge in se-
vere seas and compare linear and nonlinear numerical motion analysis
results with experimental results

r To investigate the uncertainty inherent in the calculation of the wave-
induced load effects

r To investigate the uncertainty in the calculated structural capacity

r To study the uncertainty in forecasted environmental conditions for
weather-restricted marine operations
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r To quantify the forecast uncertainty of the significant wave height for
weather-restricted operations and the statistical environmental data
for weather-unrestricted operationsr To develop a reliability model for the structural capacity of the cargo
supportsr To perform structural reliability analyses of the support structure and
compare the implicit reliability level for various design conditions,
e.g., for several forecasted significant wave heights, as a function of
the durations of the operation, assuming that the operation occurs in
various seasons of the year

1.6 Thesis outline
This thesis is written in the format of several briefly descriptive chapters
and appended papers related to the objective of this research. The organi-
zation of this thesis is as follows:

Chapter 1:
This chapter provides an introduction, the background, the motivation, a
brief review of current guidelines and standards, the historic and current
developments in research related to marine operations, the aim and scope,
and an outline of the thesis.

Chapter 2:
This chapter addresses the planning of marine operations with a focus on
environmental conditions. The important categorization of marine opera-
tions into weather-restricted and weather-unrestricted operations is further
explained. A brief review of the calculation methods for the design wave
heights for unrestricted operations is given. Uncertainties related to the
design wave height, e.g., due to uncertainty in the weather forecasts, and
uncertainties in the background data are discussed. A simplified method
for estimating a design wind speed for a given significant wave height is
presented. The main results from Paper 2 are included in this chapter.

Chapter 3:
This chapter elaborates on the key issues related to wave-induced load ef-
fects. It contains a description of the regular and irregular wave concepts.
The calculation of wave-induced load effects in the frequency and time do-
mains is briefly described. A description of the model tests is given. Nu-
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merical and experimental uncertainties are discussed. This chapter contains
information from Paper 1.

Chapter 4:
The structural strength in the ultimate limit state, as well as the structural
reliability method and the application for the barge transport case, are pre-
sented. Capacity checks in the ultimate limit state are discussed, as well as
the uncertainties in the structural capacity and load effects. This chapter
is partly related to Papers 2 and 3.

Chapter 5:
Conclusions, an overview of the original contributions and recommendations
for future research are presented in this chapter.

Appendix A:
Appended papers

Paper 1:
Rolling of a transport barge in irregular seas, a comparison of
motion analyses and model tests
Authors: Asle Natskår, Sverre Steen
Published in Marine Systems & Ocean Technology, Vol. 8 No. 1, pp. 05-19,
June 2013

Paper 2:
Uncertainty in forecasted environmental conditions for reliability
analyses of marine operations
Authors: Asle Natskår, Torgeir Moan, Per Ø. Alvær
Published in Ocean Engineering, Vol. 108, pp. 636-647, 2015

Paper 3:
Structural reliability analysis of a seafastening structure for sea
transport of heavy objects
Authors: Asle Natskår, Torgeir Moan
Submitted for publication in Ocean Engineering

Appendix B:
Layout of a typical transport barge.
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Appendix C:
Motion analysis of ships and barges.

Appendix D:
Description of the model tests.

Appendix E:
List of previous PhD theses at the Department of Marine Technology.

The work is organized as shown in Fig. 1.3.

 

Marine operation: Sea transport

Uncertainty modelling of 
environmental conditions

Uncertainty in
wave induced 
load effects

Structural reliability 
analysis

Wave loads

Paper 2

Reliability analysis  
method

Uncertainty 
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structural capacity
Paper 1

Paper 3

Optimization  of seafastening 
structures, code calibration, 

etc.

Paper 3

Figure 1.3: Organization of the thesis and its interconnection with Paper 1
[109], Paper 2 [108] and Paper 3 [107]

1.7 Outline of the papers
Paper 1 addresses the sea transport of heavy objects and the motions of a
transport barge exposed to wave loading. The aim is to investigate methods
for the prediction of barge roll motion and related sea fastening forces by nu-
merical analysis and model tests of a barge in irregular waves. The response
from linear and nonlinear numerical analyses is compared with the results
of the model tests. It is found that the numerical analyses give slightly
conservative results and that the nonlinear time-domain analyses give only
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marginally more accurate results than the linear frequency domain method.
The results from Paper 1 are used for modeling the uncertainty in the wave-
induced load effect.

Paper 2 is concerned with planning marine operations with regard to en-
vironmental conditions and operational limits. Operational decisions are
based on weather forecasts, and the uncertainty inherent in weather fore-
casts of significant wave height is studied using data from the Norwegian
Sea. The results from Paper 2 form the basis for the uncertainty model of
the environmental conditions in the reliability analyses.

Paper 3 addresses the structural capacity of the transport vessel and the
cargo and discusses the uncertainty models used in the structural reliability
analyses. The bulkheads in the transport vessels are exposed to large ver-
tical local forces from the cargo supports, and when these bulkheads have
horizontal stiffeners, the in-plane bulkhead loading acts perpendicular to the
stiffeners. The modeling of the uncertainty in such structures is discussed.
Furthermore, the paper presents a structural reliability analysis method to
accommodate the uncertainties affecting the design checks. The implied
probability of structural failure by use of the relevant design standards for
marine operations is studied using structural reliability analyses for two
categories of marine operations, notably weather-restricted and weather-
unrestricted operations. While weather-restricted operations are designed
for a chosen limit of the significant wave height, a weather-unrestricted
operation cannot rely on forecasts but must be designed using long-term
statistical data for the relevant season. The probability of failure is cal-
culated for both categories. The probability of structural failure during
weather-restricted barge transport is calculated for various durations and
several forecasted significant wave heights. For weather-unrestricted opera-
tion, where the environmental loading is given by long-term data, the failure
probability is calculated for several operational durations and for execution
in various months or seasons.
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Chapter 2

Environmental conditions for
marine operations

2.1 General

The purpose of the marine operations studied here is to safely transport an
asset from one location to another location. Environmental loads are the
key input for the design of marine operations and will often define the limits
for the actual execution of an operation. Even if the design should aim at
making the operation robust, most operations are sensitive to environmental
loading, and waiting on weather commonly occurs. During the planning of
weather-restricted operations, the environmental design conditions should
be optimized to balance the cost related to the size of the transport vessels,
tugs, structural steel, equipment, etc., with the cost related to waiting on
weather; see also Sec. 2.5.1.

2.2 Planning of marine operations and required
environmental data

During marine operations, the handled object is brought from one defined
safe condition to another. The marine operation is over when the safe
destination has been reached. A key parameter is the duration of the marine
operation. To estimate the duration, the time when the handled object is in
a safe condition and the operation is finished must be clearly defined. The
duration of an operation, called the operation reference period, is defined
as follows [31]:

TR = TPOP + TC (2.1)

21
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where
TPOP is the planned operation period and
TC is the estimated maximum contingency time.
The estimated maximum contingency time is normally between 50% and
100% of the planned operation period. The total duration is a stochastic
variable but is assumed to be deterministic here.

Marine operations are classified as either weather-restricted or weather-
unrestricted, depending on the duration of the operation. Weather-restricted
operations are based on weather forecasts and are beneficial since the owner,
or their representative, may define the environmental criteria to operate in.
The operation may commence when the weather forecasts show acceptable
conditions. A key issue is then the uncertainty in the weather forecasts
and how to deal with that uncertainty during planning of the operation.
For weather-restricted operations (i.e., operations of short duration and
operations that may be halted within a short notice), the environmental
conditions are given by weather forecasts. An ample margin must be set on
the forecasted wave height, wind speed, etc., when defining the operational
criteria to have a sufficiently low probability of exceeding the design criteria.

For operations with a long duration, weather forecasts do not give re-
liable information, and the design criteria are instead based on long-term
statistical data; the operation is weather-unrestricted. An environmental
condition with a low probability of being exceeded is defined based on long-
term statistics. The environmental criteria for the two categories of marine
operations are treated differently. In the ISO standard for marine opera-
tions [72], a planned duration including a contingency (TR) of 72 hours is
the maximum for a weather-restricted operation. In the DNV GL standard
[31], the limit is somewhat increased: If TR is less than or equal to 96 hours
and TPOP is less than or equal to 72 hours, the operations can be defined as
weather-restricted. The operation can also be defined as weather-restricted
if the operation can be halted and the handled object can be brought into a
safe condition within that time frame. For sea transport, this means that the
route needs to be divided into several legs between ports or areas of shelter
along the transport route. Each leg is planned as a weather-restricted trans-
port. Operations where TR is more than 96 hours or TPOP is more than
72 hours are by definition weather-unrestricted. The separation between
these two categories is important since they will be planned differently with
respect to environmental criteria. Two examples are shown in Fig. 2.1. To
the left is a transport along the coast of Norway, where shelter can be found
and the transport can be divided into several legs, each performed within a
weather window. The example on the right-hand side is a transport crossing
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the Indian Ocean. Even if there are several islands in that area, they are
not considered to provide sufficient shelter or safe haven, and the transport
is weather-unrestricted. See also Sec. 2.6.

Figure 2.1: Example of weather-restricted transport with a sheltered stop
(left) and weather-unrestricted transport; red lines represent transport routes
(maps from www.fn.no)

In areas or seasons where weather forecasts are reliable for a shorter
period, a shorter limit for weather-restricted operations must be applied.

2.3 Weather forecasts

Weather forecasts for marine operations are typically operation specific and
specially ordered forecasts that include a significant wave height, wave pe-
riod and wind speed, among other information. The forecast can be given
for one specific location or for a given transport route. The forecast is or-
dered based on an estimated vessel speed, and an updated route is sent to
the forecaster during the operations if the actual route deviates from the
planned route.

In this thesis, the total sea, i.e., the combination of wind-generated waves
and swell, has been studied; see also Sec. 2.5.2. The sea state is modeled
by a one-peak wave energy spectrum, as described in Sec. 3.2.

The forecasted significant wave height and the hindcast significant wave
height (i.e., “true” Hs) for one year are shown in Fig. 2.2 for a lead time
of 48 hours. Fig. 2.3 shows the same comparison for the month of May. It
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is evident that not all the peaks in the observed wave heights are captured
by the weather forecasts.

Figure 2.2: Hindcast and forecasted Hs for lead time of 48 hours in 2011,
at Location 1 in Fig. 2.6

The correlation between the forecast and hindcast significant wave heights
is shown for several lead times in Fig. 2.4. The correlation decreases with
increasing lead time. In Fig. 2.5, the wave periods (spectral peak periods,
Tp) are similarly shown. The correlation between the forecast and hindcast
values is lower for peak periods than for the significant wave height for a
lead time less than 72 hours. The peak period appears to be more difficult
to forecast than Hs. This is not limited to weather forecasts; the uncer-
tainty in sea state parameters from spectral estimation has been studied by
Rodrigues et al. [127]. It was concluded that the use of different methods
of spectral estimation did not have a large effect on the variability of, e.g.,
the significant wave height, but the peak period showed great differences as
a function of the spectral method adopted.
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Figure 2.3: Hindcast and forecasted Hs for a lead time of 48 hours at Loca-
tion 1 in Fig. 2.6 for May 1 to 31. 2011

2.4 Hindcast data

2.4.1 The use of hindcast data

Ideally, measured wave data would have been used for comparison with
weather forecasts. However, access to measured data is limited, and hind-
cast data are used instead. The quality of the hindcast database is high,
and hindcast data are extensively used for design work on the Norwegian
Continental Shelf [62]. The uncertainty in the forecasted significant wave
height is estimated in this thesis by comparing one year of the forecast and
hindcast data. The limited duration as well as the uncertainty inherent
in the hindcast data may therefore affect the results. The accuracy of the
hindcast significant wave height compared to measurements has been stud-
ied by Haver [61]. The difference between the hindcast and measured Hs

values had a standard deviation of 1.15 m, based on 168 storm events with
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Figure 2.4: Hindcast and forecasted significant wave height

Hs,hindcast ≥ 7.5 m. No clear dependence of the standard deviation on the
wave height was observed in that study. However, for weather-restricted op-
erations, the main interest is in lower wave heights, typically Hs of 3-5 m.
According to Brooker et al. [13], a scatter index 1 of 10-15% for signifi-
cant wave heights from the hindcast is representative of modern hindcasts
compared with measured values.

A comparison of hindcast data with measurements has also been per-
formed by Bruserud and Haver [15]. They found the hindcast significant

1The scatter index (S.I.) is defined as S.I. = σm/µmeas, where σm is the standard
deviation of the difference between the measured and modeled values and µmeas is the
mean of the measured wave heights used for comparison.
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Figure 2.5: Hindcast and forecasted significant wave period

wave height from NORA10 [2, 123] to be slightly conservative compared
with the measurements. However, the difference was small, and they did
not correct the significant wave height from NORA10.

Haakenstad et al. [58] compared NORA10 data (and a new hindcast
model, NORA10EI) for the Norwegian Sea, North Sea and Barents Sea with
the measurements. They found that the comparison with the observations
was good in general. There seems to be a slight conservatism in the hindcast
data, as the presented 99.9th percentile Hs-values are generally slightly
higher from NORA10 than from the measurements.

In the abovementioned studies, hindcast values of Hs were compared
with the measurements. Wave measurements contain some uncertainty as



28 Environmental conditions for marine operations

well. This was studied by Magnusson [91], comparing measurements from
wave rider buoys with radar and laser measurements. There was gener-
ally a good fit between the methods, but some deviations were evident, in
particular for significant wave heights larger than 8− 10 m.

Based on the studies above, it was concluded that the measurements
and hindcasts are both suitable for a study of the uncertainty in weather
forecasts, and in this thesis, hindcast data were directly used without any
corrections. The hindcast data were used as follows:

r Hindcast significant wave heights were compared with weather fore-
casts to estimate the uncertainty in the forecasted significant wave
height (Location 1 in Fig. 2.6)

r The long-term statistical distribution of the significant wave height
and the conditional distribution of the wave period were estimated
based on the hindcast data (Location 2 in Fig. 2.6)

2.4.2 Long-term distribution from the hindcast data

In the hindcast data, the significant wave height is given every three hours.
A three-parameter Weibull distribution can be fitted to the long-term distri-
bution of Hs. The parameters can be estimated according to [17, Sec. 17.6].
The approach is explained in detail in [62]. The probability density function
for the Weibull distribution is defined as follows:

fHs(hs) = β

α

(
hs − γ
α

)β−1
exp

[
−
(
hs − γ
α

)β]
(2.2)

where
α is the scale parameter (different from the Alpha factor used elsewhere),
β is the shape parameter and
γ is the location parameter.
To estimate the three parameters, the three lowest moments are used, i.e.,
the mean value, the variance and the skewness. The mean value is calculated
as follows:

µHs = γ + αΓ
(

1 + 1
β

)
(2.3)

The variance is calculated as follows:

σ2
Hs = α2

[
Γ
(

1 + 2
β

)
− Γ2

(
1 + 1

β

)]
(2.4)
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Haugesund

Oslo

Sandnessjøen

Trondheim

Location 2

Location 1

Figure 2.6: Locations where hindcast data are taken from [108, 107] (map
from www.fn.no)

The skewness is calculated as follows:

γ1 =
Γ
(
1 + 3

β

)
− 3Γ

(
1 + 1

β

)
Γ
(
1 + 2

β

)
+ Γ3

(
1 + 1

β

)

[
Γ
(
1 + 2

β

)
− Γ2

(
1 + 1

β

)]1.5 (2.5)

Γ is the gamma function (Γ(t) = ∫∞0 xt−1e−x dx).
The mean, variance and skewness of Hs are calculated directly from the

hindcast data (see Eq. (2.8)-(2.10)) and are used to calculate the parameters
in the Weibull distribution.

The skewness only depends on the parameter β. Hence, β is calculated
from Eq. (2.5). Then, Eq. (2.4) is solved to obtain the parameter α. Finally,
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the parameter γ is estimated from Eq. (2.3). The Weibull parameters for
Location 2 in Fig. 2.6 are given in Tables 4.4 and 4.5.

2.5 Weather-restricted operations

2.5.1 General

Marine operations, e.g., load-out operations, sea transports and installa-
tion of offshore units and equipment, all need to be designed, planned and
executed considering environmental loads.

The design environmental criteria for a weather-restricted operation are
set in an early phase of the project. A low criterion may lead to extensive
waiting on weather, which is expensive. A criterion that is too high will
increase the economic cost related to the operation, e.g., due to the increased
tug size, mooring arrangements, amount of seafastening, etc. The optimum
environmental criteria should be chosen based on an overall assessment.

The operation may commence when the weather forecasts indicate that
acceptable environmental conditions are present for the entire operation pe-
riod. The uncertainty in the weather forecasts and how to include this un-
certainty in the planning of the operation thus become key issues. Based on
the design environmental condition defined in the planning phase (Hs,design),
the corresponding limiting environmental criteria for the execution of the
operation, i.e., the maximum allowed forecast value, (Hs,forecast), is de-
fined. Hs,forecast is lower than Hs,design to account for the uncertainty in
the forecasted environmental conditions. The maximum allowed forecasted
significant wave height can be determined by the Alpha factor method de-
scribed in Sec. 1.4.6.

The uncertainty in weather forecasts was studied in Paper 2 [108]. Sec-
tion 2.5 is an overview of weather-restricted operations, including a sum-
mary of that paper.

2.5.2 Forecasted wave height

Wave-induced loads will normally dominate the structural load effects for
marine operations where floating vessels are involved. Hence, the significant
wave height is of main interest for marine operations. It is therefore vital to
have information about the level of accuracy for the forecasted wave height.
The forecasts include wind-generated seas, swells and the total sea. In the
studies, the significant wave height for the total sea has been used, i.e.,
Hs,total sea = (H2

s,wind waves +H2
s,swell)0.5.
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The true maximum significant wave height was defined as a stochastic
variable depending on the forecasted wave height. Two mathematical mod-
els were defined in Paper 2 [108]: an additive and a multiplicative model.
In the additive model, the true significant wave height is described as:

Hs,true = ∆ +Hs,fc (2.6)

where ∆ is a stochastic variable describing the difference between the hind-
cast and forecasted wave heights. In the multiplicative model, the maximum
wave height is expressed as:

Hs,max = χ · hs,fc,max (2.7)

where χ is a stochastic variable describing the ratio between hindcasted and
forecasted wave heights. An unbiased weather forecast leads to µ∆ = 0 for
the additive model and µχ = 1.0 for the multiplicative model.

By defining the variable as the difference between two wave heights, i.e.,
the additive mathematical model, large waves will have larger bias than
small waves for the same percentage of accuracy. This effect is eliminated
if the multiplicative model is used to define the stochastic variable. Based
on the comparisons performed in Paper 2, it was concluded that the multi-
plicative model is preferred for the study in this thesis. Statistical data for
χ based on one year of data from the Norwegian Sea are given in Tab. 2.1.

Table 2.1: Numerical values of µlnχ, σlnχ, µχ, σχ and COV used to describe
the uncertainty in forecasted Hs for the total sea

No. of days TR, (h) µlnχ σlnχ µχ σχ COV
1 24 0.055 0.112 1.06 0.12 0.11
2 48 0.066 0.119 1.08 0.13 0.12
3 72 0.079 0.134 1.09 0.15 0.13
4 96 0.084 0.153 1.10 0.17 0.15
5 120 0.095 0.176 1.12 0.20 0.18
6 144 0.111 0.204 1.14 0.24 0.21
7 168 0.127 0.224 1.16 0.26 0.23

2.5.3 Statistical parameters

Since χ depends on the forecast period, the mean value and standard devi-
ation are functions of this parameter. The statistical parameters for a real-
ization of the stochastic variable χ are calculated by the standard formulas
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using the software package MATLAB [93]. The mean value is calculated as:

µχ ≈Mχ = 1
N

N∑

j=1
χj (2.8)

where N is the number of samples in the realization.
The standard deviation is:

σχ ≈ Sχ =

√√√√ 1
N − 1

N∑

j=1
(χj −Mχ)2 (2.9)

The skewness is calculated as follows:

γ1 =

1
N

N∑

j=1
(χj −Mχ)3


 1
N

N∑

j=1
(χj −Mχ)2




3/2 (2.10)

The kurtosis is calculated according to the formula:

γ2 =

1
N

N∑

j=1
(χj −Mχ)4


 1
N

N∑

j=1
(χj −Mχ)2




2 (2.11)

The skewness is zero, and the kurtosis is three for the normal distribution.

2.5.4 Wave period conditional upon Hs

Offshore weather forecasts include the wave period. The uncertainty in the
forecasted periods can be analyzed similarly to the method for the wave
height in Sec. 2.5.2. However, the uncertainty in the forecasted wave pe-
riods is larger than for the wave height, and in the current work, the wave
period is defined by a statistical distribution conditional upon the wave
height. Hence, for a given wave height, the motion response calculations for
a floating vessel are performed for a range of wave periods.

The wave period range could be based on environmental statistics from a
specific location, or it could be taken from design standards and guidelines.
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The mean zero-crossing wave period (Tz) range can, for example, be
taken as follows [31, Sec C.3.4]:

2.84H0.5
s ≤ Tz ≤ max{5.43H0.5

s , 13} (2.12)

where Hs is given in meters and the unit for Tz is seconds.
The mean zero-crossing periods can be modeled as a lognormal distri-

bution conditional upon the significant wave height [11, 108]; see Eq. (4.13)
on page 69. The parameters for the distribution can be found for the North
Atlantic and for the Worldwide operation of ships [29] and in Table 4.6 for
Location 2 in Fig. 2.6.

2.5.5 Wind speed

The uncertainty in the forecasted wind speed may be quantified by compar-
ing forecasted values with hindcast values, resulting in a statistical descrip-
tion of the deviation, similar to what was done for the wave heights. This
is particularly relevant for marine operations performed in sheltered areas
where the wind load dominates, e.g., load-out operations where wind loads
govern for the mooring of the transport vessel.

For typical sea transport on a large ship or transport barge, the wave
load will dominate over the wind load; see Sec. 3.3.7. The uncertainty in
the wind load will therefore have a limited effect on the total load in the
supports and is not considered further for weather-restricted operations.

