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Abstract

The present work is concerned with problems related to grounding of ships. This
ranges from prediction of fracture to analysis of hull girder loads during grounding.
The thesis is composed as a collection of articles and consists of two parts. The first
part gives an introduction, background and summarizes the findings from the PhD.
work. The second part presents the articles.

A significant part of the thesis is dedicated to the work on fracture. Reliable
prediction of fracture initiation and propagation is essential in order to estimate the
hull indentation resistance and the oil spill during grounding. In order to better
predict the onset of fracture two relatively advanced criteria are investigated. These
are the BWH instability criterion, |Alsos et. all (IZIOBH), and the RTCL damage crite-
rion, (Lornqvistl (|21)1I:’), respectively. These criteria are implemented into LS-DYNA
by the author and verified in simulations. In addition, problems related to the mesh
sensitivity close to the point of fracture is discussed. An attempt on improving the
existing way of dealing with this effect is made.

The response of stiffened panels when subjected to extreme lateral loads are
investigated by testing. The panels are indented beyond the point of fracture. The
results from these tests are further compared with numerical simulations where
fracture is predicted using the BWH and the RTCL failure criteria.

An important issue is the size and shape of the sea floor in grounding analysis.
As little information is generally available, the thesis discusses sea floor shape in
view of the resistance to indentation of the ship bottom. From this, characteristic
scenarios are defined. The resistance to indentation is analyzed for a typical oil
tanker for various positions of contact. The interaction between global hull girder
bending effects and local indentation actions is also addressed.

Ships which run aground with forward speed may experience damage of over the
entire hull girder length. Analysis of this is made complex by the temporal and
spatial extent which this implies. Thus, complete finite element simulation becomes
very demanding. A new, simplified approach to estimate the contact actions and the
subsequent damage due to grounding is therefore presented. Excellent agreement is
obtained between the simplified procedure and numerical simulations.

The application of the simplified sliding force method is illustrated by simplified
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simulations of dynamic/powered grounding. It has been shown that the process
is indeed dynamic and that large hull girder bending moments and shear forces
are formed, especially during the initial impact. These shear forces and bending
moments may become larger than the minimum still water rule requirements set b

the classification society. This corelates well with observations made by m

(1994) and Simonserl (1997a).
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Synopsis

[A1] Article I:

Alsos H. S., Hopperstad O. S., Tornquist R., Amdahl J.,; Analytical and numerical
analysis of sheet metal instability using a stress based criterion, Published in:, In-
ternational Journal of Solids and Structures, v 45, pp 2042-2055, 2008

AAlsos et all (2008k): In this article the Bressan Williams Hill criterion is described
(BWH). This is a stress based instability criterion which requires few input param-
eters. The BWH criterion is analyzed analytically and compared with experimental
forming limit results. In addition, the BWH criterion is implemented to LS-DYNA
and applied in simulations.

The advantage by using the BWH criterion over other criteria is the simple
application. In the form it is presented, no external inputs other than the material
stress-strain curve is needed. Furthermore, by avoiding analysis in the local necking
region, the element size sensitivity is reduced.

[A2] Article II:

Alsos H. S., Amdahl J. ; On the resistance to penetration of stiffened plates — Part I:
Experiment, Submitted to:, International Journal of Impact Engineering

Alsos and Amdahl (2008d): A series of panel indentation tests have been conducted.

This article describes the observations from these tests. Five panels with varying
stiffener configurations are penetrated by a conical indenter in order to “simulate”
tanker grounding on a “rock”. Naturally, because ship hulls are surrounded by water
and often carry hazardous cargo, focus is placed on the panel resistance to fracture.
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[A3] Article III:

Alsos H. S., Amdahl J., Hopperstad O. S.; On the resistance to penetration of stiffened
plates — Part II: Numerical analysis, Submitted to: International Journal of Impact
Engineering

AAlsos et all (20083): This article presents the results of finite element simulations
of the panel tests described in part 1. Two state of the art failure criteria are ap-
plied in the simulations. These are the BWH criterion, [A1] and the RTCL criterion,
(Torngyist (IZODﬂ For each tests, three models are analyzed, all with different ele-
ment sizes. In total this gives 30 finite element models. The paper evaluates both
criteria and compares the results with the experiments.

The paper also discusses alternative options to deal with the element size sensi-
tivity at the onset of fracture. One of these are exemplified in conjunction the BWH
and the RTCL criterion with promising results.

[A4] Article IV:

Alsos H. S., Amdahl J., On the resistance of tanker bottom structures during strand-
ing, Published in:, Marine Structures, V 20, pp 218-231, 2007

Alsos and Amdahl (IZO_O_Z;J) The fourth article deals with stranding of tankers and

the bottom damage caused by various grounding scenarios. The attention is on the
sea floor geometry. This is connected to the resistance to indentation and eventually
penetration of the ship bottom.

Integrated local /global grounding analyses are also performed. During stranding,
the change in tide crates grounding actions which lift the ship out of the water. In
this process large hull bending moments are formed. Combined with the damaged
hull cross section and the grounding actions, this may eventually provoke collapse
of the hull girder.

[A5] Article V:

Alsos H. S., Amdahl J., Sliding Resistance of Ship Bottom Structures Subjected to
Grounding, Submitted to:, Marine Structures

Alsos and Amdahl (2008H): The final article is a follow up paper of [A4]. Now the

attention has shifted from static stranding to dynamic/powered grounding. The
focus is on grounding on large sea floor surfaces, e.g. shoals. The bottom damage
caused by grounding on shoals is referred to as sliding damage.




ix

A simplified approach to establish the contact forces caused by the sliding damage
is presented. This is applied in a series of analyses which in turn are compared with
finite element “sliding” simulations. Finally, the paper presents an application for
the simplified procedure. This is implemented into a simplified rigid body dynamics
code for fast simulation of ship grounding in the time domain.

Other articles

The author has also taken part in the following articles. They are, however, not
included in the thesis.

Alsos H. S., Amdahl J., Static and dynamic analysis of a tanker during ground-
ing, In: PRADS, 2007

Alsos, H. S. Hopperstad, O. S., Amdahl, J.,Prediction of rupture in collision and
grounding of ships using the BWH failure criterion, In: ICCGS, 2007

Alsos H. S., Amdahl J., Analysis of bottom damage caused by ship grounding, Ac-
cepted in: OMAE, 2008

Ehlers, S., Broekhuijsen, J., Alsos, H. S., Biehl, F., Tabri, K., Simulating collision
response of ship side structures; a failure criteria benchmark study. International
Shipbuilding Journal., In press

Tabri, K., Alsos, H. S., Broekhuijsen, J., Ehlers, S. , A benchmark study on duc-
tile failure criteria for shell elements in multiaxial stress states, In. MARSTRUCT
2007
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Chapter 1

Introduction

Historical and recent events have made it clear that ship grounding and collision
represent significant hazards. This applies with respect to loss of human lives as
well as severe environmental consequences. Refer for instance the “FExxon Valdez”
accident (1989). This incident gathered much publicity due to the discharge of
more than 240,000 barrels of oil (20% of the cargo) into the Prince William Sound
in Alaska, USA. The environmental effect of this was beyond anyones imagination at
the time. In 1997, the “Nakhodka”, a Russian tanker carrying 19,000 tons of heavy
fuel oil broke in half during storms in the Sea of Japan, with severe environmental
consequences. Similarily, in November 2002, the “Prestige” oil tanker split in half
during a storm, and sank into the Atlantic along with 77,000 tons of fuel oil. The
consequence of the accident was a vast oil spill. To this end, the ship still leaks fuel
oil, which pollutes the Galicia region outside Spain.

On the Norwegian coast several accidents have occurred that have caused serious
public concern. In 1992 the Panama registered bulk carrier “Arisan” grounded near
the bird nesting cliff Runde and considerable amounts of oil were threatening the
ecology system in the region. In the fall of 2000 the “Green Alesund ”capsized
close to Haugesund and “John R” stranded and broke in two outside Grgtgy North
of Tromsg. In both cases only favorable weather conditions prevented major oil
spills. More recently, (2007) the cargo ship “MS Server” grounded and split in half
outside Fedje, Norway, see Fig. [[Jl This resulted in discharge of oil in a ecological
vulnerable area.

These events demonstrate that the risk level is not acceptable, and that public
awareness of sub-standard transportation systems is increasing. The risk of massive
spill or casualties constitutes a threat to sustainable development. Improvement
of casualty prevention measures is therefore essential to obtain the desired level of
safety at sea and protection of marine ecosystems.
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(a)

Figure 1.1: (a) shows the bow and cargo section of “MS Server” which broke in
two outside Fedje, Norway, after grounding. Fig (b) shows a photo of the “New
Carissa”, which run aground at the US west coast.

1.1 Background

Ship collision and grounding events represent highly non-linear processes. Scien-
tific analysis is made complex by unknown and highly coupled effects. This involves
large contact forces, extensive structural damage and unknown hydrodynamic loads.
Complete analysis is made even more demanding by the temporal and spatial extent
of such accidents. In the case of grounding with forward speed, so called “powered
grounding”, Simonsen and Hanserl (2000), the ship may sustain severe damage over
large parts of the ship length. Often the real duration may go on for more than 10-20
seconds. Full finite element (FE) analyses may therefore become time-consuming,
especially when considering the short time steps needed for stable explicit FE solu-
tions. This is often in the order of 107% seconds, or less. Consequently, to simplify
the problem, grounding analyses are often divided into two sub tasks; internal and
external mechanics, respectively.

