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RoPax Ship Collision — a Methodology for Survivability Analysis
PER HOGSTROM
Department of Shipping and Marine Technology, Division of Marine Design

Abstract

Throughout the world, ships are continuously being declared as total losses and 10 to 15% of
these accidents are collisions between ships. The consequences of a collision are diverse and
depend on the ship type, e.g. oil outflow in the case of damaged tankers or loss of stability in
damaged passenger ships. This thesis focuses on RoPax ships, which in damaged conditions are
related to high risk due to the large number of persons on-board. The main objective of the work
is to contribute to RoPax shipping’s further development of sustainable transport and maritime
safety. The work contributes to knowledge and understanding of in what conditions a RoPax ship
damaged in a collision will survive without capsizing and how these can be simulated accurately
using numerical models.

In order to determine the consequences of the survivability of a RoPax ship struck in collision
from the shape and size of the damage opening in its side-shell, a computational methodology is
presented. It is sequential (de-coupled) and incorporates a non-linear finite element (FE) analysis
of a collision, followed by dynamic damage stability simulations due to flooding. By means of
this approach the conditions for the survivability of a ship struck in a collision, which for a RoPax
ship is the time to capsize, can be assessed. The influence of variations in input parameters to the
computational methodology is studied. Uncertainties of parameters in the FE analyses include
dispersion in material parameters, material failure criterion and its representation, model
representation of the striking bow section, friction coefficient, collision angle and ship speed. The
influence of these parameters on the shape and size of the damage opening area and time to
capsize of the struck RoPax ship is assessed. Recommendations for a sufficient level of
simplifications in the models and analyses for arriving at reliable results in a numerical simulation
of ship collisions are made.

A significant part of the thesis is dedicated to the model uncertainty that relates to a possible
(user-related) insecurity in the selection of criterion for material damage and rupture in ship
collision simulations using non-linear explicit FE analyses. Several criteria are compared, such as
the Shear, FLD and FLSD criteria, and assessed by comparison between experiments and
numerical analyses. Tensile tests are used to study the dependence on a length scale of the fracture
of the material. A relationship similar to Barba’s law was established which relates the fracture
strain of the material to the length scale (element size) in the FE analysis. Forming limit tests are
used to study the dependence on a multiaxial strain state. A small-scale ship-like structure
subjected to impact loading is used as a reference structure in the assessment of the criteria.
Results from FE simulations are compared to and validated using experimental results and
recommendations for procedures for a numerical analysis of collision simulations are presented.

Conceptual crashworthy side-shell structures that follow either the ductility or the strength design
principles are assessed with a conventional reference structure. The assessment is made by
comparing the intrusion depth before rupture of the inner side-shell of a double-hull structure
occurs, energy absorption during the indentation, the final damage opening area as well as the
weight and manufacturing costs of each structure. The results provide a basis for the discussion of
the potential and challenges related to the implementation of each structure.

Keywords: Crashworthiness, damage stability, failure modelling, non-linear FEA, sheet metal
failure, ship collision, uncertainty analysis.
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Rule of the Road at Sea

When both side-lights you see ahead —
Port your helm and show your RED.
GREEN to GREEN — or, RED to RED —
Perfect safety — go ahead!

If to your starboard RED appear,

It is your duty to keep clear;

To act as judgment says is proper;

To Port — or Starboard — Back — or Stop her!
But when upon your Port is seen

A Steamer's Starboard Light of GREEN,
There's not so much for you to do,

For GREEN to Port keeps clear of you.

Both in safety and in doubt
Always keep a good look-out;
In danger, with no room to turn,
Ease her, Stop her, Go astern.

Thomas Gray, 1867
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1 Introduction

Collisions have always been a concern for mariners, ship owners, cargo owners and the
general public, first and foremost in order to avoid accidents but also with regard to the
survivability of the ship and the time required for safe evacuation of people on-board if an
accident occurs. One early historical example of a ship built with safety in mind is the RMS
Titanic for which a special effort was put towards building a hull with individual watertight
compartments that could stay afloat even in damaged conditions. However, in the ice-berg
collision on the night of 14 April, 1912, she sustained excessive damage, even for this novel
design, and 1,522 people lost their lives when she sank (Hooper et al. 2003). As a result of
this accident, an international convention for the Safety of Life at Sea (SOLAS) was
established in 1914. Until today, numerous international projects and studies have been
presented aiming at enhancing maritime safety from different aspects such as ship operation,
intact and damage stability, evacuation and rescue.

During the 1950s, collisions came into public focus when the Italian luxury liner the S/S
Andrea Doria sank in 1956 after having been struck by the Swedish passenger ship the M/S
Stockholm outside Nantucket, USA, as described by Mattsson (2006), among others. Fifty-six
people perished in this accident. During the same decade, collisions came into focus within
the scientific community when Minorsky (1959), in the light of the Andrea Doria — Stockholm
collision and other similar incidents, identified transportation of nuclear waste at sea as a
major hazard.

Still today, collisions constitute a significant part of the ships declared a total loss in the
annual World Casualty Statistics report (Lloyd’s register 1999-2010). During the first decade
of the new millennium, collisions have been responsible for around 10% of the total losses, or
around 15-20 vessels every year world-wide, as shown in Fig. 1.1. The statistics are for the
total loss of vessels above 10 000 gross tonnes (GRT); thus there is a large hidden statistics in
terms of less severe events as well as smaller ships. Furthermore, the number of ship accidents
in the world follows the shipping activity, which in turn is directly linked to economic growth.
During the economic recession in 2007, there was a decrease in shipping activity and
consequently also accidents. However, both the number of ships and the number of accidents
presently show an increasing trend.
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Figure 1.1: Numbers of total losses of ships with GRT>10 000 tons between the years 1999-
2010 (Lloyd’s register 1999-2010).

The consequences of a collision are diverse and depend on the ship type, e.g. oil spill for
damaged tankers and progressive failure for bulk carriers when the ultimate limit strength
(ULS) is exceeded. This thesis focuses on RoPax ships, a ship type that in a damaged
condition, e.g. from a collision, is related to a high risk (loss of human lives) due to the large
number of persons on-board. In addition, this ship type has large vehicle decks, the flooding
of which give a rapid capsize. Historically this has been shown by e.g. the accidents with the
M/S Herald of Free Enterprise in 1986 (Department of Transport 1987) and the M/S Estonia
in 1994 (Kallstrom et al. 2008).

The collision research area is scientifically a challenging field because of its interaction and
coupling between different scientific disciplines, e.g., hydrodynamics and structure
mechanics. During a collision event, the former describes the large-scale motions of the ships
involved, while the latter describes how energy is dissipated in the structures due to material
deformation, fracture, etc. The impact mechanics in ship collision analysis methods and
procedures is divided into two categories, which are often treated separately: external
dynamics and internal mechanics. External dynamics mainly concerns the global rigid body
motions of the colliding ships following the impact of the collision, taking into account the
effects of the surrounding water (Pedersen and Zhang 1998 and Tabri et al. 2009a). Internal
mechanics addresses the structures’ response caused by the collision, the damage caused to
the structures and the energy dissipated by e.g. material deformation, rupture and friction
work (Alsos et al. 2008 and Ehlers and Varsta 2009). A comprehensive overview of the
scientific fields involved in collision research is given by Mansour and Liu (2008).

1.1 Motivation for study

The development of knowledge and setting of rules has to a large extent been driven by
investigations following from major accidents, e.g. the Stockholm agreement (IMO 1995)
following the M/S Estonia accident in 1994 (Vassalos and Papanikolaou 2002). At present,
however, the trend is towards a more proactive and holistic view. For example, methods have
been stipulated by the International Maritime Organization (IMO) to treat damage stability
with a more probabilistic approach, as amended by the Marine Safety Committee in 2005,
MSC194(80). Prior to this, much effort was put into compiling damage statistics by Liitzen



(2001) to provide a basis for probabilistic analyses, the elements of which were summarized
by Guedes Soares et al. (2009a) in the HARDER project.

Since 1990, when the International Ships and Offshore Structures Congress (ISSC) identified
collision and grounding as a prioritized issue, four special committees have addressed the
issue. In 2006, the ISSC committee V.I — Collision and Grounding outlined and suggested
steps that should be present in a comprehensive collision risk analysis; see Fig. 1.2 from
Pedersen et al. (1996).
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Figure 1.2: Overview of steps in a comprehensive collision risk analysis,
from Pedersen et al. (1996). Note that internal mechanics is denoted here as inner dynamics
and external dynamics as outer mechanics.

According to the ISSC committee V.I (2006), the following issues should outline the
principles of collision and grounding design standards (quoted from the reference):

A. How and why accidents occur: navigation, accident scenarios, probability of occurrence
of certain types of accidents.

B. What happens (structurally) when a collision, grounding, stranding, or allusion occurs:
structural mechanics in collisions and groundings.

C. What are the consequences of structural damage: property damages, environmental
damages and loss of life.

D. How can each of the above be addressed: accident prevention, minimization of structural
damage, mitigation of damage consequences, response to damage and loss of life.

Within each of these issues, many research efforts have been made, but work that connects
them is scarce. Much focus is put on specific issues, e.g. the modelling of structure mechanics
(B), but lacks the connection to the consequences of the structural damage (C). Concerning
work on mitigation of damage consequences (D), there is usually a strong connection to
structure analysis (B). However, the connection to the consequences (C) is missing.
Therefore, work that specifically bridges the gaps between A to D, in particular linking to
consequences of a collision (C) is called for. In addition, Pedersen (2010) presents issues
similar to A to D to be addressed in future research efforts within the field of collision and
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grounding research. Pedersen also suggests that methods to estimate the cost associated with
the accident should be developed. Unfortunately, there are still no generally accepted collision
and grounding design standards or principles based on design objectives that are universally
accepted. To conclude, the above discussion motivates the work and ambition with the current
thesis: to develop a computational methodology that connects the issues B to D. At the same
time, it contributes to specific scientific advances within each of these issues.

1.2 Objectives of work

The overall objective of the current thesis is to contribute to RoPax shipping’s further
development of sustainable transport and maritime safety. In this context, sustainable
transport is how RoPax shipping makes a positive contribution to transport safety in terms of
protecting cargo, human lives as well as the environment. Concerning maritime safety, it is
defined here as the understanding of under what conditions a ship damaged in a collision will
survive without capsizing, and also what actions can be taken to enhance the ship’s chances to
survive.

The structural design of RoPax ships, having large open vehicle decks near the waterline,
makes them vulnerable with respect to flooding and subsequent damage stability conditions in
case of collision damage of the side. The time it takes for the damaged ship to capsize, Tcqp,
defines the time available for the crew to evacuate the ship. Therefore, in the current thesis,
maritime safety and the survivability of a ship is defined by 7.,,. The main objective can be
further divided into the following minor and more specific objectives.

e Establish a comprehensive analysis methodology useful for ship collision simulation that
can be used to calculate the expectancy of 7., and its scatter if the uncertainties of the
input parameters to the analysis procedure are known at the onset.

e Use the analysis methodology to compare, assess and propose approaches for numerical
modelling in the calculation of structural damage within the established field of ship
collision and grounding research.

e By means of results from experiments, compare and propose failure criteria useful for
accurate and reliable numerical prediction of material deformation and rupture during
ship collision/impact loading conditions. That is, to demonstrate and discuss how
accurately the physics of material failure needs to be represented in a material failure
model.

e Demonstrate the significance of accurate descriptions of damage opening shape and size
in the estimation of 7., in a damage stability simulation. Investigate what level of
accuracy that is sufficient/needed in order to make a useful/reliable estimation of 7.

e Develop a methodology that considers the statistical scatter in material properties and
how they affect the structural resistance against impact loading conditions. Study how
these properties affect damage opening shape and size and thereby 7¢,.

e Investigate and demonstrate how damage opening and shape of a struck ship is affected
by the finite element model representation of the striking bow (rigid or deformable).

e Active actions following a collision: study how 7., of a damaged ship is affected by
course changes in various sea states, i.e. study if manoeuvring has an influence on 7.

e Passive action to enhanced maritime safety: assess innovative side-shell structures which
can improve the crashworthiness of ships with respect to the damage stability and
survivability of the struck ship.



1.3 Ship survivability analysis methodology

In order to meet the objectives and estimate 7., based on sea-state parameters, ship structural
properties and collision scenario parameters, an analysis methodology is outlined. It
incorporates structural collision resistance as well as ship flooding and stability in waves and
the steps in the ship collision simulation procedure are shown in Fig. 1.3. The steps in it are
de-coupled, i.e. carried out sequentially. It starts with a non-linear explicit finite element
analysis (FEA) of the ship collision scenario under consideration, see Fig. 1.3(a), followed by
dynamic damage stability simulations shown in Fig. 1.3(c). In the damage stability
computation, the damage opening calculated in the FEA is represented by a grid of points that
form the projected area of the damage opening, see Fig. 1.3(b). This representation of the
damage opening is placed amidships in the damaged vessel in the stability simulations, as
shown in Fig. 1.3(c). Thus, the dynamic stability, the flooding and ultimately 7., are
determined. Therefore, using this methodology, the influence of uncertainty factors in the
FEA of the collision, Fig. 1.3(a), can be followed throughout the analyses and connected to
the survivability of a struck ship.

(b)

Figure 1.3: Illustration of the collision analysis methodology. (a) FE simulation of the
collision gives the shape and size of the damage opening. (b) The damage opening in (a)
discretized with the vehicle deck (VD, dashed line) and still water line (WL, bold line)
indicated. (¢) The discretized damage opening (marked in red) is used in the damage stability
computations; here, the damage opening has been placed amidships on a RoPax vessel, which
is shown here in a sea-state with the damaged compartments flooded (flooded water indicated
in blue).