2.6 Weather-unrestricted operations

2.6.1 General

Marine operations with a planned duration longer than three days cannot
be designed as weather-restricted operations but need to be designed as
weather-unrestricted operations; see Sections 1.4.3 and 2.2.

While for a weather-restricted operation, the environmental criteria are
based on weather forecasts accounting for the uncertainty, environmental
criteria for weather-unrestricted operations are based on long-term envi-
ronmental statistics. The design criteria are calculated for the relevant
geographical area, the season of the year and the duration of the opera-
tion. The design wave heights may be calculated based on scatter diagrams
[29, 64]. It should be noted that scatter diagrams based on visual observa-
tions of the sea may, to some extent, include the effects of heavy weather
avoidance (i.e., the largest waves are never observed).



34 Environmental conditions for marine operations

For commercial projects, more accurate data may be purchased, e.g.,
from Fugro Oceanor. Data from Fugro Oceanor are derived from hindcast
models and are calibrated against satellite data and, where available, in situ
wave buoy data [43]. A study of a VLCC (very large crude carrier) and a
bulk carrier [130] indicated that the use of data from Fugro Oceanor gave
approximately 15% larger amidship bending moments than those deduced
from the scatter diagrams from DNV GL [29]. Another alternative is the
computer program Safetrans [92], which contains an environmental database
and can provide wave statistics for a defined transport route for a given start
date and transit speed.

In addition, methods from design standards are available for defining
design criteria. These methods are briefly described below.

2.6.2 Wave height obtained from the long-term distribution

The long-term distribution of the significant wave height is assumed to follow
a three-parameter Weibull distribution:

FHs(hs) = 1− exp
[
−
(
hs − γ
α

)β]
(2.13)

where α, β and γ are the scale, shape and location parameters, respectively.
The extreme value distribution is equal to FHs,max(hs,max) = [FHs(hs,max)]n,
where n is the number of sea states. Assuming a storm duration of three
hours, set n = 8dn, where dn is the number of days within the operation
period. The design significant wave height can be expressed as follows:

Hs = γ + α[− ln(1− (1− ζ)1/(8dn))]1/β (2.14)

where ζ is the probability of exceeding the design wave height, typically set
equal to 10%. The parameters for the distribution are given in Table 2.1.

Table 2.2: Weibull parameters [29] for the locations shown in Fig. 2.6

Location Area [29] α β γ

1 4 2.84 1.53 0
2 11 2.19 1.26 0

2.6.3 Wave height based on the ISO standard

According to ISO 19901-6 [72], weather-unrestricted operations may be de-
signed using environmental criteria with return periods estimated as a multi-
ple of the operational duration. A minimum return period equal to 10 times
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the duration of the operation should be used. The cumulative probability
function is then equal to:

FHs(h) = 1− 1
10nR

(2.15)

where nR = 8dn is the number of three-hour sea states.
Setting Eq. (2.15) equal to Eq. (2.13) and solving for h yields the

significant wave height to be used in design:

Hs,ISO = γ + α [ln(80dn)]1/β (2.16)

The significant wave height is then practically the same as the wave height
from Eq. (2.14) with a 10% exceedance probability. An alternative approach
using standard return periods is described in Sec. 2.6.4.

2.6.4 Wave height from standard return period tables

While the above sections describe how to calculate the significant wave
height, Table 2.3 shows how the significant wave height to be used in design
can be based on a return period depending on the duration of the operation.
In the table, the recommended return periods from the ISO and DNV GL
standards are given. This approach is not used in this thesis, but examples

Table 2.3: Recommended minimum return periods in the design standards
from ISO and DNV GL

Recommended return periods
Duration (TR) ISO [72] DNV GL [31]
Up to 3 days Weather-restricted 1 month

3 days to 1 week 1 year, seasonal 3 months
1 week to 1 month 10 year, seasonal 1 year
1 month to 1 year 100 year, seasonal 10 years
More than 1 year 100 year, all year 100 years

of Hs with a one-year return period are given in Tables 4.4 and 4.5.

2.6.5 Wave period conditional upon Hs

For a weather-unrestricted operation, the wave period is based on statistical
data. Since a weather-unrestricted operation cannot be aborted, the full
range of periods must be included in the design; see also Sec. 2.5.4. The
Tz-range from Eq. (2.12) can be used, or the periods can be taken from
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a scatter diagram for the actual location. A statistical distribution for the
mean zero-crossing period conditional on the significant wave height is given
in Eq. (4.13), and the parameters for the distribution can be found in Table
4.6 for Location 2 in Fig. 2.6. This conditional distribution is applied in
the structural reliability analyses.

2.6.6 Wind speed conditional upon Hs

The wind-induced loads act in addition to the wave-induced loads. Even if
the wave-induced loads are dominant for large and heavy objects, the wind
speed corresponding to the design significant wave height for sea transport
may still be needed. The relation between the wave height and the wind
speed at a certain location may depend on the wind and wave directions,
storm duration, fetch, water depth, etc. A simple method is proposed to
estimate the wind speed from a given significant wave height. A formula for
calculating the one-minute wind speed 10 m above sea level as a function
of a specified significant wave height is presented as follows [108]:

Voneminute ≈ 10
√
Hs (2.17)

where Hs is given in m and the unit for the wind speed is m/s. The signifi-
cant wave height representing the total sea (i.e., both wind-generated waves
and swell) is used in the comparison. The one-minute design wind speed is
thus approximated as a function of the significant wave height only. The
one-minute averaged wind speed is used when the wave load dominates [31].
Similarly, the one-hour wind speed can be approximated as:

Vone hour ≈ 8
√
Hs (2.18)

This wind speed is plotted in Fig. 2.7. It is noted that there is a large
spread in the wind speed for a given Hs. The significant wave heights in
Eq. (2.17) and (2.18) represent the fully developed wind-generated waves.
The significant wave height assumed in long-term wave distributions de-
scribes the total sea, i.e., it also includes swell. This means that when the
wind speed is calculated from Eq. (2.17) and the design significant wave
height includes swell, the wind speed will be overestimated. This is also il-
lustrated in Fig. 2.8, where contour lines for the significant wave height and
wind speed are shown for several return periods. The simplified wind speed
estimate is higher than the wind speed that corresponds to the largest sig-
nificant wave height for a given return period. For a typical sea transport,
where the wave load dominates over the wind load, the wind load could
be included to simulate the reaction forces in the grillage and seafastening.
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Figure 2.7: Significant wave height of the total sea and one-hour wind speed
at Location 2 in Fig. 2.6, the mean value (green line) and the wind speed
from Eq. (2.18) (red line)

The wind-induced load may then be calculated from the wind speed given
in Eq. (2.17). In sheltered water, there will typically be small waves, and
the wind load will dominate. Then, the wind load should be calculated for
a given probability of occurrence during the operation, or the design wind
load should be based on a wind speed with a given return period.

While the above process refers to the design phase, a different approach
would have been used in the reliability analyses, where the mean value and
standard deviation of the wind speed conditional upon Hs could have been
estimated based on the data plotted in Fig. 2.7. In the reliability analyses
performed in this thesis, wind-induced loads are very small compared with
wave-induced loads (see also Sec. 3.3.7), and wind-induced loads are not
included in the analyses.

2.6.7 Seasonal environmental conditions

The majority of marine operations are performed during the summer, and
the use of seasonal data may therefore be favorable. Data are often divided
into four seasons or monthly data. Seasonal data are analyzed in the same
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Figure 2.8: Contour lines for the significant wave height and mean wind
speed (one hour average) for (starting from the inner contour) one month
and one year, ten year and hundred year return periods, compared with the
wind speed from Eq. (2.18) (solid line)

way as year-round data, but the statistical parameters will be different.
The statistical data of Hs for four seasons are given in Table 4.5. The

long-term distribution data for each month are given in Table 4.4.

2.7 Weather routing
Weather routing systems are commonly used for sea transport. Weather
routing in this context includes altering the course of the ship and varying
the speed to avoid areas with adverse weather conditions. The effectiveness
of weather routing depends on the quality of the weather forecasts and the
software system evaluating the data and the decisions made by the ship’s
master.

While merchant ships normally maintain a high speed, the speed is typ-
ically approximately 5 knots for a towed barge. Adverse weather for a barge
tow can be avoided by reducing the speed or halting and waiting for im-
proved weather. There is hence a risk that the tow will be struck by adverse
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weather while waiting, and the exact speed and direction of the weather sys-
tem may not be accurately forecasted. Furthermore, in the case of towline
failure, the barge will drift until the towline is reconnected. It may take
quite some time before the weather calms down enough to reconnect the
towline, and weather routing is therefore not an option.

The minimum required towing speed to be able to perform effective
weather routing has not been studied herein. It is instead concluded that
the positive effect of weather routing cannot be utilized with respect to the
structural capacity in the ultimate limit state, e.g., for the capacity of the
grillage and seafastening. Weather routing can, however, be favorable with
respect to fatigue damage and fuel consumption.

2.8 Heading control

For sea transport on self-propelled vessels, it may under certain conditions
be assumed that the vessel can head up against the wind/waves in adverse
weather to limit the rolling. Several requirements, e.g., adequate redun-
dancy in the propulsion system, need to be fulfilled to utilize heading con-
trol. Heading control allows for a substantial reduction in the design wave
height, such as a 40% reduction in the design significant wave height for
beam seas [31] (hence, the significant wave height for beam seas is 60% of
the design significant wave height for head seas). Heading control can also
be an option for manned barges towed by multiple tugs, where after break-
down of any one tug or failure of any one tow line, the remaining tug(s)
have sufficient bollard pull capacity.

For barges towed by a single tug, a tow line failure or tug breakdown will
leave the barge drifting until the tow line is reconnected. The probability
for this to happen is too high to utilize heading control [31] because a
drifting barge may be exposed to beam seas. The probability of these events
occurring has not been quantified in this thesis. However, the dynamic
loading in the tow line is high [44, 112] and may lead to failure of the
tow line, as well as failure of the tow line connection [76]. Regarding tug
breakdown, ocean going tugs normally have several engines and propellers;
hence, the probability of a total blackout is low. However, a fire in the
engine room, for example, could result in a complete blackout even if the
machinery itself is redundant. Therefore, the probability of tug breakdown
should not be neglected.

Furthermore, depending on the layout of the cargo, the wind area, etc.,
it might not be possible to keep the barge heading toward the waves in
adverse weather even with intact tug and tow line, and there could be a
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relatively large yaw angle of the barge.
In the structural reliability analyses, the barge is hence assumed to be

exposed to beam seas.



Chapter 3

Wave-induced load effect
analysis

3.1 General

For sea transport, wave-induced loads are normally predominant for grillage
and seafastening. Generally, wind-induced loads should also be checked, but
for heavy cargo transported on barges, the wave-induced loads dominate.
For stability, however, wind loading is a main concern but is not discussed
herein.

The grillage and seafastening structures are designed to sustain environ-
mental loads dependent on the area, the season of the year, the duration
of the transport, etc. In the ultimate limit state, structural failure occurs
when the load effect exceeds the structural capacity. Therefore, prediction
of the extreme wave-induced load effects during sea transport is vital, and
the uncertainties in the characteristic wave-induced load effects must be
accounted for in the planning of marine transport.

The wave-induced motions of the transport vessel can be obtained from
formulas given in classification rules or design standards. These design cri-
teria are experience-based formulas for calculating the motions based on a
limited amount of input, e.g., ship length, breadth, draught, block coeffi-
cient, etc. The design forces can be obtained from these design criteria.
Alternatively, the wave-induced motions of the transport vessel can be ob-
tained by direct calculations based on hydrodynamic software using 2D
strip theory or 3D potential theory, and the extreme vessel motion or load-
ing is then calculated based on the long-term distribution of wave heights
by means of scatter diagrams or a given design condition.

For the vessel itself, wave load analysis is performed to calculate the load

41
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effects for the structural design of the vessel. These analyses are performed
in relation to new buildings and are normally not required for marine oper-
ations as long as the vessel is used in compliance with the standard loading
conditions approved by the classification society. However, for heavy cargo,
a global capacity check of the transport vessel can be relevant. The trans-
ported object must also be documented to be strong enough to resist the
loads caused by the vessel motion, as well as the local capacity of the trans-
port vessel adjacent to the supports. Hence, the motion analysis will form
the basis for design of the support structures, in addition to capacity checks
of the transported object and the vessel itself.

3.2 Wave description

3.2.1 Choice of the wave energy spectrum

A regular wave is described by the wave height (or amplitude) and wave
period. A sea state is made up of several individual waves and is described
by the significant wave height, Hs, and the zero-crossing period, Tz, or the
spectral peak period, Tp. A wave condition might consist of several wave
systems, i.e., locally generated wind-driven waves in combination with swell
generated in remote areas. The total sea is considered in this thesis; see
also Sections 2.3 and 2.5.2.

The wave energy is distributed on frequencies (or periods) and directions,
as described by a two-dimensional (2D) wave energy spectrum, as illustrated
in Fig. 3.1. A simpler representation is normally used, where the wave
energy distribution on the frequency is described by a one-dimensional wave
energy spectrum with a main wave propagation direction, possibly combined
with a wave spreading function to represent short-crested waves [29]. A
one-dimensional spectrum is used in this thesis. Long-crested waves are
assumed; hence, no wave spreading function is applied. Because the case
analyzed here is a beam sea condition and the roll response dominates, use
of long-crested waves will overestimate the response if the waves are in fact
short-crested (that would be different if head seas were analyzed, because
long-crested waves would then give no roll response, and short-crested waves
would govern).

A two-peak spectrum could be applied to model the wave energy sep-
arated on wind-dominated and swell-dominated sea states. Several two-
peak spectra have been proposed, such as a combination of a Jonswap
and a Pierson-Moskowitz spectrum to describe the two wave systems [117]
or a combination of two Jonswap spectra [56]. For Norwegian waters, a
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Figure 3.1: Example of a 2D wave spectrum, with directions in degrees and
frequencies in Hz [115]

Torsethaugen spectrum [141] is typically used. However, one-peak spectra
such as Jonswap and Pierson-Moskowitz can give a reasonably accurate rep-
resentation of the wave conditions, in particular for severe sea states [10],
and in this thesis, a one-peak spectrum is used, as described in Sec. 3.2.3.

3.2.2 Wave direction

The mean wave direction is important for floating vessels when there are
restrictions on the vessel heading, e.g., during installations of offshore plat-
forms or subsea equipment. For sea transport in moderate waves, the vessel
will head toward the destination and can be exposed to head seas, sideways
waves or following waves. For higher sea states, i.e., when the significant
wave height exceeds the limit given in the Operation Manual, the master
will head the tow or ship up against the waves to minimize the rolling. It
is the relative wave direction, which is of interest, and not the absolute di-
rection. It is noted, however, that if the sea state contains wind waves and
one or two swell systems, it could be impossible to maintain a heading up
against the waves, and there will always be incoming side waves.
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3.2.3 Irregular waves

A sea state can be described by a wave energy spectrum. The Jonswap
spectrum is given as follows [29]:

S(ω) = 5
16AγH
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sω

4
pω
−5 exp


−5

4

(
ω

ωp

)−4

+ ln(γ) exp


−1

2

(
ω − ωp
σωp

)2





(3.1)
wherer the significant wave height, Hs, and the peak period, Tp are input

values defining the sea stater ωp = 2π/Tp is the spectral peak frequencyr Aγ = 1− 0.287 ln(γ) is a normalizing factorr σ is the spectral width parameter, taken as:

σ =
{

0.07, if ω ≤ ωp
0.09, if ω > ωp

(3.2)

r γ is the peak shape parameter, taken as:

γ =





5 for Tp√
Hs
≤ 3.6

exp
(
5.75− 1.15 Tp√

Hs

)
for 3.6 < Tp√

Hs
< 5

1 for Tp√
Hs
≥ 5

(3.3)

For a given wave spectrum, the nth order moment is calculated as
Mn =

∫∞
0 ωnS(ω)dω.

The significant wave height and zero-crossing wave period, Tz, can be
estimated as follows:

Hs = 4M0 (3.4)

Tz = 2π
√
M0
M2

(3.5)

The relation between the zero-crossing period and the peak period can
be estimated as follows [29]:

Tz
Tp

= 0.6673 + 0.05037γ − 0.006230γ2 + 0.0003341γ3 (3.6)
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It could be noted that this relationship was previously expressed in a simpler
and slightly better looking form as follows [23]:

Tz
Tp

=
√

5 + γ

11 + γ
(3.7)

The results from the two expressions are, however, practically the same
(maximum 2 % deviation for γ between 1 and 5).

While the Jonswap spectrum is representative of developing seas, the
Pierson-Moskowitz spectrum represents a fully developed sea and unlimited
fetch. The Pierson-Moskowitz spectrum is a special case of the Jonswap
spectrum with γ = 1 and is expressed as follows [29]:
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For this spectrum, the peak period can be calculated from the mean zero-
crossing period as Tp ≈ 1.4Tz. The Pierson-Moskowitz spectrum was applied
in the model tests [109].

3.3 Numerical analyses

3.3.1 Available methods

Several methods are available for motion analyses. The design formulas as
given in rules and standards and direct analyses based on potential theory
are possible tools. In practical engineering, linear analyses based on poten-
tial theory dominate because they are relatively simple to perform, and the
results are easily extracted.

For barge transports, forward speed is generally not included in the
motion analyses since towing speeds are low. In severe seas, the speed will
be close to zero. In small waves, however, there will be a forward speed,
but this condition is not governing for the structural design in the ultimate
limit state.

The design of transports could also be based on more advanced calcu-
lations, including nonlinear effects, e.g., CFD methods based on Reynolds-
averaged Navier-Stokes (RANS). In practice, there is often a lack of per-
sonnel, financial resources or time to perform such advanced analyses. For
practical purposes and preliminary design, there is therefore a need for
simplified calculations for vessel motion, as given in ship rules and design



46 Wave-induced load effect analysis

standards. A simplified analysis method often used in planning marine op-
erations is included in Appendix C.1; see also Sec. 3.3.2. The linear analysis
approach is discussed in Appendix C.2; see also Sec. 3.3.3. Some comments
on the nonlinear method are given in Appendix C.3 and Sec. 3.3.4.

3.3.2 Simplified motion analysis

Vessel motions can be calculated by simplified methods provided by ship
rules and design standards. Simplified motion criteria for ships are given
by IMO [69] and ISO [72]. Classification societies, e.g., ABS [3], Bureau
Veritas [16], DNV GL [25] and Lloyd’s Register [85], have class rules where
the ship acceleration can be calculated. Motion criteria for transport barges
are given by ISO [72], DNV GL [31] and LOC [86]. Based on such criteria,
the structural design can be performed. Simplified motion criteria for a
transport barge are included in Appendix C.1.

3.3.3 Linear motion analysis in the frequency domain

The wave loads, added mass, linear damping and restoring force may be di-
rectly calculated based on potential theory. Wamit [145] and Wadam [129]
use the boundary element method to calculate the response amplitude op-
erators, RAOs, i.e., the transfer functions for the six degrees of freedom.
Linear analyses are performed in the frequency domain, and the statistical
treatment of the results is then simple and robust. Irregular seas are repre-
sented by energy density spectra, and the vessel response and load effects
are calculated by stochastic analysis. Since the analyses are linear, nonlin-
ear effects such as viscous damping need to be linearized. Assuming narrow
banded wave spectra, the individual maxima follow a Rayleigh distribution.
The most likely maximum, the expected maximum or the 90th percentile
can then easily be calculated, such as that for a three-hour storm.

3.3.4 Nonlinear analysis in the time domain

Nonlinear effects that affect the response include viscous roll damping and
water up to the instantaneous free surface elevation. The analysis has to
be performed in the time domain and is much more time consuming than
linear analysis in the frequency domain.

A “semi” nonlinear method, where the wave loads, added mass and linear
damping are calculated based on potential theory, can be used. The dynamic
equations of motion are solved in the time domain where the quadratic
damping due to vortex shedding is given as input. This approach is used
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in Paper 1 and compared with experimental results. The purpose of this
analysis was to study the benefits of including nonlinear effects. The wave
loads, added mass, potential damping and restoring coefficients for the vessel
were calculated by Wadam [129], and the equations of motion were solved
in the time domain by Simo [131].

Wadam applied global (earth fixed) coordinates, and Simo used local
(ship fixed) coordinates. The body fixed coordinate system in the time
domain analysis introduces additional terms in the equations of motions.
For small waves and small ship motions, these terms are negligible, but in
severe seas, they will affect the solution. This is discussed in Paper 1. To
illustrate the effect, the equations of motion are studied in more detail for
the special case of barge rolling in Appendix C.3.

3.3.5 Estimate of nonlinear roll damping

The rolling of a floating vessel is sensitive to the damping initiated from
vortex shedding at the corner/bilges. Ships are often equipped with bilge
keels to improve the roll motion characteristics. Barges, such as the Stan-
dard North Sea barges, do not have bilge keels but rounded corners (bilges).
Barges can also have sharp corners. Roll damping for a barge with a sharp
corner and a bilge radius was studied in Paper 1. Model test results were
compared with the results from Tanaka [140] and Ikeda [67], and nonlin-
ear roll damping was estimated and given as input for the motion analyses.
The damping had to be linearized to solve the equations of motion in the
frequency domain. For irregular sea states, the equivalent stochastic lin-
earization is based on minimizing the expected value of the square of the
difference between the nonlinear damping force and the equivalent damping
force [120]. The equivalent damping is then given as follows:

Beq = B1 + 2
√

2
π
σθ̇B2 (3.9)

wherer B1 is the linear damping coefficientr B2 is the quadratic damping coefficientr σθ̇ is the standard deviation of the roll velocity
Hence, iterations are required to converge for equivalent stochastic linear
damping. (The procedure is as follows: assume (estimate) σ{0}

θ̇
, calculate

B
{0}
eq from Eq. (3.9), calculate σ{1}

θ̇
from the equations of motion, calculate

B
{1}
eq and so on, until convergence.)
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3.3.6 The effect of sloshing in tanks

Ballast tanks should be empty or full. However, it could be necessary to have
one tank partially filled in order to achieve zero list and the predetermined
trim. Sloshing may occur in the partially filled tank, but the effect of
sloshing is normally negligible for barge motions [78, Sec. 4.3.4].