1.1.1 External mechanics

The external mechanics of ships subjected to grounding, deals with the ship mo-
tions and hull girder loads. In other words, the overall motions are decoupled from
the structural damage. This approach has been followed by [Pederserl (1994) who
developed analytical procedures to determine the hull girder loads for ships run-
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ning aground on inclined slopes. Similar studies have been presented by Simonsen

), who numerically calculated the ship motions and hull girder loads during
soft grounding. [Asadi and Vaughan (IJ_M) have also presented analyses on powered
grounding of ships. This was done using a simplified FE beam code to simulate
the ship motions. The contact forces and hull damage was estimated by means
of a Minorskyl (1959) formulation and experimental data. The rigid body motions
of ships subjected to stranding have been investigated by IMcCormick and Hudson
M) Similarly, [Peterser| (1989) has presented analyses on ship motions during
collision events.

1.1.2 Internal mechanics

Analysis of the internal mechanics involves the material response and the associated
energy dissipation of structures when subjected to loads or deformations. According
to the ISSC (International Ship Structure Committee) reports: [Paik et. all )
and h&ang_&t_al] (IZOD_d there are three main approaches to analyze hull damage.
These are: empirical approaches, simplified analytical approaches, and analyses
using the finite element method (FEM).

A classical example on an empirical approach is presented by Minorskyl (I;L%Q),
better known as the Minorsky method. The Minorsky method is derived from
steel deformation data extracted from actual ship collisions, and describes a linear
relation between the damaged steel volume and the dissipated energy. The method
is simple to use and well suited for simplified estimations of the energy dissipation
in ship-ship collisions. The validity of the formulation has however been questioned,
because it is derived from data which stem from ship designs prior to the 1950’s.
Although several attempts on improving the Minorsky method are made, e.g. by
[Pedersen_and Zhang (2000), more modern methods are generally preferred.

An alternative to empirical methods are simplified analytical methods. These
are often referred to as plastic mechanisms. In simplified analyses, structural defor-
mations are described in terms of simplified plastic mechanisms, such as yield lines,
membrane zones and tearing mechanisms. These may be combined to describe more
complex deformations. [Wierzhicki and Thomad (1993) have for instance derived
a closed form solution for the cutting resistance of plates, while IAmdahl (I]_%ﬂ
and [Wierzbicki and Abramowicz (1983) have expressed relations for the crushing
resistance of girder cruciforms. Examples of such methods applied in grounding
analyses are presented by Simonsen and Wierzhicki (1998), Wierzhicki et all (1998),
IPedersen_and Zhang (2000) and Simonsen (1997H). The advantage of the simplified

approach is reasonable accuracy achieved with little computational effort. However,
in order to get meaningful results, the deformation mechanism must be known prior
to the analysis. It must also have a closed form analytical solution.

The simplified computations may be assembled to form so called “super ele-
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ments”. These may be combined to determine the collision and grounding behavior
of entire structures. This is for instance substantiated by the computer based colli-
sion and grounding code DAMAGE, see [Wierzbicki (1992-1999).

With the past decades advances in computer technology, the finite element (FE)
method has become a viable tool in order to assess collision and grounding scenarios.
An excellent summary on the scientific work conducted with the FE method is found

in the 2003 and 2006 ISSC reports, [Paik et _all (2003) and [Wang et all (2006). Refer
also Naar_et_all (2009), Samuelides et._all (2007) and|K1.tamu.La (2002)

Although the FE method represents the most advanced approach, problems re-
lated to the prediction of fracture still need to be resolved. Presently, there is no
adequate method to determine both fracture initiation and propagation in large scale
shell structures. This discrepancy has been investigated extensively by m
(2004) and Simonsen and Tornqvist (2004)

The internal mechanics of ship structures may also be investigated from an ex-
perimental point of view. Woisin (@) is considered a pioneer in this field, after
performing large scale bow impact tests of nuclear powered vessels in the 1960’s.
IAmdahl and Kavlid (1999) have investigated the stranding resistance of scaled down
double bottom structures. This was done by forcing a model of the seafloor, a so
called “indenter”, laterally into the specimens. A similar study is also reported by

Wang et. all (2000).

Several large scale grounding tests were conducted during the early 1990’s.
[Rodd and Phillips (1994) and [Rodd and Sikora (1995) present results from ground-
ing experiments where a model of a tanker, carried on rail cars, was forced horizon-
tally over a model of the sea floor. The tests were carried out dynamically and pro-
voked tearing damage. In the same period, collision and grounding tests were carried
out by the Association of Structural Improvement of Shipbuilding in Japan (ASIS).
These are reported by [Paik et all (2004) and comprized deformation of real sized
girder and stringer members. Finally, the ship side response during collision events
have been investigated experimentally by Wevers and Vredeveldt ]_999) These are
further reported by [Lehmann and Peschmann (2001) and [Ehlers et all (2008).

1.2 Objectives and problem description

The present work is carried out as a part of the EU project entitled: “Decision
Support System for Ships in Degraded Condition” (DSS_DC). This is an interna-
tional initiative with several contributors. The consortium consist of: BMT, UK,
The Technical University of Berlin, MARTEC S.p.a., Italy, Kongsberg Maritime,
Norway, LODIC, Norway, SIEMENS Marine Solutions, Germany, the worlds largest
cruise vessel operator, Carnival Cruises, UK and Teekay Norway, a major owner of
trading and shuttle tankers. Marintek, Norway is managing the project.
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The intention behind the DSS_DC project is to establish an integrated decision
support system for ships in a degraded condition. This condition may for instance
be caused by accidental events such as collision, grounding or fire. The decision
support system will serve as guidance for the crew on how to reduce the hull girder
loads, and how to bring the ship to the closest port without further damage. In an
emergency situation the crew has two last resort options; either beach the ship in
sheltered waters in order to stabilize the situation, or tow the ship further offshore.
In the latter case the ship may risk collapse of the hull girder, as was the case for
the “Prestige”. Intentional grounding of ships is, nevertheless, a drastic undertak-
ing. Before such a decision is made, the ships behavior during different grounding
scenarios must be investigated.

1.2.1 Procedure to analyze grounding

Complete analysis of ship grounding is a complex undertaking. The analysis can
be divided into several sub groups. A potential design procedure for grounding is
presented by [Amdahl et all (I]_Q%), see Fig.[CL2A The starting point is characterizing
the ship dimensions, structural scantlings, forward speed and cargo arrangement.
Refer (1a) in Fig. In this way, the structural properties, as well as the ships still
water condition is established. The sea floor conditions are of paramount importance
(1b). This may vary from sharp rocks to hard shoals or soft clay/sand banks. The
type of damage of the ship bottom will vary significantly with the sea floor topology.

The terminology used in description of various grounding scenarios may vary
in the literature. In the present work, ship grounding considers scenarios where
ships either runs aground and/or settles on the sea floor. Grounding with forward
speed is referred to as “powered grounding”, see [Simonsen and Hansen (IZOQﬂ) In
this case the driving energy comes from the forward motion of the ship. Grounding
without forward speed is referred to as “stranding”. In this case, the ship is indented
vertically. The driving energy comes from gravity, ebb tide and waves.

Step two (2) describes the external mechanics of the ship. The ships rigid body
motions and hull girder loads may be found from information about the hydrody-
namic loads and grounding excitation forces. The hydrodynamic loads may be cal-
culated from potential theory, see [Faltinserl (I_L()_&(j), or from simplified assumptions
about hydrodynamic added mass, damping and restoring forces. The grounding
actions are found from considerations of the local deformation, e.g. by using the FE
method or simplified methods.

The damage of the hull girder is determined in step three (3). This step describes
the internal mechanics and is closely related to step (2) in the sense that the hull
damage and subsequent contact forces are coupled with the ship motions. Hull
damage due to grounding is dealt with in [A4] and [A5].

One of the main concerns in step (3) is whether the hull plating and cargo tank is
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E—r—g

2
( ) Hydrodynamic properties and loads
Contact forces, Hull girder loads

Rigid body motions

v

(3)
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New input parameters

(4)

(5)

Oil spill ‘j& Flooding

4._

Acceptance criterion

(6) Input: Probabilistic or
semi probabilistic analysis

Figure 1.2: Flow chart showing the grounding analysis process.

penetrated or not. Once fracture is initiated, the hull plating may have little reserve
capacity, as reported by Naar et all (|21)Qﬂ and [Simonsen_and Lauridsen (mm
Another concern related to hull penetration is water filling and oil spill. Focus
on ductile fracture is addressed in [A1], [A2] and [A3].

The next step deals with the residual strength of the hull girder in the damaged
condition. If the ship rests on the sea floor, further damage and additional hull girder
loads may be caused by ebb tides and waves. This may in turn cause additional oil
spill. Eventually, if the ship settles aground during a receding tide, the ship may
split in half. Step (4) is dealt with in [A4].

After the hull damage is assessed, the grounding consequences may be established

in terms of oil spill and flooding of compartments. This is done in step five (5), refer
for instance [Tavakoli et all 021108) Finally, in step six (6) the consequences should be
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evaluated against an acceptance criterion. This may be dealt with in a probabilistic
manner. Step (5) and (6) are not treated in this thesis.

1.2.2 Scope of work

The scope of the work may be separated into different sub tasks. One part is
dedicated to the relationship describing the indentation resistance of ship bottoms
during stranding. This introduces several problems which need to be resolved. For
instance, what is the typical sea floor condition? Because little is known about
this prior to grounding, alternative methods for quantifying reasonable sea floor
topologies are established. In the present work, the sea bed topology is categorized
according to the type of structural damage it causes during a stranding event.

Apart from investigating the local stranding actions, a survey on the hull girder
interaction is conducted. This implies that the hull girder loads are coupled to the
sea floor contact forces, e.g. as the ship is lifted out of the water when subjected
to tidal variations during stranding. Furthermore, the dynamic behavior of ships
subjected to powered grounding is studied. This is done using a dynamic ground-
ing code implemented by the author. This program calculates the ships external
mechanics and combines this with simplified estimations of the contact forces.