The consequences that variations in input parameters to the FEA have on the shape and size
of the damage opening, and thereby 7., are studied thoroughly. Much of the focus in this
thesis is on the modelling of the steel material in the FEA and on determining the level of
detail of material physics that is relevant to take into account. This is studied through
comparison between experimental and numerical analyses and described in Section 2. The
analysis methodology and the steps in it are described in more detail in Section 3. In Section
4, variations and uncertainties in the modelling parameters are discussed and analysed using
statistical methods. Sections 2-4 provide a basis for assessing innovative structures with
respect to increased crashworthiness using FEA in Section 5. The appended papers are
summarized in Section 6 where the connections between them are also illustrated. The
conclusions that can be drawn from this thesis are presented in Section 7 and Section 8 gives
suggestions for further work.



1.4 Focus and limitations

The work resulting from the objectives spans over several different scientific disciplines. The
aim is to achieve high scientific quality within each of these. Therefore, clear limitations are
needed.

The concept of risk comprises of both the probability that an event will occur as well as the
potential consequences of this event. The current thesis focuses on the consequences of a
collision between ships in terms of shape, size and location of the damage opening in the
struck ship and their connection to 7.,,. Moreover, the models used are based on a specific
scenario of a collision between equally sized vessels. No statistical analyses in order to
establish the most likely collision candidates or scenarios are undertaken, since the focus is on
the analysis methodology, which can be applied to any collision scenario.

Even though the elements of the analyses presented in this thesis are feasible for an analysis
of any ship, the focus of the current thesis is on RoPax vessels. This type of vessel is of
interest for two major reasons. First, RoPax vessels operate world-wide on short routes, often
crossing busy shipping lanes, e.g. across the English Channel or the Strait of Oresund. Thus,
they are exposed to a large probability of collision. Secondly, RoPax vessels have a large
number of persons onboard in combination with vehicle decks that span the length and
breadth of the ship. Flooding of this deck will quickly lead to loss of stability due to free
surface effects. Thus, by addressing RoPax vessels, there is a great potential of saving human
lives by mitigating the consequences in case of an accident.

The current thesis emphasises internal mechanics simulations of ship-to-ship collisions, and
how the uncertainty in material properties and other model parameters in these simulations
affect the numerical computation of the survivability of the struck ship. External dynamics
has been omitted even though a complete computational analysis methodology should
incorporate it. This limitation, however, does not change the major conclusions from the
work. Instead, it is recommended for further work, see Section 8.

One of the objectives of the current work is to propose finite element modelling
recommendations for the analysis of ship-to-ship collisions and the crashworthiness of ship
side-shell structures. The constitutive material model and the understanding of the material’s
characteristics are important in such analyses. Here, collisions at relatively low speeds (5-7
knots) are simulated, thus, strain rate effects have been disregarded in the analyses. Note,
however, that locally in the finite element model, the strain rate during the impact may be
high but this has a negligible effect in total on the global scale with respect to damage opening
shape, size, energy dissipation in the structures, etc.

The material data for the steel grade used in the structure analyses are obtained from
experiments made on plates with the maximum sheet thickness 4 mm. The thickness of steel
plating in full-scale ship structures can be significantly thicker, say between 4 and 100 mm
depending on the steel grade (ABS 2009). The influence on material characteristics (ductility
and ultimate strength) from possible plate thickness effects has not been included in the
models.



2 Material characterization

Metal forming processes, crashworthiness in the automotive industry and ship collisions and
groundings are examples of areas, where numerical models play an important role in process
development. To carry out numerical analyses of full scale ship collisions that give reliable
and realistic results, good knowledge in material modelling is needed, in particular the
modelling of relevant physical mechanisms in relation to material degradation and fracture.
These models need input data from material testing, which is often carried out on significantly
smaller specimens/structures than full-scale ship structures for which they are intended to be
applied to. This discrepancy between the length scales has to be accounted for in simulation
models in order to both realistically and accurately mimic the real material degradation and
failure processes occurring during, in this thesis, a ship-to-ship collision event.

In the current work, a systematic approach is used to develop a material model giving reliable
results for large scale ship collision calculations. This model needs to be able to capture both
the energy absorbed by the structures and the fracture pattern resulting from the loading case
in order to predict the shape and size of the damage opening. The systematic approach,
illustrated in Fig. 2.1, combines and evaluates numerical and experimental results on different
length scales for various specimens/structures.

[m]
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Figure 2.1: Illustration of the combined numerical and experimental steps on different size
(scale) levels to develop a methodology for realistic ship-to-ship collision simulations.



First, tensile tests were carried out and matched with FE analyses, using the Abaqus/Explicit
software (Dassault Systemes 2007), to investigate loading in a uniaxial stress state on a small
scale. Secondly, the dependency of material behaviour on the multiaxial strain state was
investigated by forming limit diagram (FLD) tests and FE analyses. The tensile and FLD tests
are described in Paper A. The failure models were then further assessed with results from
experiments on a more complex, small-scale ship-like structure. Finally, when having further
calibrated the constitutive material and failure models, the step to full-scale FE analyses of
ship collisions could be taken and shape and size of the damage opening in the struck ship
determined, as described in Papers B to D.

Definitions and clarification of terminology

The terminology used to define a material’s characteristics, and how it can be represented by
a numerical model, should always be clearly defined. Figure 2.2 is a schematic illustration of
a stress-strain curve from a uniaxial tensile test of a ductile steel material. The figure is used
here to define the terminology used in the summary part of this thesis. Since the commercial
finite element software Abaqus/Explicit (Dassault Systémes 2007) is used in all structure
analyses, some of the definitions from this software are followed.

DI
DE
ol g
u ~'~,‘
Plastic relation, .*
g - o = .gn
y true true
©
o
=3
2 || Elastic region, E, v
o Pre-necking
......... Post-necking
O Necking
® Fracture
£ E
geng n f

Figure 2.2: Material behaviour: definition of elastic region, plastic relation, point of damage
initiation (DI), which is also the point of necking, followed by the region for damage
evolution (DE) until fracture.

o  Constitutive material model: ITn an FE model, data from experiments are needed to
represent and describe the material’s elastic-plastic behaviour by a material model. This
model, the constitutive material model, is divided into an elastic and a plastic part. The
elastic part is linear and is described by Hooke’s law up to the yield point, ,. The plastic
part is often non-linear due to strain hardening effects. Hence, a power-law function may
be used to model the material’s hardening characteristics, from the yield point, oy, and at
least up to (and in an FE model sometimes beyond) the fracture point, &.

e  Fracture: The point on the stress-strain curve where the material reaches its ultimate
strain capacity, the fracture strain, ¢z In a displacement-controlled tensile test, e.g., the
specimen is split into two parts, or, a crack in the specimen is clearly visible at this point.

e Damage initiation (DI): The part of the curve in Fig. 2.2 that starts at the yield stress is
called pre-necking. It is defined until the point, where necking of the material occurs, &,;
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necking is described in more detail in the following section. This point is also called
damage initiation, DI, in Abaqus/Explicit.

e  Damage evolution (DE): The part of the curve in Fig. 2.2 which starts at DI, or the
necking point, is called post-necking. It is defined until the point, where fracture of the
material occurs, ¢ In Abaqus/Explicit, the material degradation process is described by a
damage evolution law, where a damage variable, D, in every integration point of all finite
elements is checked. When the tensile load in the current example continues to increase
monotonically, the variable D goes from zero at the point of DI to unity at the point of
fracture, . When the damage variable D reaches unity in any integration point of a finite
element, this specific element is removed from the analysis. This is called the element
removal/element erosion technique and means that the element remains physically in the
model but its stiffness has been irreversibly put to zero; the element has failed.

o  Material degradation: Taking the tensile test curve in Fig. 2.2 as the example, the
material suffers from degradation due to the accumulation of damage as the tensile load is
increased. Material degradation is a continuous process in the material’s interior which
changes its resistance to, say, increased loading. It is complex to model this process in
detail, and, depending on the purpose of the analysis, may not be relevant to model in
detail. Note that the material degradation becomes significant especially in the latter part
of the stress-stress curve, i.e. after the point of damage initiation, DI. It is therefore
convenient to assume that the material degradation process can be represented by a model
which is active from this point (DI) to the fracture point, . This approach is utilised in
some of the analyses of the current thesis: a damage evolution (DE) law describes the
material degradation process from the occurrence of damage at DI to full damage at the
fracture strain, &

e  Failure criterion: The criterion that defines when a finite element should be removed
from the analysis is defined as the failure criterion. A finite element has failed, if the
conditions for the failure criterion are fulfilled, and the element removal/element erosion
technique follows in Abaqus/Explicit. Depending on the type of criterion that is used and
how it is defined, the failure criterion can use either the DI point to define failure, or, the
fracture strain, g, defined in Fig. 2.2. Note that if a failure criterion uses the DI point to
define failure, it is a simplification compared to the real case. However, in FE models of
large-scale structures, this simplification may in some cases be acceptable. How to utilise
failure criteria properly in analyses of ship collisions is one of the main objectives of this
thesis.

e  Failure model: Failure model in this thesis summary is used to define the combination of
models that describe a material’s characteristics from unloaded condition to fracture,
considering the elastic-plastic response and the material degradation process.
Consequently, a failure model here is the constitutive material model used together with
the failure criterion model. The latter is a model/criterion that defines failure at either the
DI point, or, a model/criterion which first is inactive up to the DI point followed by a
model/criterion that models the damage evolution (DE) up to the fracture strain, where
failure is defined (i.e. models for DI and DE in Abaqus/Explicit).

In Papers A to E, there may be minor deviations with respect to the terminology described
above. Note that it is only by name and not with respect to their fundamental physical
definition. In each paper, however, the notations and definitions used are clearly defined.
Hence, this terminology should be used when reading the papers individually.



General description of a material’s characteristics

The stress-strain behaviour of a material is often determined from standard tensile tests, from
unloaded to fractured state. Figure 2.2 illustrates the engineering stress-strain behaviour of the
ductile material that is used throughout the work: the DNV classed ship building steel NVA
(DNV 2007). Tensile tests of this material are described in Paper A. For the modelling of its
elastic behaviour, a Young’s modulus, £, of 210 GPa and a Poisson’s ratio, v, of 0.3 are used.
Constitutive material behaviour from yielding, o, in Fig. 2.2, up to the point of necking, &,, is
represented by a non-linear plastic isotropic hardening model that follows the power law
relationship in Eq. (2.1):

true K- gt’;ue (21)

Here, oy is the true stress, &, 1s the true (logarithmic) strain, K is the material’s strength
coefficient and 7 is the strain hardening exponent. The relation between engineering and true
strains iS &ue = In(1+ee,g) and between the engineering and true stresses e = Teng(1FEeng)
(Dowling 2007). When the material has been subjected to excessive plastic deformation and
reached its maximum load carrying capacity, there is a localization of strains in the test
specimen and a local thinning — necking — occurs. At this point, the (user-defined) criterion
for failure is met and damage is initiated (DI). Subsequently, a law for damage evolution (DE)
can be introduced to describe the deformation until the point of fracture, rin Fig. 2.2.

There are different approaches and methods to represent material degradation and fracture in
numerical models. There are examples of studies which successfully use failure criteria and
approaches which only consider the material behaviour up to the point of necking (DI), see
Alsos et al. (2009). Others consider also the subsequent material degradation in the post-
necking region (DE), see Paik (2007). There are no general guidelines and recommendations
which outline which failure criterion or approach that should be used. For this reason,
research, which intends to clarify and outline which failure criterion and computational
methodology that should be recommended, is still motivated. This research has to combine
numerical analyses with experimental studies.

This thesis contributes to the assessment of a selection of failure criteria which are based on,
either only a DI criterion, or a DI criterion together with a DE law, see Paper D and Section
2.3 for details. The results are compared to experimentally obtained results from tests on
different size scales. Table 2.1 presents three types of tests that have been carried out together
with the purpose for each one of them.

Table 2.1: Summary of tests that have been carried out and their purposes.
Test Purpose
Establish material parameters.
Tensile test Study dependence of fracture on length scale over which
the strain is measured (c.f. Barba’s relationship).

f;{llt)l;lifsltlmlt diagram Study dependence of failure on multiaxial strain state.
Assess approaches to failure modelling; different criteria for
damage initiation and whether or not damage evolution

needs to be accounted for.

Bulb indentation of a ship-
like small-scale structure
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The tensile and FLD tests are described in Section 2.1. On the basis of these tests, the material
modelling is discussed in Section 2.2, and in Section 2.3, the verification of the material
models in accordance with the approach outlined in Fig. 2.1 is described.

2.1 Experiments

In this section, the tensile and FLD tests presented in Paper A are described. In these tests, the
optical strain measuring system ARAMIS (GOM 2012) was used to make precise
measurements of the displacements on the surface of the tested specimens. This system allows
for accurate studies of local strains. The measuring system consists of two digital cameras
connected to a computer with an image recognizing software matching the images from the
cameras. The ARAMIS system divides the specimen surface into facets (pixels), the distortion
of which is monitored in three-dimensional space throughout the test. The resulting facet
displacement shows, for instance, regions of localized strains. A more detailed description of
the ARAMIS system and the setup of the test is presented in Paper A.

Tensile tests

The data obtained from the ARAMIS recordings allow for measuring the strain over an
arbitrary length on the tensile test rod. This is achieved by using two points that are positioned
at an equal distance from the point of fracture, introduced as a virtual extensometer (VE). As
a result, the Aramis strain, &4,4mis, can be determined for an arbitrary length of VE, which can
be directly related to the element size in FE models. A long VE corresponds to a strain value
measured over the entire length of the test rod (see the bold line in Fig. 2.3(a)) and a small

value of the VE corresponds to more local strain behaviour (see the dashed lines in Fig.
2.3(a)).