3.3.7 The effect of heel from the wind load

The wind load on the transported object will be transferred into the trans-
port vessel through grillage and seafastening. The wind load on the trans-
ported object and the vessel itself will introduce a heel that also introduces
forces in the seafastening system. For typical barge transport, the initial
metacentric height is large, and the initial heel from the wind load is negli-
gible.

The seafastening forces from wind loads are small compared to the forces
from the motion of the vessel due to waves in our case. In the transport case
considered in Paper 1 [109], the mass of the transported object is 3500 tons,
and the wind area is 600 m2. Based on the criteria shown in Table C.1, the
acceleration 15 m above the water line is 0.75 g, and the wind pressure is 1.0
kN/m2. The inertia force from the rolling of the barge is then 25 MN, while
the wind load is 0.6 MN, i.e., the wind load is only 2 % of the load from
wave-induced motion. Hence, the wind load is negligible in this case. The
wind load must, however, be included when the stability is documented.

3.3.8 Calculation of the loads in the cargo supports

The wave-induced load effects in the structural members of the grillage and
seafastening are calculated based on the accelerations and roll/pitch angles
derived from the motion analysis of the transport vessel. The calculation
can include the effect of elasticity in the transport vessel and the transported
object or be based on the assumption of rigid bodies, i.e., calculate the re-
action forces based on the dynamic equilibrium of the transported object.
Which calculation method to use depends on the layout of the cargo and the
transport vessel. If the transported object is supported on more than three
supports, the elasticity can be important for the results. If, however, the
transported object has vertical supports at the corners, and the transverse
and longitudinal directions (i.e., the roll and pitch stoppers) form a stati-
cally determinate system, a simplified analysis technique may suffice. For
quartering waves, deformation of the transport vessel and the transported
object could be important.
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In this study, beam sea conditions are considered, and a simple equilib-
rium analysis is performed. The load effects in the seafastening are then
calculated based on dynamic equilibrium [109].

3.4 Model tests

3.4.1 General

The following section gives a brief description of the experiments performed
as part of this study. More information on the model tests is given in
Appendix D and in Paper 1 [109]. A Standard North Sea barge at a scale
of 1:50 was tested at the Marine Cybernetics Laboratory and in the Towing
Tank at the Marine Technology Centre at NTNU in Trondheim. The model
tests aimed to represent a real sea transport condition, such as the transport
shown in Fig. 3.2.

The purpose of the model tests was to study barge motion in severe seas.
The most critical wave direction for barge transports is beam seas because
roll motion typically governs for forces in the grillage and seafastening sys-
tem. The rolling of barges is a phenomenon with nonlinear effects due to
viscous damping, water on deck, etc., which introduces challenges related
to motion analyses. With a draught of 3 m, the deck will be immersed in
water, and the barge bottom exits the water for a static roll angle of ap-
proximately 12 degrees in still water. This effect is not captured by linear
analyses, but it is included in the model tests.

A simple deck layout (a clean deck) was chosen to avoid interference
with water on the deck. The cargo is placed 40 mm above the barge deck
corresponding to a full-scale module support height equal to 2 m. Any water
on deck can then evacuate.

The following tests were performed:

r Forced roll tests by use of hydraulic actuators

r Free decay tests

r Model tests in regular waves

r Model tests in irregular waves

The setup for the model tests is described in Appendix D.
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Figure 3.2: A Standard North Sea barge loaded with the Living Quarter to
the Kristin platform, towed from Gothenburg, Sweden, to Stord, Norway in
2005. The barge is seen from the tug Bamse. The picture is taken during
tow out of the harbor; during offshore tow, the tow line is much longer.
Photo: Asle Natskår.

3.4.2 Scale effects

The barge model was made on a scale of 1:50. Froude scaling [137] was
used, which implies that the gravitational forces (wave load and wave ra-
diation damping) and inertia forces (barge accelerations and added mass)
were correctly scaled from the model scale to the full scale. For the viscous
damping caused by vortex shedding, the situation is different. The mag-
nitude of the damping depends on the type of flow, analogous to the drag
load on a cylinder. The load occurs when there is separation of the flow at
the submerged corner of the barge. For a sharp corner, there is always flow
separation. For the case with a rounded corner, flow separation with vortex
shedding occurs when the Keulegan-Carpenter number, KC = UT/Db, is
larger than approximately 2 [38], where U is the flow amplitude, T is the
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Figure 3.3: The barge model with the transported object and a scale of 1:50.
Photo: Asle Natskår.

flow period and Db is the characteristic length of the body, taken as the
bilge diameter. Assuming a roll amplitude of 10◦ with a full-scale period
of T = 8 s (U ≈ ωθ0B/2 and Db = 2rb), then KC = 15 in both the model
scale and full scale. There will then be separation with vortex shedding at
both the model scale and full scale for the barge with a rounded corner.
The Reynolds number (Rn = UDb/ν [38] where ν is the kinematic viscosity
taken equal to 10−6 m2/s) is, however, scale dependent. Rn is equal to
6 · 103 and 2 · 106 in the model scale and full scale, respectively. At the
model scale, the flow is in the subcritical regime, and the boundary layer at
the bilge is laminar. In full scale, the flow is in the transcritical regime, and
the boundary layer upstream from the separation point is turbulent [38].
For the case with a sharp corner, there should not be any significant scale
effects, since there will be vortices starting from the corner of the barge
cross section in both scales. Since there will also be vortices shed for the
barge with rounded corner, and the bilge radius is relatively small, it was
concluded that the pressure distribution will be quite similar in both the
model scale and full scale, and hence no scale effect was accounted for.

Another effect could also justify neglecting the scale effects, as shown
in Fig. 3.4. The effect of the flow regime on the drag coefficient is large
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Figure 3.4: Drag coefficient as a function of the Reynolds number for a
cylinder with smooth and rough surfaces [4, Fig. 7]. k/D is the roughness,
where k is the equivalent sand-grain diameter and D is the diameter of the
cylinder.

for a smooth surface and less accentuated for a rough surface. The barge
model has a smooth surface (and the roughness is not as important in
the subcritical regime (Rn < 105)). A full-scale barge is likely to have a
rough surface due to paintwork, marine fouling and welding seams [111].
Considering rolling, this will have a positive effect, since it may result in a
larger drag coefficient than for a smooth surface in the transcritical regime
(Rn > 106). (With regard to towing, the effect is negative as it leads to
increased towing resistance, however that is not a concern herein.)

From these two effects, the drag coefficient could be slightly lower in
full scale (transcritical regime), which in principle could be modeled by
introducing a bias. However, this effect is assumed to be negligible, and
bias in the uncertainty is set equal to 1.0.

3.4.3 Main results

3.4.3.1 Roll damping

The viscous roll damping was measured for a barge in still water. In waves,
the relative velocities between the barge and water particles will be affected
by the incoming waves. Standing [136] investigated this effect by calculating
the roll response for a barge with and without the effect of the water particle
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motions from incoming waves. He analyzed a barge with sharp corners
in regular waves with a height of 3 m and in irregular waves with a 9
m significant wave height. He found that the water particle motion had
little effect on the barge roll motions because the bilge velocity from barge
rolling was larger than the water particle velocity (at least for moderate wave
heights) and that the water particle velocity was not in phase with the bilge
velocity. Based on this, the measured viscous damping was used directly,
and no scaling was performed to account for relative particle motion.

The forced roll and free decay tests gave an estimate of the viscous roll
damping. The force at the bilges due to vortex shedding is expressed as a
drag force as follows:

Fdrag = 1
2ρCdAwetr

2
cog|θ̇|θ̇ (3.10)

wherer Cd is the drag coefficientr Awet is the wet area of the barge (the submerged area)r rcog is the distance from the center of gravity (the CoG of the cargo
and the transport vessel) to the bilgesr θ̇ is the roll velocity of the barger ρ = 1025 kg/m3 for sea water

The drag coefficient as a function of B/KG is shown in Fig 3.5 based on
Tanaka and the model tests of the barge with a sharp corner. B is the
width of the barge, and KG is the vertical distance from the keel to the
CoG of the barge and the cargo combined. B/KG = 2.4 for the model as
tested in irregular waves. This is a case with relatively high CoG due to the
large and heavy cargo. For the forced roll case, the barge is rolled about the
water line, and B/KG = 9.1. This is equivalent to the CoG in the water
line, therefore assuming small and light cargo with a low CoG.

The quadratic damping term is estimated by fitting a line through the
measured points. First, the equivalent linear damping in regular waves is
determined by demanding that the same amount of energy should be dissi-
pated from the linear system as from the nonlinear system. The equivalent
linear roll damping is then found by combining the linear roll damping (B1)
and the quadratic roll damping (B2) as follows:

Broll, linear equivalent = B1 + 8
3πB2ωθ0 (3.11)
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Figure 3.5: The drag coefficient in Eq. (3.10) as a function of the B/KG
ratio [109]. B is the width of the barge, and KG is the vertical distance
from the keel to the CoG (for the barge and cargo combined).

where θ0 is the roll amplitude and ω is the natural roll period. This means
that if the equivalent damping is plotted as a function of 8/(3π) ·ωθ0 and a
straight line is fitted through the results, then Broll, linear and Broll, quadratic
can be read directly from the plot [38].

There is a certain spread of the measured damping values. The 95%
confidence interval of the quadratic damping for the barge with rounded
corners in Fig. 3.6 is B2 = (7.3 ± 1.0)Nms2 [109], i.e., approximately
±15%.

3.4.3.2 Barge motions and support reaction forces

The results from the model tests were compared with results from the nu-
merical motion analyses. The numerical analysis overestimated both the
rolling of the barge and the forces in the support points. The expected max-
imum roll angle based on the model tests was 22 degrees for a significant
wave height of Hs = 9.9 m and a mean zero-crossing period of Tz = 9.4 s.
The nonlinear analysis was reasonably good compared with this, while the
linear analysis gave an expected maximum roll angle equal to 29 degrees.

To see the sensitivity in the motion analyses with respect to roll damp-
ing, the analyses were rerun with the viscous roll damping increased and
decreased by 15%, i.e., within the confidence interval of the viscous damp-
ing. The results (Slin and Snon−lin in Table 3.3) decreased by approximately
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Table 3.1: Sea states in the model tests [109]

Full-scale Model-scale
Case Hs Tp Tz Hs Tp Tz
1 5.2 9 7.5 0.1 1.3 1.1
2 5.2 9 7.5 0.1 1.3 1.1
3 6.5 8.8 7.9 0.13 1.3 1.1
4 7.8 9.5 8.3 0.26 1.3 1.2
5 7.2 10.1 8.6 0.14 1.4 1.2
6 9.1 11.6 9.4 0.18 1.6 1.3
7 9.9 12.3 9.4 0.2 1.7 1.3
8 10.6 17 11.6 0.21 2.4 1.6

Table 3.2: Standard deviation and expected maximum values of barge roll
angles θ, unit: Degrees [109]

Standard deviation Maximum values
Case θlin θnon−lin θtest θlin θnon−lin θtest
1 5.6 5.2 5.7 22 20 17
2 5.6 5.2 5.9 22 20 17
3 6.4 5.6 6.6 25 20 19
4 7.4 6.0 7.4 29 22 20
5 6.8 5.7 6.8 27 22 19
6 7.2 5.6 7.2 28 20 21
7 7.5 5.9 7.6 29 20 22
8 6.2 5.6 6.3 24 21 21

Table 3.3: Standard deviation and expected maximum values of the vertical
support forces per side (i.e., per two supports) scaled by the weight of the
cargo, S = Fvert

mg [109]

Standard deviation Maximum values
Case Slin Snon−lin Stest Slin Snon−lin Stest
1 0.124 0.081 0.085 0.491 0.416 0.308
2 0.124 0.081 0.088 0.491 0.416 0.305
3 0.139 0.088 0.097 0.549 0.435 0.329
4 0.152 0.094 0.102 0.601 0.467 0.349
5 0.136 0.085 0.093 0.536 0.448 0.359
6 0.139 0.089 0.097 0.547 0.422 0.365
7 0.142 0.092 0.098 0.559 0.457 0.360
8 0.114 0.081 0.079 0.45 0.403 0.328



56 Wave-induced load effect analysis

Figure 3.6: Roll damping from the free decay tests and a straight line fitted
by linear regression for the barge with rounded corners [109]. The damping
is presented in nondimensional form as blin eq = B44,eq

√
B/(2g) /(mB2).

5-7%.
The vertical support forces, Fvert per side of the cargo (i.e. the sum

of the two supports) are shown in Table 3.3. The forces are made nondi-
mensional by dividing them by the weight of the cargo, mg. The bias is
estimated by comparing the standard deviations and the maximum values of
the responses. The bias is estimated as 0.75-0.94 (bias <1, i.e., conservative
analysis results) for the maximum roll angle and 0.65-0.8 for the vertical
support force, depending on the type of analysis [109]. The analyzed sea
states represented severe seas and had a high steepness for some of the sea
states (see Table 3.1). Furthermore, there were nonlinear effects that limited
the barge response in the model tests (water on deck, etc.). In the structural
reliability analyses, a bias representative for all the sea states included in
the long-term distribution should be applied, and hence, a more moderate
bias is chosen. The uncertainty is assumed to be a normally distributed
stochastic variable with a bias of 0.9 and a COV of 0.1.



Chapter 4

Structural reliability analysis

4.1 Introduction

In a narrow sense, structural reliability is the probability that a structure
will not exceed any of a specified set of limit states during a specified refer-
ence period. This means that the structure is in a safe set and will survive.
The complementary quantity to being safe is the failure probability, Pf ,
defined in a simple case with a single resistance and load effect variable,
by Pf = P [R ≤ S], where R is the resistance and S represents the load
effect. Depending on how R and especially S are related to time, the failure
probability will also depend on some reference time period. For a normal
operation, the reference period could be a year or the service lifetime. For
marine operations, the reference period is typically equal to the duration of
the operation.

Structural design standards based on limit state formulations are typi-
cally calibrated by using reliability methods [90]. Structural reliability anal-
ysis (SRA) can be used to calculate the probability of failure for structures
that have been designed for relevant limit states. The failure probability
is calculated based on random variables describing the load effects and the
structural capacity. In this thesis, SRA is used to calculate the failure prob-
ability for temporary structures designed by a semiprobabilistic method.

The concept of structural reliability analysis is briefly described in Sec.
4.3.11. More details about SRA may be found in the literature, including the
text books by Ditlevsen and Madsen [22], Madsen et al. [88] and Melchers
and Beck [95].

57
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4.2 Limit state design check

4.2.1 Calculation of the ultimate strength

The ultimate strength is calculated for all the structural components. In ad-
dition to the capacity of the grillage and seafastening, which are normally
specifically built for each individual transport, the capacity of the trans-
ported object as well as the local ship structure adjacent to the grillage and
seafastening is checked. These existing structures are already given once the
transport ship is nominated, and local reinforcements for one single trans-
port should be avoided. Hence, the capacity of the existing structure should
be checked in parallel with the design of the grillage and seafastening.

The design standards for marine operations [31, 72] describe the princi-
ples for the operations and provide guidance and requirements for planning
them. They do not cover the design of structures beyond giving the princi-
ples but refer to recognized codes and standards as the basis for the detailed
design and the fabrication requirements of structural components. Many de-
sign codes are thus available for calculating the ultimate structural capacity.
In Norwegian waters, Eurocode and Norsok standards are typically used,
e.g., [36, 113]. In other areas, ISO and API standards are widely used, e.g.,
[8, 73].

A case where the load effects are caused by the self-weight and wave-
induced vessel motion is considered. A typical case is shown in Fig. 4.1.
An example of a support structure, the grillage beams, is shown in Fig. 4.2.
This is a typical structure for the distribution of support forces for a ship
or a barge. Hand calculations of the moment and sectional forces would
normally suffice for a design check in ULS. A finite element analysis may
be required for more complicated structures and for details. The internal
barge structure also needs to be documented. A typical barge bulkhead,
i.e., a 10-20 mm thick plate with horizontal stiffeners and transverse web
frames typically every 2.4 m, is shown in Fig. 4.2. More information about
a typical North Sea barge is given in Appendix B.

In short, the structural strength must be verified for the following sub-
systems:r Transported objectr Grillage and seafasteningr Transport vessel
The main discussion below is related to the vertical supports (the grillage
beams). The local capacity of the transport vessel, notably the longitudinal
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Figure 4.1: Typical flat-top barge with grillage beams and seafastening (roll
and pitch stoppers) and the transported object (only the structural steel is
shown, not the mechanical equipment and the outfitting)

bulkheads, is also discussed. The transported object is not discussed further.

4.2.2 Ultimate limit state design check

In the design checks, it is demonstrated that the structural capacity is larger
than the load effects. The design capacity is equal to the characteristic
capacity divided by a material factor. The characteristic loads are multiplied
by load factors to achieve the design loads. The design check can then be
expressed as:

Rc
γm
≥ γGSG,c + γESE,c (4.1)

Rc represents the capacity, typically the characteristic yield or buckling
stress multiplied by the cross sectional area or section modulus for a beam.
The load factors for the ultimate limit state, ULS, are given in the design
codes. SG,c is the characteristic static load effect, typically due to gravity.
SE,c is the dynamic load effect, typically due to environmental loads, i.e.,
the wave induced load in this thesis. The capacity check in Eq. (4.1) can
be written on an alternative form, assuming the capacity is fully utilized:

Rc = γm(γGSG,c + γESE,c) (4.2)
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Figure 4.2: The grillage beams in one corner of the transported object (from
Fig. 4.1), the vertical loading onto the grillage is indicated. The grillage
beams are connected to the barge by wing plates welded to the deck. The
longitudinal bulkhead with horizontal stiffeners is also seen.

In many design cases, Rc is somewhat larger than required (i.e., ”>” in Eq.
(4.2) instead of ”=”), but in this thesis, exact fulfillment is assumed. The
load factors for the ultimate limit state capacity check are given in Table
4.1. The material factor depends on the type of material and the type of

Table 4.1: Load coefficients for the ultimate limit state [31] G=Permanent
actions (e.g., due to self-weight) and E = Environmental actions (e.g., due
to wave-induced loads).

Action Load factors
combination γG γE
ULS-A 1.3 0.7
ULS-B 1.0 1.3

capacity check. For steel structures, γm = 1.15 is typical for capacity checks
based on the yield stress and 1.3 is typical for the weld capacity based on
the ultimate stress [28, 113]. For welding on board a barge or transport
ship, an increased material factor of 1.5 is imposed [31].
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4.2.3 Wave-induced load effects in the design check and in
SRA

Two different approaches are used to calculate the load effects for the design
capacity check and the structural reliability analyses. The characteristic
load effect, SE,c, in Eqs. (4.1) and (4.2) are applied in the design checks. The
load effects due to wave-induced barge motions could have been calculated
from a hydrodynamic analysis using a 3D panel model. That is not done
in this thesis. The characteristic load effects are instead calculated using a
method given in a design standard for marine operations [31].

The wave-induced load effects in the structural reliability analyses, SE in
Eq. (4.6), are calculated based on a 3D panel model. The wave-induced load
effects are described by a response surface [122] for the standard deviation
of the response. The method is further discussed in Sec. 4.3.10, and the
response surface is given in Eq. (4.15). The purpose in this section is to
clearly indicate how the characteristic load effect, SE,c, is determined and
demonstrate that the random variable SE used in SRA is calculated by a
different approach.

The most probable maximum support load is shown in Fig. 4.3 as a
function of the significant wave height. (The support load is calculated
using a modified version of Eq. (4.7) by integrating over Tz only and solving
for sE from sE(hs) = FS|Hs(e−1) for given values of hs.) The load is shown
for exposure times of 3 and 24 hours. A typical storm duration is three
hours; hence, for large sea states, the solid line in Fig. 4.3 is the most
representative. For moderate sea states, the time period with a more or less
constant sea state can be much longer, as indicated by the dotted line in
Fig. 4.3 calculated for a 24-hour exposure time. The design forces from the
design standard [31] are also shown and are in the same range as the forces
from the stochastic analysis.

4.3 Structural reliability analysis method

4.3.1 Formulation of the failure probability

As mentioned, the probability of failure can be expressed as follows:

Pf = P [R ≤ S] (4.3)

where
R is the structural capacity, defined in Eq. (4.4) and
S is the load effect, defined in Eq. (4.6)
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Figure 4.3: Most probable maximum vertical force, S(Hs), at one support
point as a function of the significant wave height based on Eq. (4.7) for
an exposure time equal to 3 and 24 hours. The design forces calculated
according to a design standard [31] for Hs = 4 m and 6 m and a weather-
unrestricted transport (Hs ≥ 10 m) are also shown.

4.3.2 Modelling the structural capacity

The structural capacity may be expressed as follows:

R = χRRc (4.4)

wherer χR is a variable to account for uncertainty in the calculated capacityr Rc is the characteristic capacity calculated from Eq. (4.2)

The statistical parameters for the yield stress of the steel for use in the
SRA were estimated by the JCSS approach, where a probabilistic model for
the random vector X = [fy, fu, E, ν, εu]T is given [77, Table A]. The model
can be used for steel grades with yield stress up to 380 MPa, which may
be defined in terms of nominal values verified by standard mill tests (e.g.,
following the procedures of EN 10025 [35] for the sampling and selection
of test pieces and the requirements of EN 10002-1 (superseded by [74]) for
testing) or in terms of the minimum values given in the material specifi-
cations (e.g., [35]). The main concern here is the yield stress. The mean
value of the true yield stress used in the SRA is calculated according to the
following formula [77]:

E[fy] = fyspae
−u·COV − C (4.5)
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wherer The COV for the yield stress is set equal to 0.07r fysp is the code specified or nominal value for the yield stress used in
the design checkr a is the spatial position factor. It is equal to 1.05 for webs of hot rolled
sections and 1 otherwise; a=1 is used in this thesisr u is a factor related to the fractile of the distribution used in describing
the distance between the code specified or nominal value and the mean
value; u is in the range of -1.5 to -2.0r C is a constant for reducing the yield strength as obtained from usual
mill tests to obtain the static yield strength; a value of 20 MPa is
recommended [77]

Based on the above, the mean value and the standard deviation for the yield
stress are µ = 1.12fysp − 20 and σ = 0.07µ.