A significant part of the work is devoted to estimation of fracture during ground-
ing. It is key to capture this failure mode correctly. Not only is the capacity of ship
structure in the action zone significantly reduced once fracture has occurred, but
the ship also faces the risk of flooding and polluting the environment with fuel and
cargo oil, as described in the initial introduction. The thesis is composed as follows:

Chapter 2 is based on information embedded in articles [Al] [A2] and [A3]. Tt
gives an introduction to applied ductile fracture mechanics. Along with a short
summary of existing fracture criteria applied in collision and grounding analyses of
ships, a new criterion is presented. The chapter also summarizes the results from a
series of panel indentation tests. These are further compared data generated from
FEM simulations.

Chapter 3 deals with grounding of ships and contains elements from step 1-4 in
the flow chart: Fig. See also articles [A4] and [A5]. The damage effect caused
by different sea floor geometries is studied. Further topics which are dealt with are:
the external ship mechanics during powered grounding, and the hull girder interac-
tion during stranding.

Chapter 4 contains the conclusions and summarizes the lessons learned. This
chapter also discusses recommendations for future work.
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Chapter 2

Modeling of fracture

This chapter deals with problems related to ductile fracture in ship structures, and
gives a summary of articles [Al] to [A3]. A new and simple failure criterion is
presented along with an already established criterion. In addition, the results from
experimental and numerical analyses of panel indentation tests are presented.

2.1 Background

One of the main concerns in collision and grounding events is fracture in the outer
hull and in cargo tanks. Once fracture occurs, the resistance to further damage
drops dramatically. This may in turn accelerate the hull opening process. Potential
consequences are; substantial oil spills and water flooding.

2.1.1 Material instability and ductile fracture

Ductile fracture is preceded by excessive plastic flow. In plate and shell structures
this is often seen as excessive straining in narrow bands, characterized as local necks,
see Fig. Xl Although, the material has not fractured at this stage, the event of
local necking is severe. This is because a significant weakness appears in the material
which is quickly followed by fracture.

Engineers have long investigated and attempted to understand the mechanisms
behind local material instabilities. [Keeler and Backhofed (1964) and|Goodwirl (1968)
first mapped the formability of metals by constructing so called forming limit di-
agrams (FLDs). By applying loads in different directions on sheet metal, they
observed that onset of local necking occurred differently for various load states, e.g.
in uniaxial tension and biaxial tension. Physically, local necking can be described as
a narrow band of material which starts to strain at a significantly higher rate than
the surrounding material. The transition from uniform straining to local necking is

11
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01 local neck -

—
01

Figure 2.1: Development of a local neck in sheet metal. This is often referred to as
a material instability and is quickly followed by ductile fracture.

often triggered by small imperfections or defects within the material. This observa-

tion has for instance been utilized by Marciniak and Kuczynski (1967) to formulate

a procedure to predict local necking numerically.

Ductile fracture often occur shortly after the onset of local necking in sheet metal,
and relates to the formation of micro-voids which grow and eventually coalesce as
the material is strained. Such voids form at inclusions or hard second phases in re-
gions which are highly deformed. The growth rate of these voids is controlled by the
strain evolution and the hydrostatic stress state within the micro-structure. Studies
on void growth within metal microstructure have, for instance, been conducted by
McClintock (1968) and Rice and Tracey (1969). Eventually, as the voids coalesce
and form small cracks, the material reaches a state where fracture is initiated, see
Fig. Z2A The importance of the hydrostatic stress state in ductile fracture mechan-

%s been investigated by [Hancock and Mackenzid (1976) and IMackenzie et. all
).

The growth of micro-structural flaws and defects is in material modeling often
associated with a damage variable D. The evolution of the material damage D is a
way of describing the rate of void growth and has been used extensively by several au-
thors, e.g. [Lemaitrd (1985)Bonora (1997), McClintock (1968) and Rice and Tracesl
(IE) The damage variable may either be coupled to the constitutive material laws
or used separately as a local approach to determine the onset of fracture. Applied
in a finite element code, the damage approach has proved a powerful tool to predict
fracture in structures subjected to excessive straining.

(Cornqgvist (IZOLH) gives a brief discussion on existing damage models and defines
separate damage categories. These are void growth fracture criteria, continuum
damage models (CDM), porosity based models and empirical criteria. Common for
these is that the level of ductility changes with the state of hydrostatic stress.

Void growth criteria assume that the degree of void growth can be represented
by a damage parameter D. Once this reaches a critical level, fracture is initi-
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Figure 2.2: Void nucleation, growth and coalescence within the material microstruc-
ture.

ated. Examples on such criteria have been presented by McClintock (1968) and
Rice and Tracey (1969). Continuum damage models (CDM) couple the constitutive
material laws to the damage evolution D. The material may in this way experience
a degradation effect (softening) during plastic deformation. Fracture occurs once
the damage D has reached a critical level. For further information on continuum
damage models, refer [Lemaitre (I]_Qﬁd and [Bonord (@ . Finally, there are the
porosity based models. As for CDMs, the porosity models also couple damage to
the constitutive material laws. The difference lies in the way the material damage is
defined. Porosity based models couple damage directly to the physics of void growth.
CDMs, on the other hand, define damage as an evolution variable. The best known
porosity based damage model is perhaps the Gurson (@) model, which is found
in many variants.

There are numerous empirical fracture criteria in use today. Most of them are
simple criteria based critical stresses or strains. The most common of these is per-
haps the equivalent plastic strain criterion. This criterion, however, has several
flaws. The most significant is that fracture is predicted without the influence of
the hydrostatic stress state. This is an over-simplification of fracture mechanics.

A more refined empirical criterion may be described by the ICockeroft and Latham

M) criterion.
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2.1.2 Applied fracture criteria in collision and grounding
analysis

Detailed analysis of ship collision and grounding requires information about the
material properties. The material data available to the general engineer is, however,
limited. Often the classification society only sets a minimum requirement to the
steel grade. Furthermore, the sheer size of the ship often requires analyses with
relatively coarsely meshed models. This is generally not united with a complex
damage model. More pragmatic approaches are therefore required.

Morngyist (2004) and [Wang etall (200) presents summaries on existing fracture

criteria developed for ship collision and grounding analysis. One such criterion is de-

veloped by [Lehmann_and Peschmant! (2001). It is derived from strain measurements

from large scale collision tests. The strains are recorded at crack faces as well as in
more uniformly strained areas. The average strains are by [Lehmann_and Peschmann

) referred to as the “necking strain” ,, (at crack faces) and the “uniform strain”
g, (in less deformed areas), respectively. The criterion describes an equivalent plas-
tic strain relationship which takes the mesh size sensitivity effect into account. This
is formulated as

T, t
Eor = Eg + Em?l_ (2.1)

where [, is the element length and, ¢ is the element thickness and x. describes the

average width of the local necks measured at the crack faces. ILehmann_and Peschmann

) have reported that e,,% can be condensed into a single parameter denoted
a. For plate thicknesses in the range of 5 -12 mm, the material parameters (g, a)
have values equal to 0.1 and 0.8, respectively. For thicker plates (12 mm and above),
gy = 0.08 and o = 0.65.

A similar rationale is applied by Germanischer Lloyd (GL) to derive a fracture
criterion based on plate thinning. As with the Peschmann criterion, this criterion
also varies with the element size. The available documentation on this criterion is

limited. A short description can nevertheless be found in the article presented by

Zhang et_all (2004). The criterion is expressed as

g =¢ +el— (2.2)

where ¢ and ¢/ denotes the uniform and the ultimate strain in the thickness
direction, respectively. The default values for these are 0.056 and 0.54, respectively.
Both the Peschmann criterion and the GL criterion are further investigated and
discussed by [Ehlers et all (2008). In the cases that were studied, the Peschmann
criterion seemed to give the most reliable results, although no recommendation on
which criterion to use is given.
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A recent criterion which includes the influence of hydrostatic stresses is presented
by ILehmann and Yu (1998). This is referred to as the rupture index I, and is

expressed by

Iy = f(“—m)macr (23

Oeq

where ¢, is the equivalent strain at fracture and m = 2n+1, describes a material
parameter which depends on the power law exponent n. The power law expresses
the material stress-strain relationship. This is given as 0., = Ke,. Here (K,n) are
material parameters and (o.,,¢.,) denote the equivalent stress and plastic strain,
respectively. The rupture index incorporates a hydrostatic stress dependency. This
is accounted for by the triaxiality function which is derived from the [Lemaitrd (198)

continuum damage model

2
Om 2 Om
f<—):—1+u +3(1 —2v <—) 2.4
o) = ) -2 (2 2:4)
where v is the linear elastic Poisson factor. The rupture index is calibrated from
uniaxial tensile tests. Once this criterion passes a critical level, fracture is initiated.
Broekhnijserl (IZD_Oﬂ) has applied this criterion with success to calculate the fracture

resistance of 12 mm steel specimens.

2.2 Applied fracture criteria

Two failure criteria are applied in this thesis. The first one is the so called Rice-
Tracey-Cockeroft-Latham criterion (RTCL) which is presented in details by
(M) The second is the Bressan-Williams-Hill (BWH) instability criterion, see
[A1]. The criteria are along with material sub routines implemented into LS-DYNA.
The material subroutines are based on von Mises theory (J2) and uses a mod-
ified power law relation to describe the material stress strain curve, see [Al]. In
order to return to the yield surface when operating in the plastic regime, two types
of algorithms have been applied. These are the so called cutting plane algorithm
and the closest point projection algorithm. Refer for instance Belytschko et all
(2004), [Crisfield (1997), Skallernd and Amdahl (2002) and (Ortiz and Simd (1986)
for a detailed description. Both methods return to the yield surface with a quadratic
convergence rate. Little or no difference in the simulations between these two meth-
ods is therefore discovered. Considering the short time steps applied in explicit
FE simulations and acknowledging the fact that most simulations are performed
quasi-statically, a satisfactory return is usually achieved within a few (1-3) itera-
tions. Plane stress conditions for shell elements are enforced directly by using plane
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stress tensors, see (Crisfield (1997). Similar versions of plane stress return mapping

algorithms are described by Uetteur (1986) and [Simo and Tayloy (1986).