The ARAMIS measurements also allow for the actual smallest cross sectional area of the test
specimen to be determined and thereby the experimentally measured true stress, here referred
to as the Aramis stress, 04,4mis. The specimens used in the tensile tests were manufactured in
accordance with DNV standards (2007), with a gauge length of 78 mm, specimen width and
thickness 25 mm and 4 mm, respectively.

o b
soof (a) 4230 18 6 \ (b)
A A 08
-
5 06 0
B
e -9
8 04 T Q.. ..
s VT e
L
200 Stress calculated with actual area
Necking strain at maximum ang 0.2 O Measured points from tensile test
--------- VE strains with original lengths (mm) --------- Barba’s law with ¢ = 0.88 and ¢, = 0.25
0 n 1 n L n
0 ‘ : n
0 02 D 0 08 1 0 001 002 003 004 005 006 007
“Aramis Length of VE (mm)

Figure 2.3: (a) Results from the tensile tests, where the stress is calculated based on the
actual area of the test specimen, and the strain is measured in accordance with the length of
the virtual extensometer (given in mm). (b) Presentation of the fracture strain as a function of
the length of the virtual extensometer together with Barba’s relation fitted to the measured
points.

Necking is normally identified as the point in the engineering stress-strain diagram, where the
stress reaches its maximum; see the vertical line in Fig. 2.3(a) for its corresponding Aramis
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strain value. Another definition, which is used here, is the point in the true stress-strain
diagram where the different VE:s diverge, i.e. when the strains localize. Note that the two
definitions of necking show good resemblance.

Figure 2.3(b) shows the relation between the fracture strain, ¢, and the length of the VE over
which it is measured. The curve fitted to the fracture strains is a relation with one asymptote
in the global fracture strain for the whole test rod and one asymptote, when the length of the
virtual extensometer approaches zero. Such a relation was first suggested by Barba in 1880
and in this study, the formulation proposed by Yamada et al. (2005) is used. It expresses the
fracture strain as:

£, =Inl e +c (2.2)

VE

where e is the mathematical constant defined as the base of the natural logarithm, W is the
original width of the specimen (25 mm), ¢ is its original thickness (4 mm), ¢, is the necking
strain (0.22), and Lygis the VE length over which the fracture strain is measured. The Barba
parameter, ¢, is calibrated to obtain a curve that matches the results obtained from the
experiments. This equation provides a relation between element size and fracture strain in the
FE analysis. Based on experiments, Ehlers and Varsta (2009) arrive at a similar approach to
represent the post-necking behaviour of steel. In Paper D, FE analyses were carried out to
study the difference in taking the post-necking behaviour into account or not; see Section 4
for a discussion.

Forming limit diagram (FLD) tests

Forming limit diagram (FLD) tests are presented in Paper A. They were carried out to
determine the dependence on multiaxial strain state of the fracture and necking of the
material, a dependence that cannot be captured with uniaxial tensile tests. FLD:s are
commonly used in metal forming to determine how much strain that can be applied to sheet
metal in different strain states before local thinning — necking — occurs in the material. Within
this field, many studies have been carried out in order to refine the methods and numerical
models used and study aspects of material characteristics (see e.g. Chen et al. 2010, Kim et al.
2011 and Lin et al. 2010). The same theories are applicable to analyses of ship collisions and
groundings even though studies within the metal forming industry are commonly made on
thinner sheets than suitable for the use in ships. For example, Situ et al. (2011) carried out
experiments very similar to those presented in Paper A, but on thin aluminium plates. One
example that uses ship building steel is the giant bulge test presented by Toérngvist (2003),
however, this was only for two different strain states. Thus, no tests for ship building steels
with the level of accuracy as presented in Paper A have been found in the literature.

The FLD tests described in Paper A were carried out in accordance with ISO 12004-2 (ISO
2007) on six different geometries, shown in Fig. 2.4(a), each representing a strain state of the
material. Three samples of each geometry were tested. They were deformed out of their plane
with a half-spherical indenter, while the strains on the surface were monitored using the
ARAMIS system. Details on the experimental setup and evaluation are given in Paper A.

Based on the results from the tests, the dependence of major and minor principal strain, ¢; and

&2, on necking and fracture of the material is determined, the results are shown in Fig 2.4(b).
These results are used for the comparison to analytical models of multiaxial dependence of
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material failure (see Section 2.2). The standard deviation of the results for the three samples
and five evaluation sections for each sample is also indicated in the figure.
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Figure 2.4: (a) The six test geometries: each of them corresponds to one strain state in the
forming limit diagram. Geometry 1 is the circular plate (upper left) and geometry 6 is the
narrowest of the geometries (lower right). (b) Results from forming limit diagram tests of the
six geometries: mean values and standard deviations (denoted by the error bars) in the major

and minor principal strain directions, for necking and fracture.

2.2 Failure modelling

The results from the tensile and FLD tests presented in Section 2.1 enable the assessment of
different approaches to modelling failure characteristics of the material, here called failure
criteria, and to define a material degradation model. The failure criteria compared here divide
the representation of material degradation to fracture into criteria for damage initiation (DI)
and a criterion (law) for damage evolution (DE) which can be optional, (see Fig. 2.2 for an
illustration). This allows for detailed modelling of each part of the material behaviour and
studying these different parts separately.

Damage initiation models

Damage initiation (DI) in Abaqus/Explict software is defined at the necking point of the
stress-strain curve, (see Section 2.1 and Fig. 2.2). This point is independent of the length scale
over which the strain is measured in a tensile test, see Fig. 2.3(a), and thereby also the element
size in an FE model. In the current work, three different criteria for DI are studied: the Shear,
the FLD and the FLSD criteria. These criteria are available in Abaqus/Explicit (Dassault
Systemes 2007), which suggests the Shear criterion to be used to analyse and describe general
material failure, while the FLD and FLSD criteria are intended for use in the analysis of (thin)
sheet metals.

The Shear criterion, sometimes referred to as the criterion of equivalent strain, is a
phenomenological representation of the initiation of damage due to shear band localization. It
is frequently used in simulations of ship collisions and groundings and has gained popularity
due to its simple formulation. In its simplest form, the only input needed is the equivalent
plastic strain at the onset of necking. This criterion has proven to give results with satisfying
accuracy by, e.g., Karlsson et al. (2009) and Lehmann and Peschmann (2002). In
Abaqus/Explicit, dependence on stress state and strain rate of the failure can also be taken into
account; however, these were not used in the current work.
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The influence of strain state is often disregarded, when equivalent strain criteria similar to the
Shear criterion are used. Therefore, these criteria have been challenged with failure criteria
that take this behaviour into account. One example is the RTCL (Rice-Tracey, Cockroft-
Latham) criterion proposed by Tornqvist (2003), which has proven to give reliable results by
Ehlers et al. (2008). In addition to this, Alsos et al. (2008) proposed the BWH (Bressan-
Williams-Hill) criterion. Unfortunately, it is not available in Abaqus/Explicit; however, it
provides a convenient analytical expression that can be used to define input to the FLSD
criterion in terms of principal stresses. It can also be expressed in principal strains and provide
input to the FLD criterion. In addition, the BWH criterion expresses the major principal stress
at the point of necking, or instability on the sheet material, in terms of constants obtained
from the tensile test — K, n and ¢, — and the ratio between the principal strain rates, 8 = &, /¢,

14058 [ 2 e
\/_w/ﬂ +,B+1(\/_(1+,3) 4 +ﬂ+l], p=t

2K (2516/\/5)
V3 14812+ )’

(2.3)

otherwise.

Here, ¢;. is the major principal strain where the minor principal strain is zero, i.e. where the
BWH curve crosses the major principal strain axis in a forming limit diagram, c.f. Fig. 2.5.
Alsos et al. (2008) argue that ¢, =~ n. However, according to the values obtained from the
FLD tests (see Fig. 2.4), this approximation slightly underestimates the results. Nevertheless,
also in the current study, the ¢;. parameter was set equal to the »n parameter in order to
minimize the number of material parameters involved in the material properties uncertainty
analysis presented in Section 4.

The strain-based FLD criterion is sensitive to the loading path of the deformation, which
should be proportional. If, e.g., pre-strains have been induced in the material from the
manufacturing rolling process, the loading path may deviate significantly from the straight
one, see amongst others Stoughton and Zhu (2004) and Paper A. This will affect the results
when modelling the sheet’s material characteristics. However, another formulation of the
forming limit curve is possible which, instead of the principal strain space with the FLD
criterion, is described in the principal stress space with the forming limit stress diagram
criterion called FLSD. Stress-based criteria are insensitive to the loading path (Zhao et al.
1996). The principal stress space for forming limit diagrams was used also by Alsos et al.
(2008) when proposing the stress-based BWH criterion which has similarities to the FLSD
criterion. Additionally, an advantage of the BWH relation is that it is based on parameters that
can all be obtained by simple tensile testing, in contrast to the FLD and FLSD criteria that
require far more extensive, expensive and time-consuming testing; see Paper A for details.

In order to illustrate the consequences of disregarding the multiaxial strain dependence on
failure of the material, the Shear and FLD criteria are shown in principal strain space in Fig.
2.5. Assuming proportional strain paths and a constant volume of the material, an equivalent
von Mises strain at the onset of necking of ¢, = 0.22, as used in the Shear criterion, can be
expressed in principal strains as, see Paper C for the complete derivation:

2 -

2 2
+loe, e [ +le, +e,) =022, (2.4)
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Figure 2.5: The Shear and FLD failure criteria represented in the principal strain space along
with the results from the FLD tests. The numbers indicate the tested geometry, c.f. Fig 2.4(a).

Figure 2.5 presents an example of results from the FLD tests presented in Paper A. There is
good agreement between the experimental results and the analytical BWH relation in Eq.
(2.3). The two curves in Fig. 2.5 show that the largest differences between the Shear and FLD
criteria occur where there are highly biaxial strain states. In these regions, both the FLD test
results and the FLD input data curve allow for larger strains before damage is initiated. It can
therefore be expected that in a finite element analysis that includes elements with high degree
of biaxiality, these elements will fail (be removed from the analysis, stiffness of the elements
is put to zero) earlier when the Shear criterion is used as compared to the FLD criterion.

Since the BWH relation mimics tearing of the material, there is a gap between the curve
representing the BWH relation and the ¢; = -, curve in the negative ¢; regime. This is not in
correspondence to the physics involved, since the material in such a case would fracture due
to shearing, as described by Marciniak et al. (2002). Since Abaqus/Explicit numerically
approximates the strain path from the last two values, elements which have a low ¢,/¢; ratio
could mistakenly become excessively deformed because damage is never initiated. This was
adjusted by adding an extra point on the &; = -¢, limit.

The Shear criterion is often used without a stiffness degradation model or damage evolution
(DE) law, a method that was used successfully by Karlsson et al. (2009). This gives a very
simple formulation of the criterion. If no damage evolution law is used, a suitable value for
the fracture strain in relation to the element length in the model has to be determined in order
for the criterion to give satisfying results. This is done through an iterative procedure that
calibrates the fracture strain value.

If, in a model without a law for damage evolution, the necking strain of the material is used as
the critical strain, fracture would occur too early for most common steel grade materials. On
the other hand, if a damage evolution law is used to represent the material’s characteristics
after the point of necking more accurately, then the necking strain obtained from the tensile
tests should be used as the equivalent plastic strain that defines damage initiation, marked
with DI in Fig 2.2. If this is the case, additional material parameters are required in the
damage evolution model to simulate the following failure process until fracture occurs (see
the DE region in Fig. 2.2). This approach is used in the current study.
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Damage evolution model

The behaviour of the material after the point of necking (or DI) is referred to as the damage
evolution (DE). Alsos et al. (2009) argue that this part should be neglected in the analysis,
since the localized strains cannot be resolved using coarse shell elements, which are often
used in FE models of full-scale ship structures. However, this part of the stress-strain diagram
represents a significant part of energy in the deformation process (Paik 2007). In addition,
using a damage evolution law makes the damage process gradual, as opposed to the instant
failure obtained when a damage evolution law is disregarded. An instant failure causes large
gradients in the FE model, which may result in undesirable and non-physical numerical
effects.

In Abaqus/Explicit, damage evolution is defined either through the displacement at fracture,
uy, or the energy dissipated during the failure process, G The former alternative was used in
the current study. The displacement at fracture is defined as uy = L X g, where L is the
characteristic element length, and &/ is the plastic strain at fracture taking into account the
influence of the length scale or the element size. In the current work, this is accounted for
with Barba’s relation (Eq. 2.2) through which the element length, L, is related to the fracture
strain, ¢ ; see Paper A for details.

The stress-strain curve from the tensile tests in Paper A is shown in Fig. 2.6(a) up to the point,
where a macroscopic crack started to propagate in the test specimen. It is compared to results
obtained by FE analyses using a model with linear damage evolution, which shows a
deviation in stress-strain behaviour at the point of necking in comparison to the
experimentally obtained results. It may also be noted that it cannot mimic the damage process
and seems to underestimate the energy released during the damage process. This can be
remedied if a damage variable, D, is allowed to evolve according to a bilinear relationship;
see Paper A for details. When defining such a relationship, the D—uy relation has to be
calibrated so that it results in the same amount of dissipated energy in order to reach zero
stiffness at the same strain as the linear damage formulation, as can be seen in the illustration
of the damage evolution in Fig. 2.6(b). Using the bilinear DE relationship, a calibrated value
of the x-parameter, see Fig 2.6(b), to 0.2 resulted in excellent agreement with the
experimentally obtained stress-strain curves, shown in Fig. 2.6(a). Thus, this bilinear DE
relationship is used throughout the work.
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Figure 2.6: (a) Simulated tensile tests using a linear and a piecewise linear law for damage
evolution (DE). Note that the dashed line representing the experiments and the solid blue line
representing the FE analyses using the bilinear damage evolution coincide. (b) Illustration of
linear and piecewise linear DE relationships during the process of damage evolution.
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2.3 Verification of failure model with FEA of experimental structure

Tensile tests

In the failure of a tensile test specimen, two main mechanisms are present. A ductile failure,
in which voids initiate, grow and coalesce in the material, is characterized by a distinct
thinning of the specimen and a coarse fracture surface. On the other hand, a shear failure is
due to the localization of shear bands followed by fracture in the direction of the maximum
shear stress, i.e. inclined 45° relative to the loading direction. Generally, failure is due to a
combination of these mechanisms, but the tensile tests on the NVA material show that the
ductile failure is prevalent for this material. In order to make the detailed FE representation of
the tensile tests in Paper A, the Ductile DI criterion in Abaqus/Explicit was used in a
simplified form without compensating for the influence on multiaxial strain state. In this form,
it is very similar to the Shear criterion as described above. In addition, the bilinear law for
DE, as shown in Fig. 2.6(b), is used in the model.