This model is combined with the random variable, which represents the
uncertainty in the calculated capacity, that is assumed to follow a lognormal
distribution. The capacity of the bulkheads in the barge has a mean value
of 1.21 and a COV of 0.15, and the grillage beams have a mean value of
1.0 and a COV of 0.05. [107]. When the uncertainty in the yield stress is
combined with the model uncertainty, the mean value is 1.25, and the COV
is 0.17 for the vertical load acting at the bulkheads. For the grillage beams,
the resulting mean value is 1.07, and the COV is 0.09.

4.3.3 Overview of the uncertainties in the load effects

The modeling of the uncertainty in the load effect will depend on the ef-
fects being studied. The aleatoric and epistemic uncertainties, including
the model uncertainties, are discussed below. The static loads from gravity
and dynamic loads from waves were included in this study. Generally, wind
loading can also be important but is not included here because wave loading
dominates the case studied in this thesis. For this purpose, the load effect
in the reliability model can be formulated as follows:

S = χS,GSG + χS,ESEBoper (4.6)

wherer SG is the static load effect
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r SE is a stochastic variable representing the wave-induced load effect,
accounting for the uncertainty in the significant wave height and wave
period; see Sec. 4.3.10 (note that SE is different from the characteristic
load effect in Eq. (4.1))r χS,G represents the uncertainty in the calculated static load effectr χS,E represents the uncertainty in the calculated dynamic load effectr Boper accounts for the uncertainty related to heavy weather avoidance

In the case studies, χS,G is modeled as a normal distributed variable with a
mean value of 0.95. The COV is set equal to 0.1.

The uncertainty in the calculated dynamic wave-induced load effect,
χS,E , depends on:r the wave datar the calculated motions of the transport vessel, χS,E,1r the method for the calculation of the structural load effects due to the

vessel motions, χS,E,2

The effect of the uncertainty in the wave data is included in the calculation
of the load effect, SE ; see Sec. 4.3.10. The last two items are combined
to give the resulting uncertainty estimated by χS,E = χS,E,1 · χS,E,2. The
model uncertainty associated with the response analysis covers uncertain-
ties related to the analysis of the barge motions as well as the calculation
of the load effects in the supports. The prediction of the barge motions for
the structural reliability analyses is based on hydrodynamic analysis using
linear 3D potential theory, and nonlinear effects, such as barge deck immer-
sion, are not included. The viscous roll damping is linearized by stochastic
linearization. For high waves with large steepness, there may be a signifi-
cant bias in the calculated barge motions [109]. However, in the structural
reliability analyses, a bias that represents all the sea states included in the
long-term distribution is needed, as discussed in Sec. 3.4.3.2. Consequently,
the model uncertainty in the hydrodynamic analysis, χS,E,1, is assumed to
follow the normal distribution with a mean value of 0.9 and a COV of 0.1.
The uncertainty resulting from the calculation of the dynamic load effect is
assumed to be the same as that for the static load effect. Even if a sim-
ple statistical model is chosen here, the uncertainty in the calculated load
effect could in a real case depend on the ballast condition and the relative
stiffness between the supports. The uncertainty χS,E,2 is assumed to follow
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a normal distribution with a mean value equal to 0.95 and a COV equal to
0.1. The uncertainty in the calculated dynamic load effect is added to the
uncertainty in the hydrodynamic analysis. The total model uncertainty1 is
then assumed to follow a normal distribution with a mean value of 0.86 and
a COV of 0.14 [107].

For the structural reliability analysis of the supports, the extreme values
of the support forces need to be calculated. The calculation must include
the effect of the uncertainty in the environmental conditions. For short-term
analyses based on weather forecasts, the forecast uncertainty is described in
Sec. 4.3.4. For long-term analyses, see Sec. 4.3.5. The load effect is further
described in Sec. 4.3.10.

4.3.4 Uncertainty in the forecasted wave height

The uncertainty in the forecasted significant wave height is assumed to fol-
low a lognormal distribution [108]. The mean value and standard deviation
depend on the forecast lead time. No additional uncertainty to account for
the uncertainty in the hindcast data has been included; see also Sec. 4.3.7.

4.3.5 Uncertainty in the long-term significant wave height

Descriptions of the long-term environmental conditions are available from
many sources. Traditionally, the data from BMT [64] have been applied for
marine transports. However, as BMT data are based on visual observations
of the environmental conditions from ships, they may contain the effects of
adverse weather avoidance. Another source for obtaining weather data is
hindcasting [123]. The hindcast data are independent of ship observations
and are hence better suited to describe the true long-term environmental
condition.

The long-term description of the environmental conditions used here is
based on hindcast data from the North Sea. A three-parameter Weibull
distribution is fitted to the long-term wave conditions. The long-term dis-
tribution describes the fundamental variation, but the meteorological data
and the hindcast method are subjected to uncertainties; see also Sec. 4.3.7.

4.3.6 Uncertainties due to the amount of environmental data

The amount of data available for estimating the statistical parameters will
affect the uncertainty. The effect of varying amounts of data is important,

1For the product of two statistically independent variables, χ = χ1 ·χ2, the mean value
is µχ = µχ1 ·µχ2, and the coefficient of variation is COV≈

√
(COVχ1 )2 + (COVχ2 )2 [95].
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and an interesting study related to the time variability of the wave climate in
the northern North Sea was performed by Moan et al. [100]. Data recorded
by wave rider buoys in the northern North Sea over a period of 29 years
were available. The extreme values of Hs were estimated by applying all 29
individual scatter diagrams and groups of every 2 and every 4 independent
years together with the 29-year scatter diagram as a whole.

The observed maximum values of the significant wave height in each
scatter diagram for a 1-, 2- and 4-year period are shown in the histogram
in Fig. 4.4. The histogram based on the annual data shows larger scatter
than that of the 2- and 4-year data. The variations in the predicted extreme

Figure 4.4: Histogram of the observed maxima of Hs in the scatter diagrams
for 1, 2 and 4 years [100]

values based on the data in different years can be illustrated by the annual
and 100-year extreme values of the significant wave height. The expected
annual maximum Hs obtained by the 29 years of data was 10.5 m, while the
100-year value was 14.2 m. The variation in the estimated extreme values
is shown in Table 4.2. The mean value of Hs and the coefficient of variation
are also shown. It is evident that the effect of the data collection period
affects the statistical results to a large extent.

4.3.7 Uncertainties in the gathered environmental data

In the previous section, the uncertainty related to the length of the data col-
lection period was discussed. An additional uncertainty is included through
the data used for estimating the statistical parameters. Data at a specific
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Table 4.2: Variation in the annual and 100-year values of the extreme Hs

as well as the mean value and COV of the Hs for statistics based on 1, 2, 4
and 29 years of data [100]

Reported value 1-year 2-year 4-year 29-year
1 year return Hs (m) 8.1-12.9 9-12.1 9.3-11.3 10.5
100 year return Hs (m) 10.3-19.2 11.8-16.8 12.2-15.4 14.2
Mean Hs (m) 2.3-3.2 2.5-2.9 2.6-2.8 2.7
COV of mean Hs 0.26 0.096 0.077 -

location are typically measured by wave rider buoys or radar, and the accu-
racy obtained in the measurements is of interest [91]. The same point can
be considered for hindcast data. In this thesis, hindcast data from NORA10
[2, 123] have been used. Based on the discussion in Sec. 2.4.1, it was con-
cluded that the uncertainty in the hindcast Hs-values was small, and the
effect was not included in the SRA.

4.3.8 Uncertainty in the wave period

The forecasted wave period could be treated similarly to the significant wave
height to account for the uncertainty in the wave peak period related to the
forecasted wave period. This was considered in Paper 2 [108], but the wave
period was seen to be more uncertain than the forecasted significant wave
height. The wave period was therefore modeled as a lognormal distributed
variable conditional on the significant wave height [11, 63]. The wave periods
based on the statistical distribution at Location 2 in Fig. 2.6 were used.

If the design checks are based on a stochastic analysis, a range of wave
periods as given in the design standards would be used, see, for example, Eq.
(2.12). The wave period that gives the largest response governs. However,
the design approach in this study is based on formulas from the marine
operation standard [31]; see Sections 4.2.3 and C.1. The wave period is
not included as a separate parameter in that design method, but the wave
periods are implicit in the design formulas.

4.3.9 Operational uncertainty

During sea transport, the captain will normally seek to avoid heavy weather.
Based on weather forecasts and the captain’s experience, the speed and/or
course may be altered during transport. For coastal transport, it may
be possible to seek shelter and to a large extent avoid forecasted adverse
weather (see Fig. 2.1). For overseas transport or in coastal areas where
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it is not possible to seek shelter, course and speed alterations are the only
options. In reliability analyses, the effect of the latter options could in
principle be included through a bias factor [130].

As discussed in Sec. 2.7, the speed of a transport ship, even a bulk
carrier, is relatively high. However, the speed of a towed barge is low, typi-
cally not more than 5 knots. The ability for heavy weather avoidance will
therefore normally be limited, and speed reduction or halting and waiting
for adverse weather ahead of the tow to pass by are the only practical al-
ternatives. Furthermore, towing line failure will leave the barge adrift, in
which case heavy weather avoidance will not be possible. Based on these
considerations, the operational bias factor, Boper, is set equal to 1.0 in Eq.
(4.6), and the random uncertainty is neglected for barge transports in this
study.

4.3.10 Load description

The long-term cumulative extreme value distribution of the wave-induced
individual maxima, SE , used in Eq. (4.6) is defined as follows [104]:

FSE (sE) =
∫ ∞

0

∫ ∞

0
FSE |Hs,Tz(sE |hs, tz)fHs,Tz(hs, tz) dhs dtz (4.7)

wherer FSE |Hs,Tz(sE |hs, tz) is the cumulative extreme value distribution for
the individual support force conditional on the significant wave height
and the mean zero-crossing wave periodr fHs,Tz(hs, tz) is the joint probability density function for the significant
wave height and the mean zero-crossing wave period

The distribution of the individual response maxima within a sea state,
i.e., for given Hs and Tz, is assumed to be the extreme value distribution
based on the Rayleigh distributed individual maxima:

FSE |Hs,Tz(sE |hs, tz) =
(

1− exp
[
−1

2

(
sE

σSE (hs, tz)

)2
])N(hs,tz)

(4.8)

σSE (hs, tz) is the standard deviation, the RMS-value (the root mean square
value), of the support force. The load effect is a function of both the signif-
icant wave height and the period because it is caused by the wave-induced
motion of the transport vessel. The load effect is estimated by the response
surface method [122].



4.3. Structural reliability analysis method 69

The total number of response cycles during marine operation for a given
sea state is N(hs, tz) = TR · ν+

0 (hs, tz), where TR is the duration of the
operation and ν+

0 (hs, tz) is the mean zero-upcrossing rate of the response.
The mean zero-upcrossing rate of the support force in beam sea conditions
is practically independent of the significant wave height; hence, N(tz) ≈
TRν

+
0 (tz). ν+

0 (tz) can be estimated by fitting an exponential curve to the
actual mean zero-upcrossing rate. The following estimate was used in this
thesis [107]:

ν+
0 (tz) = 0.12 + 0.87e−0.64tz (4.9)

where Tz is given in seconds and the unit for ν+
0 is s−1.

The joint probability density function of Hs and Tz is expressed by the
relation:

fHs,Tz(hs, tz) = fTz |Hs(tz|hs)fHs(hs) (4.10)
where the distribution of Hs depends on the category of marine operation
[107]. A lognormal distribution was used for weather-restricted operations
as follows:

fHs(hs) = 1
hs · σlnHs

√
2π

exp
[
−1

2

( ln hs − µlnHs
σlnHs

)2]
(4.11)

The parameters in the distribution are [108]:

µlnHs = ln(hs,fc) + µlnχ (4.12a)
σlnHs = σlnχ (4.12b)

where hs,fc is the maximum forecasted significant wave height during the
operation, given in meters. The stochastic variable χ represents the uncer-
tainty in the weather forecasts (χ = Hs,hindcast/Hs,forecast). The numerical
values are given in Table 2.1.

For weather-unrestricted operations, a three-parameter Weibull distri-
bution was used (see Eq. (2.2)).

The statistical distribution of the mean zero-crossing period, Tz, condi-
tional on Hs, is given as a lognormal distribution [11, 63]:

fTz |Hs(tz|hs) = 1
tz · σlnTz |Hs

√
2π

exp


−1

2

(
ln tz − µlnTz |Hs

σlnTz |Hs

)2

 (4.13)

The mean value and the standard deviation for ln(Tz) are calculated as
follows:

µlnTz |Hs = a1 + a2h
a3
s (4.14a)

σlnTz |Hs = b1 + b2e
b3hs (4.14b)
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The parameters ai and bi, i = 1, 2, 3, are estimated from hindcast data in
this study, see Table 4.6.

The RMS value of the support force is estimated by a response surface
as follows [122]:

σSE (Hs, Tz) = (A1(Tz) +A2(Tz)Hs +A3(Tz)H2
s )mg (4.15)

where mg is the weight of the transported object (with mass m) and the
parameters A1, A2 and A3 are estimated from:

Ai(Tz) = ki1 + ki2Tz + ki3T
2
z for i = 1, 2, 3 (4.16)

The coefficients kij are estimated based on results from a numerical analysis
[107].

4.3.11 Basic formulation of the reliability problem

For a seafastening structure in the ultimate limit state, where the structural
capacity and the load effect are modeled by the stochastic variables R and
S, respectively, the failure function can be expressed as follows:

g(X) = R(X)− S(X) (4.17)

where g(X) ≤ 0 represents failure. X is a vector of variables representing
the load effects and the capacity. The probability of structural failure is
defined as follows:

Pf = P (g(X) ≤ 0) (4.18a)

=
∫
...

∫

g(X)≤0

fX(x) dx (4.18b)

=
∫
...

∫

X

I[g(x) ≤ 0]fX(x) dx (4.18c)

where I[◦] is an indicator function that is equal to 1 if [◦] is “true” and 0 if
[◦] is “false”. The joint probability density, fX(x), includes all the variables
involved.

In some special cases, the failure probability can be expressed analyt-
ically. This applies for cases when both R and S are time-invariant, and
they have either a normal or a lognormal distribution. Generally, the fail-
ure probability is calculated by numerical methods. When R and S are
statistically independent, then fX(x)dx = fR(r)fS(s)drds in Eq. (4.18).
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4.3.12 Time-independent reliability analyses with FORM/-
SORM

The failure function is defined by Eq. (4.17). The structural capacity is
assumed to be time invariant, and the load effects are calculated from Eq.
(4.7). The failure probability shown in Eq. (4.18) in a reference period
equal to the duration of the operation may then be determined by time-
independent reliability analysis. It is generally not possible to use ana-
lytic integration for the failure probability in Eq. (4.18). Several numeri-
cal methods are available for time-independent reliability analyses, notably
simulation and FORM/SORM methods. The first order reliability method
(FORM) is an efficient method for calculating the failure probability. The
second order reliability method (SORM) is a more refined method than
FORM, which takes the curvature of the failure surface at the design point
into account. SORM is used to calculate failure probabilities in this thesis.
Experience has shown that FORM is sufficient for many structural engi-
neering problems [103], and using either FORM or SORM gives practically
equal results in this thesis.

In FORM/SORM analyses, the integral is solved by transforming the
problem from the space of physical variables,X, to a standard normal space,
U , and approximating the failure surface by a linear/quadratic surface that
is tangential to the initial failure surface at the point with the shortest
distance from the origin. This point is called the β-point or the design
point. The procedure is schematically illustrated in Fig. 4.5, where the first
step is to map the limit state from the real space to the standard normal
space. The reliability index, β, is uniquely related to the failure probability,
Pf . It is defined as [99]:

β = −Φ−1(Pf ) (4.19)
where Φ(·) is the cumulative standard normal distribution. It is evident
from Fig. 4.5 that β can also be expressed as follows [134]:

β = |u∗| =
√

(u∗i )2 + (u∗j )2 (4.20)

An alternative to the FORM/SORM methods include the simulation
methods, e.g., Monte Carlo simulations. The failure probability calculated
by a Monte Carlo simulation will converge toward the true value if the
number of simulations is large enough. A disadvantage of Monte Carlo
simulations is that they are time consuming for problems with many random
variables and/or low failure probability. However, Monte Carlo simulation
is a valuable tool for checking the accuracy of the results from reliability
analysis based on FORM/SORM for complicated problems. In this thesis,
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X-space U-space

Figure 4.5: Schematic illustration of FORM/SORM analyses for a general
g(X)- function [99]. While FORM uses a tangent hyperplane approximation
as indicated in the figure, SORM is based on a quadratic approximation of
the failure-surface.

the computer program Proban [143] has been used to perform reliability
analyses.

4.3.13 Uncertainty importance factors

The uncertainty importance factors provide information on the influence
of the variables in g(X) from Eq. (4.17) on the failure probability. The
importance factors represent the percentage of the total uncertainty in the
reliability index, β, due to the corresponding random variable or group of
random variables. The importance factors are defined as 100α2

i , where αi
are the sensitivity factors defined as follows [89]:

αi = ∂β

∂ui

∣∣∣
u∗

(4.21)

where u* is the design point in u-space (see Fig. 4.5). The importance
factors are calculated by FORM/SORM using Proban [121, 143]. FORM
and SORM give equal results here because the tangent hyperplane in u* is
the same in both methods. If an importance factor is low, the corresponding
variable has little influence on the failure probability and can be defined as
a fixed value instead of a random variable.
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4.4 Case studies of a seafastening structure in barge
transport

4.4.1 General

The barge transport of a large and heavy object was studied in this thesis.
The grillage and seafastening were designed to resist the loading calculated
by a deterministic method. Based on that particular design, reliability
analyses were carried out, calculating the failure probability of Eq. (4.3) to
demonstrate how Pf depends on various factors. This included the model
uncertainty in the load effects and structural capacity, as well as the uncer-
tainty in the environmental conditions and seasonal variations.

In Sec. 4.4.2, the input to the SRA is described. Some selected results
from the SRA [107] are presented in Sec. 4.4.3, and a discussion on the
results is included in Sec. 4.4.4.

4.4.2 Input data for the structural reliability analyses

4.4.2.1 Stochastic variables in the case studies

The failure probability was defined as Pf = P [R ≤ S] in Eq. (4.3). The
variables R and S were defined in Eqs. (4.4) and (4.6), respectively. Infor-
mation on the variables is given in Table 4.3.

4.4.2.2 Long-term distribution of the significant wave height

In Table 4.4, the parameters for the three-parameter Weibull distribution
for the significant wave height are given for each month and year-round.
The significant wave heights with a return period equal to one year are
also shown. (This is the value of Hs with 8% probability of being exceeded
during one month and 63% probability of being exceeded during 12 months).
Seasonal parameters are given in Table 4.5. The data are grouped into four
seasons: winter (December - February), spring (March - May), summer
(June - August) and autumn (September-November).

4.4.2.3 Distribution of the wave period conditional on Hs

The parameters in the lognormal distribution of the mean zero-crossing
period conditional for the significant wave height (Eq. (4.13)) are given in
Table 4.6.
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Table 4.3: Mean value and COV of the variables in the case studies

Variable Description Distribution Mean COV
χR Uncertainty in the structural

capacity of the bulkhead
Lognorm. 1.25 0.17

Rc Characteristic structural
capacity

Fixed Eq. (4.2) -

χS,G Uncertainty in the calculated
static load effect

Normal 0.95 0.1

χS,E Uncertainty in the calculated
dynamic load effect

Normal 0.86 0.14

SE Vertical dynamic load effect Eq. (4.7) - -
Hs Significant wave height Eq. (4.10) - -
Tz Mean zero-crossing wave

period
Eq. (4.13) - -

ν+
0 Mean zero-upcrossing rate of

the response
Sec. 4.3.10 - -

4.4.3 Results from the case studies

4.4.3.1 Seafastening structure designed for weather-restricted trans-
port

For weather-restricted transport designed by standard criteria for a Hs of
4 m, the failure probability was calculated with and without considering the
uncertainty in the weather forecasts according to the Alpha factor method
described in Sec. 1.4.6. The following was done:

1. The maximum allowed forecasted Hs required to start the operation
was taken according to the design Hs multiplied by the Alpha factor
[31]; hence, the maximum allowed forecasted Hs was equal to 3.0 m
for a one-day operation, 2.8 m for two days and 2.7 m for three days.

2. The uncertainty in the forecasted significant wave height was ac-
counted for by a lognormal distribution; see Sec. 4.3.4, with the mean
and standard deviation taken from Table 2.1; hence, µlnχ = 0.055 and
σlnχ = 0.112 for a one-day operation, and so on.

3. The failure probability was calculated according to Eq. (4.18) for 24,
48 and 72 hours.
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Table 4.4: Parameters in the three-parameter long-term Weibull distribution
of the significant wave height (ref. Eq. (2.2)) for each month and year-
round, for the northern North Sea. The significant wave height with a one-
year return period is also shown.

Month α β γ Hs,1y
(m) (-) (m) (m)

January 2.87 1.58 0.88 11.6
February 2.67 1.57 0.70 10.7
March 2.39 1.52 0.75 10.2
April 1.60 1.30 0.72 8.6
May 1.24 1.26 0.59 7.1
June 1.04 1.23 0.56 6.2
July 0.94 1.21 0.54 5.8
August 1.02 1.19 0.58 6.4
September 1.49 1.23 0.77 8.8
October 2.13 1.43 0.81 10.0
November 2.42 1.54 0.92 10.2
December 2.73 1.54 0.90 11.4
Year-round 2.05 1.31 0.54 10.6

As a quick check of how reasonable the forecast limits seem, the uncer-
tainty given in Table 2.1 is considered. For a forecasted significant wave
height of 4 m, the mean value plus two standard deviations after 48 hours is
(1.08 + 2 · 0.13) · 4 m ≈ 5.4 m, which is well above the design Hs. When the
forecast indicates a significant wave height of no more than 2.8 m over the
next two days, as required above, the mean value plus two standard devia-
tions equals 3.8 m, which is close to the design value. Hence, the reduction
in design Hs to reach the forecast Hs seems plausible.