2.2.1 The RTCL damage criterion

The RTCL damage criterion describes a combined Rice and Tracey (Il%.g) damage
criterion and modified [Cackeroft. and Latham (1968) damage criterion. These cri-

teria are both dependent on the hydrostatic stress state, which in the following is
normalized by the equivalent stress. This gives the well known expression for the
triaxial stress state T'= Z=. Here 0, is the hydrostatic stress and o, is the equiv-

eq
alent stress. The RTCL criterion describes an accumulating damage D, which is
expressed by the evolution rule

0 if T'<—-1/3
D={ Zéu if —1/3<T<1/3 (2.5)

exp (Lz_l)éeq otherwise
where D denotes the rate of damage, o is the major principal stress and &, is
the rate of the equivalent plastic strain. Fracture is initiated once the accumulated
damage reaches a critical level. An important feature with this criterion is that
for proportional loading in uniaxial tension (7" = 0.33), the damage evolution D
is exactly matched by rate of equivalent plastic strain €.,. This is convenient with
respect to calibration, because the critical damage D., most easily can be found

from uniaxial tensile tests. From this a normalized criterion can be expressed

1 .
D=+ / Dt (2.6)

where ., is the critical equivalent plastic strain in uniaxial tension. In this form,
failure will appear once the damage D approaches the value of one.

In the thesis, the RTCL criterion is used with shell elements. However, void
growth is in reality a three dimensional process. Consequently, in order model
fracture initiation in the best possible way, through-thickness “crack growth” is
described as a loss of resistance and stiffness in each through-thickness integration
point. The elements are removed once all integration satisfies the following condition
D > D... A more detailed presentation of the RTCL criterion is given by

(2003)

2.2.2 The BWH instability criterion

In accidental analysis of large scale shell structures, it may be well worth considering
the onset of local necking as a state of failure, rather than searching for fracture after
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local necking. There are three reasons for this. First, the evolution of local necks
can not be followed with coarse shell elements. Second, the hydrostatic stress state
at the location of the local neck changes once the instability initiates, see
(@) Also this effect can not be captured by large elements. Finally, in the
simplest form, the onset of instability can be determined analytically, based on the
shape of the material stress-strain curve. This simplifies calibration and gives a
pragmatic criterion.

The BWH criterion describes a simplified way of determining the onset of local
necking. It describes an analytical forming limit in the stress space, and is there-

fore not limited to proportional strain paths. See for instance Bjmlghmﬂ (|21)1Hj),

Stonghton (2001) and Stoughton and Zhi ; The BWH instability criterion

combines local necking analysis presented by ) with the

) shear stress criterion. In its original form, the Hill criterion assumes that a
local neck will form with an angle ¢ to the major principal stress direction. Within
this neck, the strain increments along the narrow necking band will be zero. Con-
sequently, the cross section of the neck will be subjected to plane straining. The
orientation of the local neck may be expressed as

¢ =tan"'(y/—1/5) (2.7)

where [ describes the degree of biaxial straining, § = £5/¢1, and £, and &, are
the major and minor principal strain rates, see Fig. Z3. This yields rational results
only for negative values of (. It is worth noticing that there is a direct relationship
between the stress triaxiality 7" and 3. For the plane stress condition when elastic
strains are neglected this yields

1 B+1

T—_— 71 -
Ve s

At the instant a local neck is formed, the effects from strain hardening and the
diminution in thickness balance each other exactly. This implies that the tractions
within the material reach a maximum value at the point of local necking. From
these assumptions the following condition for onset of local necking in metal sheets
may be derived.

(2.8)

!

1
where o1 and 7 are the major principal stress and stress rate. Assuming power
law strain hardening, and that the stress rate ratio 2 at the point of instability

equals the stress ratio Z—f, the following expression for Hill’s criterion emerges

L2 1ei8 (2 )
Ul_ﬁ\/W(\@Hﬁ ﬁ”ﬁ“) (2:10)
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Figure 2.3: Strain states in terms of the strain rate biaxiality # and the stress
triaxiality 7". All conditions refer to a plane stress state: (a) shows a pure shear
state, (b) refers to uniaxial tension, (c) illustrates plane straining, and (d) shows
equi-biaxial stretching.

where (K, n) are power law parameters. Stonghton and Zhi (2004) have pre-

sented a similar stress based Hill formulation. According to Eq. (), Hill’s analysis
is only valid for negative values of 5. In the positive regime, the Bressan-Williams
shear stress instability criterion is used. It states: The instability in a sheet element
is initiated once a critical shear stress is reached in a direction inclined through the
thickness at which the sheet element experiences no change in length. This gives
the following expression for the critical major principal stress

2 cr
R L — (2.11)

L= (515)

where the critical shear stress is matched by the Hill criterion when g = 0. This
gives

12
Tor = EK(—TL) (2.12)

By combining the Hill criterion with the Bressan-Williams criterion, the following
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expression is established

2K 1+lﬁ 2 n " 1
%%/ﬁ(%mm) Hoso

o = (2.13)
V5 % ; otherwise

Because the BWH criterion searches for local instability, it applies to membrane
stresses and strains only. The effect of bending is left out. When applied in a finite
element code, this is achieved by searching for violation of the instability criterion
only in the mid through-thickness integration point of every shell element. Once
the criterion is violated, the element is removed and fracture is initiated. The BWH
criterion is presented in details in [A1] and is verified analytically and numerically
against experimental data found in literature.

2.2.3 Accounting for element size sensitivity

The finite element method is sensitive to the element discretization at large defor-
mations. A fine mesh may for instance indicate strain concentrations at certain
locations. This may not be captured by a coarser mesh. The effect is especially ap-
parent close to crack tips, at structural intersections, or in post necking zones. Shell
elements are especially sensitive to stress and strain consentrations. This is due to
the plane stress formulation which gives little through-thickness resistance. While
through thickness stresses stabilizes solid elements subjected to thinning, shell ele-
ments are only restrained by neighboring elements in terms of in-plane compatibility.
Consequently, close to failure, shell elements are free to deform in the thickness di-
rection and may strain excessively in narrow bands as wide as the element itself.
This effect is especially seen when small elements are used. When large elements
are applied, the problem is rather that strain concentrations remain uncaptured.
Preventive measures are therefore needed in order to minimize this effect.

The element size used in analyses of collision and grounding is often found in the
range of 5-10 times the sheet thickness. Material instability, on the other hand, typi-
cally takes place in narrow bands. The width of these are typically in the order of the
sheet thickness, see Hosford and Caddell (1993) and [Wang et. all (2007). Obviously,
such local mechanisms can not be captured in collision and grounding analyses.
Several authors have accounted for this discrepancy by making the fracture crite-
rion vary with the element size, see for instance [Térngvistl (2003) and [Ehlers et all

). Basically, this implies that the failure strain or damage is scaled to a lower
level in order to simulate onset of fracture at the correct indentation and internal
energy level. In this way, the total strain energy at fracture will ideally be similar
for all mesh sizes.
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Derivation of a element size dependent “failure scaling law” is made in [A3].
This scaling law assumes that strain localizations occur within large elements at the
point of fracture, see Fig. Z4l In uniaxial tension the scaling law can be expressed
as

t
Eer =N+ (ep — n)l— (2.14)

where n is the power law exponent and (¢,[.) are the element thickness and
characteristic length, respectively . The average failure strain within the local neck,
€n, may be found from simulations of tensile tests. This expression can be used
to calibrate the RTCL criterion, Eq. (Z6). It is implemented by the author into
LS-DYNA, as a fully automated function. It should, however, be mentioned that
expressing the failure strain as a function of the element size may be dangerous. It
is not guaranteed that strains localize prior to fracture. Applying formulations as
given by Eq. (ZI4)) should therefore be made with caution.

Figure 2.4: Simplified illustration of the procedure to generate the critical strain
g for an element. The constant critical strain, e, is the volume weighted result
of an assumed internal element strain distribution. ¢, and g,, indicate the average
strain values outside the and inside the strain localization, respectively. F; and Fj
represent element tractions.

2.3 Indentation of stiffened panels

The BWH and the RTCL criterion have been applied in simulations of laboratory
tests. The experiments and simulations are presented in [A2 — A3].

2.3.1 Plate indentation experiments

A series of plate indentation tests have been carried out in order to study the re-
sponse of double bottom panels subjected to grounding actions. Each of the spec-
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imens are indented by a conical model of the sea floor, see Fig. This is in the
following referred to as an “indenter”. It is assumed that the experiments represent
idealized stranding scenarios, where only the panel section between the girder webs
is subjected to deformation.

Figure 2.5: The experiment. The indenter forces the panel to deform.

Five specimens have been tested. They share the same plate geometry, but
have different stiffener configurations. Both flat bar (FB) stiffeners and bulb (HP)
stiffeners are applied to the models. The specimens are found in single and paired
stiffener configurations. The panels are indented to and beyond the point of fracture.
The panels are illustrated in Fig. Z8 A detailed description of the tests is given in
[A2].