Figure 2.7 shows a comparison in results between a tensile test and the corresponding FE
analysis using Abaqus/Explicit (for details on the modelling, see Paper A). Figure 2.7(a)
shows the major principal strain on the specimen’s surface, which was calculated using the
data recorded by the ARAMIS measurement system. The corresponding result for the FE
analysis is shown in Fig. 2.7(b), in which the bilinear damage evolution relationship was used.
The results are presented at the time, 7, which is 95% of the total time to fracture, 7. The
results show very good agreement between the experiment and the FE analysis with respect to
both magnitude of the major principal strain and the contours of its distribution.
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Figure 2.7: Major principal strain results for a tensile test presented at 7" = 0.957
(a) results from an experiment using the ARAMIS system and (b) results from an FE analysis
using Abaqus/Explicit.

Forming limit diagram (FLD) tests

In the FE analyses of the FLD tests all six geometries in Fig. 2.4 were assessed. To define DI,
which represented the necking in the experiments, the FLD criterion in Abaqus/Explicit was
used with tabular values of ¢; and ¢, taken from the BWH curve presented in Fig. 2.5 as input.
Degradation due to evolution of damage was represented in the FE model using the same
bilinear damage evolution law as in the FE analysis of the tensile test, see Fig. 2.6(b).

The experimental and numerical results presented in Fig. 2.8 show that the trends of both the
necking and fracture are captured by the FE simulated values; however, some discrepancies
are present. The points representing necking for the test geometries 2-6 are collected around
the major principal strain axis, whereas the corresponding simulated points are more separated

17



in the ¢;-&; space. A similar trend can be seen with the points representing fracture. One
reason for this effect may be that the material of the specimens was pre-strained (and
anisotropic), which was not represented in the finite element material model.
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Figure 2.8: Results presented in principal strain space from the experiments and FE analyses
of the FLD tests. The numbers indicate the tested geometry, c.f. Fig 2.4(a). Note that in this
figure, in Paper A, failure should read fracture.

Figure 2.9 shows a comparison between results of the major principal strain in a test specimen
of geometry 2, see Fig 2.4(a), and the FE analysis of the same geometry. The results are
presented at a time, 7, which is 95% of the total time to fracture, 7. There is very good
agreement between the results both with respect to magnitude of the major principal strain
and the contours of its distribution.
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Figure 2.9: Major principal strain results for a FLD test on geometry 2 at 7 = 0.957%

(a) results from an experiment using the ARAMIS system and (b) results from an FE analysis
using Abaqus/Explicit.

Small-scale ship-like structure

In the FE representation of the tensile test, good correspondence between analyses and test
was achieved using the ductile criterion together with a law for DE, a criterion that does not
account for multiaxial dependence in the material failure. On the other hand, for the numerical
representation of the FLD test, the FLD criterion, which incorporates the multiaxial
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dependence of material failure, is used. Thus, these different criteria work as intended for
these different loading situations and geometries despite their theoretical differences,
illustrated in Fig. 2.5. Moreover, tensile and FLD tests are of significantly smaller size (scale)
and less complex than the application for which the models are intended to be used:
simulation of full-scale ship collisions. The assessment of the performance of these models
should therefore be carried out on a structure having geometry, boundary conditions and
loading conditions similar to their intended application of use.

Throughout the current work, the experiment carried out by Karlsson et al. (2009) on a ship-
like structure subjected to indenter loading conditions is used to compare the influence of
material parameters and failure criterion representation in the numerical simulation of the
structure’s characteristics. Figure 2.10(a) shows a photograph from the experiment and the
corresponding numerical model is shown in Fig. 2.10 (b). It resembles a typical double-hull
side-shell structure of a ship, but scaled to a third of the size of a similar full-scale ship
structure. The test object consisted of one outer and one inner side-shell, web/stringer plates,
web/stringer beams and stiffeners in the form of L-profiles. The global dimensions LX WX H
of the structure are 1500 mmX 1090 mmX 300 mm and the sheet thickness was between 3
mm for the thinnest and 5 mm for the thickest structural elements. The structure is supported
by a reinforcing frame in order to achieve controlled boundary conditions in the tests. This
frame is incorporated in the FE model as well.

Figure 2.10: (a) Photograph (;f the side-shell structure in the test rig. (b) The FE model of the
side-shell structure with the reinforcing frame.

In Papers C to E, the ship-like structure was used to compare failure criteria in order to be
able to make recommendations on which one to use in analyses on ship collision simulations.
Thus, the DI criteria Shear, FLD and FLSD were compared, with and without a DE law. This
results in six combinations, the results of which are shown in Fig. 2.11. In Fig. 2.11(a) and
Fig. 2.11(b), the resultant vertical force in the indenter is presented versus its vertical
displacement; the origin of the measurement of the displacement is on the upper surface of the
upper sheet of the structure. Figure 2.11(c) and Fig. 2.11(d) present the energy absorbed
through deformation and fracture of the structure versus the displacement of the indenter.
Both the experimental and numerical results are truncated at the point, when the lower plate
reaches full damage, which correspond to breach of watertight integrity in a damaged ship.

The results show that all combinations of the failure criteria capture the trend of the
experiments, however with a large span between the results. Failure criteria that are based on
the multiaxial behaviour of the material (i.e. FLD and FLSD) result in an over-prediction of
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the forces, when a DE law is used and under-prediction, if the DE law is disregarded. The best
correspondence to experimental results is achieved by using the Shear criterion together with
the bilinear DE law. Thus, this is concluded to be the most accurate and appropriate approach
to material modelling for application in large scale ship collision analyses.
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Figure 2.11: Vertical force versus displacement of the indenter: experimental results from
Karlsson et al. (2009) and FE analyses using three failure criteria and (a) disregarding the DE
and (b) taking the DE into account. Energy absorbed by the structure versus indenter
displacement for the same tests and FE analyses as presented in (¢) disregarding the DE and
(d) taking the DE into account.
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3 Computational methodology

This section gives a brief description of the computational methodology that has been
developed and is presented in detail in Paper B. Section 3.1 presents the non-linear FEA of a
typical collision between two ships in which the shape and size of the damage opening is
calculated. This damage opening is thereafter used in the damage stability analyses, presented
in Section 3.2, to calculate the time to capsize, ¢4y, of the struck ship. Finally, in Section 3.3,
observations made in the thesis work how the damage opening shape and size influence 7.,
are discussed.

3.1 Finite element analysis of ship collisions

In the event of a ship collision, the kinetic energy of the ships involved is redistributed into,
e.g., damage of the structures in both ships (Alsos 2008, Ehlers 2009, Karlsson 2009), rigid
body motions of the ships (Pedersen and Zhang 1998 and Tabri 2010), sloshing in partially
filled ballast tanks (Tabri et al. 2009b and Zhang and Suzuki 2007) and elastic bending in the
global ship beam (Pedersen and Li 2009).

In a numerical analysis of a ship collision, simplifications are often made in order to have
manageable models with regard to modelling effort and computational time in relation to
representing the physics with sufficient accuracy. This thesis emphasises internal mechanics
analysis of the ship collision event with the aim to accurately determine the shape and size of
the damage opening, considering and analysing the influence from variations in the input
parameters in such analyses (see Section 4 for details). Consequently, the computational
methodology that has been developed does not involve external dynamics effects, tank
sloshing and global hull beam bending

Figure 3.1 shows an example of the FE model used in the ship-to-ship collision simulations
using Abaqus/Explicit (Dassault Systémes 2007) presented in this thesis; see Karlsson (2009)
for a similar model. The collision scenario that has been simulated in Papers B to E is the
collision between two similar-sized vessels; one RoPax ship being struck amidships by a
small coastal tanker. The FE model consists of the parts of the ships that are deformed, i.e. a
section of the side-shell of the struck RoPax ship and the bow section forward of to the
collision bulkhead of the striking tanker. The size of the parts of the ships included in the FE
model are sufficiently large, i.e. there is negligible influence on the analysis results from the
boundary conditions put on the border lines.
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Figure 3.1: Example of the ship collision model for a 90° collision case.

The RoPax ship has a double hull with stiffened side-shell, an outer weather deck, and an
interior vehicle deck. The tanker bow section is modelled in detail with interior stiffening
structures, decks and anchor box. The bow section shown in Fig. 3.1 is used in Papers D and
E. For analyses carried out in Papers B and C, a similar bow section was used, however
modelled without interior scantlings, thus only used as rigid.

The striking bow section is restricted only to move in a prescribed direction. It is given an
initial kinetic energy corresponding to a forward velocity of five or seven knots, while the
side-shell structure of the struck RoPax vessel is held fixed in its circumference (i.e. zero
speed). The velocity of the striking bow is decreased gradually during the collision event as
energy is dissipated through deformations and fracture in the structures. The FE analysis is
interrupted, when the striking ship has slowed down to zero knots.

The FE model consists of four-node shell elements with reduced integration (S4R in
Abaqus/Explicit) and five section points through the thickness. Generally, shell elements that
are thick in relation to their side lengths give poor results in bending, because these types of
elements have a plane stress formulation, thus they are unable to resolve stress gradients in
their thickness direction. Hence, normal convergence analysis for explicit FE analysis was
carried out. It resulted in an FE model with a 60 mm element size that gives a largest element
length at thickness ratio, [/t = 3. Although this ratio is lower compared to what the
recommended practice prescribes (/f = 5), the proposed element length at thickness ratio was
deemed sufficient for the current simulations (see Ehlers and Varsta 2009 for discussion). The
material relation described in Section 2.2 with the elastic-plastic relation shown in Fig. 2.2 is
used together with a criterion for damage initiation and a subsequent law for damage
evolution. The failure strain of the material is adjusted to the element dimensions in the
analyses in accordance with Barba’s relation, Eq. 2.2; see Section 2 for details of material
representation and failure criteria analyses.
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The general contact conditions criterion available in Abaqus/Explicit is used to define the
contact conditions in the FE analysis together with a coefficient of friction of 0.1 or 0.3; see
Paper D for a discussion. This contact criterion enforces contact constraints using a penalty
contact method, which searches for node-into-face and edge-into-edge penetrations in the
current configuration; hence, master and slave nodes/surfaces are employed to define contact
conditions.

3.2 Dynamic damage stability analyses

The damage opening obtained from an FE analysis is represented by a grid of points, shown
in Fig. 3.2(a), corresponding to its projected area. The ship used in the dynamic damage
stability analysis is a RoPax vessel of 176 m length overall; see Paper B for a detailed
description. The SOLAS two compartment damage (IMO 2007) that the ship is designed to
withstand in calm waters is selected for analysis; the static equilibrium list is approximately 3
degrees (see Paper B). The damage opening is therefore put amidships of the struck vessel,
see Fig. 3.2(b); this is a collision scenario that corresponds to the SOLAS two compartment
damage. This damage leads to flooding of four compartments: one void space as wide as the
ship, a starboard heel tank aft of the void space, a machinery space inside the heel tank and
the vehicle deck above the other compartments spanning the entire length and breadth of the
ship. In waves, the vehicle deck will be flooded and the free surface effect from this is the
dominating factor leading to loss of stability and capsizing of the vessel.

(a)
vD VA N4 b
wL b

Figure 3.2: (a) Representation of the damage opening by a grid of points. The waterline (WL)
and vehicle deck (VD) are indicated. (b) An example of results from SIMCAP simulations,
the discretized damage opening (marked in red) is put amidships of the struck vessel and the
flooded water is shown (flooded water indicated in blue).

To study the aftermath of a collision and damage stability of a damaged ship, methods with
varying levels of complexity have been reviewed by Papanikolaou (2007). In the current
thesis, the dynamic damage stability analyses are carried out using the SIMCAP code
developed by Schreuder (2005). It uses non-linear strip theory to calculate the incident wave
forces (the Froude Krylow forces) through integration of dynamic wave pressure over the
momentarily wetted hull surface at each time step. The weight and inertial forces from water
that has flooded into the damaged compartments are also calculated in each time step. The
surface of the flooded water inside a damaged compartment is assumed to be horizontal, and
sloshing is not accounted for. A dead ship condition is assumed, i.e. no forward speed of the
vessel and no outflow of water from damaged compartments, except through the damage
opening, is modelled. It has been observed by simulations in Paper B that a volume of
1500 m® of water on the vehicle deck leads to capsize of the ship within a few wave
encounters.
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A time period of 30 minutes is simulated because this marks a limit for the least amount of
time required for safe evacuation of the type of ship studied here (IMO 2007). If no capsize
occurs within this time, the ship is deemed to have survived the collision. The significant
wave heights, H,, investigated were between 3 and 7 meters. For H; = 3 m and below, the ship
survives regardless of the damage cases investigated in the current study, and H; above 7 m
are rarely present in the Baltic area, where the ship is designed to operate. Observations
presented by Hogben et al. (1986) show that less than one in a thousand wave observations in
the Baltic Sea exceeds 7 m. The Jonswap spectrum was used to model the sea-state with eight
different wave seeds, i.e. phase shifts between the wave components; see Paper B for details.
These eight wave seeds were the same for all significant wave heights and represent the
natural variation of the sea-state. Thus, for each damage opening, 40 stability simulations are
carried out.