When the forecast uncertainty is not considered, the forecast limit to
start the operation is not reduced; the operation can start when the fore-
casted Hs is equal to 4 m. This is a hypothetical situation because it implies
that the weather forecasts are exact and that the true Hs is identical to the
forecasted Hs. The purpose was to quantify the effect of the forecast uncer-
tainty on Pf . Under this assumption, the failure probability is calculated
for one, two and three days, all with Hs = 4 m. When the forecast uncer-
tainty is considered, the maximum allowed forecasted Hs required to start
the transport is 3 m for an operation period of one day, reducing to 2.7
m for a period of 3 days. The failure probability accounting for the fore-
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Table 4.5: Parameters in the three-parameter long-term Weibull distribution
of the significant wave height (ref. Eq. (2.2)) for each season for the north-
ern North Sea. The significant wave height with a one-year return period is
also shown.

Month α β γ Hs,1y
(m) (-) (m) (m)

Winter (Dec.-Feb.) 2.77 1.56 0.82 11.3
Spring (Mar.-May) 1.79 1.29 0.63 9.5
Summer (Jun.-Aug.) 1.00 1.20 0.56 6.2
Autumn (Sep.-Nov.) 2.11 1.41 0.75 10.0

Table 4.6: Parameters for the conditional distribution of Tz (ref. Eq. (4.14))
based on year-round data for the northern North Sea

Parameter a1 a2 a3 b1 b2 b3
Value 1.277 0.378 0.441 0.005 0.195 -0.169

cast uncertainty is shown in Table 4.7, together with the failure probability
when forecast uncertainty is neglected, i.e., for Hs ≡ 4 m. The forecasted
significant wave height is taken to be constant during the operation period.
This assumption is discussed in Sec. 4.4.4.

The failure probability increases with increasing duration both with and
without forecast uncertainty because the maximum forces (extreme values)
increase over time for a given Hs. When the forecast uncertainty is in-
cluded, there is an additional effect because the forecast uncertainty also
increases with time. However, the increased uncertainty is counteracted by
the reduced limit for the forecasted Hs for longer operations. In fact, the
reduced startup criterion accounts for the uncertainty and results in a lower
failure probability when the forecast uncertainty is included.

4.4.3.2 The effect of seasonal versus year-round data for weather-
unrestricted transport

The ISO standard for Marine Operations [72] requires that the weather con-
ditions used for the design of weather-unrestricted operations “shall reflect
the statistical extremes for the area and season concerned”. According to
the DNV GL standard for Marine Operations [31], the seasons may be ac-
counted for when planning sea voyages. Traditionally, the use of seasonal
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Table 4.7: The failure probabilities of the vertical supports are shown for a
weather-restricted operation based on a design value of Hs = 4 m. When the
effect of the forecast uncertainty is included, Pf is calculated for a forecasted
Hs equal to the maximum allowed according to design standards [31, 107],
as shown in the column for Hs,fc. When the forecast uncertainty is excluded,
Hs ≡ 4 m is used as a deterministic variable.

No. of H
1)
s,fc Pf

days (m) Uncert. excl. Uncert. incl.
1 3.0 1.4 · 10−3 6.2 · 10−4

2 2.8 1.8 · 10−3 6.2 · 10−4

3 2.7 2.1 · 10−3 6.6 · 10−4

Note 1: Hs ≡ 4 m with no forecast uncertainty

variations has been optional. The normal approach has generally been to
use year-round data and utilize seasonal variations when it is beneficial in
the sense that the loads are reduced.

A weather-unrestricted seafastening design was considered, and Pf was
calculated based on environmental data from January and year-round data,
as shown in Table 4.8. For that particular design, the failure probability
was 2-3 times higher based on January statistics than for year-round data.

Table 4.8: Failure probability for a weather-unrestricted operation based on
wave data for January and year-round

No. of Pf
days Jan. Year-round
3 1.6 · 10−4 6.1 · 10−5

7 2.2 · 10−4 8.5 · 10−5

14 2.8 · 10−4 1.1 · 10−4

21 3.2 · 10−4 1.3 · 10−4

Assuming a duration equal to seven days, Pf for each month was com-
pared with that calculated with year-round data. The Pf value based on
year-round data was 8.5 · 10−5, while Pf based on monthly data varied, as
shown in Fig. 4.6.

While the increased Pf in winter compared with year-round analysis was
moderate (2-3 times higher), Pf during summer was reduced by a factor of
10.
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Figure 4.6: Failure probability for a weather-unrestricted operation with a
duration of seven days based on monthly and year-round wave data [107]

4.4.3.3 Sensitivity study

The importance factors (see Sec. 4.3.13) for two selected cases, one weather-
restricted operation and one weather-unrestricted operation, are shown in
Table 4.9. In the weather-restricted case, the seafastening was designed for
a significant wave height equal to 4 m, and the duration of the operation
was three days (72 h). The forecasted Hs was 2.7 m. In the weather-
unrestricted case, the duration was seven days, and the significant wave
height was based on year-round long-term statistics. Vertical support was
designed for weather-unrestricted transport.

The base cases and alternatives with changed bias and the COV on
the capacity and one alternative with increased COV on the uncertainty
in the calculated dynamic load effect are considered. The details on the
alternatives and the importance factors, as well as the reliability index and
the failure probability, are given in Table 4.9. The importance factor for
the structural capacity, χR, dominates in all cases. For weather-unrestricted
operations, the wave-induced load, SE , contributes significantly more to the
failure probability than for weather-restricted operations. As expected, the
failure probability increases when the bias on χR is reduced and when the
COV of χS,E is increased. In Alternative 4, an increase in the COV for the
capacity leads to a substantial increase in the failure probability. The main
observation is that the uncertainty in the structural capacity dominates in
the structural reliability analyses. The capacity depends on the structural
design and fabrication for actual marine operations, and a focus on this
aspect is suggested in the grillage and seafastening design for the transport
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Table 4.9: Importance factors (in %) for a weather-restricted (WR) opera-
tion and a weather-unrestricted (UR) operation with durations of three and
seven days, respectively. The reliability index and failure probability are also
given. Index 0: Base case with variables from Table 4.3. Index 1: Alterna-
tive 1 with the bias for χR changed from 1.25 to 1.15. Index 2: Alternative
2 with the COV for χS,E changed from 0.14 to 0.20. Index 3: Alternative
3 with the COV for χR changed from 0.17 to 0.15. Index 4: Alternative 4
with the COV for χR changed from 0.17 to 0.20.

Importance factors, %
Case β Pf χR χS,E Se χS,G
WR-0 3.21 6.6·10−4 77 7 8 8
WR-1 2.78 2.7·10−3 76 7 8 8
WR-2 3.10 9.5·10−4 72 13 9 7
WR-3 3.54 2.0·10−4 72 9 10 9
WR-4 2.81 2.5·10−3 82 6 6 6
UR-0 3.76 8.5·10−5 60 8 27 4
UR-1 3.38 3.6·10−4 59 8 29 5
UR-2 3.63 1.4·10−4 55 14 28 4
UR-3 4.05 2.5·10−5 57 10 29 5
UR-4 3.38 3.6·10−4 65 6 25 4

of heavy objects.

4.4.4 Discussion of the results

The case studies focus on the structural reliability of a seafastening struc-
ture that is designed according to standard motion/acceleration criteria for
a barge, while the structural reliability analysis is based on the direct cal-
culation of motions and accelerations.

A weather-restricted transport designed for Hs = 4 m was discussed
in Sec. 4.4.3.1 (a similar case for Hs,design = 6 m was included in Paper
3). It was assumed that the forecasted significant wave height was constant
during the operation. This condition does not necessarily hold, as the fore-
casted Hs could (and generally does) vary over time. However, for moderate
sea states, the significant wave height can be approximately the same over
several consecutive days. Hence, for a transport with a limited duration
(one, two and three days), the calculated failure probabilities represented
a realistic transport case. It was evident that the Alpha factor approach
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effectively compensated for the uncertainty of the forecasting in this case.
Next, the effect of seasonal versus year-round data for weather-unrestricted

transport was studied in Sec. 4.4.3.2. For weather-unrestricted transport,
the significant wave height is not constant but follows a long-term distri-
bution, as discussed in Chapter 2. This distribution varies throughout the
year. From an analysis point of view, it is convenient to apply year-round
data because that is readily available and provides flexibility in the plan-
ning at an early stage before the transport date is defined. However, as
indicated in Fig. 4.6, the failure probability for seafastening structures
designed for weather-unrestricted transports then strongly depends on the
time of the year. It is evident that Pf is very low if the transport is exe-
cuted during the summer period. This is good from a safety perspective,
but a too low Pf could be seen as (unnecessary) conservatism by use of the
weather-unrestricted design option for the summer period and introduce
an (unnecessary) high cost. For practical transport, a design Hs could be
calculated based on a long-term distribution or the return period approach
described in Sec. 2.6 (if the design Hs was below 4 or 6 m, the standard
method in App. C.1 may be used.) It should be noted that for planning
real marine operations, it is necessary to check the capacity also using en-
vironmental data for the preceding and/or succeeding month [31], but that
has not been considered in this thesis.

In reality, the duration of a marine operation is a stochastic variable,
but in the analyses above, it was assumed to be a deterministic variable,
estimated as described in Sec. 2.2. The duration could be modeled as
a stochastic variable, and revised failure probabilities could be calculated.
However, from the case studies above, it is evident that Pf is not very
sensitive to the duration; hence, it is reasonable to model the duration as a
fixed variable.

In Sec. 4.4.3.3, a sensitivity study was performed in which importance
factors were calculated for weather-restricted and weather-unrestricted ma-
rine operations. The sensitivity analyses showed that the structural capacity
had the largest importance factors of all the parameters examined. Conse-
quently, the failure probabilities were sensitive to variations in the bias and
COV for the structural capacity, and the structural capacity, in particular
that of a bulkhead with horizontal stiffeners exposed to vertical loading,
was an important input for the structural reliability analyses.

The above analyses are all based on the barge transport case where the
seafastening structure is designed for various environmental conditions. To
obtain a further understanding of how the results from the SRA relate to
the planning of marine operations in practice, other case studies could be
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performed. It would also be of interest to extend the period of weather-
restricted operations. The uncertainty in the forecasted value of Hs was
quantified for operations lasting up to seven days in Paper 2 (see Table 2.1
above). Hence, the method for weather-restricted marine operations could
be applied for transports with a duration of up to seven days, and the results
could be compared with weather-unrestricted operations. This has not been
done in this thesis but is proposed as future research (see Sec. 5.4.3).
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Chapter 5

Conclusions and
recommendations for future
research

5.1 General

The objective of the research presented in this thesis is to study the struc-
tural integrity of typical support structures for sea transport of large and
heavy objects in a structural reliability framework, considering both weather-
restricted and weather-unrestricted operations. This thesis addresses the
uncertainty assessment of wave-induced motions of a transport barge and
the capacity of the selected elements as implemented in the structural reli-
ability analyses. The focus in this research work is on three topics. First,
an investigation of the motion of a transport barge in severe beam seas and
the associated support loads is conducted by numerical methods supported
by the model tests. Second, the uncertainty of forecasted significant wave
height is evaluated. Finally, the structural reliability analysis of the sup-
ports in the ultimate limit state is performed. The conclusions and original
contributions of the research work in this thesis and recommendations for
future research are presented below.

5.2 Conclusions

The main conclusions in this thesis are presented in the published papers
focusing on the three topics related to sea transports, namely, the wave-
induced load effects, uncertainty in weather forecasts and structural relia-
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bility of the cargo supports during sea transport. The main conclusions and
findings are summarized in the following.r Maximum roll angle.

For severe sea states, the model test results were compared with cal-
culations in the frequency domain using stochastic linearization of the
viscous roll damping. They were also compared with the results from a
nonlinear analysis in which the equations of motion were solved in the
time domain. The ratio between the maximum expected roll angle for
a three hour storm period and the standard deviation was 3.4-3.9 for
the nonlinear analysis, i.e., close to the results from a linear analysis.
The similar ratio from the model tests was between 2.7 and 3.2. The
reason for this lower ratio was concluded to be that the roll amplitude
was limited upwards by physical effects that were not captured by the
numerical analyses. The maximum expected roll amplitude from the
model tests was 22 degrees for a three hour storm period. The linear
analyses overestimated the maximum roll angle, while the nonlinear
analysis compared well.r Model uncertainty in support force.
The barge motions for high sea states are calculated by linear and
nonlinear analyses and compared with results from the model tests.
It was found that the bias varied with the response. The bias was esti-
mated to be 0.75-0.94 for the maximum roll angle and 0.65-0.8 for the
vertical support force, depending on the type of analysis. Accounting
for the effect of high wave steepness and non-linearity in the model
tests, e.g., water on the deck in high sea states, the bias for the vertical
support force from the model tests was set to 0.9 together with a COV
of 0.1. The uncertainty in the calculated load effect was represented
by a random variable with a mean value of 0.95 and COV of 0.1. The
model uncertainty was then assumed to be normal distributed with
a mean value of 0.86 and COV of 0.14 for long-term environmental
conditions for use in the structural reliability analysis to represent the
general environmental conditions.r Duration of weather-restricted operations.
Operations with planned durations less than three days are designed
as weather-restricted marine operations. The weather forecasts from
the Norwegian Sea that were studied in this thesis did not reveal any
specific increase in the forecast uncertainty that would require an exact
72-h limit for weather-restricted operations, even if the uncertainty in
the forecasts increases with the lead time up to a lead time of seven
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days. For example, the bias in the forecasted significant wave height
increases from 1.09 to 1.10 from three to four days, while the coefficient
of variation increases from 0.13 to 0.15.

r Forecasted wave period.
A similar approach as used for the significant wave height can been
used for the forecasted wave period. However, the correlation between
forecast and hindcast data is lower for wave periods than for signif-
icant wave heights for a given lead time, indicating that forecasted
wave periods are more uncertain than forecasted wave height. The
wave period for weather-restricted operations is therefore modeled by
a statistical distribution similar to the distribution used for weather-
unrestricted operations.

r Target reliability level.
An important question in applying structural reliability analyses in
decision making is to specify the target reliability level. Some design
standards recommend a certain target reliability level for the design
depending on the consequences of failure. However, in practice, it
may be difficult to relate such target levels directly to the reliability
analyses. However, as long as the reliability level is considered to be
adequate, the target reliability level can be chosen to be the same as
that obtained by using the current design standards. The adequacy of
the current practice is demonstrated through a low experienced failure
rate and general acceptance by the industry and insurance companies.
In engineering practice, the uncertainty in weather forecasts is ac-
counted for by applying a risk reduction factor called the Alpha factor.
This factor was implemented in the structural reliability analyses, and
the failure probability was calculated by this approach as well as by
assuming perfect weather forecasts (and hence there was no forecast
uncertainty to compensate for). The standard Alpha factor approach
was seen to effectively compensate for the uncertainty inherent in the
weather forecast in the cases studied in this thesis.

r Structural capacity.
The structural capacity was considered for the grillage beams and for
the barge bulkheads, considering the model uncertainty and the un-
certainty in the material parameters. The ultimate strength of the
bulkheads was found to be governing, and it was found adequate to
model the resulting capacity by a random variable following a lognor-
mal distribution with a bias of 1.25 and a COV of 0.17.
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r Results from the structural reliability analysis.
For a weather-unrestricted operation planned using standard all-year
criteria for load calculation, the failure probability depends on the
time of the year in which the operation is executed. For example, it
was noticed that for a given cargo support design:

− the failure probability was 1.5 times higher using environmental
data for November instead of seasonal data for autumn (Septem-
ber - November)

− the failure probability calculated using statistical data for Jan-
uary was 3 times higher than that calculated using data for the
entire year

− the failure probability in July was less than 1/10 of the failure
probability in October

The differences in the failure probabilities are not dramatic in the
first two cases. In the third case, however, the difference is rather
large and should be further considered. It is evident that to use the
weather-unrestricted all-year criteria for summer transport introduces
conservatism. This is acceptable from a safety point of view but in-
creases cost. Hence, the design of grillage and seafastening should
be optimized by applying a reduced design sea state for weather-
unrestricted summer transports based on available hindcast or mea-
sured wave data.
The following main conclusions are drawn from this study:

− For a weather-restricted operation, the reduction in the allowable
significant wave height according to the so-called Alpha factor
method to account for the forecast uncertainty is a good approach
with respect to the failure probability.

− The use of seasonal data for planning weather-unrestricted opera-
tions is optional according to some regulatory bodies and manda-
tory according to other regulatory bodies. The use of seasonal
or year-round data will affect the failure probability for a given
operation, as seasonal data for the winter gives a higher failure
probability than year-round data.

− The calculated failure probabilities for a given operation depend
on the season in which it is executed, the duration of the oper-
ation, etc. However, the calculated probabilities are of the same
order of magnitude as the target value generally accepted for
marine operations, of 10−4 per operation.
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The overall conclusion is that for the North Sea, the failure probability
by use of the simplified design criteria compares well with the target
level. However, because the uncertainty in the strength dominates
and the strength depends on temporary solutions for each transport,
a focus on this aspect is recommended in the integrity management
of the grillage and seafastening in connection with the transport of
heavy objects.

r A simple design formula for the wind speed.
For a weather-unrestricted operation, the wind speed corresponding
to a given design wave height needs to be determined. While the
significant wave height can be determined based on available long-
term statistics, such statistics are not always available for the design
wind speed. A simple approach is proposed to estimate the design
wind speed for open sea areas as a function of the design significant
wave height. This easy-to-use engineering method provides a design
wind speed with reasonable accuracy and could be used in planning
transports where wave-induced loading dominates and where a design
significant wave height is given.

5.3 Summary of the original contributions

This thesis addresses the structural reliability related to the seafastening of
heavy cargo during sea transport on barges. The original contributions of
this thesis are summarized as follows:

r Establishing a method for calculating the viscous damping for rolling
of a barge.
This was based on the original methods by Tanaka and Ikeda for ships
and extended to include wider vessels such as a transport barge (i.e.,
increased B/KG ratios).

r Model test of the transport barge exposed to severe seas with steep
waves giving large barge motions.
The purpose was to study the motions of a barge in storm conditions
during weather-unrestricted transport. The wave periods were close
to the natural roll period to investigate the effect of resonant barge
motion in severe seas.

r Uncertainty assessment of the environmental conditions.
Weather forecasts of the significant wave height were studied, and the
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uncertainty was quantified. The uncertainty was implemented in the
reliability analyses.

r A formula for the design wind speed.
A simple formula to calculate the design wind speed corresponding
to a design significant wave height was proposed. The purpose was
to provide a simple method for engineering purposes in estimating
the wind speed and hence the wind-induced loading acting on the
transported object.

r Structural reliability analyses including modeling of uncertainties, es-
pecially the uncertainty in weather forecasts.
A reliability model that accounted for the uncertainty inherent in the
weather forecasts was established. This model was used to study the
effect of the forecast uncertainty on the structural reliability by pro-
viding a comparison with a (fictitious) condition without forecast un-
certainty.

r Structural reliability analyses to study the effect of seasons, etc.
A reliability model in which the long-term statistical distribution of
the environmental conditions was modeled was used to study seasonal
variations and the failure probability as a function of the duration for
weather-unrestricted operations.

5.4 Suggestions for future research

5.4.1 Additional model tests

The model tests included free decay and forced roll tests, and the barge was
exposed to beam seas. In the free decay tests, the CoG was in one position,
and in the forced roll tests, the model was rolled about an axis in the water
surface.

Several additional tests could have been performed to obtain a broader
set of data to analyze the roll damping and barge motion. Additional model
tests could include:

r free decay tests with several vertical CoG positions of the cargo

r forced roll tests with the axis of rotation at several elevations

r waves from several directions in addition to the beam seas, e.g., head
seas and beam quartering seas



5.4. Suggestions for future research 89

5.4.2 Uncertainty assessments of wave forecasts

In this thesis, the significant wave height for the total sea was used for com-
parison of the forecast and hindcast. In the weather forecasts and hindcast
data, the significant wave height was given for the wind driven waves, swell
and total sea. An alternative to the chosen approach could be to compare
wind sea and swell separately, and this might be part of a future research
project.

Many marine operations are sensitive to wave periods, e.g., vessel mo-
tions close to natural periods. The maximum allowable significant wave
height for a weather-restricted operation, e.g., for an offshore crane instal-
lation or sensitive sea transport, may vary as a function of the wave period
(Tp or Tz) for such operations. The margin on the forecasted wave period
required to achieve the required safety level is not clearly defined in the de-
sign standards. (For example, if the analysis has shown that the operation
can be started when Hs ≤ 2 m and Tz ≤ 9 s, the forecasted maximum Hs is
α · 2 m, where Alpha is found in design standards. However, the maximum
acceptable Tz in the weather forecast to start the operation is unknown.)
The uncertainty in the forecasted wave period could be further addressed
in future studies.

5.4.3 Maximum duration of weather-restricted operations

The maximum duration of weather-restricted operations is generally three
days according to design standards. This is often a challenge in planning
marine operations because exceeding that limit imposes design environmen-
tal conditions based on long-term statistics, which is normally much more
severe than the limits defined for weather-restricted operations. It would
therefore be a great benefit for the industry if the limit for weather-restricted
operations could be extended. In the study of the forecast uncertainty in
the significant wave height performed in this thesis, no clear reason to limit
the duration of a weather-restricted operation to three days was observed.
However, that was an observation that was based on a limited amount of
data, and a possible extension of the three-day limit based on a broader
data set considering wind and waves could be a topic for future research.

5.4.4 Ultimate strength assessment

Some assumptions and simplifications regarding the strength have been
made in this thesis. The support forces were calculated based on the
dynamic equilibrium of the transported object. In future work, a refined
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method could be applied for the strength assessment. The support forces
could have been calculated by finite element analysis methods, including
the calculation of the relative stiffness of the barge and transported object.
The uncertainty in the capacity of stiffened plate panels in bulkheads was
estimated based on previous experiments and analyses described in the liter-
ature. More sophisticated evaluations of the bulkheads could be performed
by methods such as nonlinear finite element analyses or experiments.