2.3.2 Experiment motivation, observations and discussions

The tests have been carried out for two reasons: They allow a closer investiga-
tion of the resistance to indentation of various hull panel configurations. Second,
experimental data for numerical verification of the fracture criteria are generated.
The force-indentation relationship for each test is plotted in Fig. X7 All experi-
ments show consistently that introducing large stiffeners in hull panels, yields stiffer
and less flexible structure. This in turn introduces more localized deformations and
thus, earlier fracture. It may therefore be concluded that in order to achieve a
“ductile design”, weaker stiffeners are required. The danger by pursuing this ra-
tionale is that the structure may become too weak and wobbly to fulfill its normal
operational requirements. The solution to this may be found in alternative designs,
where massive stiffeners are omitted. See for instance the Sandwiched-Polymer-
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Figure 2.6: Indentation of steel panels. Figure (a) shows the unstiffened plate prior
to fracture, and (b) after fracture. Figure (¢) and (d) correspond to the indentation
of a panels with one flat bar stiffener before and after fracture, respectively. Figure
(e) and (f) illustrate the response of a plate with two flat bar stiffeners.

Structure (SPS) presented by [Brooking and Kennedy (September 2004), and the

Y-core double bottom and side structure presented van de Graaf et all (2004). A
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similar philosophy is also presented by Tantd M) By applying intentional failure
points between stiff frame sections and cargo tanks, the tank plating is designed to
release from the transverse frames during a collision event. In this way, deformations
are spread over a larger zone, which may prevent penetration.
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Figure 2.7: Force-indentation curves for the various tests.

Another and important observation made in the tests, is that panels are capable
of redistributing loads after penetration. Especially the panels with two stiffeners
shows this behavior, see Fig. 21

2.3.3 Finite element simulations

The FE simulations of the tests are conducted as described in [A3]. Each model
is simulated using three different element sizes. These range from 1 to 4 times the
sheet thickness. Both the BWH and the RTCL criteria are applied in the analyses.
Because the RTCL criterion predicts fracture at the final stage of deformation, e.g.
after local necking, it is scaled as a function of the element size, see Eq. (22I4]). This
implies that large elements should fail at a lower strain value than small elements. As
explained earlier, this is done to achieve failure at the same deformation regardless
of the mesh size. The same scaling has not been applied with the BWH criterion.
This is because fracture is initiated once onset of local necking is detected. In theory
this implies that the criterion avoids strain concentrations which are established by
local necks.
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Figure shows the equivalent strain distribution in the unstiffened panel prior
to fracture. The strains at this stage are fairly smoothly distributed and show no
tendency of localization. This is also confirmed from observations made in the test.

Contours of Effective Plastic Strain Fringe Levels
shell integration pt#1 e
min=0.000108867, at elem# 2456

max=0.321698, at elem# 23983 3.056e-01
2.895e-01
2735001 |
2574001 |
241301 _
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2.0916-01 _
193101 _
177001 _|
1.609e-01 7;‘
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128701 |
1127001 |
965907
8051002
63602 |
4.835e-02
3.227e-02
161902
1.08%2-04

Figure 2.8: Indentation of the unstiffened panel. The color distribution illustrates
the degree of equivalent plastic straining.
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Figure 2.9: Force-indentation behavior of the unstiffened plate. Figure (a) shows
simulation results achieved using the BWH criterion (without failure scaling), and
(b) shows results using the RTCL criterion (with failure scaling).

Figure shows the calculated results using both the BWH (a) and the RTCL
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(b) criterion. Because strains in this case do not consentrate prior to fracture, using
a failure scaling law should be avoided. This is confirmed by the scatter which is
produced by using the RTCL criterion scaled by Eq. (ZI4]). The unscaled BWH

criterion produces no such inconsistency.

2.3.4 Mesh sensitivity - proposal

Although the formulation of the BWH criterion yields less mesh sensitive results
than ordinary damage criteria, the element size effect is not escaped entirely. This
is especially the case for FE models which have structural intersections and sharp
corners. This gives stress and strain concentrations, which will be captured differ-
ently by various element sizes. Consequently, all fracture criteria will show some
sensitivity to the mesh discretization. Counter actions are therefore needed.

When small shell elements are applied, the concern is excessive straining in local
zones. Again, this is attributed to the lack of through thickness resistance in shell
elements. A reduction in mesh sensitivity may, however, be achieved by adding
smoother transitions between structural intersections. This may for instance be
achieved by introducing element rows which represent welds, see [A3]. If elements
smaller than the plate thickness are applied, one might also concider using “non-local
methods” to control the thinning process, see Wang et. all (|21)D_’ﬂ)

The most common way to deal with the mesh sensitivity is to introduce an
element size “scaling law”, e.g. Eq. ([I4). Simulations of the unstiffened panel
shows, nevertheless, that this may be dangerous. By scaling the failure strain, it
is explicitly assumed that a localization will take part in the strain field prior to
fracture. As discussed, such strain concentrations may in reality not appear. Thus,
scaling laws need restrictions. It is observed in [A3] that strain concentrations appear
close to changes in the structural geometry, e.g. structural intersections, crack tips
and sharp corners. It is therefore reasonable to restrict application of Eq. (1) to
such locations, only. Enforcing this restriction may be done during pre-processing
by running simple programs which read the finite element input file, recognize all
nodes shared by more than four elements (Q4 shell elements), and write an updated
FE input file. In this file, elements at structural intersections have scaled failure
properties. If applied with the BWH criterion, the scaling law must be incorporated
into the BWH expression. According to [A3] the element size dependent BWH
criterion can be expressed as

4 n

ok 1+ip 1 ”(%Jrl) .
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As previously, no external input parameters are needed. The RTCL criterion
can be scaled, at structural intersections, as previously. This procedure is illustrated
through analyses of the stiffened panels in Fig. EZT0

(a) (b)

Figure 2.10: Simulations of (a), panel 1-FB and (b), specimen 2-FB. The scaling
law Eq. (ZI4) is only applied to the plate-stiffener intersection. The characteristic
element size is equal to 8 times the plate thickness.

The simulations results are shown in Fig. EETIl Figure (a) and (b) refer to
simulations of the specimen with one stiffener, refer Fig. 2ZT0 (a). Figure (c¢) and
(d) refer to simulations of the specimen with two flat bar stiffeners. In all cases,
three models with different mesh sizes are applied.

The results achieved with the location controlled scaling law is in general good.
Both the BWH and the RTCL criterion now manages to initiate fracture at the
correct location. In turn, this gives force-indentation relationships which agrees well
with the experiments.
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Figure 2.11: Simulated indentation force of panels with one and two flat bar stiff-
eners, see (a) (b), and (c) (d), respectively. Figure (a) and (c) are generated with
the BWH criterion and, (b) and (c) are generated using the RTCL criterion. Only
the element row next to stiffeners are subjected to (failure) scaling.
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2.4 The Amdahl and Kavlie double bottom in-
dentation tests

IAmdahl and Kavlid (1999) have reported results from two double bottom crushing

tests. The structures were assembled by welding and the double bottom boundaries
were kept fixed by massive frames. The experiments were carried out using the
same hydraulic jack as used in the panel indentation tests. The double bottom
arrangement is illustrated in Fig. 2212
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Figure 2.12: The dimensions of the double bottom stranding test.

2.4.1 The finite element model

Three different mesh sizes have been applied in this investigation. These are the
same ones as reported in |Alsos and Amdahl (2007d), namely 20 mm, 14 mm and
8 mm mesh. In all cases Belytsckho-Lin-Tsay shell elements with five through-
thickness integration points are applied. The indenter is modeled as a truncated
cone with a 55 degree apex angle. This coincides well with the true indenter and
the indenter geometry reported by [Térngvist 421103)

The tests specimen was fabricated in grade A mild steel with yield stresses equal
to 330 MPa. In the following, the material properties are modeled using a modified
power law stress-strain relationship, see [A1l] and [A3]. This formulation includes
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the plateau strain and yields
'f (& < a
0 =14 " " Sea = Fpla (2.16)
K(geq +€0)" otherwise

where €4 is the equivalent plastic strain at the plateau exit and oy is the
initial yield stress. The strain ¢y describes an expression which allows the plateau
and power law expression to intersect at (ep4t, 0y ). This is given as

ou\ "
€o = (%) — Eplat (2.17)

The power law data are extracted from nominal material data presented by

IAmdahl and Kavlid (1992) and are illustrated in table BTl

Table 2.1: Powerlaw material parameters for the structural components.

Specimen oy [MPa] K [MPa] n Eplat
Bottom plating 330 755 0.190 0.015
Girder webs 330 790 0.180 0.005
Stiffeners 330 740 0.205 0.022

It might be argued that the restriction of the failure scaling law, Eq. (ZI4),
applied in section B2 becomes self enforcing when analyzing large scale grounding
or collision scenarios. Stiff girders and frames have a way of introducing excessive
deformation in intersecting panels. Fracture may therefore appear at these locations
without any additional restrictions to the failure scaling law. This is assumed in the
following.

2.4.2 Results and discussion

The results of the simulation are shown in Fig. The agreement between nu-
merical and experimental results is good. The effect of changing the mesh is small.
Some discrepancies are observed, though. The simulations indicate fracture at a
load level between 1300 - 1500 KN rather than 1200 KN as in the experiment. This
may be explained by that the experiment had inadequately fabricated joints, and
the fact that not all stiffeners had continuous welds, Gjerstad (1999). Simulations
with the RTCL criterion performed by [Térngvist (IMEJ) show the same behavior as
here. This indicates that the poor properties of the welds may have had a significant
impact on the test response.
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Figure 2.13: Simulations of the Amdahl and Kavlie double bottom stranding test.

Figure (a) shows the force-indentation relationship, while (b) shows the penetrated
FE model.