Figure 3.3 presents an example of results from Paper B as the time to capsize, 7., for one
damage opening considering the natural variation in sea-states (wave seeds) and the
significant wave height. Every set of simulations in the eight different wave seeds gives
variation in the results in terms of time to capsize, T,,. Jasinowski et al. (2003) discuss the
concept of capsize band, which can also be seen in Fig. 3.3; among the various wave seeds, all
simulations have a T¢,, below to a certain time, representing a safe region, and a 7,, above a
certain time, the unsafe region. In between these safe and unsafe regions is an uncertainty
band, where the ship may or may not capsize, depending on the variation in sea-state.
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Figure 3.3: Results that show the times to capsize for significant wave heights, H,, between
3-7 m with eight sea-state representations for each form a capsize band.

In Papers C and D, extensive parameter analyses of the influence of damage opening shape
and size, due to, amongst others, material properties and model uncertainties, at the time to
capsize are presented. In Paper B, results from damage stability simulations are presented for
different heading angles of the damaged ship relative to the wave direction and various
damage openings. By means of these results, recommendations for an active action that can
be taken to enhance the survivability of the damaged ship are discussed. The results show that
the worst heading is beam seas onto the damage opening and quartering seas on the side
opposite the damage. Since beam seas thus represent a worst-case scenario, this is used in the
simulations carried out in Papers C and D. The safest heading is with the waves on the bow
onto the damage opening, thus, a course change to this heading can be suggested as an active
action to increase the damaged ship’s chances to survive for a longer period of time.

24



3.3 Observations of damage opening shape representation and T,

Paper D presents a parameter study on modelling aspects, the results of which are followed
through the chain of computations in the methodology. This is described in more detail in
Section 4. However, the outcome of this parameter study is 60 different damage openings
with corresponding capsize bands, presented in Appendix III and IV of Paper D. Based on
these results, the consequences of the shape and size of the damage opening on the time to
capsize can be analysed.

The damage from the bulb in the lower part of the hull is not critical, but gives the ship an
initial list that lowers the threshold for waves to flood the vehicle deck. In the cases when
only the lower part of the hull is breached, the ship survives except for one or two sea-state
representations. However, the shape of the damage opening at the level of the vehicle deck
and just above it has a major influence on the results, since the horizontal extent of the
damage in this region governs the flood rate into the vehicle deck. When the damage opening
leading into the vehicle deck is situated high, the ship is more likely to survive the damage,
since few waves reach high enough on the hull to flood the vehicle deck. The most severe
case is when the damage opening leading into the vehicle deck extends almost to the level of
the vehicle deck; in this case the flooded water cannot flow out of the opening making water
accumulate faster, which reduces 7.,,. In addition, it is found that small damage openings
result in larger scatter and wider capsize bands.

These critical elements of the shape of the damage opening have to be borne in mind when
establishing a simplified model of the damage opening to be used in dynamic damage stability
simulations. The representation of damage opening used in the dynamic damage stability
simulations in this thesis is very detailed in relation to other models that have been suggested
in the literature. Often more simplified models for the damage opening are used, from box
models that only give an extent in three dimensions of the damage (IMO 2007), suitable e.g.
for Monte Carlo simulations, to representing the damage opening with two square shapes —
one for the bulb and one for the stem (Guedes Soares et al. 2009a), to models that attempt to
capture the shape of the striking ship through prism-shaped damage openings (Zhang 1999).

Using these simplified models, the level of detail to which the physics of the dynamic damage
stability of the struck ship that is achieved using the grid of points shown in Fig 3.2(a) would
not be achieved. Representing the damage opening with the level of detail that is done in the
current thesis, more detailed conclusions can be drawn, than if one of these simplified models
were used. Thus, it can be concluded that simplified models are unable to predict the
survivability of a damaged ship with the same level of accuracy.
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4 Uncertainty and reliability analysis

Using the computational methodology outlined in Section 3, the survivability of a ship
damaged in a collision can be determined based on the shape and size of the damage opening
in its side-shell. In Section 3.2, the expectancy of the survivability of the ship, T, and its
scatter due to the natural variation in the sea-state and its representation is discussed. In Paper
B, details related to uncertainties in parameters involved in the dynamic damage stability
simulations using SIMCAP are presented. In the current section, emphasis is on uncertainties
that have an influence on the results from explicit non-linear internal mechanics FE analyses
of a ship collision scenario. Section 4.1 presents the sources of uncertainties that have been
considered in the appended Papers C and D, Section 4.2 presents an analysis of response
variables, followed by a variance analysis, see Section 4.3.

4.1 Sources of uncertainties

There is a large variety of uncertainties involved in a numerical analysis of a ship-to-ship
collision scenario. It is of course impossible to consider all of them and limitations have to be
made. In the following, some of the limitations and assumptions made are mentioned for
clarification; see Section 1.4 for other limitations. External dynamics analyses are not part of
the current computational methodology, hence, uncertainties related to those are not
considered. This restraint is of course a source of uncertainty in relation to the real event, but
this thesis focuses on the internal mechanics analyses; therefore the influence of this restraint
has not been quantified. Moreover, the influence on the damage shape and size in the struck
ship due to relative size difference (both dead weight and dimensions) between the striking
and struck ships has not been analysed. The influence of the bow section geometry of the
striking ship is only touched upon in Hogstrdm and Ringsberg (2011). Finally, the studies
presented in the appended papers do not include analyses of which collision scenario that has
the highest probability. Instead, the purpose is to estimate influence that variations in input
parameters have on the damage opening and 7., in the computational methodology presented
in Section 3.

In Papers C and D, uncertainties inherent in the quality of steel and the related scatter in the
material properties are addressed as material properties uncertainty. Model uncertainty is
uncertainties introduced by the modelling of the material, the FE model of the striking vessel
and several of the parameters concerning the overall modelling of the collision scenario.
Tables 4.1 and 4.2 from Paper D present two sets of factors in the FE analyses of ship
collisions along with the levels that are studied. Set I focuses on material properties and
uncertainties related to material modelling, similar to the study carried out on a small-scale
structure, presented in Section 2.3, and set II focuses on parameters of the collision scenario,
like the collision angle and speed of the striking ship. The model representation of the striking
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bow section as either rigid, or deformable, is incorporated in both simulation sets. The
following paragraphs discuss some of these factors in more detail.

Table 4.1: Factors studied in the ship collision simulations set I, from Paper D.

Factors Value/model/criterion
Material parameters 20/ ul+20
Damage initiation Shear / FLD / FLSD
Damage evolution Yes /No

Bow section Rigid / Deformable

Table 4.2: Factors studied in the ship collision simulations set II, from Paper D.

Factors Value/model/criterion
Collision angle 45°/60°/90°
Friction coefficient 0.1/03

Speed 5 knots / 7 knots
Bow section Rigid / Deformable

Material properties uncertainties

In terms of determining the material properties through testing, the tests are often carried out
on samples taken from the same material batch. This is the case of, e.g., the tensile tests
described in Paper A, where all test specimens are taken from the same plate. However,
material specifications give requirements for material properties with minimum values or
intervals, which allow for scatter in properties within a material class. In order to obtain an
indication of the consequences of this scatter on the ship collision analyses outlined in Section
3 and presented in detail in Papers B to D, a collection of tensile test curves from different
material batches, presented in Fig. 4.1(a), was studied. These tests were carried out on the
Domex 240 YP material, a mild steel material similar to the NV A material.
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Figure 4.1: (a) Engineering strain and stress relations from different batches of the Domex
240 YP mild steel. Note that the strains and stresses have been normalised with the maximum
failure strain and maximum ultimate stress. (Courtesy of SSAB). (b) Test results from tensile
tests on NVA steel from Paper A. The variance obtained from the Domex 240 YP applied to

the NVA steel and the resulting three material curves are shown; see the text for details.

From the curves in Fig. 4.1(a), the engineering stress values of the yield stress, oy, and
ultimate stress, o,, as well as the engineering strain values of the necking strain, &, and
fracture strain, g5, were determined. Through a curve fit of the exponential plastic relation in
Eq. (2.1), the coefficient, K, and the exponent, n, could be determined. These were used in the
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plastic law, Eq. (2.1), and in the BWH relation, Eq. (2.3), to establish input for the FLD
criterion presented in Section 4.2 and Papers A, C and D, representing the multiaxial
behaviour of the material. Note that for the comparison of experimental and numerical results
for the FLD test geometries described in Section 2.3, there is some difference. This difference
was explained by the pre-strain and anisotropy that is caused by the manufacturing process of
the material tested — an effect, which was not incorporated in the description of the material
characteristics in the FE model.

Based on the curves presented in Fig. 4.1(a), the expected values and standard deviation of the
individual material parameters could be established. Furthermore, the correlations between
the parameters were investigated; details of this analysis are presented in Paper C. Because
different material parameters had different standard deviations, the parameter with the largest
standard deviation, the fracture strain, ¢, was used in the computation of the scatter of the
other material parameters as well. The distributions of the material parameters indicated that
they could be represented with the normal distribution, in which case 95% of the results
would fall within two standard deviations. Thus, three representations of the same material,
based on different sets of material parameters, were used in the collision analysis simulations:
one based on the mean of the material parameters, and two representations based on two
standard deviations of the fracture strain above and below the mean curve. Figure 4.1(b)
shows these curves applied to the NV A material along with the results from the tensile tests of
this material. Paper C gives a detailed description of the analysis of uncertainties in material
properties.

Damage initiation and evolution

As described in detail in Section 2.2, different approaches to the modelling of material failure
are discussed in the field of ship collision analysis concerning the appropriate simplifications
in representing degradation of a material. Thus, the failure models described in Section 2.2
and validated in FE analysis of a small-scale structure in Section 2.3 are studied also in full-
scale FE model collision analyses. The damage initiation (DI) Shear criterion introduces
damage in the analysis at an equivalent strain, disregarding the dependence on multiaxial
strain state in the material. The FLD and FLSD criteria, which are used to represent multiaxial
dependence, FLD by defining failure in terms of principal strains and the FLSD in principal
stresses, are also studied.

Alsos et al. (2009) argue that the point of necking should be regarded as the point of failure,
since coarse finite element models, built by shell elements, are unable to resolve the local
stresses in the necking region. On the other hand, the post-necking part of the stress-strain
relation represents energy that should be accounted for. The relationship suggested in Paper A
that takes into account the dependence of the fracture strain on the element size through a
bilinear relation is used here as the damage evolution (DE) law. This is described in more
detail in Section 2.2. This relation is either taken into account or disregarded in the
simulations. The tests carried out on the small-scale structure show that the failure model that
best represents the experimental results is the Shear DI criterion with the DE taken into
account, see Section 2.3.

Bow section

The representation of the striking ship is diverse in the literature, from rigid, conical shapes
(Lehmann and Peschmann 2002) to more realistic and accurate representations of deformable
bulbous bows with interior scantlings modelled (Kitamura 2002 and Liu et al. 2011). With the
side-shell structure of the struck ship in focus, computational as well as modelling efforts can
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be saved by modelling the striking bow as rigid. This is, however, a crude assumption that is
only applicable in comparative studies. Deformations and fracture in the bow section take up
a significant part of the kinetic energy during the collision, and as a result, affect the shape
and size of the damage opening and consequently the time to capsize. To quantify this effect,
a bow section with its interior scantlings, weather deck, inner deck, frames, bulkheads and
anchor box, were modelled accurately in the large-scale FE model, both as rigid and
deformable. The bow section used in Paper D, which is from a small coastal tanker, is shown
in Fig. 4.2, both the outer shell as well as the interior scantlings. When used as deformable,
the same mesh density and material model as in the side-shell of the struck ship is used; see
Paper D for additional modelling details.

() (b)

Figure 4.2: The geometry of the bow section used in the simulations, (a) the outer shell
(b) the inner structures.

Collision angle

In a simulation of ship collisions, an angle of 90° between the striking and struck ships is
commonly used; see e.g. Karlsson (2009) and Paik (2007). This assumption is conservative
with respect to a maximum obtained penetration depth, i.e. it is believed to cause the largest
structural damage of inner side-shell, see Yamada and Endo (2008) and Zheng et al. (2007).
In the current study, the damage opening area is in focus, which is important with respect to
damage stability for a struck RoPax ship. The influence of the collision angle is therefore
investigated by simulating collisions with angles 90°, 60° and 45°. Brown (2002) states that a
critical angle for a glancing collision is around 25°. However, with the models used in the
current work, it was found that for angles below 45°, the boundary effects of the deformable
bow model could no longer be neglected. Brown (2002) provides a normal distribution for
collision angles based on real collisions with = 90° and ¢ = 29°. Using these values, 94% of
all collision cases would fall between 45° and 90°.

Friction coefficient

A dynamic friction coefficient commonly used in analyses of ship collision simulations is 0.3,
but values as high as 0.6 have been used Paik (2007). Zheng et al. (2007) studied the effect of
friction coefficients between 0 and 0.7 for collision of tanker vessels. Engineering handbooks
give a friction coefficient of 0.57 for non-lubricated mild steel against mild steel and 0.09-
0.19 for lubricated surfaces.