The event defined to represent failure in an ultimate capacity context is
not a physical collapse but a defined upper limit for the capacity. Hence,
a violation of the ultimate limit state capacity will not necessarily lead to
structural failure. For the same reason, even several load cycles exceeding
the ULS capacity due to events such as rolling of the barge in heavy seas
that do not have to lead to a total loss. Following the buckling failure of a
bulkhead below the cargo supports, the deck plate of the barge will be able
to resist a substantial amount of loading due to membrane stresses, and
hence, there is a reserve that is not accounted for in the calculated capacity.
Buckling of a bulkhead would lead to local damage of the barge, but a total
degradation of the cargo support would not occur. This reserve capacity
has not been quantified in this study. The calculated failure probability
refers to a defined capacity limit and not necessarily to a physical collapse.
Such reserves could lead to a larger bias for the structural capacity, hence
reducing the failure probability. It could also lead to lower consequences
of failure by limiting the damage and avoiding total collapse. Such effects
could be interesting to study in future work.

Another interesting subject is how conditions during fabrication could
affect the ultimate strength. Construction work is generally performed in-
doors or under cover in adverse weather conditions outdoors. Normally,
fabrication is performed over a long period of time, and weld inspection can
easily be planned to comply with the required waiting time before perform-
ing NDT (nondestructive testing) on the welds. The fabrication of grillage
and seafastening for sea transports of offshore structures is normally per-
formed under controlled conditions in a yard. However, welding of the
grillage beams and seafastening to the vessel and the transported object is
performed outdoors. Building weather shielding is time consuming and not
always done. A tight schedule may lead to a limited waiting time before
performing NDT. Hence, the challenges for marine operations are differ-
ent than those for general fabrication. The effect of weather conditions on
the quality of welded joints and thereby the uncertainty in the structural
strength is also relevant for future work.
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5.4.5 The effect of costs

In this thesis, no cost-safety benefit analysis is performed. The reliability
analyses do not include the effect of costs. It is then assumed that the plan-
ning and execution is carried out under the ALARP regime by minimizing
all the risks as much as reasonable practicable and satisfying the required
safety level with respect to loss of life. The application of the ALARP
principle could be a topic for future research.
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a b s t r a c t

Marine operations, e.g., the sea transport of heavy objects and the installation of offshore units and
equipment, need to be planned and executed with proper consideration for environmental conditions
and operational limits with respect to vessel motions and structural loads. Marine operations with a
limited duration, usually less than 72 h, are typically designed as weather-restricted operations. The
environmental design criteria are thus predefined, and the actual weather conditions are confirmed by
weather forecasts issued immediately prior to the start of such an operation. Marine operations of longer
duration are typically designed as weather-unrestricted operations, and the environmental conditions
are calculated based on long-term statistics, possibly depending on the season. More detailed informa-
tion about uncertainties in weather forecasts could increase the feasible duration of weather-restricted
operations. The uncertainty inherent in weather forecasts, notably that in the significant wave height, is
studied. Further, a method to assess the reliability of weather forecasts is described. Data from the
Norwegian Sea are used to quantify the uncertainty in forecasted data. The probability of exceeding the
design criteria used in the planning of a weather-unrestricted marine operation can be estimated based
on forecast statistics. The corresponding uncertainty can be incorporated into structural reliability ana-
lyses.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The work presented in this paper is part of a research project
regarding the level of reliability inherent in marine operations. The
uncertainty in the environmental conditions, and hence in the
wave- and wind-induced load effects, that are considered in the
planning of an operation is important with respect to the overall
reliability level. The scope of this paper encompasses the study of
methods to account for the uncertainty inherent in weather
forecasts for marine operations. This is of interest, e.g., with regard
to structural design for sea fastening (i.e., the design of structures
to secure a transported object to the transport vessel), but the
approach is more general. The marine operations considered
herein are specially planned, non-routine operations of limited
duration related to the load transfer, transport and installation of
objects, typically in the offshore oil and gas industry. The need for
special planning may arise because the transported object is large
and/or heavy or has a high economic value or a long replacement
time. Therefore, the consequences of severe damage to or total loss

of such a transported object are large, involving economic loss and
possibly pollution of the environment. Most likely, there will also
be delays in the project, and some loss of reputation may be suf-
fered by the companies involved. It is therefore necessary to
quantify the uncertainties inherent in such an operation. The
environmental conditions are important input for the planning of
marine operations, particularly with regard to the motion analysis
of floating vessels. Hence, the uncertainty in the environmental
conditions and how it is accounted for in the planning/design
exert a considerable effect on the safety level of such an operation.

Marine operations can be designed in accordance with several
Standards and Guidelines. These operations are generally defined
as either weather-restricted or weather-unrestricted operations,
depending on their duration. For weather-restricted operations
planned in accordance with DNV (2011) or GL Noble Denton
(2013), the uncertainty inherent in the weather forecasts of the
significant wave heights and wind speeds is accounted for by a so-
called α-factor; see Eq. (2). For weather-unrestricted operations,
the weather criteria cannot be based on forecasts but instead must
be based on long-term statistical data on the environmental
conditions.

The uncertainty in the forecasting of significant wave heights is
quantified by comparing the forecasted wave heights with the
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actual waves at the location. Instead of observed/measured sig-
nificant wave heights, hindcast data are used. The uncertainty is
described by estimating the mean values and standard deviations
of the difference and ratio between the hindcasted and forecasted
wave heights. Data from the Norwegian Sea are applied to quantify
the uncertainty in the forecasted data.

The objective is to incorporate the uncertainty resulting from
weather forecasts into reliability analyses for marine operations.
For most marine operations, the environmental loads govern the
planning and structural design, and hence, the uncertainty in
forecasted environmental conditions is important input for these
analyses. The uncertainty in the forecasted significant wave height
is studied in this paper. The intent is to address reliability analyses
in a separate paper.

2. Planning of marine operations

2.1. Design standards for marine operations

Marine operations must be designed in accordance with certain
standards/guidelines. We are aware of two such standards and two
such guidelines:

� DNV-OS-H101, Marine Operations, General, DNV (2011).
� GL Noble Denton (2013), General Guidelines for Marine Projects.
� ISO 19901-6 (2009) Petroleum and natural gas industries.

Specific requirements for offshore structures. Part 6: Marine
Operations.

� London Offshore Consultants Limited, Guidelines for Marine
Operations, LOC (1997).

A key parameter for a marine operation is the duration. It is
defined as the best estimate plus an ample margin to account for
inaccuracies in schedule and delays. This is the approach used in
all referenced standards. Using the notation from DNV (2011), the
operation reference period, TR, is defined as follows:

T T T 1R POP C= + ( )

where TPOP is the planned operation period and TC is the estimated
maximum contingency time. (The estimated maximum con-
tingency time is often between 50% and 100% of the planned
operation period, unless more accurate information is known.)

2.2. Weather-restricted operations

If the duration of the operation is less than 72 h, then the
operation can be defined as a weather-restricted operation. An
operation can also be defined as weather restricted if it can be
halted and the handled object brought into safe conditions during
the same period. For a sea transport operation, this means that the
route must be divided into several legs, and ports or areas of
shelter along the transport route must be predefined. Updated
weather forecasts are received regularly throughout the entirety of
such an operation.

Traditionally, the maximum duration of a weather-restricted
operation has been three days including contingency time, i.e.,
T 72 hR ≤ . This limit is stated in ISO 19901-6 (2009), GL Noble
Denton (2013), LOC (1997), NORSOK (2007). DNV (1996/2000) also
adhered to this limit until 2011. In DNV (2011), however, the
maximum operation period was increased to four days including
contingency provided that the planned operation period is less
than three days.

For marine operations in areas and seasons in which it can be
demonstrated that weather forecasts are capable of predicting any

extreme weather conditions over a longer period, the operation
reference period may be increased accordingly. By contrast, in
areas and/or seasons in which the corresponding reliable weather
forecasts are not considered realistic, a shorter limit is to be
applied.

If an operation is weather restricted, then the design environ-
mental criteria are defined in an early phase of the project.
Weather-restricted operations are beneficial because the owner, or
his representative, may define the necessary environmental cri-
teria (with the understanding that more strict environmental cri-
teria may lead to more wait time before the operation can com-
mence). The operation may commence when the weather fore-
casts indicate acceptable environmental conditions. The uncer-
tainty in the weather forecasts and how to include this uncertainty
in the planning of the operation thus become key issues.

To account for the uncertainty in weather forecasts, the
operational environmental limits must be less than those con-
sidered in the design. According to DNV (2011) and GL Noble
Denton (2013), the operational limit on the significant wave height
can be expressed as

H H 2s oper s design, ,α= ( )

where α is a parameter 1( ≤ ) that depends on both the duration of
the operation and the level of forecasting and/or monitoring. In
DNV (2011), α also depends on the significant wave height used in
the design. The parameters for the base case, with one weather
forecast available, are shown in Table 1. The α-factor can be
increased if the wave height at the site of the operation is mon-
itored and if there is a meteorologist on site (because the presence
of a meteorologist will increase the confidence in weather fore-
casts at that location). In the DNV method, α accounts for the
uncertainty in the weather forecast based on the planned duration
( T TDur POP= ), but the forecasted wave height must be less than
Hs oper, for the operation reference period, TR. In the GL Noble
Denton method, α is based on the operation reference period
T TDur R( = ). It should be noted that the safety formats (load and
material factors) are somewhat different in the DNV and GL Noble
Denton formulations and that the corresponding αs may not be
directly comparable.

2.3. Weather-unrestricted operations

Operations with durations longer than three days are typically
weather unrestricted. The separation between these two cate-
gories is important, as these two types of operations will be
designed differently with respect to environmental loads.

Weather-unrestricted marine operations are not planned based
on weather forecasts, because the duration of such an operation is
longer than the duration over which weather forecasts are con-
sidered reliable. Instead, the environmental conditions used for
planning must be based on long-term statistics. The environmental

Table 1
The parameter α as a function of operation duration from DNV (2011) and GL Noble
Denton (2013) for the case of one weather forecast and no wave monitoring. In
DNV (2011), the parameter definition is valid only for the North Sea and the
Norwegian Sea and is given as a function of the design wave height.

TDur (h) DNV GL Noble Denton

H 2 ms = 4 m ≥ 6 m

12 0.76 0.79 0.8 0.69
24 0.73 0.76 0.78 0.65
48 0.68 0.71 0.74 0.59
72 0.63 0.68 0.72 0.54
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loads will then be based on a set of conditions with a given (low)
probability of being exceeded.

In the planning of an unrestricted operation, the environmental
criteria for the design must be based on long-term statistics
accounting for

� the geographical area,
� the season of the year and
� the duration of the operation.

The extreme values of the wave heights may be calculated
based on scatter diagrams, e.g., those from BMT Ltd (1986) or DNV
(2014). It should be noted that the scatter diagrams from DNV are
based on visual observations of the sea and may therefore, to some
extent, include the effects of heavy weather avoidance (i.e., the
largest waves are never observed).

For commercial projects, more accurate data may be purchased,
e.g., from Fugro Oceanor. Data from Fugro Oceanor are derived
from hindcast models and are calibrated against satellite data and,
where available, in situ wave buoy data (FugroOceanor, 2012).

A study by Shu and Moan (2008) of a VLCC (very large crude
carrier) and a bulk carrier indicated that the use of data from Fugro
Oceanor yielded amidships bending moments that were approxi-
mately 15% larger than those deduced from the scatter diagrams of
DNV (2014).

Another alternative is the computer program Safetrans from
Marin (2007), which contains a large environmental database and
can provide wave statistics for certain transport routes and
seasons.

3. Description of environmental conditions

3.1. Weather forecasts

Several global systems are available for weather forecasters,
e.g., those from the European Centre for Medium-Range Weather

Forecasts (ECMWF) and the US-based National Centers for Envir-
onmental Prediction (NCEP).

The ECMWF system includes atmospheric variables, such as
wind, temperature and precipitation, in addition to waves for
offshore applications. The forecasts are based on the Ensemble
Prediction System (EPS) (see, e.g., Saetra and Bidlot, 2004). The
dynamical weather system is then simulated several times, each
time changing the initial conditions slightly. The forecasters
receive data from the ECMWF and perform their own evaluations
and interpretations of the results, on which the weather forecasts
are then based. The forecasts from different meteorologists may
therefore differ for the same location and time.

For projects involving the installation of structures at offshore
locations, weather forecasts are issued throughout the project
period, which may be several years. In this paper, we will consider
forecasted data for the Skarv oil and gas field, which is located
210 km west of Sandnessjoen, Norway, at a water depth of 350–
450 m. The weather forecasts are provided by BP.

The forecasts include, amongst other information, the sig-
nificant wave height Hs and the zero-crossing period Tz for wind-
generated waves, swell and the total sea. The relation between
these significant wave heights is H H Hs total sea s wind waves s swell, ,

2
,

2 0.5= ( + ) .
Only the total sea, i.e., the significant wave height resulting from
both wind generated waves and swell, has been assessed in this
paper. The lead time is defined as the numbers of hours from the
time when the forecast is issued until the time for which it applies.
The first set of forecasted values is for a three-hour lead time.
Forecasted values are generally given every three hours for the
first 72 h (for some forecasts, 69 h) and every six hours thereafter
until the 168th hour. The data are for the year 2011 and include
1150 forecasts (generally three forecasts per day, with four fore-
casts for certain days).

3.2. Hindcast data

The formula given in Eq. (23) is a simple hindcast model, in
which the significant wave height is estimated from the wind
speed. This model does not, however, include the effects of wind
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Fig. 1. Forecasted and hindcasted significant wave heights for a lead time of seven days.
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fluctuations in time and space or any effects of the sea bottom
topology, etc. A surface ocean wave model that does include such
effects is used by meteorologists to hindcast wave data.

The hindcast data used in this study were provided by the
Norwegian Meteorological Institute (DNMI, http://www.met.no).
The data are based on the WAM Model of the Wamdi Group
(1988). The quality of these hindcast data compared with the
observed data is very good; see, e.g., Reistad et al. (2011). There-
fore, in this paper, these hindcast data are used instead of
observed data.

3.3. Comparing forecast and hindcast data

Forecasted and hindcasted wave heights are shown in Fig. 1.
The figure shows the significant wave height in the year 2011 as a
function of time in days (the first of January is day no. 1, and so on).
The hindcasted significant wave height is shown in black. The
forecasted significant wave height shown in red is given for a lead
time of 168 h, i.e., these data represent the weather as forecasted
seven days before (e.g., the wave height shown on day 30 is taken
from the weather forecast issued on day 23, and so on). No details
can be seen from the plot, but it is apparent that the trend is
predicted quite well, even if the maximum significant wave
heights (the peak values) are not forecasted. The maximum sig-
nificant wave height at this location in 2011 was 15.8 m on day no.
329 (i.e., on 2011-11-25) at 18.00 h. In Fig. 2, the wave heights a

few days before and after this date are shown together with the
forecasted wave heights issued 72 and 168 h before. The max-
imum wave height was not captured in any of the forecasts, but
the three-day forecast was, as expected, closer than the seven-day
forecast.

The difference between the hindcasted and forecasted sig-
nificant wave heights is also illustrated for two different lead times
in Fig. 3 for one two-week period in June and one in December.

4. Model uncertainty in weather forecasts

4.1. Statistical models

The environmental conditions are an important input for
marine operations. The significant wave height and wind speed
are key information obtained from weather forecasts. For certain
marine operations, the wave periods and wave directions may also
be important. The uncertainties inherent in the environmental
conditions predicted by forecasts, e.g., the significant wave height,
can be quantified using two different mathematical models, one
additive and one multiplicative model. The statistical parameters
for these models are estimated based on hindcasted and fore-
casted data. The additive model is formulated as follows:

Z Z 3true predictedΔ = − ( )

where Δ is a stochastic variable. In our case, the predicted values
are obtained from weather forecasts, whereas the true values are
the hindcast data. In the multiplicative model, the stochastic
variable χ is defined as follows:

Z
Z 4

true

predicted
χ =

( )

Because the stochastic variable (Δ or χ) depends on the wave
height, lead time (or forecasting period) and season, the mean
value and the standard deviation of this variable are also functions
of these parameters.

The statistical parameters necessary for a realization of the
stochastic variable Δ (or χ) are calculated via the standard for-
mulas using the software package (Matlab, 2010).

4.2. Uncertainty as a function of lead time

We now consider the significant wave height given in a
weather forecast and define a stochastic variable TH LsΔ ( ) as fol-
lows:

T H H T 5H L s hindcast s forecast L, ,sΔ ( ) = − ( ) ( )

where TL is the lead time. (A similar definition may also be used in
the multiplicative model.) In Fig. 6, HsΔ is shown as a function of
lead time.

The correlation between the forecasted and hindcasted sig-
nificant wave heights is shown for several lead times in Fig. 4. As
expected, the correlation is initially high and decreases with
increasing lead time. In Fig. 5, the wave periods (spectral peak
periods, Tp) are shown in a similar manner. It is apparent that the
correlation between forecasted and hindcasted significant wave
heights is higher than the correlation between forecasted and
hindcasted wave periods. In fact, it seems preferable to use a fitted
conditional probability distribution for the wave period but to base
the wave height solely on the weather forecast.
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Fig. 3. The difference between hindcasted and forecasted significant wave heights
( THs LΔ ( ) in Eq. (5)) for one two-week period in June and one in December 2011 for
lead times of three and seven days
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with hindcast Hs values for November 20 (day no. 324) to 30, 2011
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4.3. Uncertainty within a forecast period

In Eq. (5), the forecasting uncertainty is considered as a func-
tion of the lead time alone. For most marine operations, however,
the primary concern is not whether a certain weather condition
occurs exactly when forecasted but rather whether it occurs at all
during the marine operation. Given the maximum wave height
that is predicted to occur during a certain period, the probability
that this wave height will be exceeded can be estimated.

A stochastic variable can be defined based on the additive
model as follows:

T H H 6H R s hc max s fc max, , , ,s max,Δ ( ) = − ( )

where

H H t t Tmax for 7s fc max s forecast R, , , τ τ= { ( )} ≤ ≤ + ( )τ

is the maximum forecasted significant wave height during the
operation reference period and

H H t t Tmax for 8s hc max s hindcast R, , , τ τ= { ( )} ≤ ≤ + ( )τ

is the maximum hindcasted significant wave height during the
same period. Similarly, a stochastic variable can be defined based
on the multiplicative model as follows:

T
H
H 9H R

s hc max

s fc max

, ,

, ,
s max,

χ ( ) =
( )

4.4. Quantification of model uncertainty

The methodology for estimating the uncertainty is as follows:

� Establish the observed data and weather forecasts for a certain
period of time at a chosen location.

� Calculate TH Rs max,Δ ( ) from Eq. (6) and Hs max,χ from Eq. (9).
� Calculate the statistical parameters.
� Choose the statistical distribution for the variables. For each

data set, fit the distribution to the data.
� Extract percentile values for HsΔ and Hs

χ as functions of lead time
and forecasted Hs, either based on the chosen statistical dis-
tribution or directly from the data sets.

The mean values and standard deviations for realizations of
these stochastic variables (i.e., for the data from 2011) are shown
in Figs. 7 and 8 for the additive and multiplicative models,
respectively. (Note that whereas a perfect weather forecast would
yield a mean value of 0 m for Hs max,Δ , the corresponding mean value
would be equal to 1.0 for Hs max,χ .)

Figs. 7 and 8 present all-year data. However, the majority of
marine operations are performed during the summer season, and
therefore, seasonal data may be more relevant to use for analysing
the uncertainties in weather forecasts. The data are therefore
divided into two seasons: the summer season, from April to Sep-
tember, and the winter season, from October to March. (Data are
often divided into four seasons or into monthly data, but because
the data for only one year are considered here, only two seasons
are defined.)

Fig. 4. Forecasted versus hindcasted significant wave height; note that for the longest forecast period, the largest waves are not forecasted
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In Figs. 9 and 10, the means and standard deviations of Hs max,Δ
are given for the summer and winter seasons for two groups of
forecasted wave heights. The corresponding parameters for the
variable Hs max,χ are shown in Figs. 11 and 12.

It is evident that the means and standard deviations of Hs max,Δ
depend on the size of the forecasted significant wave height; this
is particularly apparent from the all-year data presented in Fig. 7

and is, to some extent, also observed for the seasonal data pre-
sented in Figs. 9 and 10. In the groups corresponding to significant
wave heights of 2–4 m and 4–6 m, the mean and the standard
deviation are both larger during the winter season than during the
summer season, except for Hs for the 4–6 m group for forecast
periods of less than 50 h. (Notably, this variation could also, to
some extent, be attributed to the fact that the forecasted wave
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heights are larger during the winter season and could thus reflect
behaviour similar to that observed in Fig. 7 rather than an actual
seasonal variation.)

The effects of the forecasted wave height and season are
smaller for Hs max,χ . In Fig. 8, the mean values are essentially iden-
tical for all wave height groups, and the spread in the estimated
standard deviation also appears not to depend on the forecasted
wave height.

Based on the above findings, we choose to use the multi-
plicative model and to include all wave heights in a single group
when performing the analysis. The behaviours of the statistical
parameters in this analysis are shown in Fig. 13.

4.5. Uncertainty in point estimates

The uncertainties in the model parameter estimates are cal-
culated via a bootstrap method using Matlab (2010). The 95%
confidence interval for the mean value in Fig. 13 is found to be
within 1%± of the estimates. For the standard deviation, the

corresponding interval ranges from 5%− to 10%+ of the estimates.
For the skewness and kurtosis, the uncertainties are much larger.
The 95% confidence interval varies with the forecast period, but it
ranges from approximately 50%− to 100%+ of the estimates
(hence, single values in the confidence interval may be from
0.5 times to 2 times the corresponding estimates). It is well known
that estimates of skewness and kurtosis suffer from a relatively
large uncertainty for data sets of limited size. However, these
parameters are used here only to identify a plausible statistical
distribution to be fitted to the data set, and hence, the uncer-
tainties are considered acceptable.