An interesting observation is that fracture in all simulations take place at plate-
stiffener and plate-girder web intersections. This is in accordance with the scaling
restriction applied in section EZ34 although in this case it is self enforced. The ex-
cessive straining close to plate-girder intersections create strain concentrations which
are detectable even for large elements. If fracture on the other hand appears outside
the intersection areas, there is reason to be suspicious. The procedure described in
section 234 is therefore preferred.



Chapter 3

Finite element analysis of ship
grounding

This chapter deals with grounding of ships and discusses the consequences of differ-
ent grounding scenarios. The work is described in details in [A4-A5].

3.1 Grounding scenarios

Ships subjected to grounding often suffer severe damage. The deformation pattern
depends heavily on the grounding scenario. The shape of the sea floor is obviously
an important factor. For instance, grounding on sharp obstacles provokes different
grounding damage than grounding on sand banks. The same holds true for stranding
versus dynamic grounding.

Although the sea floor topology plays a governing role during grounding, little
information is available about this in the literature. Up to the present, ships are
typically assumed to run aground on sharp obstacles such as wedges or pinnacles.
Obviously this is inspired by high profile accidents such as the “Fzzon Valdez ”
accident. Such scenarios involve tearing and puncturing of cargo tanks. However,
limiting analyses only to raking scenarios is insufficient. Consider for instance the
“Prestige” accident. Rather than grounding with forward speed on a sharp pinnacle,
it split in half at sea. The result was an environmental disaster. This shows in a
convincing way that scenarios where the global hull girder capacity is affected may
be as severe as raking scenarios. Wider investigations are therefore necessary in
order to map the severity of different grounding scenarios.

Wang et all (IZLH)ﬂ) have presented a study on the behavior of double bottom
sections subjected to grounding actions. By conducting indentation tests on scaled
down specimens using different indenters, the structural behavior was recorded for
various grounding scenarios. The trend from the tests shows that large indenters
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require far more energy to fracture the shell plating than small indenters.

The sea floor shape and size has in the following been categorized into three
groups. The requirements for these groups have been set by a reverse approach
to identify characteristic sea floor “properties”, see [A4]. Rather than conducting
direct bottom roughness surveys, the sea floor is characterized according to the type
of hull damage which occurs during grounding. This is calculated numerically in LS-
DYNA for a tanker section. As presented in [A4], this gives basis for the following
sea floor categories, see Fig. Bk

1. “Rock”: The rock describes a sharp geometry which during grounding puts
concentrated loads on the ship bottom. This in turn, leads to early frac-
ture/penetration and localized structural damage.

2. “Shoal”: The shoal describes a large sea floor geometry. This may cover the
whole ship breadth. Large parts of the ship may get damaged during ground-
ing, although penetration is less likely. Due to an extensive contact surface,
large forces must be expected.

3. “Reet”: The reef describes an intermediate sea floor obstruction. In this case
it is not so easy to see the response of the double bottom apriory in terms of
local or global deformations.

These sea floor conditions are applied in finite element simulations of tanker
stranding. In total 12 different scenarios are analyzed, see [A4].

Figure 3.1: Sea floor conditions. Grounding on a rock, reef and shoal.

3.2 Grounding damage and resistance

The resistance to indentation and the subsequent hull girder damage caused by
grounding is studied in details in [A4] and [A5]. In both papers, a shuttle tanker
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holding a displacement of 140,000 m? is assumed to either run aground or strand
during a receding tide. The internal arrangement of the ship is illustrated in Fig.

) 5 0 0 ) R

TR

Figure 3.2: Finite element model of a shuttle tanker subjected to stranding.

3.2.1 Stranding - double bottom indentation

The behavior of the double bottom due to stranding on rocks and shoals is illustrated
in Fig. B3 Stranding on a rock involve local damage and early hull penetration.
Fracture is even recorded in the cargo tank. Obviously this kind of damage is
critical with respect to oil spill. Figure (b) illustrates grounding on a shoal.
In this case the dominating mode of energy absorption comes from crushing and
grillage deformation of the girder webs. The large contact area introduces little
strain concentrations in the inner and outer hull plating. Hence, the simulations
show no indication of initiating fracture in the outer shell. Cargo tank penetration
is therefore not a main concern. A more critical issue is the generation of hull girder
bending moments, e.g. consider stranding amidship during a receding tide.

The grounding contact forces are plotted in Fig. B4l The scenarios 1-4 refer to
various contact locations. For instance, location 1 and 2 indicate contact directly
on the cargo tanks. Scenario 3-4 represent contact at the longitudinal bulkhead, see
[A4] for the detailed description. In the case of stranding on a rock, the maximum
resistance is reached at approximately 60-70 MN. This occurs once the cargo tank
is penetrated. This level corresponds to 4-5% of the total ship displacement. If
stranded amidship, and assuming poin load grounding actions, this corresponds to
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(a)

(b)

Figure 3.3: Cross section of the tanker hull. Figure (a) shows damage due to strand-
ing on a rock while (b) shows damage due to grounding on a shoal.

a 0.6 m hull girder out of the water displacement and a 2000 MNm hogging moment.
In comparison the still water rule requirement is 4100 MNm. This indicates that the
global hull girder response and the local bottom damage can be treated seperately.
Grounding amidships on a shoal, on the other hand, yields a maximum resistance in
the range of 250-300 MN. This corresponds to 20% of the ships total weight. Surely,
there will be an interaction between contact forces and global hull girder bending
moments at this stage. The ship may split in half during this scenario. Hence, it

investigated in details later in the thesis.
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Figure 3.4: Contact forces during stranding. Figure (a) shows the force indenta-
tion curve during stranding on a rock, while Fig. (b) shows contact forces during

stranding on a shoal.
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3.2.2 Hull penetration - Cargo tank opening

One of the main concerns in scenarios considering tanker collision or grounding is
whether the hull is penetrated or not. Once the cargo compartment has fractured,
the risk of an oil spill is impending.

The outflow of oil depends on the opening area. Potential blocking by the sea
floor may reduce the effective opening. This is, however, not pursued. In the
following, the evolution of the penetration area is monitored. This is done by post
processing the results of the collision and grounding simulations. An examples of
such a simulation is shown in Fig. BXA In this case the outer and inner hulls are
penetrated by a rock.

Figure 3.5: Penetration of the cargo tank; presented in [A4].

Monitoring the crack opening is done by recording the motion of the finite ele-
ment nodes which convolute the crack. The node positions are read into a computer
program which processes the data and produces a mesh of “triangular elements”.
Each of these have an area A;, which is calculated from the vector product

1
Ai = 5 ‘ a; X &;j41 ‘ (31)

where a; and a;;; are the vectors which describe the edges of each “triangular
element”, and 7 describes the “element” and vector number, see Fig. B.Gl Note
that the area of the deleted elements are subtracted from the crack opening area.
An example on the evolution of the hull opening shown for stranding on a rock is
illustrated in Fig. B Both the inner and outer bottom is monitored.
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a; Ai

Figure 3.6: Crack opening. Crack area is calculated by triangular “elements” which

are superposed.

The consequence of inner and outer hull opening is not investigated further in
this thesis. The need for studies in this field is nevertheless present. An attempt on

predicting the oil outflow after grounding, is performed by [Tavakoli et all (|2m)8)
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Figure 3.7: Opening of cargo tank and outer hull during grounding on a rock.

3.2.3 The sliding mechanism

Grounding with forward speed is often connected with tearing of the hull bottom
and cargo tanks. This is similar to the “Fzrzon Valdez” scenario and involves impact
with sharp rocks or pinnacles, which more or less cuts through the hull. Grounding
on larger sea floor surfaces does not provoke this kind of damage. Instead the hull
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is likely to be subjected to large contact forces which dents the ship bottom as it
slides over the surface. Consequently, this is referred to as sliding damage. This is
illustrated in Fig. B8

The magnitude of the impact forces during a sliding event is significant. During
the initial impact, grounding actions may generate dynamic bending moments and
shear forces which can exceed the still water rule requirement significantly. This
is dangerous with respect to the overall hull girder resistance, and has for instance

been studied by [Pedersen (1994) in cases of grounding on inclined slopes.

Figure 3.8: Hull damage after grounding on a shoal. Figure (a) shows the sliding
damage of a ship, figure (b) illustrates simulated sliding damage.

A simplified approach to establish the sliding forces during powered grounding
is presented in [A5]. This approach describes a semi-analytical method, based on
assumed deformation modes during grounding on shoals. The deformation modes
have been observed in parametric studies of sliding, performed in LS-DYNA. The
simulations are carried out as follows: Initially the ship bottom is indented vertically
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to map the resistance to indentation. This is followed by a horizontal sliding motion,
see Fig.

An interesting observations in all simulations is that once the horizontal motion
is initiated, the vertical force component drops to 50% of the indentation force. The
transverse and longitudinal girder webs in front of the shoal furthermore deforms
similarly, both during sliding and during vertical indentation. The contact surface
during vertical indentation is at the same time twice as large as the surface acting
during horizontal sliding, see Fig. Bd Together this explains the 50% difference in
vertical contact force for the two cases.

=y =y

(a)

Figure 3.9: The sliding damage approach. Figure (a) illustrates vertical indentation,
while figure (b) illustrates sliding process. Note that the contact surface during
sliding is half the surface during vertical indentation.

It is reasonable to assume that the average contact pressure during sliding and
vertical indentation is equivalent at the same indentation depth. This is substan-
tiated by the observed correlation between contact area and contact forces during
horizontal sliding and vertical indentation. In addition, the simulations reveal a sim-
ilarity in the girder web crushing behavior. Consequently, if the average pressure
can be assumed constant over the contact surface, it is possible to derive simplified
expressions for the average sliding force components. This is based on the resistance
to indentation and the shoal surface geometry, refer [A5]. For instance, sliding over
a spherical shoal yields the following simplified expression for the horizontal force

F, = %;90 (g — 6o — sin b cos b)) + Fiyic (3.2)
where Fg is the vertical resistance to indentation and 6, describes the indentation
0 in therms of a spherical angle

0y = sin™* (RT?‘S) (3.3)

where R is the sphere radius. F,. describes the friction force, which may be
expressed in terms of Coulomb’s friction law. A similar derivation may also be
made for the vertical force, F, = 1/2Fg. The performance of the semi-analytical
procedure is compared with simulated sliding forces in Fig. BI0
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Figure 3.10: Sliding forces generated from finite element simulations and simplified
considerations, Eq. (B2).