In real collisions, the steel surfaces are wet and below the waterline of the ships as well as in
the ballast tanks, there is bio-fouling that works as lubrication. On the other hand, the steel
plates used on ships generally have a rather rough surface. Thus, the real scatter in friction
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coefficients for ship collision events is likely to be at the range of 0.1 to 0.6. In the current
study, two values of the friction coefficient, 0.1 and 0.3, are used for comparison; see
Karlsson et al. (2009) for results from experimental measurements.

Ship speed

Based on a statistical model from Liitzen (2001), the striking tanker used in the current study
would have a service speed of around 15 knots. However, the speed of the striking ship
should at the instance of the collision be lower than its service speed, due to actions taken
prior to the collision. Based on collision statistics, Brown (2002) gives a Weibull distribution

for striking ship speeds with the mean y,,,, =4.17 knots and standard deviation Opeca=1-78

knots. Here, the speeds of five and seven knots were chosen since seven knots represents
approximately double the kinetic energy in relation to five knots.

4.2 Response variables

The influence the uncertainty parameters presented in Section 4.1 have on the response
variables in the computational methodology described in Section 3, the shape and size of the
damage opening and 7., 1s quantified in Paper D. The approach was to analyse the shape and
size of the damage opening as presented in the Appendices III and IV of Paper D, which is
discussed in Section 3.3. However, in order to allow for a statistical analysis, the results need
to be represented by a comparative number. For the damage opening, this is represented by its
area. However, each capsize band in the figures presented in Appendices III and IV of Paper
D needs to be substituted into a number.

For every significant wave height, here from 1 to 7 meters, 7., is weighted with the
probability that this wave height will occur. According to DNV’s recommended practice
(DNV 2010), the distribution of significant wave heights in a region can be represented by a
Weibull distribution. In the Baltic region, where the studied ship is designed to operate, the

mean significant wave height is 4y = 2.50 m and the standard deviation is Oy = 1.75 m.

The weighting factors for each H; are then determined by the Weibull distribution, depicted in
Fig. 4.3, integrated between the wave heights, 4. The sum of T.,, results over wave seeds, w,
for each H, are multiplied by this integrated weighting factor in Eq. (4.1). The sums over the
wave seeds are in turn summarized over the significant wave heights and the resulting value is
normalized, see the denominator in Eq. (4.1) so that the result will be 30 minutes, if no
capsize occurs. Using this method, each damage opening area can be related to a comparative
weighted 7 that is used in the statistical analyses presented in the following section. Note

that P(H; > 7 m) = 0.02, which is different from the measurements presented by Hogben et al.
(1986). However, it can be assumed that H; > 7 m occurs so rarely that it is reasonable to
neglect.

weight factor
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Figure 4.3: Weibull distribution for H, in the Baltic region with the weighting
factors that are the integrated values between the H;:s analysed.

The results in terms of areas of the damage openings and 7 for simulation set I are

summarized in Fig. 4.4 (see Appendix III and IV in Paper D for the overall results). Figure
4.4(a), shows the damage opening areas from simulation set I and it confirms the results from
the reference structure in Section 2.3: when using the Shear criterion, the material is damaged
earlier, giving a larger damage opening area, in contrast to utilising the FLD or FLSD criteria.
Between FLD and FLSD, the FLSD criterion gives slightly larger damage openings than the
FLD criterion. This applies both to using and not using a law for DE.

Using a deformable bow section gives significantly smaller damage openings than if a rigid
bow section is used. In most cases, the deformable bow section only gives damage from the
bulb since it is strong enough to withstand the collision, whereas the stem of the striking ship
buckles and deforms plastically, giving no breach in the outer shell of either the struck or the
striking ship. The uncertainty in material properties has an impact, but it becomes less
significant when using a deformable bow section and only the bulb penetrates the struck ship.

The results in Fig. 4.5(a) for simulation set II show the same trends in using a rigid or
deformable bow: the deformable bow giving smaller damage openings. Between the different
ship speeds, five and seven knots, the kinetic energy is doubled, which gives roughly double
the size of the damage opening. However, between the different collision angles, the results
are more ambiguous; a collision angle of 90° gives the largest damage openings in most cases,
but not all. In the same way, 45° gives the smallest damage opening in most cases, but not all.
Concerning the friction coefficient, there is a slight difference between the results, but the
effects of other factors are larger.

The results for the weighted time to capsize, 7, , presented in Fig. 4.4(b) and Fig. 4.5(b) show

a clear trend when compared to the results for damage openings presented in Fig. 4.4(a) and
Fig. 4.5(a): a larger damage opening gives shorter 7.,,. The trends discussed in Section 3.3
are also seen in these figures. For example, using a rigid bow section in the FE analysis results
in larger damage openings, thus implying shorter times to capsize. The results presented in
Figs 4.4 and 4.5 are further analyzed and discussed through analysis of variance in Section
4.3.
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Figure 4.4: Results for simulation set I, including the uncertainties in material properties (u +
20), the damage initiation criterion (Shear, FLD and FLSD), whether or not a law for damage
evolution (DE) is used (y = yes and n = no) as well as the issue of using a rigid or deformable
bow section of the striking ship, for (a) damage opening sizes (m?®) (b) the weighted T,
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Figure 4.5: Results for simulation set II, c.f. Appendix IV, including the uncertainties in
collision angle (45°, 60° and 90°), the friction coefficient used (0.1 or 0.3), the collision speed
(5 or 7 knots) and whether the bow section of the striking ship is modelled as rigid or
deformable for (a) damage opening sizes (m?) (b) the weighted 7, (minutes).

4.3 Variance analysis

In order to study which of the uncertainty factors that have a statistically significant impact on
the outcome of the analyses, the approach of analysis of variance (ANOVA), described in
Box et al. (2005), is used. The difference between the value of a response variable and the
overall mean is decomposed into an additive model made up by the differences of the mean
value of each factor and the overall mean value, and a residual term as presented in Eqs (4.2)
and (4.3). The residual term includes the noise of the response variables as well as the lack of
fit to the model. In this case, the area of the damage opening and the weighted 7 for each

simulation are used as response variables; they are affected by the factors studied in the
simulation sets I and II, see Tables 4.1 and 4.2. One ANOVA is carried out for each of the
simulation sets I and II.
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The results from the ANOVA analyses are shown graphically in Figs 4.6 and 4.7. In these
figures, the residuals are shown together with the variance — or deviation from the overall
mean — of each factor; the y—y term in Eqs (4.2) and (4.3). Thus, the overall mean of all
analyses is in the zero in each figure and the variations of the factors are represented by their
deviations from the overall average. The variance of the factors is scaled by the square root of
the degrees of freedom (DOF) of the residuals divided by the DOF of the factor:
JDOF e JDOF . in order to make an adequate comparison to the residuals. The DOF of a

factor is the number of levels the factor can take minus one; e.g., the DOF of the material
parameters is two since it can assume three values: -20, 4 and +20; see Box et al. (2005) for
details. Factors that have a variance that exceeds that of the residuals have a statistically
significant impact on the results. Those factors that have a variance that does not exceed the
residuals have no influence on the outcome of the analysis.

Figure 4.6 shows that all factors in simulation set I have a statistically significant impact on
the results; and the largest impact on the results is whether the bow section used in the
analyses is rigid or deformable. The other factors that concern the modelling of material
characteristics have a comparable impact on the results. The exception is for the DE in the
weighted 7 that has a smaller correlation than the other factors, although still distinguishable

from the residuals.
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Figure 4.6: Graphical ANOVA for the response variables in simulation set I: (a) damage
opening area (m?) and (b) the weighted 7, (minutes).
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Also for simulation set II, shown in Fig. 4.7, the bow section has the largest impact on the
results, even larger than that of the kinetic energy of the striking ship being doubled, going
from 5 to 7 knots. Concerning the variation of the friction coefficient, the effect of it is minor
indicating that the frictional dissipation of energy in the FE analysis is small. In addition, a
result that stands out in these analyses is that the impact on the results from the collision angle
cannot be distinguished from the residuals. Even though the shapes of the damage openings
(see Appendix IV in Paper D), in particular those made with a rigid bow section, have
different characteristics depending on the collision angle, the effect on the total damage
opening area and the resulting 7 has no statistical significance. Thus, for the geometry used

in Paper D, the damage opening and the resulting 7, becomes relatively large for the same

amount of initial kinetic energy, regardless of the collision angle.

In all analyses, the effect of the bow section being rigid or deformable stands out. When using
a deformable bow section, only the bulb penetrates the side-shell of the struck ship in a
majority of the cases, leaving the upper part of the side-shell intact. The imprint from the
bulb, and thereby the damage opening area in the cases using the deformable bow section
vary little between the different cases.

In conclusion, the uncertainty related to the choice of failure model — DI in combination with
DE - is critical since it represents a larger uncertainty than that of the material properties
scatter. Thus, the recommendations for a failure model, based on the study made on the small-
scale structure addressed in Section 2.3, is that the Shear DI criterion with a bilinear law for
DE defined in accordance with Section 2.2 should be used in ship collision analyses.

T T T T T

| Deformable Rigid

B N -

Collision angle

RESIdU3|S [~ B £ B O R -
-80 -60 -40 -20 0 20 40 60 80
Damage opening area (mz)

Bow sectionl ~did . ... ... .........Defomable |
Friction coefficient - S R 1 S

. 60°90°45°
Collision angle - AT et i
Residuals s .
-10 -5 A 0 5 10

7 (min)

cap

Figure 4.7: Graphical ANOVA for the response variables for simulation set II: (a) damage
opening area and (b) the weighted 7 (minutes).
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5 Crashworthiness — alternative designs

One of the contributions to the overall objective of this thesis — support RoPax shipping’s
further development of sustainable transport and maritime safety — is an assessment of the
crashworthiness of a selection of double-hull side-shell structures. In the previous sections,
and in the Papers B to D, a conventional (reference) double-hull side-shell structure is used in
the ship-to-ship collision simulations. The results show that the size of a damage opening in
this structure may be significant and result in a rapid capsize of the struck ship.

By means of the simulation procedures developed and presented in Papers A to D, for explicit
non-linear internal mechanics FE analysis of ship-to-ship collisions, some crashworthy side-
shell structures are compared to the reference structure with respect to five criteria, see
Section 5.2 for details. By definition, a crashworthy structure is intended to minimize the
damage opening of the inner barrier/side-shell or ultimately result in no opening at all during
a collision or grounding, so that the watertight integrity of the vessel is maintained. The
outcome of the study presented here should serve as a guide demonstrating the pros, cons and
potential of the structure concepts compared.

5.1 Design philosophies

According to Tavakoli (2011), two different approaches can be used in the design of a
crashworthy structure, illustrated in Fig. 5.1: strength and ductile designs. The difference
between them is based on in which of the two colliding ships that the major part of the initial
kinetic energy is dissipated into structure deformation and fracture. This relation depends on
the relative strength of the two parties. The current work takes the perspective of the struck
ship that is hit by a given bow section. Thus, the strength design is here a double-hull side-
shell design that remains as intact as possible and makes the bow of the striking ship take up
most energy from the collision (Ehlers et al. 2012). A ductile design is a double-hull side-shell
in which energy is dissipated through deformations while the watertight integrity is
maintained (Karlsson 2009). One example of ductile design for the striking ship is the work
carried out by Yamada an Endo (2008) on buffer bows. The purpose of the study in Paper E is
to compare and assess these design approaches in relation to a traditional reference design,
considered here to be a shared-energy design.
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Figure 5.1: Energy dissipation and relative strength of two colliding ships.

5.2 Conceptual structures and evaluation criteria

From a literature survey, presented in detail in Paper E, one structure according to ductile
design and two following the strength design philosophy were chosen. The assessment of the
characteristics of each structure was carried out systematically on a small scale, using the
small-scale ship-like structure in Section 2.3 as a reference, followed by implementation of
the most promising alternatives in a full-scale ship FE model. Details related to the small-
scale structure FE analyses are presented in Paper E, below is only a brief description of the
structures and the ones used in the full-scale ship FE model analyses.

Reference double-hull side-shell structure

The reference structure, shown in Fig. 5.2(a), is a conventional double-hull side-shell
structure used, e.g., in RoPax vessels; the same structure as described in Section 3.1. Because
of the detailed documentation of this structure in Papers B to D and in Karlsson (2009), it is
appropriate as a reference structure also in the current investigation.

Ductile design concept — corrugated inner side-shell structure

Conceptual structures that follow the ductile design concept are fewer in the literature than
those following the strength design. Tautz (2007) suggested making perforations in the web
frames of a conventional structure so that the inner side-shell would detach in case of a
collision and thus be able to withstand larger membrane strains. Karlsson (2009) proposed a
corrugated inner side-shell structure that is intermittently welded to the web frames, see Fig
5.2(b). In Karlsson’s investigation, promising results with respect to energy absorption
capacity compared to a conventional structural design are presented.

The geometry of the corrugated inner side-shell structure used in the current study, shown in
Fig. 5.2(b), is identical to the structure presented in Karlsson (2009). The outer side-shell is a
conventional stiffened plated structure made of normal steel grade, while the inner side-shell
is a corrugated plate made of high-strength steel. In case of a collision, the corrugated plate is
designed to release from its supporting web frames and unfold in order to maintain watertight
integrity, thereby being able to withstand a larger bow intrusion depth.

The attachment points (weld joints) between the corrugated plate and the web frames is a key
element for the performance of the structure; these joints should break before the corrugated
plate does, allowing it to unfold. In the design proposed by Karlsson (2009), this was
accomplished by intermittent welded points between the corrugated plate and the web frame.
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The strength of the welded joints were designed so that fracture of the welds would not occur
during a collision, instead, material rupture of the web should occur before the welds fracture;
see experimental tests of welded tensile test coupons in Karlsson (2009).

It should be noted that during in-service loading conditions, this structure requires that the
outer side-shell must take up more of the service loads in terms of shear forces and bending
moment in contrast to a conventional (reference) structure design. Therefore, it is anticipated
that it is more suitable on smaller vessels that have more structural margins than large ships.