5. Statistical description of environmental conditions

5.1. Significant wave heights

A short-term sea state is described by a significant wave height
and a wave period and possibly also by other wave spectral
parameters (bandwidth parameter, doubly peaked spectrum, etc.).
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Given a forecasted significant wave height (i.e., the maximum
predicted value during the forecast period) hs fc, , the maximum
significant wave height to be used in an operational design may be

defined as a stochastic variable. In the additive model, this variable
is defined as follows:

H h 10s max s fc H, , s max,Δ= + ( )

where Hs max,Δ is defined in Eq. (6). The mean value and the stan-
dard deviation are equal to

h 11aH s fc,s max Hs max, ,
μ μ= + ( )Δ

11bHs max Hs max, ,σ σ= ( )Δ

In the multiplicative model, the maximum wave height is
expressed as follows:

H h 12s max H s fc, ,s max,
χ= · ( )

where Hs max,χ is defined in Eq. (9). The mean value and the standard
deviation are equal to

h 13aH s fc,s max Hs max, ,
μ μ= · ( )χ

h 13bH s fc,s max Hs max, ,σ σ= · ( )χ

It is evident from Fig. 13 that the skewness is positive and that
the kurtosis is larger than three. Thus, the log-normal distribution
may be suitable (see, e.g., Hahn and Shapiro, 1967, Fig. 6-1).

Under the assumption of a log-normal distribution, the prob-
ability density function for the maximum significant wave height
during the operation reference period for a given weather forecast
may be expressed as follows:
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where the mean value and the standard deviation of the logarithm
of Hs are calculated as follows:

hln 15aH s fcln , lns
μ μ= ( ) + ( )χ

15bHln lnsσ σ= ( )χ

where hs fc, is given in meters and
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where Φ ( ) is the cumulative distribution function for the standard
normal distribution.

5.2. Wave period

The wave period is given in the weather forecast and may be
included in the analysis in a similar manner as is the wave height.
However, because of the relatively low correlation between fore-
casted and hindcasted periods (see Fig. 5), this is not done here.
The uncertainty in the wave periods can instead be accounted for
using a statistical distribution that is conditional upon the
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Fig. 13. Mean value, standard deviation, skewness and kurtosis of the stochastic
variable Hs max,χ , based on the multiplicative model, as functions of the forecast
period.
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between 4 and 6 m.
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significant wave height. The period may be described by a log-
normal distribution, as shown by Bitner-Gregersen and Haver
(1991). For design purposes, the distribution of the zero-crossing
period, Tz, follows a log-normal distribution that is conditional on
Hs:

f t h
t

e
1

2 18
T H

T

t

ln

1/2 ln /
z s

z

Tz Tzln ln
2

σ π
( | ) =

( )
μ σ

|
−( )(( − ) )

with parameters a a hT
a

ln 1 2z
3μ = + and b b eT

b h
ln 1 2z

3σ = + (see, e.g.,
DNV, 2014). The coefficients ai and bi, with i 1, 2, 3= , are esti-
mated from real data.

For engineering purposes, the upper and lower bounds on the
wave periods are given as functions of the significant wave height
by, e.g., DNV (2011), GL Noble Denton (2013), and LOC (1997).

5.3. Wind speed

The wind speed may be treated in a similar manner as the wave
heights, namely, by comparing forecasted values with observed
values, resulting in a statistical description of the deviation.
Alternatively, the wind speed can be inferred based on the joint
probability density function of wind speed and wave height.

The significant wave height for wind-driven waves is typically
conditional upon the wind speed, as the wind creates such waves;
see, e.g., Johannessen et al. (2002).

However, in our scenario, the wind speed must be determined
for a given significant wave height.

The joint probability distribution of wave height and wind
speed is f v h f h f v h,V H H V H, s s s

( ) = ( ) ( | )| , where the conditional dis-
tribution of the wind speed can be described by a two-parameter
Weibull distribution; see Bitner-Gregersen (2005):
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where the shape parameter is k c c hc
1 2 3= + and the scale para-
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4 5 6= + . The coefficients ci, i 1, 2, , 6= … , are esti-
mated from real data. The mean value of the conditional wind
speed is
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In Fig. 14, the hindcasted significant wave height and the
hindcasted wind speed at a height of 10 m averaged over one hour
are plotted. Values are given for every three hours at the Skarv
field in 2010 and 2011 (Table 3). In the same figure is also plotted
the wind speed indicated by the conditional Weibull distribution
from Eq. (19), which is plotted with error bars equal to 2 V Hsσ± | (i.e.,
approximately the 95% confidence interval). The parameters used
in Eq. (19) are given in Table 2.

Fig. 14. Wind speed at a height of 10 m averaged over one hour versus significant
wave height (hindcast data) at the Skarv field for 2010 and 2011, together with the
wave-wind relation obtained from Holthuijsen's formula, Eq. (24), and the fitted
Weibull distribution, i.e., the mean value from Eq. (20) with error bars of 2 V Hsσ± |
(see Eq. (21))

Table 2
Coefficients obtained by fitting Eq. (19) to the data
from the Skarv field for 2010 and 2011.

Coefficient Fitted value

c1 1.23
c2 0.55
c3 1.17
c4 0.00
c5 5.19
c6 0.61

Table 3
Mean wind speeds and standard deviations based on the conditional Weibull dis-
tribution (see Eqs. (19)–(21)) with coefficients from Table 2.

Hs (m) V Hsμ | (m/s) V Hsσ | (m/s)

1 4.6 2.7
2 7.0 3.0
4 10.9 3.0
6 14.2 2.9
8 17.2 2.7
10 19.9 2.5
12 22.4 2.4
14 24.7 2.2

Fig. 15. Mean value lnμ( )χ and standard deviation lnσ( )χ of the logarithm of χ in the
multiplicative model, based on the previously mentioned Skarv data for all fore-
casted wave heights, as a function of the operation period.
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6. Environmental conditions for weather-unrestricted
operations

6.1. Design environmental conditions

For weather-unrestricted operations, the environmental design
conditions are based on long-term statistics, possibly accounting
for seasonal variations. According to ISO 19901-6, weather-
unrestricted operations may be planned using environmental cri-
teria with return periods estimated as a multiple of the operation
duration. A minimum of 10 times the duration of the operation
may be used (ISO 19901-6, 2009). (However, for operations with
durations of up to seven days, environmental criteria based on
seasonal data with a return period of one year are recommended.)

An alternative is a method proposed by Lindemann (1986) for
calculating the design significant wave height as a function of the
duration with a defined exceedance probability of 10%. This
method is used by DNV (2011).

6.2. Exceedance probabilities for the wave height

Consider a marine operation with a given duration and in a
given season for which the long-term statistics for the geo-
graphical area yield a significant wave height for the design that is
equal to hs d, . Based on the log-normal distribution from Eq. (17),
the probability that the actual (observed) significant wave height
will be larger than the design value can be expressed as follows:
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Hln s
μ and Hln sσ are calculated from Eq. (15) for the maximum
forecasted wave height, hs fc, , during the operation period, TR.

6.3. Simplified numerical values for the weather forecasting
uncertainty

Using the expressions given in Eqs. (22) and (15), the prob-
ability of exceeding the design criteria over a period of several
days can be estimated based on a given weather forecast. The
mean and the standard deviation of χ are given in Fig. 13 for all-
year data. In Fig. 15, the mean and the standard deviation of the
logarithm of χ as calculated using Eq. (16) are shown. Select values
of lnμ χ and lnσ χ are given in Table 4.

6.4. Simplified design wind speed

A simple relationship between the significant wave height and
the wind speed is given in Holthuijsen (2007, Section 6.3.2):

H
V
g

0.24
23

s

2
=

( )

where V is the sustained wind speed (10-min average) 10 m above
the sea surface. Similar expressions with slightly varying constants

are also given by other authors, e.g., Gran (1992, Eq. 3.4.63), with a
coefficient of 0.18 instead of 0.24 (for a wind speed V observed 10–
20 m above the sea surface). Note that the spread (e.g., the stan-
dard deviation) of the Hs data is not described by this formula.
Inverting Eq. (23) yields the wind speed as a function of the sig-
nificant wave height:

V
H g
0.24 24

s=
( )

The wind speed according to Eq. (24) is also shown in Fig. 14.
(The wind speed in Eq. (24) is averaged over 10 min, whereas the
hindcasted wind speed, which is approximately 10% lower, is
averaged over one hour.) The significant wave height in Eq. (23)
represents wind-generated waves. By contrast, the significant
wave height assumed in long-term wave distributions describes
the total sea, i.e., it also includes swells. This means that when the
wind speed is calculated via Eq. (24) using a significant wave
height from a long-term distribution representing the total sea,
the wind speed will be overestimated.

In engineering, a simple method of calculating the wind speed
corresponding to a specified significant wave height is useful for
operation design. As a simplification, the wind speed may be taken
to be a deterministic function of the wave height if a formula
similar to Eq. (24) is fitted to the upper limit in Fig. 14 (i.e., to

2V H V Hs sμ σ+| | ; see Eqs. (20) and (21)). The factor 0.24 is then

replaced with 0.15; hence, V H g H/0.15 8one hour s s= ≈ . (A more
sophisticated curve could also be used, but Eq. (24) is both simple
and convenient and has the traditional form.) This formula could
be used for planning operations in the Norwegian Sea, bearing in
mind that it is based on two years of data. Because the formula is
valid for wind speeds averaged over one hour, it should be
transformed to correspond to the actual averaging time used in
the case under consideration. A one-minute averaging time is
often used, in which case the wind speed is approximately 20%
higher than the one-hour wind speed (see, e.g., DNV, 2011). The
one-minute design wind speed can thus be approximated as fol-
lows:

V H10 25one minute s≈ ( )

where Hs is given in m and the wind speed is given in m/s. Note
that this is merely an approximate formula for wind speed and is a
function of the significant wave height only. The relation between
wave height and wind speed at a certain location may depend on

Table 4
Select numerical values of lnμ χ and lnσ χ , from Fig. 15.

No. of days (–) TR (h) lnμ χ (–) lnσ χ (–)

1 24 0.055 0.112
2 48 0.066 0.119
3 72 0.079 0.134
4 96 0.084 0.153
5 120 0.095 0.176
6 144 0.111 0.204
7 168 0.127 0.224

Fig. 16. Probability of exceeding H 6 ms = as a function of the forecasted significant
wave height for three operation reference periods: 24 h, three days and seven days
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the wind and wave directions, storm duration, fetch, water depth
and possibly other covariates. However, Eq. (25) can be used for
engineering or feasibility studies and is valid for deep water and
unlimited fetch.

For structural reliability analyses, the conditional probability
distribution given in Eqs. (19)–(21) may be used.

7. Reliability of a weather forecast

The probability of exceeding a certain significant wave height
given a certain forecasted wave height and operation period can
be estimated from Eq. (22).

In Fig. 16, the probability of exceeding a significant wave height
of 6 m is plotted as a function of the forecasted wave height for
three different operation periods. Similarly, the probability of
exceeding a significant wave height of 9 m is plotted in Fig. 17.

It is observed that if the forecasted wave height is, e.g., 4 m,
then the probability that the actual wave height will be greater
than 6 m after 24 h is approximately 10�3; after three days, it is
approximately 10�2; and after seven days, the probability of
exceedance is 10�1. The probability that the actual wave height
will be greater than 9 m is negligible after either 24 h or three
days. After seven days, the probability of exceeding a wave height
of 9 m is approximately 10�3. It is also apparent from Fig. 17 that if
the forecasted wave height is 6 m, then the probability of
exceeding a 9 m wave height after seven days is approximately
10�1. Hence, the weather forecasts still provide interesting infor-
mation even after one week. Because the results are sensitive to
the tail of the distribution when extreme values are considered,
the values here should be taken as examples only.

The primary concern in engineering is not the probability of
exceedance but rather how to calculate a design wave height.
The design wave height can be estimated for a given probability of
exceedance and a forecasted wave height. By substituting Eq. (15)
into Eq. (22) and solving for Hs d, , the maximum significant wave
height can be calculated as follows:

H h Pexp 1 26s d s fc e, , ln ln
1μ σ Φ= ( + ( − )) ( )χ χ

−

The probability of exceedance, Pe, should correspond to the safety
format used in the design of the marine operation. The safety
factors used in the structural design (typically load and material
factors) will depend on the probability of exceeding a certain load

level. A probability of 10% that the design wave will be exceeded is
used in DNV (2011) for weather-unrestricted operations.

As an example, suppose that the maximum allowed forecasted
significant wave height for a certain marine operation is 5 m.
(Hence, the operation cannot begin before the forecasts indicate
H 5 ms ≤ for the entire duration of the operation.) Using the values
from Table 4, the maximum significant wave heights obtained
from Eq. (26) are 6.4 m for a three-day operation and 7.6 m for a
seven-day operation, with Pe¼0.1. (These would then be the
characteristic values to be used in design.)

The ratio between the forecasted wave height and the design
wave height for a three-day operation is 5/6.4 0.78= . This value
can then be compared with the values from the design standards.
The ratio between the forecasted wave height and the design wave
height for a 72-h operation is 0.72 according to DNV (2011) (for
H 6 ms design, ≥ ) and 0.54 according to GL Noble Denton (2013); see
Table 1. Hence, these standards yield conservative results com-
pared with our data set in this case.

For a seven-day operation period, no ratio is given by the
design standards, but the ratio between the forecasted and design
wave heights according to the results from Table 4 is 5/7.6 0.66= .

In general, standards for marine operations do not allow the
planning and design to be based on weather forecasts when the
operation duration is more than three days unless it can be
demonstrated that the relevant weather forecasts can predict any
extreme weather conditions over a longer period. The method
described in this paper may be used to assess the reliability of such
weather forecasts, preferably based on a more extensive data set.
Because only weather forecasts for a single location are included in
the data set considered in this paper, the results cannot be directly
applied elsewhere. However, they are considered to be repre-
sentative of extratropical conditions.

Because only one year of data is included, there will be a rather
large uncertainty in the calculated values; see, e.g., Moan et al.
(2005).

8. Conclusions

The uncertainty in environmental conditions based on weather
forecasts has been studied. Forecasted significant wave heights
have been compared with hindcasted values using an additive and
a multiplicative statistical model. In the additive model, the mean
value and the standard deviation are more strongly dependent on
the forecasted wave height than in the multiplicative model,
making the latter the preferred model in this study.

The uncertainty in the forecasts increases with increasing lead
time, reducing the correlation between the forecasted and hind-
casted data. The correlation between forecasted and hindcasted
data is lower for wave periods than for significant wave heights for
the same lead time. Therefore, it is preferable to model the wave
period conditionally upon the wave height.

The wind speed may be modelled using a Weibull distribution
that is conditional upon the wave height. For marine operations in
which the governing environmental load is caused by waves and
the corresponding wind speed must be estimated, a simple engi-
neering method is proposed. The relationship between wind speed
and wave height was developed for wind-driven waves. Hence, if
the waves in fact contain swells in addition to wind-driven waves,
then the wind speed may be overestimated. Moreover, in sheltered
water or other cases in which there may be high wind speeds but
small or no waves, this method is not applicable. In such cases, it
will be necessary to determine the wind speed using other
methods, e.g., the return period approach based on the duration of
the operation.

Fig. 17. Probability of exceeding H 9 ms = as a function of the forecasted significant
wave height for three operation reference periods: 24 h, three days and seven days.
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According to the design standards for marine operations, only
operations with planned durations of less than three days are
generally planned as weather-restricted marine operations, unless
it can be demonstrated that the relevant weather forecasts are
able to predict any extreme weather conditions over a longer
period. In that case, the operation reference period may be
increased. The data from the Norwegian Sea used in this paper do
not reveal any specific limitations of the weather forecasts that
would require a 72-h limit for weather-restricted operations. The
method described in this paper may be used to assess the quality
of weather forecasts for a period longer than three days based on
forecasts for the area of interest.

The results may be used as input for structural reliability ana-
lyses of marine operations.

Although the statistical model described in this paper considers
the significant wave heights, several other effects might have been
included. Seasonal variations and the dependences of the fore-
casted wave height have been discussed to some extent, but other
covariates may also influence the results. The wave and wind
directions, water depth, geographical area, forecast provider or
other covariate effects could be included in these analyses. To
obtain the parameters for the engineering of an operation at a
certain location, data reflecting the area of interest should be
analysed.
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Appendix B

Structural layout of a
transport barge

B.1 Introduction

Transport barges have a large range of sizes and have various deck layouts
and equipment. Semisubmersible barges have superstructures (towers) to
maintain hydrostatic stability under submerged conditions. For ordinary sea
transports, such equipment is not required, and the flat top barge will suffice.
The smallest barges can simply be steel structures without ballast systems
and without anchors. Larger barges will typically have their own ballast
system, anchor, winch for retrieving the towing gear, etc. The structural
capacity of a flat top barge is considered, and the equipment is not important
here.

B.2 Layout of the barge and the transported ob-
ject

B.2.1 Positioning of the transported object

In Fig. B.1, a barge loaded with a typical object is illustrated. Load-
out of the cargo will typically be performed by crane lifting, skidding or
multiwheel transporters (trailers). The transported object is accurately
positioned and set down on preinstalled grillage beams and seafastened.
For small objects, the seafastening can be chain lashings, while for larger
objects, the seafastening will typically be conducted with roll and pitch
stoppers welded to the object and to the barge deck.

179



180 Structural layout of a transport barge

Figure B.1: Barge with transported object, grillage and seafastening.

[Academic use only] 

Figure B.2: Example of a barge with a transported object and grillage and
seafastening. Detail A is shown in Fig. B.5, page 184
.

B.2.2 Barge geometry

Consider a standard North Sea Barge with a length of 91.4 m, width of
27.4 m and depth of 6.1 m (300 by 90 by 20 feet). An example of the
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barge geometry is shown in Table B.1. The steel yield stress is typically
fy = 235MPa.

[Academic use only] 

Figure B.3: Example of the cross section of a Standard North Sea Barge.
The welds between the stiffeners (stringers) and the barge plates are typically
fillet welds with a throat thickness equal to 4 mm.

B.2.3 Layout of the transported object

The transported object can have any shape and layout, but here, it is as-
sumed to have a regular, box-shaped symmetric structure. There are typi-
cally vertical support points in each corner intended for the in-place condi-
tion. These supports are assumed to be used for the vertical support of the
object during transport.

B.2.4 Grillage and seafastening

The grillage beams transfer the vertical loads from the transported object
into the barge structure. They are welded to the barge as part of the
preparations prior to load-out of the transported object. The grillage beams
are shown in figure B.4. The seafastening consists of the following:

r roll stoppers to prevent sliding of the object in the transverse direction
of the barge

r pitch stoppers to prevent sliding in the longitudinal direction of the
barge

r if required, uplift stoppers to prevent lift-off of the transported object
from the grillage in severe seas
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Item Plate th. Stiffeners
Deck 19 T 250x10+130x15 cc 623.4, length 2286
Bottom plating 13.5 T 230x10+120x15 c/c 623.4
Longitudinal bulkhead 15 L160x100x10, 2 of

10 L150x100x12, 3 of
13 L150x100x12, 3 of

Transverse bulkhead 10 vert. T320x12.5+170x19 c/c 623.4
Add. stiffs at top:
vert. FB100x10 L=1200 mm, c/c 623.4

Side shell 19 L150x90x10, 3 of
12.5 L150x100x12, 3 of
13.5 L180x110x12, 2 of

Web frame section:
Top girders (below deck) 1200x20 web, 300x20 FB
Bottom girders 800x12 web, 220x20 FB
Vertical girders 1250x25 web, 400x35 FB

Table B.1: Barge geometry, dimensions in mm

B.3 Structural capacity

B.3.1 Uncertainties in structural capacity

The statistical variation in the structural capacity is due to:r geometric tolerancesr variations in the yield stressr fabrication tolerances

The geometric tolerances, in particular the out-of-straightness, are mainly
of interest with respect to buckling of structural members. For members
in tension, the relevant geometric variations are the thickness variations or
variations in the members’ cross section.

B.3.2 Structural elements in the grillage and seafastening

The structural system for marine transports is a combination of conventional
and unconventional components. Typical structural components are:r grillage beams made by welded I-girders and box girders
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Figure B.4: Iso-view of grillage beams preinstalled on the barge deck

r the connection between the grillage beams and the barge, typically
made from plates welded to the barge deck (wing plates) to distribute
the load to the web frames and bulkheadsr tubular or rectangular hollow sections used as pitch and roll stoppersr roll and pitch stoppers connected to the barge deck and the trans-
ported object by gusset platesr concentrated vertical loads in the stiffened panels, i.e., bulkhead and
web framesr concentrated horizontal loads in the deck (horizontal component of
the load in the roll and pitch stoppers)
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[Academic use only] 

Figure B.5: Typical barge grillage, detail A from figure B.2. Box girders,
e.g., with side plates 1900×30 and top/bottom plates 600×30, and I-girders,
e.g., with web plates 1900 × 30 and top/bottom flanges 500 × 40, and the
stiffeners are typically fitted as required to prevent local buckling

[Academic use only] 

Figure B.6: Transverse cross section of the barge and grillage beams
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[Academic use only] 

Figure B.7: Side view of the barge and grillage
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Appendix C

Motion analysis of ships and
barges

C.1 Simplified motion analyses

Simplified methods are given in standards and guide lines. A simplified
criteria is given below [31]. The criteria in Tab. C.1, can normally be
applied to barges with breadth at least 20 m and length at least 50 m.

Table C.1: Simplified barge rolling criteria [31] (g = 9.81 m/s2, the x-axis is
in longitudinal direction, y-axis in transverse direction and z-axis upwards.