The advantage by applying a simplified method to determine the sliding forces
is that several grounding scenarios can be evaluated based on a single simulation of
vertical indentation. In other words, only the resistance to indentation needs to be
established, along with the surface geometry and the sliding depth. The method is
applied in simplified simulations of grounding, refer section B4l

3.3 Global ship interaction

Until now, all analyses have focused exclusively on the internal mechanics of ship
grounding. In order to fully understand grounding, the internal mechanics needs to
be analyzed while interacting with the external mechanics. By doing so, the hull
girder resistance can be evaluated along with the hull girder loads.

3.3.1 Hull girder response - LODIC

A grounding module has been implemented to the DSS_DC decision support tool.
This grounding module is based on the ship loading calculator LODIC (LOaDIng
Computer) and calculates the position of the ship based on the hydrostatic informa-
tion and the internal load state, [Hellan et al) (IM_ZJI) The effect of grounding is rep-
resented by concentrated contact forces which correspond to certain pre-calculated
stranding scenarios. These are given in [A4]. Stranding may be described by a single
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point contact or a series of patch loads, if grounding takes place over a large area.
At a given time the estimated grounding force is input to the load calculator. The
updated mean draught, trim and roll angle in the next time increment provide the
necessary information to calculate the next level of sea floor indentation and contact
force. The procedure is illustrated in Fig. BTl

\%
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&

Figure 3.11: Calculation procedure - connecting local damage to global hull girder
behavior.

LODIC can also assess the hull girder bending moments and shear forces. This
includes the additional bending moments caused by the grounding actions. The
total bending moments and shear forces are evaluated against the available hull
girder capacity. Any degradation of the capacity due to bottom damage is also
accounted for, see Fig. BT

The rules of the ship classification societies contain requirements to the hull
girder capacity in intact and damaged condition. The requirements may be used
directly, but the ultimate capacity is normally somewhat higher. Roughly speaking,
waves contribute by 2/3 to the total hull girder design loads. During stranding the
wave loads are normally small compared to the design wave loads, so that grounding
and still water loads considerably beyond still water design loads may be allowed.

3.3.2 Hull girder collapse

Large forces are involved during grounding. As shown previously, these may become
significant compared to the corresponding weight of the ship. This changes the
ships hydrostatic condition and may generate large hull girder bending moments.
In combination with a reduced hull girder capacity, this may become critical with
respect to hull girder integrity. Figure illustrates the situation where a tanker
has come to rest amidships on a shoal during a receding tide.
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Figure 3.13: Collapse of the hull girder during stranding.

A study of the hull girder capacity during stranding is carried out in [A4]. The
shuttle tanker in section is assumed to come to rest amidships on a shoal. The
stranding response of the ship is analyzed for two different still water load conditions.
One corresponds to a neutral state (case 2 and 4) indicating a zero stillwater bending
moment. The other scenario describes grounding at a maximum initial hogging state
(case 1 and 3). The hull girder bending moment is assumed to be equal to the rule
bending moment in hogging M, = 4100 MNm. Stranding is simulated for both
states in LS-DYNA. The additional bending moments from changed hydrostatics
is introduced by: (1) adding hogging moments from a rigid hull girder which is
displaced (without pitching) out of the water by a point load (case 3 and 4); and
(2) in addition taking into account the relaxation of the hogging moment when the
forward and aft part of the hull girder rotate about the contact point and become
immersed back into the water (case 1 and 2), see Fig. BI3

The force-indentation relationships for the analyses are shown in Fig. B T4 The
magnitude of the hull girder bending moments affects the global behavior of the
ship significantly. The hull girder is even witnessed to collapse at some point. This
occurs between 1.6 — 2 m indentation. In the case of the extreme still water hogging
(case 1 and 3, My = 4100 MNm) collapse is seen as a dramatic loss in resistance.
The relaxation of the hogging moment caused by immersion of the bow and stern
into the water ameliorates the situation to some degree, but only after the ship has
collapsed. Further details are given in [A4].
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Figure 3.14: Indentation force during mid ship stranding on a shoal.

The stranding analyses show little difference in hull girder behavior before 1
m indentation. This corresponds to an indentation force around 125 MN. This
indicates that a certain contact force and hull girder damage must be attained
before any interaction with global bending moments should take place. It is therefore
reasonable to assume that grounding on a rock can not provoke the collapse mode.
As seen in section B2, the maximum attained “stranding on a rock” contact force
is less than 70 MN and only local damage is observed. Grounding on a rock may
therefore conveniently be simulated with a local FE model.

3.4 Dynamic grounding

Grounding of ships often occur with forward speed. This indicates a dynamic and
transient ship response which complicates the analysis. Estimations of damage and
hull resistance can no longer be determined by means of a prescribed indentation
or sliding motion, see Fig. B.TH Once the ship runs aground it will heave and pitch
over the sea floor. Penetration is coupled to the dynamic motions of the ship, which
in turn interact with the contact forces, inertia forces and hydrodynamic forces.
Determining these loads is not trivial, especially since grounding by its very nature
happens at shallow water depths. This complicates the hydrodynamic effects.

In [A5] work on powered grounding is briefly presented, see alsolAlsos and Amdahl
M) This is investigated by means of a simplified grounding code. The ship
is assumed to slide over a shoal and is analyzed in 2 dimensions: heave, pitch and
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Figure 3.15: Powered grounding. The indentation of the ship bottom is controlled
by dynamic effects.

surge. The computer code calculates the rigid body motions of the ship, where
the grounding excitation forces are found by means of the simplified sliding force
approach. Hydrodynamic loads are determined by means of constant added mass
and damping terms. It is realized that this is not entirely correct. Nevertheless, in
view of the uncertainties related to water depth, and the fact that grounding is very
scenario dependent, this is considered satisfactory. This is furthermore justified by
the fact that this is a simplified code. The ship response is found by solving the

equation of motions, refer [Faltinser! (1999)

(A +M)ij+Bn+Cn=F.() (3.4)

where A, M, B and C are the added mass, mass, damping and restoring ma-
trices, respectively. The restoring term is updated during simulation. The vectors
(73,7, n) denotes the acceleration, velocity, and the ship motion vectors, respectively.
The final vector F.,(9) describes the grounding forces in a calm waters as a function
of the bottom indentation 6. The equation of motion is solved by means of the
Newmark-beta integration scheme.

The tanker runs aground at 12 knots on a spherical shoal with radius 30 m. The
sea floor initially “penetrates” 1.5 m into the ship hull. As the contact forces are
estimated by means of the simplified sliding force approach, Eq. (B3), it is difficult to
estimate the exact bow impact force. This is because Eq. (B2) applies the resistance
to indentation relationship for the cargo area as a force input. In order to avoid an
unreasonably large impact force, the sliding forces are scaled down in the initial
grounding phase. This done by comparing the damaged hull volume in the impact
zone with the cargo hold damage volume at the equivalent indentation. From this,
a ramping function in form of a scale factor is established

fscale(x) = % (35)

where x is the contact position on the ship, and V; and V., denotes the damaged
volume of the impact zone and the equivalent cargo zone damage, respectively. Once
contact is established in the cargo zone, fy.q,e becomes equal to unity.
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Figure 3.16: Indentation (a) and contact force (b) evolution during powered ground-
ing. Note that the force variation due to the dynamic motion is far greater than the
variation caused by horizontal sliding over transverse girders, see Fig. B.10

The tanker response is illustrated in Fig. BI6 The ship merely bounces up and
down over the shoal. This yields oscillating contact forces and bottom damage. It is
interesting to notice that the force oscillations are much larger than the force vari-
ations caused by passing transverse-girders. This becomes evident when comparing
Fig. and Fig. BT0 Consequently, basing the contact force on an average sliding
force is substantiated.

The dynamic hull girder bending moments and shear forces are plotted in Fig. B 17,
in terms of envelope curves. These describe the maximum (hogging and sagging)
bending moments and shear forces recorded during the simulation. It can be ob-
served that the dynamic hull girder loads exceed the stillwater requirements. This is
especially the case for the generated shear forces, which at the impact is close to twice
the stillwater rule value. Similar observations are also reported by Simonsen (19974
and [Pedersen (1994) in studies on soft grounding. Refer also

(2007H).
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Figure 3.17: Impact shear force (a) and bending moment (b) envelope curve for the

hull girder during grounding.
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Chapter 4

Conclusions and recommendations
for future work

The aim of the present work has been to increase the understanding and to de-
velop/improve methods to analyze the structural behavior of ships subjected to ac-
cidental loads. This is done in cooperation with the EU sponsored DSS_DC project.

4.1 Conclusions

The present work is conducted in two separate tasks. One deals with problems re-
lated to prediction of fracture. The other deals with grounding of ships. Both tasks
are closely related in the sense that the onset of fracture is a critical deformation
mode during grounding. For instance, onset of fracture often implies a loss in resis-
tance and possibly, if the cargo tank is affected; oil spill. It is therefore important
to predict fracture with certain precision. Furthermore, it is equally important that
this is done in a simple manner, without too much focus on calibration. Contribution
to the work on fracture may be condensed in the following list:

1. The Bressan-Williams-Hill criterion is presented and verified analytically and
numerically. This is a criterion which accounts for the triaxial stress state,
yields good results, and is conveniently calibrated by the material stress-strain
relationship..