Strength design concept — X-core structure

Klanac et al. (2005) assessed a number of structures following the strength design philosophy.
Following this, ISSC (2006) suggests one corrugated core, one Y-core and one X-core design.
Rubino et al. (2008) show the corrugated core design to be inferior to X- and Y-core and in
results in Klanac et al. (2005), the X-core is outperformed by the Y-core. However, in the
study on small-scale structures in Paper E, the X-core comes out ahead of the Y-core structure
in terms of energy absorption. Therefore it was chosen to be evaluated in large-scale
simulations. However, in the study on the small-scale structure, no distinct conclusion could
be drawn from the approach to model the welds between the outer plates and the X-core
plates; see Paper E for details. Therefore, the X-core structure was modelled both with and
without welds in the FE model. These models are referred to as X-core WELDS, Fig. 5.2(d),
and X-core NO WELDS, Fig. 5.2(c), in the following. In addition, because of the shape of the
X-core structure, see Fig. 5.2(c), there is less large-scale deformation of the structure, and
bow intrusion depth, in contrast to the reference and corrugated structures before a fracture of
the inner side-shell occurs.

In the literature, there are alternative designs proposed for the X-core structure. They differ
when it comes to the thickness of the structural elements, type of welds, selection of materials
and corrugation angle; see Ehlers et al. (2012), Klanac et al. (2005) and Odefey (2011). In the
current investigation, the dimensions of the X-core structure proposed by Ehlers et al. (2012),
at an angle of the corrugated plates of 52°, were selected for comparison to the other
structures. For more details on the modelling of the structures, see Paper E. Additionally, the
current work does not involve aspects of welding methods used for the manufacturing of this
type of structure. This has been discussed by, among others, Ehlers et al. (2012).

In Paper E, these structures are assessed according to the following criteria:

e Intrusion depth: the distance measured from the first contact point of the striking bow’s
bulb on the outer side-shell to the same point on the bulb, when the striking bow section
has stopped moving.

e Energy dissipation: the capacity of a structure to absorb energy. In the current work, the
energy absorption is evaluated at two instances: At the first point of fracture of the inner
side-shell and when the total energy dissipation when the kinetic energy of the striking
bow section is zero (i.e. it has stopped moving).

e The damage opening area of the inner side-shell after the collision.

e Weight: the weight of base and welding material.

e Manufacturing cost: material, labour and other fabrication costs.
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Figure 5.2: (a) The reference structure of the ship, (b) the corrugated structure with added
plates, where the corrugated plate meets the deck and double-bottom, (c¢) the X-core NO
WELDS structure, and (d) the X-core WELDS structure.

The intrusion depth, energy absorption and damage opening criteria intend to give a measure
of how crashworthy the structures are in comparison to each other. The weight and
manufacturing cost criteria indicate, either alone or together with the other criteria, the
potential economic benefit of investing in crashworthy structures in the construction of new
ships. In the following Section 5.3, examples of results are presented with respect to intrusion
depth, energy dissipation and damage opening area, while weight and manufacturing cost
criteria are only mentioned briefly; see Paper E for details

5.3 Results

Different locations of the bulb impact on the hull of the struck ship are studied, as shown in
Fig. 5.3; on and between web frames as well as with different drafts. The markers indicated in
Fig. 5.3, recurring in the indications of results in Fig. 5.4, correspond to the impact location.
In this section, only the results from a 90° collision analysis are presented; in Paper E,
collision analyses for 45° and 60° collision angles are also presented. In the models, the
deformable bow section, described in Section 4.1, is used and the contact condition is
modelled with a friction coefficient of 0.3.
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Figure 5.3: Impact locations for bulb intrusion. The bold markers indicate that the impact is
on a web frame and the thin markers that the impact is in between web frames.

Damage opening area and intrusion depth

Figure 5.4 presents, for each impact location, the results of two instances in time during the
collision analysis. In Fig. 5.4(a), the results are presented when the first element on the inner
side-shell of the struck ship reaches full damage (the damage variable reaches unity, see
Section 2.2) and is removed from the FE analysis (stiffness of the damaged element is set to
zero in Abaqus/Explicit). At this point the percentage of the initial kinetic energy that has
dissipated through structure deformation and friction in relation to the intrusion depth is
presented in Fig 5.4(a). Also, the final damage opening area at the instance when all kinetic
energy of the striking bow section is absorbed and the bow section has stopped and the
intrusion depth of the striking ship is presented in Fig. 5.4(b).
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Figure 5.4: (a) Intrusion depth in relation to absorbed kinetic energy and remaining speed of
the striking ship for the 90° collision, when the first element reaches full damage in the lower
part of the inner side-shell. (b) Final damage opening area in relation to final intrusion depth
for the 90° collision. The dashed line between two similar markers indicates that the upper
part of the hull has also been breached. In this case, the lower marker represents the area of
the damage opening in the lower part of the hull and the upper marker the total damage
opening area.

To study the details in the performance of each structure concept, the collision scenario at 0 m
relative draft and an impact location between the web frames was chosen; this case
corresponds to the thin circles in Fig 5.3 and Fig. 5.4(a) and (b). This location is chosen since
it challenges the structural concepts instead of distributing the kinetic energy to the bottom
structure, vehicle deck structure or the web frames. The deformations resulting from the
collision of these structures are shown in Fig. 5.5. In all four cases, the stem of the striking
ship is buckled and the upper part of the side-shell of the struck ship remains intact. Note that
the upper part of the side-shell is able to buckle significantly before it breaks since the
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weather deck folds down with it. In conclusion, formation of damage opening in the upper
part of the hull is dependent on local contact loads, resulting from the buckling patterns in the
stem of the striking ship.

The reference structure has the largest damage opening and intrusion depth whereas the
corrugated structure, having only a slightly lower intrusion depth compared to the reference
structure, only has half the damage opening area. Figure 5.5(b) shows that the corrugated
plate has detached from the frames and unfolds as intended, giving a later rupture of the plate
and, as a result, a smaller final damage opening.

Concerning the different approaches to model the X-core structures, the results in Fig. 5.4
show that there is a difference between them with respect to the damage opening area and the
intrusion depth; see also Fig. 5.5(c) and (d). The X-core WELDS model distributes the
absorbed energy and deformations over the side-shell resulting in a smaller damage opening,
whereas the X-core NO WELDS shows a more local behaviour and consequently a larger
damage opening.

Figure 5.5: The deformed ship structures when the bow section has stopped: (a) reference,
(b) corrugated, (¢) X-core NO WELDS, and (d) X-core WELDS; collision angle 90° and at
0 m relative draft.

Results — energy dissipation in structure details

During the collision, the initial kinetic energy of the bow section is dissipated through
deformations in the structure, subsequently referred to as internal energy and friction. The
calculated energy dissipation for the collision scenario in Fig. 5.5 is presented in Fig. 5.6. The
development of internal energy in the upper and lower part of the struck side-shell as well as
the striking bow section is shown. The internal energy in Abaqus/Explicit is comprised of
energy from elastic and plastic deformations as well as energy dissipated by damage. The
points of rupture in the outer and inner side-shell are also indicated.
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Figure 5.6: Calculated energy components for the collision scenario at a 90° collision angle,
0 m relative draft and impact location between two web frames: (a) reference structure, (b)
corrugated structure, (¢) X-core NO WELDS structure, and (d) X-core WELDS structure. The
kinetic energy of the striking ship is dissipated into internal energy (IE) in the structures,
presented for the upper and lower parts of the bow section and the side-shell, and friction. The
points where the outer and inner side-shell ruptures are indicated.
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The friction part of the collision energy represents the kinematic sliding between surfaces —
static friction transfers forces that result in deformations — and is highly dependent on the
geometry of the model. Wisniewski and Kolakowski (2003) used a collision model similar to
the one in the current study, although they used a rigid bow section, and showed that the
friction energy was around 30% of the initial kinetic energy given to the striking bow section.
This large value may be caused by the fact that their bow section was sliding on a large
contact area along the sides of the damage opening during the indentation of the side-shell.
Contrary to this, Glykas and Das (2001) state that the friction energy part of their analyses is
negligible, but they used a deformable bow section that collided with a rigid wall — a case in
which there is little sliding between parallel surfaces. In the results presented in Fig. 5.6, the
friction component of the energy is relatively small, which confirms the results presented in
the variance analysis in Section 4.3, that the influence of the friction is low for the models
used here.

Due to the geometry of the bow, there is a shift in energy components with the intrusion
depth. The larger the intrusion depth, the more energy is dissipated through plastic
deformation in the upper part of the struck side-shell and striking bow section. For the X-core
structures, see Fig. 5.6 (c) and (d), a larger part of the energy is dissipated in the lower part of
the model, in particular for the X-core WELDS. In accordance with strength design principle,
the bow section is deformed and almost 20% of the initial kinetic energy is dissipated due to
deformations of the bow. The results presented in Fig 5.4 indicate that there is little difference
between the different weld modelling approaches used in the X-core structure. However, at a
relative draft of 0 m, X-core WELDS has sufficient strength to deform the bulb of the striking
ship, which is also a reason for the damage opening being smaller in this case. Here, the
strength design works as intended. Additionally, using this model, friction energy is lower
compared to the other structures, since the sliding of the bulb through the side-shell is lower.
Consequently, there is an uncertainty in results related to the different approaches to
modelling welds for the X-core structure.

The results show that the outer side-shell is ruptured at an early stage in the analysis, when
only 2 - 4% of the initial kinetic energy has been dissipated in the structures. The X-core
structures have an earlier rupture of the outer side-shell, which is due to them being stiffer
locally than the other structures, giving higher local membrane strains in the plate. The
corrugated structure gives a later rupture of the inner side-shell, as it is intended to in the
ductile design approach, and also a slightly lower final intrusion depth than the reference
structure.

Concluding remarks

The results in Fig 5.4(a) show that as watertight integrity is breached, the conceptual
structures have absorbed more energy than the reference structure. The X-core structure
achieves this increased energy absorption at a lower intrusion depth, whereas the structure
with a corrugated inner side-shell has an increased intrusion depth. Moreover, the size of the
damage opening at the final stage of the collision analysis is smaller for both structure
concepts compared to the reference structure. However, in all results in Fig 5.4, the structure
with the corrugated inner side-shell gives larger scatter in the results.

Thus, the X-core structure is considered to be a more reliable structure and has the best
overall performance in terms of crashworthiness. However, this comes at the price of
increased weight and higher manufacturing cost, whereas the corrugated structure both
weighs less and is less costly to manufacture than the reference structure; see Paper E for the
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analysis. Finally, in analyses on the small-scale structure presented in Paper E, the Y-core
concept was also assessed but came out short in the comparison to the X-core structure. Thus
it was not assessed in the large-scale ship collision simulations. However, this structure
concept has benefits in terms of weight and manufacturing costs in relation to crashworthiness
and deserves further study.
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6 Summary of appended papers

This thesis consists of a summary part, see Sections 1 to 8, and five appended papers, Papers
A to E. The purpose of the summary part is to present an overview of the work in the
appended papers, and to put their scientific work and contributions into a wider context
according to the aims and objectives of the thesis work; see Section 1 for details. The current
section presents the relations between Papers A to E; see Fig. 6.1 for a schematic overview.

—

Experiments: FE analysis: Mesh dependent failure strain
+ Tensile tests « Contitutive model * VE-approach
* FLD ftests « Failure criteria * Barba’s law

P

FE collision simulation *» Assessment of four structures
Shape and size of damage Lo
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* Material properties: tensile tests

* Damage initiation criteria
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simulation

* Variation in collision angle ¥ . Parqrr}eter study of realistic
collision scenarios
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+ Variation in ship speed o )
) ] Survivability analysis, T,
+ Variance analysis

Figure 6.1: Overview of relations between Papers A to E. A computational methodology is
presented in Paper B, using input from material modelling and experiments presented in Paper
A. Parameter studies using the computational methodology are presented in Papers C and D.
An assessment of crashworthy innovative structures is carried out and presented in Paper E.

Paper A presents an in-depth study of material experiments that constitute the basis of the
material modelling and simulation of structure damage in ship collision simulations. The
findings are applied in explicit internal mechanics FE analysis of ship-to-ship collisions,
where accurate descriptions of the damage opening’s size and damage are of interest. This
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information is part of the computational methodology, presented in Paper B, which enables
the making of realistic scenario-based numerical simulations of a struck ship’s survivability in
an arbitrary sea-state. By means of this methodology, the survivability in terms of the time to
capsize is determined by realistic and accurate descriptions of shape and size of the damage
opening in the struck ship.

The computational methodology in Paper B is used in parameter sensitivity analyses
presented in Papers C and D. The consequences of model and material properties
uncertainties regarding, among others, the shape and size of the damage opening in the struck
ship, are studied and related to the variation in the estimation of the time to capsize.
Furthermore, through the results in Papers C and D, the material modelling established in
Paper A is studied further, validated and refined. As a result, with the support of the results
and conclusions in Papers A to D, a study is presented in Paper E on the crashworthiness of a
selection of side-shell structure concepts. In the literature, these structures have been proposed
for mitigation of the consequences for a ship struck in a collision. The major contributions by
each of the appended papers are summarized as follows.

Paper A:

Hogstrom, P., Ringsberg, J. W., Johnson, E. (2009). An experimental and numerical study of
the effects of length scale and strain state on the necking and fracture behaviours in sheet
metals. International Journal of Impact Engineering 36(10-11):1194-1203.