Acceleration / wind pressure Unrestricted Hs = 6 m Hs = 4 m
ay at waterline, g 0.50 0.37 0.26
ay increase for each metre (z)
above waterline, g/m 0.017 0.017 0.017
az at centre (C) barge, g 0.20 0.20 0.15
az incr. each metre from C , g/m 0.017 0.017 0.017
Wind pressure, kN/m2 1.0 0.5 0.4

The horizontal acceleration in the CoG of the transported object is cal-
culated as

ay,CoG = ay,wl + 0.017g/m · zCoG (C.1)

The roll acceleration is calculated as

θ̈roll = 0.017g/m = 0.167rad/s2 (C.2)

187
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The simplified accelerations for the Roll Case in Tab. C.1 are used in [107]
to calculate the seafastening forces for a typical barge transport.

C.2 Linear analysis in frequency domain
The equation of motion for a floating vessel is expressed on complex form
in the frequency domain as

[M +A(ω)]η̈ + [B1(ω) +Beq]η̇ +Cη = F0(ω)eiωt (C.3)

wherer ω is the angular frequency of the wave in rad/sr F0(ω) is the amplitude of the wave load, given on complex formr M is the mass matrix for the barge including the transported objectr A(ω) is the hydrodynamic added mass matrixr B1(ω) is the linear damping matrix from potential damping (due to
wave radiation)r Beq is the equivalent linear damping representing the non-linear damp-
ing caused by vortex shedding at the bilges. This matrix has only one
non-zero element; B2,44 for rollr C is the restoring matrixr η = [η1 η2 η3 η4 η5 η6]T is the motion vector; index 1-6 means surge,
sway, heave, roll, pitch and yaw, respectively

It is noted that even if the equation of motion is given on complex form, the
solution of interest is the real part of the mathematical solution. The wave
load, F0(ω), the added mass, A(ω), and the potential damping matrix,
B1(ω), are calculated from potential theory using the boundary element
method, and is a function of the wave frequency, see e.g., [38]. The method
is implemented in commercial software, e.g., Wadam [129].

The viscous damping is not calculated by potential theory, but it is
estimated by empirical methods. The viscous damping is caused by vortex
shedding at the bilges and is estimated as a quadratic damping term. The
quadratic damping is replaced by an equivalent damping term B2,44 when
the equation of motion is solved in the frequency domain. More details are
given in [120] and in [109].
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When Eq. (C.3) is solved in the frequency domain, the transfer functions
for the motion in six degrees of freedom is found as follows:

Hζη(ω) =
(
−[M +A(ω)]ω2 + [B1(ω) +Beq]iω +C

)−1
F0(ω) (C.4)

The vessel motion no. j is calculated as follows:

ηj = Hζη,j(ω)eiωt (C.5)

Based on this transfer function and the power spectrum Sζ(ω) for the sea
elevation, the power spectrum of the vessel motion can be calculated as
follows [104]:

Sη,j(ω) = H2
ζη,j(ω)Sζ(ω) (C.6)

The expected maximum response during N cycles is estimated under the
assumption that the individual response maxima follow a Rayleigh distri-
bution and is calaulated as follows:

ηmax = ση,j

(√
2 lnN + 0.577√

2 lnN

)
(C.7)

where the variance of the response is calculated as σ2
η,j =

∫∞
0 Sη,j(ω)dω.

C.3 Non-linear analysis in the time domain

The non-linearity can be included in many forms in the hydrodynamic anal-
yses. From a slightly non-linear to a highly non-linear model. In this thesis,
the non-linear analysis in time domain is based on the wave load, the added
mass and the wave radiation damping from potential theory. The reason for
running the analysis in the time domain is that the viscous damping do not
have to be linearized, but can be kept on a quadratic form in the equation
of motion.

Below, the equation of motion as defined in a ship fixed coordinate
system is studied, as used on the time domain analyses. It is seen that
some additional non-linear terms are included into the equation, terms that
are negligible for small vessel motions, but will affect the solution for larger
motions.

C.3.1 Coordinate systems

While the coordinate system used in the frequency domain analysis was
earth fixed, e.g., in Wadam [129], a ship fixed coordinate system is used,
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in accordance with Simo [131]. For large motions, the choice of coordinate
system will affect the results, ref. Sec. 3.4. In order to describe the motion,
several coordinate systems are used in Simo:r A global coordinate systemr A local, body fixed, coordinate systemr A body related coordinate system

The body related coordinate system follows the body horizontal motion,
and the xy-plane is parallel to the global xy-plane

C.3.2 Equations of motion

In the following, the equations of motions are solved in local (ship fixed)
coordinates. Using a body fixed coordinate system in the time domain
analysis introduce some additional terms in the equations of motions. For
small waves and small ship motions, these terms are negligible, but in severe
seas they will affect the solution. This topic was discussed in Paper 1, but
not in much details. Therefore, the equitations are derived in more detail
below to illustrate this interesting result of the choice of coordinate system.

The kinetics for the vessel is described by setting the time derivative of
the momentum equal to the external forces:

ṖB = F (C.8)
L̇B = M (C.9)

where the linear momentum is given as

PB = m(u+ Ω× rc) (C.10)

and the angular momentum is given as

LB = IΩ +mrc × u (C.11)

where

I =



Ix 0 0
0 Iy 0
0 0 Iz


 , Ω =



p
q
r


 , rc =



xc
yc
zc


 and u =



u
v
w


 (C.12)

I is the rotational inertia, Ω is the rotational velocity, rc is the CoG-position
and u is the translational velocity. When the vectors are defined in the
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local coordinate system, the time derivative will have to account for the
motion of the local system relative to the global system. As an example,
the velocity is differentiated with respect to time. The velocity can be
written as u = ue1 + ve2 + we3, where the unit vectors ei are functions of
time. The time derivative is then:

u̇ = ∂u

∂t
= u̇e1 + v̇e2 + ẇe3︸ ︷︷ ︸

≡u̇∗

+uė1 + vė2 + wė3︸ ︷︷ ︸
≡Ω×u

(C.13)

A derivation of this expression is given by Faltinsen [39, page 422-423].
Equations (C.8) and (C.9) can now be expressed as

Ṗ
∗
B + Ω× PB = F (C.14)

L̇
∗
B + Ω×LB + u× PB = M (C.15)

Let us now consider beam sea exposure. Then q = r = u = 0. Further,
it is assumed that the centre of gravity is located in the symmetry plane,
such that xc = yc = 0.

The equations of motions will then be considerably simplified.
Let us write the vector cross products used above:

Ω× rc =

∣∣∣∣∣∣∣

i j k
p 0 0
0 0 zc

∣∣∣∣∣∣∣
=




0
−zcp

0


 (C.16)

The linear momentum is then:

PB = m




0
v − zcp
w


 (C.17)

Further,

rc × u =

∣∣∣∣∣∣∣

i j k
0 0 zc
0 v w

∣∣∣∣∣∣∣
=



−zcv

0
0


 (C.18)

The angular momentum is then:

LB =



Ixp−mzcv

0
0


 (C.19)
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The cross product in the time derivative of the velocity is

Ω× u =




0
−wp
vp


 (C.20)

The time derivative of the velocity is now:

v̇ = v̇∗ − wp (C.21)
ẇ = ẇ∗ + vp (C.22)

Hence,

Ω× PB =

∣∣∣∣∣∣∣

i j k
p 0 0
mu m(v − zcp) mw

∣∣∣∣∣∣∣
=




0
−mwp

m(v − zcp)p


 (C.23)

Ω×LB =

∣∣∣∣∣∣∣

i j k
p 0 0

Ixp−mzcv 0 0

∣∣∣∣∣∣∣
= 0 (C.24)

u× PB =

∣∣∣∣∣∣∣

i j k
0 v w
0 m(v − zcp) mw

∣∣∣∣∣∣∣
=



mzcwp

0
0


 (C.25)

Equations (C.14) and (C.15) can then be written as

m(v̇∗ − zcṗ∗ − wp) = Fy (C.26)
m(ẇ∗ + vp− zcp2) = Fz (C.27)

−mzcv̇∗ + Ixṗ
∗ +mzcwp = Mx (C.28)

It should be noted that while v and w follow eq. (C.21) and (C.22), the roll
acceleration is expressed by ṗ∗ ≡ ṗ (Ω̇ = Ω̇∗ + Ω× Ω︸ ︷︷ ︸

=0

= Ω̇∗)

In addition to the equillibrium for the body formulated in eq. (C.26) to
(C.28), the added mass from water also need to be included.

The added mass matrix for a double symmetric vessel is written as

A =
[
A11 A12
A21 A22

]
=




a11 0 0 0 a15 0
0 a22 0 a24 0 0
0 0 a33 0 0 0
0 a42 0 a44 0 0
a51 0 0 0 a55 0
0 0 0 0 0 a66




(C.29)



C.3. Non-linear analysis in the time domain 193

The momentum is expressed as:

PA = A11u+A12Ω =




0
a22v + a24p

a33w


 (C.30)

LA = A21u+A22Ω =



a42v + a44p

0
0


 (C.31)

Equations (C.8) and (C.9) can now be expressed for added mass as

Ṗ
∗
A + Ω× PA = −FA (C.32)

L̇
∗
A + Ω×LA + u× PA = −MA (C.33)

Ω× PA =

∣∣∣∣∣∣∣

i j k
p 0 0
0 a22v + a24p a33w

∣∣∣∣∣∣∣
=




0
−a33wp

(a22v + a24p)p


 (C.34)

Ω×LA =

∣∣∣∣∣∣∣

i j k
p 0 0

a42v + a44p 0 0

∣∣∣∣∣∣∣
= 0 (C.35)

u× P a =

∣∣∣∣∣∣∣

i j k
0 v w
0 a22v + a24p a33w

∣∣∣∣∣∣∣
=




(a33 − a22)vw − a24wp
0
0


 (C.36)

the equilibrium equations for added mass (eq. (C.32) and (C.33)) can
be written:

a22v̇
∗ + a24ṗ− a33wp = −FAy (C.37)

a33ẇ
∗ + a22vp+ a24p

2 = −FAz (C.38)
a42v̇

∗ + a44ṗ+ (a33 − a22)vw − a24wp︸ ︷︷ ︸
u×PB

= −MAx (C.39)
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By adding equations (C.26)-(C.28) and (C.37)-(C.39), it is found that

(m+ a22)v̇∗ + (−mzc + a24)ṗ− (m+ a33)wp = Fy − FAy︸ ︷︷ ︸
=FI,y
(C.40)

(m+ a33)ẇ∗ + (m+ a22)vp+ (−mzc + a24)p2 = Fz − FAz︸ ︷︷ ︸
=FI,z
(C.41)

(−mzc + a42)v̇∗ + (Ix + a44)ṗ+ (a33 − a22)vw +mzcvp− a24wp = Mx −MAx︸ ︷︷ ︸
=MI,x

(C.42)

By use of Eqs. (C.21) and (C.22) the sway acceleration may be written
as v̇∗ = v̇ + wp and the heave acceleration written as ẇ∗ = ẇ − vp, hence
the equations of motions related to a fixed coordinate system is

(m+ a22)v̇ + (−mzc + a24)ṗ+ (a22 − a33)wp = FI,y (C.43)
(m+ a33)ẇ + (a22 − a33)vp+ (−mzc + a24)p2 = FI,z (C.44)

(−mzc + a42)v̇ + (Ix + a44)ṗ+ (a33 − a22)vw +mzcvp

+(−mzc + a42 − a24)wp = MI,x (C.45)

On matrix form, it may be written as

N



v̇
ẇ
ṗ


+ (pO + vP )



v
w
p


 = Q (C.46)

where

N =




m+ a22 0 −mzc + a24
0 m+ a33 0

−mzc + a42 0 Ix + a44


 (C.47)

O =




0 a22 − a33 0
a22 − a33 0 −mzc + a24
mzc −mzc + a42 − a24 0


 (C.48)

P =




0 0 0
0 0 0
0 a33 − a22 0


 (C.49)

Q =



FI,y
FI,z
MI,x


 (C.50)
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The accelerations may then be found as


v̇
ẇ
ṗ


 = N−1{Q− (pO + vP )



v
w
p


} (C.51)

The loadvector Q is formulated as:

Q =



FI,y
FI,z
MI,x


 = Fwave −mg




sinφ
cosφ

0


−B(ω)



v
w
p


−C



y
z
φ


 (C.52)

where y and z are the coordinates for the position of the vessel in global
coordinates, and φ is the roll angle.

The purpose of this exercise is to illustrate the difference between the
earth fixed and the ship fixed local coordinates for a double symmetric
barge exposed to beam seas. The non-linear terms can be seen in Eqs.
(C.43)-(C.45), where the terms vp, wp and p2 are included. For other wave
directions and/or a non-symmetric vessel, several terms would have occured,
but the principle is illustrated in the above. For small velocities, these non-
linear terms are negligible, but for large velocities, these terms will affect
the solution.

Since the added mass and damping depends on the excitation frequency,
the matrices N , O and P are also functions of the frequency. This must
be transformed into a convolution term before the equation of motion can
be solved in the time domain. That is not discussed further here, but it is
discussed in Paper 1.
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Appendix D

Model tests

D.1 Introduction
The experiments were performed using the equipment and model tanks at
NTNU and Sintef Ocean1. A brief description of the model tests is given
in Sec. 3.4. The model tests are described in more detail below. The
barge with the cargo secured to the deck of the barge is shown in Fig.
D.1. Two model tanks were used for the experiments: the MC-lab (Marine

[Academic use only] 

Figure D.1: Barge with a transported object, global axes shown

Cybernetics Laboratory) and the Towing tank. The model tests included
free decay and forced roll tests, as well as the free floating barge model
exposed to regular and irregular waves. In the forced roll tests, the model
was rolled about the water line, while in the free decay tests, the model
rolled about the center of gravity (i.e. about an axis parallel to the x-axis
close to the center of gravity), see figure D.2.

1The part of Sintef Ocean referred to here operated under the name Marintek until
2017-01-01.

197
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[Academic use only] 

Figure D.2: Rotation axes (roll centers) for the free decay (left) and forced
roll tests

Both two-dimensional and three-dimensional model tanks were available.
In a two-dimensional test, only a section of the barge would have been tested,
and end effects at the bow and stern would not be included. Moreover, for
large model motions, it could be difficult to prevent contact with the tank
walls. Therefore, a full model of the barge was tested.

D.2 Model test tanks

The MC-laboratory [116] and the Towing tank (actually a part of the Towing
tank) [132] were used. The MC-Lab has a single-flap wave maker in one
end and a parabolic beach in the other end. It is 40 m long (including the
beach), 6.45 m wide and 1.5 m deep. The model was located in the center
of the tank, half way between the wave maker and the beach. There was
approximately a 2.3 m distance from the model to the tank walls (for the
1.8 m long model in a 6.45 m wide tank).

The Towing tank is 260 m long. It can be divided into two parts, and
one part was used for the barge model tests. The tank has a double-flap
wave maker in one end and a beach in the other end. The tank is then 85
m long (including the beach), 10.5 m wide and 10 m deep. The model was
located near the center of the tank, approximately half way between the
wave maker and the beach. There was a 4.35 m distance from the model to
the tank walls at each side.

Forced roll and free decay tests were performed in the MC-Lab, and
irregular wave tests were performed in the Towing Tank. Regular wave
tests were performed in both tanks.
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Table D.1: Key figures for the test facilities used for the model tests. Tank
1 is the MC-lab at NTNU [116], Tank 2 is the extension of the Towing tank
at Sintef Ocean [132].

Tank 1 Tank 2
Length 40 m 85 m
Width 6.5 m 10.5 m
Depth 1.5 m 10 m
Wavemaker Single flap Double flap
Maximum wave height 0.3 m 0.9 m
Wave period range 0.3-3 s 0.8-5 s

Key figures for the two model tanks are shown in Table D.1.

D.3 Model scaling

Froude scaling [137] was used in the experiments. The scale was 1:50. The
bilge radius was 0.55 m at the full scale and 11 mm at the model scale.

The geometry of the model and wave elevations are then scaled by λ,
the time and velocity are scaled by

√
λ , where λ = 50. The accelerations

and roll angles are the same at the model scale and full scale. Linear roll
damping, B44,1 is scaled by λ4.5, and quadratic roll damping, B44,2, is scaled
by λ5.

The model was moored by soft springs to prevent drift. The natural sway
period was approximately one minute in the full scale, and the mooring lines
are neglected for the motion of the barge in waves.

D.4 Barge model

The model was made by Divinycell foam with a density of 60 kg/m3 and
reinforced with plywood plates in strategic areas. The model was coated
with glass-fibre reinforced polyester and painted to achieve a smooth surface.
The model was produced by Sintef Ocean.

A model of the barge at a scale of 1:50 was used. The barge model had a
displacement of approximately 50 kg for a draught of 60 mm, corresponding
to a full-scale displacement of 6250 tonnes.

Ballast compartments in the model allowed steel plates to be fitted to
achieve the correct center of gravity and radius of gyration. The steel plates
and the cargo were fastened by means of screws.
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The model could be fitted with either a bilge radius or a sharp corner,
see Fig. D.3. The model had a slot with dimensions of 11 by 11 mm at the
bilges. Rails with a radius of 11 mm or sharp corners could be fitted with
screws, enabling the same model to be used for testing the full-scale bilge
radius and a sharp corner.

Figure D.3: Barge model cross section with bilge radius 11 mm and sharp
corner

D.5 Monitoring

The following information was collected during the regular and irregular
wave tests and the free decay tests:

r barge motions in six degrees of freedom

r sway, heave and roll accelerations

r wave elevations in several positions in the basin

r some test runs were filmed by a high-speed camera
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The barge motions in six degrees of freedom were directly measured by
the real-time positioning system. The barge model accelerations were mon-
itored by three accelerometers fitted on the barge deck at the mid ship port
and starboard side and in the centerline at the stern. The accelerometers
measured the acceleration in the x-, y- and z-directions. Hence, the barge
accelerations could be calculated and integrated twice to obtain the barge
displacements for comparison with the real-time positioning system. During
the forced roll tests, the exciting force and the roll angle of the barge were
monitored, and several wave elevations were observed.

The monitoring equipment was provided by Sintef Ocean and was cal-
ibrated and used according to their procedures with assistance from Sintef
Ocean personnel.

D.6 Free decay roll tests
The barge model was given an initial roll angle and then released. The
motions and accelerations were monitored. A ship model can be given an
roll angle simply by pushing it. The barge model, on the other hand, is
quite stiff in roll (a large metacentric height, GM), and the setup shown in
Figures D.4 and D.5 was used for the free decay tests.

The barge model was tested in free decay during rolling to estimate the
damping. The equilibrium equation during rolling is written as:

(Im +A44)θ̈ +B1θ̇ +B2|θ̇|θ̇ + Cθ = 0 (D.1)

where
θ is the roll angle,
Im is the rotational moment of inertia for the barge including the trans-
ported object and
A44 is the hydrodynamic added mass in rolling.
The linear and quadratic damping B1 and B2 are replaced by an equiva-
lent linear damping Beq, and based on energy considerations, the equivalent
damping is described as

Beq = B1 + 8
3πωdθiB2 (D.2)

and hence the rolling equation is

(Im +A44)θ̈ +Beq θ̇ + Cθ = 0 (D.3)

The solution to this equation can be written as

θ(t) = Ae−ξω0t cos(ωdt+ φ) (D.4)
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where A and φ are determined by the initial conditions. However, the
concern here is the damping, represented by the damping ratio

ξ = Beq
2(Im +A44)ω0

(D.5)

The relationship between the damping ratio and the logarithmic decrement
Λ = ln( θi−1

θi+1
) is

Λ = ξω0Td = 2πξ√
1− ξ2 (D.6)

when the time between θi−1 and θi+1 is Td. By combining Eq. (D.5) and
(D.6), the equivalent damping is written as

Beq = 2(Im +A44)ω0ξ = 2(Im +A44)ω0Λ√
(2π)2 + Λ2 ≈ (Im +A44)ω0Λ

π
(D.7)

Λ is found from the model tests by plotting 8
3πωdθi on the abscissa and Beq

on the ordinate and fitting a straight line through the points. Then, by Eq.
(D.2), B1 and B2 are read directly from the plot.

D.7 Forced roll tests

The forced roll tests were performed with the barge model in a rig and
by use of hydraulic actuators, as shown schematically in Figures D.6 and
D.7. A photo of the model in the forced roll rig is shown in Fig. D.8. The
exiting force was monitored and used to calculate the applied roll moment.
The actuators have the following characteristics: maximum stroke of 0.5
m, maximum speed of 1 m/s, and maximum acceleration of 2 m/s2. The
barge rotates about a point in the water line and was supported by a pivot
(hinged support) at each end.

The damping is calculated based on the results from the model tests
[106].

D.8 Tests with wave-induced motions

The model was equipped with soft mooring lines to prevent drift. The
mooring lines were connected to support points on the barge at the water
surface. The natural period of the mooring system was high relative to the
wave periods, and the effect of the mooring lines on the motion was assumed
to be negligible for the wave periodic barge motions. The barge was exposed
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[Academic use only] 

Figure D.4: Barge cross section with the arrangement for the free decay test
in rolling (designed to give pure roll motion)

to waves from 90 ◦ (beam sea). The setup in the MC-lab is indicated in Fig.
D.9.

In the regular wave tests, the purpose was to study the barge motion
as a function of the wave height and wave period. For a given wave height,
a range of periods were included. The minimum wave periods (maximum
wave steepness) were calculated based on recommendations given in the
DNV Rules for Planning and Execution of Marine Operations. Deep water
was assumed. In the irregular wave tests, three-hour simulations of several
sea states were tested, as described in Paper 1 [109].
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Figure D.5: Barge model with the arrangement for the free decay test in
rolling
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[Academic use only] 

Figure D.6: Plan view (upper) and front elevation (lower) of the jig used
during the forced roll test. The outline of the barge model is indicated on
the plan view. View A-A is shown in figure D.7.

[Academic use only] 

Figure D.7: View A-A from figure D.6: The barge model with the jig (RHS
60x4) and the arrangement for the forced roll test. The roll motion was
induced by the yoke being moved up and down by electric actuators fitted on
the carriage in the model tank. See Fig. D.8 for an overview of the barge
model.
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Figure D.8: Barge model fitted in the forced roll jig. The barge model was
rolled about hinges in the water line.
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Figure D.9: Barge model with the arrangement for mooring in the MC-Lab
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