2. The mesh sensitivity effect close to fracture is studied. A criterion to account
for this effect is presented and may easily be implemented into the BWH,
RTCL and any other fracture criterion.

3. The BWH and the RTCL criteria are implemented into LS-DYNA through
user defined material sub routines. These sub routines automatically read
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element sizes and thicknesses in order to fully automatize the failure scaling
law represented by Eq. (ZI4).

. The response of stiffened panels subjected to lateral indentation is investigated.

The tests have furthermore been simulated numerically using the BWH and
the RTCL criterion.

. The BWH and the RTCL criteria are applied in analyses of ship grounding in

order to determine the onset of fracture.

The structural damage due to grounding is studied by means of the finite element

method. The grounding response is investigated both from an internal and external
mechanical point of view. In addition, attempts on coupling these aspects are made.
The thesis contribution to scientific analysis of collision and grounding of ships is
listed next:

1. The stranding resistance of a tanker has been investigated for various sea floor

topologies. The force-indentation relations for the ships bottom are delivered,
along with a Fortran communication routine to the DSS_DC grounding module
(LODIC).

. The interaction between hull girder and local damage during grounding is

studied. It is shown that the global hull girder bending moment significantly
affects the indentation resistance of the ship during grounding on shoals.

. A simplified approach to determine the sliding forces during powered ground-

ing is presented. This method is derived from the shape of the sea floor obsta-
cle and allows simplified predictions of sliding forces. Several sliding “depths”
may be calculated as long as the resistance to vertical indentation is known.

. A two dimensional, three degree of freedom, grounding simulator has been

developed. This program is applied in dynamic grounding simulations, where
the hull girder bending moments and shear forces have been monitored. The
grounding actions are calculated using the simplified sliding approach.

4.1.1 Work on fracture

Onset of fracture is a key factor in analyses which considers large deformations. Once
initiated, a significant drop in the deformation resistance is typically observed. This
behavior becomes especially important if the structure carries grounding actions in
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membrane. An additional consequence of fracture is the imminent oil spill and water
flooding if the hull and cargo tanks are penetrated.

Prediction of fracture is a key issue in this thesis. This is substantiated by the
development of the BWH instability criterion. This criterion uniquely determines
instability without need for additional calibration. The failure level is determined
using Hill’s analysis for local necking. This implies that onset of failure is based on
the strain hardening relationship for the material, i.e. the power law exponent n.

Along with the BWH criterion, the RTCL damage criterion has been used ex-
tensively. This is an advanced criterion which also incorporates the stress triaxiality
in its prediction of fracture initiation and propagation. The RTCL criterion is pre-
sented in details by [TGrnqvist (2003).

Fracture initiation and propagation is studied through experiments. A series of
panel indentation tests is carried out on various stiffened plates. The tests show
that strong stiffeners provoke early fracture in panels carrying contact forces by
membrane action. The reason for this behavior is explained by that the plate defor-
mation must take part in limited zones confined by the stiffeners. Panels with weak
stiffeners, on the other hand, allow deformation to take part over a larger area. This
yields a more “ductile response”, which may be beneficial in sections subjected to
large deformations, e.g. explosion panels and oil cargo tanks. On the other hand, it
is also shown that panels with strong stiffeners have significant damaged resistance
after the onset of fracture. It may seem that stiffeners guide the propagating crack
within a restricted zone. This allows a load redistribution within the panel to take
place. This demonstrates that initiation of fracture does not imply total loss of
the panel’s function. Sometimes, the post-fracture resistance may be essential for
compliance with acceptance criteria in conjunction with design against accidental
actions.

The panel indentation tests are successfully simulated using both the BWH and
the RTCL criteria. However, as shown in the articles, predicting fracture is not
trivial. At large deformations, shell elements tend to be very size sensitive, especially
in zones subjected to strain consentrations. In more uniformly strained zones this
effect is less apparent. This indicates that a correct handling of the mesh sensitivity
effect is as important as the fracture criterion itself.

One way to reduce the mesh sensitivity effect is to make smoother transitions
between structural intersections and to apply failure criteria which have less mesh
sensitive properties. This may for instance be accomplished by introducing “weld
elements” (elements with increased thickness) between stiffeners and plates, and is
done successfully when applying the BWH criterion. However, the mesh sensitivity
effect is not completely removed. Furthermore, a fine mesh is required to detect
strain concentrations. In collision and grounding analyses, this approach is for the
time being unrealistic. It is simply not acceptable from a computational point of
view to apply elements sizes of the required size (1-4 times the element thickness).




50 Conclusions and recommendations for future work

A way to compensate for the element size sensitivity may be achieved through
scaling of the critical strain level. This is done to avoid that large elements dissipate
too much energy. It is, however, shown that applying failure scaling laws only
yields satisfactory results in zones where large strain gradients are found. This
may for instance be at crack tips, local necks, and at structural intersections. In
uniformly strained areas, scaling laws are connected with poor results. It is therefore
suggested that scaling laws are only applied in elements rows which are located
next to structural intersections. The remaining model may have unscaled fracture
properties. This is done with success (BWH and RTCL) in simulations of the panel
indentation tests.

4.1.2 Grounding analyses

The double bottom damage for different stranding scenarios is investigated. The
stranding scenarios consider contact on various locations as well as grounding at
different sea floor topologies. An important issue in this context is the definition
of a set of sea floor geometries. It is shown that the size and shape of the sea
floor to a large degree determines the deformation mechanisms during grounding.
The type of deformation which is provoked during grounding has therefore become
the criterion for defining three types of sea floor “obstacles”. These are referred to
as rock, reef and shoals. For instance, stranding on rocks provoke early fracture
and local damage, while stranding on a shoal introduce extensive damage to the
girder-web arrangement but little fracture.

The results of the grounding calculations are implemented into the DSS_DC
grounding module (LODIC), as described in section B33l This allows fast prediction
of hull girder loads during grounding events. In this way, hull girder loads (bending
moments and shear forces) can be compared with the damaged capacity of the ship.
This information is vital for the ship master in order to take action in a grounding
event, or when planning an emergency beaching of a ship.

The hull girder interaction with grounding actions and global bending moments
is investigated. It is shown that when the tanker is stranded on a large shoal,
the combination of contact forces, double bottom damage and formation of large
bending moments eventually may provoke collapse of the hull girder. In the worst
case, this is observed to occur after about 1.6 m indentation. This corresponds to a
contact force equal to 150 MN and ebb in tide in the range of 3-4 m. It is concluded
that stranding on a rock does not provoke the same scenario. This may be argued
by the fact that generated contact forces are small and the hull damage is local.
The latter scenario may therefore be simulated without including global hull girder
effects.

A simplified procedure to establish the grounding forces during powered ground-
ing is established. The grounding forces are conveniently derived from the shape
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and size of the shoal contact surface, and the ships resistance to vertical indentation.
This implies that the horizontal and vertical sliding forces for various indentation
depths can be established based on data from a single indentation simulation. This
gives a significant reduction in calculation time compared to fullscale FE simula-
tions. The method shows promising results, even when large friction forces are
applied. However, as the procedure assumes little or no fracture in the bottom
plating, it should be restricted to grounding on shoals.

To exemplify the potential of the sliding force method, dynamic grounding is
analyzed in two dimensions (heave, pitch and surge) using an in house ship motion
calculation tool. Damage and contact forces are computed simplified by means
of the simplified sliding force method. The results for a ship running aground at
12 knots on a spherical shoal, indicates a transient response where the ship merely
bounces on and off the ground. This in turns creates large contact forces, hull girder
shear forces and bending moments. As concluded by [Pederser! (1994) and m

) these distributions may easily pass the minimum bending and shear force
requirements set by the classification society. A similar conclusion is also made by

|Alsos and Amdahl (2007H).

4.2 Recommendations for future work

The effect of the element size sensitivity at large deformations is one of the most
challenging problems that still needs to be resolved. A possible procedure which
involves restricting the failure scaling law to certain areas is applied with success
in the simulation of the panel indentation tests. However, due to limited time to
conduct further investigations, a final conclusion has not been made. Nevertheless,
the procedure is promising. It is therefore recommended that it is followed up.

Further verification of the BWH and the RTCL criterion should be made, and
they should be compared with results from experiments. It would also be interesting
to see the criteria applied in simplified calculation methods.

All grounding simulations reported in the thesis are carried out assuming still
water conditions. Nevertheless, in many cases, bad weather may be a direct cause
to ship accidents, e.g. ships drifting aground after engine failure. It would be
interesting to see analyses which include the weather effect in scientific studies on
grounding. It is realized, though, that this is not an easy undertaking.

Most scientific analyses on ship collision and grounding focus on local hull dam-
age and prediction of collision forces. The reason for this is obvious; to check whether
the inner hull is penetrated, and to evaluate whether the ship may leak oil or flood
by sea water. The next step may perhaps be studies on oil spill connected directly
to the hull damage.

The powered grounding analyses have been carried out in two dimensions, only
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considering heave, pitch and surge. It is recommended that this study is upgraded
to a three dimensional investigation. It would also be interesting to investigate the
response of a hull girder for a flexible beam and to introduce a more accurate added
mass and damping terms, e.g. as presented by [Simonsen (I]_Md)

Finally, further advance in simplified methods is attractive in view of the little
computational resources which are required. This is especially the case in scenarios
where large parts of the ship is damaged, e.g. during powered grounding. A signif-
icant reduction in simulation time may be achieved compared to what is possible
using FEM. Although a simplified procedure is presented in this thesis, there is a
need to further develop simplified methods. This may be done in therms of plastic

mechanism which describe similar damage, e.g. as presented by [Hong and Amdahl
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