The paper addresses experiments that have been carried out in order to validate existing
failure models used in large-scale ship collision FE simulations in terms of dependence on
length scale and strain state. Based on tests recorded with the optical strain measuring system
ARAMIS, the stress-strain behaviour of uniaxial tensile tests was examined locally. From this
information, true stress-strain relations were calculated at different length scales across the
necking region of the specimen, denoted as virtual extensiometers (VE). Results of the
experiments and numerical analyses of the tensile tests confirmed that Barba’s relation is
valid for handling stress-strain dependence on the length scale used for (fracture) strain
evaluation after necking. Forming limit tests were carried out to study the multiaxial failure
behaviour of the material in terms of necking and fracture. Numerical simulations of the
forming limit test tallied well with experimental results.

Paper B:

Schreuder, M., Hogstrom, P., Ringsberg, J. W., Johnson, E., Janson, C.-E. (2011). 4 method
for assessment of the survival time of a ship damaged by collision. Journal of Ship Research
55(2):86-99.

A comprehensive analysis procedure that handles the chain of events of a ship collision by
connecting the damage opening shape and size, flooding, dynamic damage stability
assessment and time to capsize was established. Using this methodology, the survivability of a
damaged RoPax ship in terms of time to capsize can be assessed. The methodology is
sequential (de-coupled) and incorporates non-linear FE analysis of a collision and dynamic
damage stability simulations using the SIMCAP analysis tool. The shape and size of the
damage openings predicted by FE analyses are used in damage stability analyses in which the
struck ship is subjected to wave motions in an arbitrary sea-state and flooding into the damage
opening. Thus, dependence of the survivability of the struck RoPax ship on significant wave
height and sea-state is studied.
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Paper C:

Hogstrom, P., Ringsberg, J. W., Johnson, E. (2011). Survivability analysis of a struck ship
with damage opening — influence from model and material properties uncertainties. Ships and

Offshore Structures 4(6):339-354.

The damage opening of the struck ship is calculated for a selection of damage degradation
models and realistic material properties, here referred to as model and material property
uncertainties. The model uncertainty is considered as a possible (user-related) insecurity in the
selection of the most appropriate damage criterion for the analysis; the Shear failure and the
forming limit diagram (FLD) criteria are compared in this paper. The uncertainty in material
properties is studied based on the scatter of material curves in tensile tests in a number of
specimens from the same class of materials. The survivability of the struck ship is estimated
given the shape and size of the damage opening for all of the cases by using the computational
methodology established in Paper B. Numerical analyses are verified by the comparison of
results from experiments on a small-scale ship-like structure.

Paper D:

Hogstrom, P., Ringsberg, J. W. (2012). An extensive study of a ship’s survivability after
collision — a parameter study of material characteristics, non-linear FEA and damage
stability analyses. Submitted for publication in Marine Structures.

Paper D presents an extensive study on the effect that modelling parameters have on the
outcome of the computational methodology established in Paper B in terms of survivability of
a ship struck in a collision. The purpose is to be able to make recommendations of a sufficient
level of simplifications to arrive at reliable results in numerical simulation of ship collisions.
The model and material properties uncertainties studied in Paper C are incorporated in this
paper. A previous study on model uncertainty is extended to include the stress-based FLSD
criterion. Uncertainties of input parameters in the FE simulations that are studied are the
dispersion in material parameters, constitutive modelling approach, simplifications of striking
bow section model, friction coefficient, collision angle and ship speed. Their impact on the
shape and size of the damage opening and time to capsize of the struck ship and thus the
consequences for survivability of the struck RoPax ship are assessed. Numerical analyses are
verified by comparison of results from experiments on a small-scale ship-like structure.

Paper E:
Hogstrom, P., Ringsberg, J. W. (2012). Assessment of the crashworthiness of a selection of
innovative ship structures. Submitted for publication in Ocean Engineering.

Conceptual structures intended to increase the crashworthiness of ships, which have been
suggested by other authors, are assessed and compared to a conventional reference structure.
The objective of Paper E is to assess and discuss specific issues — benefits and challenges —
related to the implementation of each structure. One concept that is built on increasing
crashworthiness by allowing for a larger penetration depth before the watertight integrity is
breached, as well as one concept that is built on maximizing the absorbed energy in the
collision are studied. The assessment of these structures is made by comparing penetration
depth, energy absorption, damage opening area, weight and manufacturing costs of each
structure. Explicit FE simulations are carried out, using the modelling aspects determined in
Paper D, to assess the performance of each structure concept on a small-scale experimental
structure as well as in simulations of full-scale ship collisions.
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7 Conclusions

Understanding the survivability conditions for a RoPax ship damaged in collision is essential
to maritime safety and sustainable shipping. This thesis presents a comprehensive analysis
methodology that handles the chain of events of a ship collision by connecting the damage
opening shape and size, flooding, dynamic damage stability assessment and time to capsize,
T..p- The methodology, presented in detail in Paper B, is shown to be useful to assess the
survivability, herein regarded as 7., of a RoPax ship struck in a collision. This analysis
methodology could, in combination with a risk-based approach, prove useful in a wide range
of applications such as the assessment of regulations and design standards.

The influence of shape and size of the damage opening on 7., of a RoPax ship struck in
collision based on the uncertainty of input parameters in non-linear explicit FE analyses is
studied in detail. The parameters studied here include dispersion in material parameters, the
material failure modelling approach, simplifications of striking bow section model, friction
coefficient, collision angle and ship speed. All parameters are found to have an effect on the
results and the largest influence is whether the bow section used in the analyses is rigid or
deformable. The effect of this is even greater than that of the speed of the striking ship going
from 5 to 7 knots, which doubles the kinetic energy to be absorbed by the structures.

In order to determine the most appropriate failure model to use in FE analyses of ship-to-ship
collisions, experimental data from tensile tests and forming limit tests are used. These tests
are recorded with the optical strain measuring system ARAMIS, which allow for local
examination of the stress-strain behaviour of the uniaxial tensile tests and the principal strains
on the forming limit test specimens. From this information, true stress-strain relations are
calculated at different length scales across the necking region of the specimen, denoted as
virtual extensiometers (VE). Thus, models for stress-strain dependence on the length scale
used for (fracture) strain evaluation after necking are verified.

The failure models investigated in this thesis are the Shear, FLD and FLSD criteria for
damage initiation in Abaqus/Explicit, along with a law for the evolution of damage towards
the final fracture. The uncertainty related to the choice of failure model is found to be critical
since it has a greater effect on the outcome of the analysis than that of the scatter of material
properties within a material class. The uncertainty analysis shows that the difference in 7¢,,
can be tenfold depending on the chosen failure model. Thus, the analyst, who designs the
models, should be aware that both the choice of failure model as well as the dispersion in
properties of a material have great consequences on the outcome of the analysis and account
for this. It is found that the best agreement between numerical analyses and experimental
results for a small-scale ship-like structure is obtained using the Shear criterion in
Abaqus/Explicit for damage initiation in such a way that the post-necking behaviour of the
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material is accounted for by a bilinear law for damage evolution. Thus, this criterion is
recommended to use in FE analyses of ship-to-ship collisions. To obtain the parameters used
in this failure model, results from tensile tests are sufficient.

The representation of the damage opening is in the current thesis represented as a grid of
points, which outlines the projected area of the damage opening in the inner side-shell of the
struck RoPax ship. It is found that small variations in the shape and size of the damage
opening have an influence on 7,,, depending on where the damage is situated, caused by the
bulb below the water line or close to the vehicle deck caused by the stem. The shape of the
damage opening caused by the bulb of the striking ship in the lower part of the hull is not
critical, but gives the struck ship an initial list that lowers the threshold for waves to flood the
vehicle deck. However, the shape of the damage opening at the level of the vehicle deck and
just above it has a major influence on the results, since the horizontal extent of the damage in
this region governs the flood rate into the vehicle deck. The level of detail on which the
damage opening is modelled within this thesis, is able to predict the survivability of a ship
struck in collision with an accuracy that would not be achieved using a more simplified
model. On the other hand, simplified models allow for a larger quantity of analyses, but the
focus of the current thesis is an accurate study of the physics of damage stability.

The results presented indicate that both active and passive measures can be taken to increase
the survivability of ships in relation to collisions. It is shown that altering course so that the
waves are on the bow on the side of the damage opening will substantially increase the
survival time of the ship studied here. Survivability of the struck RoPax ship for different
cases of significant wave height and sea-state is also studied. The existence of a wave height
limit below which capsize will not occur is demonstrated as well as the steady decrease of T,
with increasing wave height.

Finally, contribution to passive safety is made through a study of conceptual designs of side-
shell structures intended to increase the crashworthiness. One concept that is based on
increasing crashworthiness by allowing for a larger penetration depth before the watertight
integrity is breached — the corrugated inner side-shell — is studied, as well as concepts that are
based on maximizing the absorbed energy in the collision — the X-core and Y-core structures.
The study shows that there is great potential to improve the crashworthiness of ships by
applying novel design concepts. The evaluation of the conceptual structures is made on the
basis of five criteria: intrusion depth, energy absorption, final damage opening area, weight
and manufacturing cost. Through parameter studies of different collision scenarios, it is
shown that as watertight integrity is breached, the conceptual structures have absorbed more
energy and have a smaller damage opening in comparison to the reference structure. Based on
the results, benefits as well as challenges related to the implementation of each structure are
discussed.

The work contributes to knowledge and understanding of in what conditions a RoPax ship
damaged in a collision will survive without capsizing and how these can be simulated
accurately using numerical models. This is achieved by analysis of variations in the input
parameters in each step in the analysis methodology; model and material properties as well as
scenario parameters for the FE simulations and sea-states, significant wave heights and
relative wave direction for the dynamic damage stability analyses.
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8 Future work

The work presented in the current thesis spans over several different scientific disciplines.
Recommendations for possible continuation of the work are suggested as follows:

Risk-based standards

The current thesis establishes models that can be used for calculation of the damage resulting
from collisions and groundings and connects these with analyses of the conditions of the
damaged vessels in terms of survivability. However, in order to give a complete range of
connected rational tools for risk assessment, additional work is needed to estimate the
probability of collision or grounding as well as estimate the cost associated with the accident
(Pedersen 2010).

Expressing the consequences of a collision in monetary terms would give a comprehensible
basis for comparison when it comes to, e.g. judging an acceptable investment level to improve
the design of a ship. In this case, all consequences of an accident need to be related to costs
and there are models and key figures available. Concerning the cost of adverting a human
fatality, values of around US$ 3 million are used in the IMO, an overview of which can be
seen in Skjong and Vanem (2007). For effects on the environment, the cost to advert one
tonne of oil spill is discussed by Yamada and Kaneko (2010).

Assessment of additional ship types

The methodology presented in the current thesis is generally applicable to the analysis of
collisions between ships, but applied to a ship-type that is of particular interest because of
damage stability — RoPax. The conclusions on 7., are therefore only applicable to the RoPax
ship used in the case study, or a similar ship. In future work, it would be valuable to extend
the analyses to incorporate other ship types and consequences specifically related to these.
One example is to model the outflow of oil (Tavakoli et al. 2012) if the methodology is
applied to the collision of a tanker.

Residual strength of damaged ships

According to new IMO regulations, ships should be able to withstand wave and internal loads
in damaged conditions such as collisions, groundings or flooding (Yamada and Kaneko
2010). In this context, actually foreseeable scenarios should be investigated, in which case
methods put forward in the current thesis could be useful to analyse the consequences in
combination with work on ultimate limit strength of ship structures (Kwon et al. 2011, Paik et
al. 2009, Wang et al. 2002 and Yamada and Ogawa 2011).
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External dynamics

The effect of neglecting the external dynamics of a collision is difficult to quantify and should
be investigated further. Incorporating this means that the kinetic energy of the striking ship
will be transferred into motions of the two ships, hydrodynamic effects in the surrounding
water as well as sloshing in tanks, resulting in less energy being dissipated through structure
deformations. However, the motions of the ships during the collision may have effects on the
shape of the damage opening, likely giving it a larger vertical extent, which will have an
effect on T.,,. External dynamics have been investigated by, for example Zhang (1999) and
Tabri et al. (2009a). The motions of the ships could be modelled either through fully coupled
FE analysis or semi-analytical expressions in which the boundary conditions are updated
according to an analytical model. The difference between coupled and de-coupled models on
structural deformations in the hull beam is investigated by Tabri (2012), a work that would be
of interest to combine with the methods put forward in the current thesis.

Internal mechanics

In plates manufactured by rolling, as is the case with ship-building plate steel, the grains in
the surface become flattened in the rolling process. This effect is more pronounced on thin
plates, like the 4 mm plates for which the tensile and forming limit tests are described in
Section 2. However, for thicker plates, the grains in the interior will be less distorted.
Therefore, additional testing on thicker plates to see effects from rolling process is
recommended.

In this thesis, it is assumed that the global effect that strain rates dependence in the behaviour
of the material have on the outcome of the collision analyses is low. However, these effects
are incorporated in the work of others, see for example Paik (2007,) and should be studied
further using the computational methodology to see the effect on survivability of a damaged
ship.

Aged/corroded structures

The effect of the ageing of ship structures should be assessed in relation to the deduction of
corrosion margins on plates (Paik and Tayamballi 2002 and Guedes Soares et al. 2009b). In
addition, the effect of aged and corroded welds on the survivability of a ship is an area that
deserves further study.

Crashworthy innovative structures

Concerning the innovative structures, there are challenges related to implementing these kinds
of structures in ships. The design of these conceptual structures must be made in such a way
that the ability of the ship to withstand its design loads in terms of bending moment, shear
forces and fatigue is maintained. The Y-core concept was also assessed but came out short in
the comparison to the X-core structure. However, the Y-core structure concept has benefits in
terms of weight and manufacturing costs in relation to crashworthiness and deserves further
study. Finally, there is room for design optimization in order to improve the performance in
terms of crashworthiness and cost effectiveness of the all the structures; corrugated inner side
shell, Y-core and X-core.
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