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Abstract

This paper discusses the introduction of structural assessment technology into onboard tools in
response to incidents such as grounding and demonstrates how the tool can be used to assess an
emergency scenario. A number of assessment techniques are demonstrated including a progressive
collapse method used to analyse the longitudinal strength of the hull girder and fatigue methods are
also incorporated to allow the management of any cracks that may occur in the structure as a result
of damage or during operation. The information produced by the tool augments the extensive damage
control training provided to Royal Navy crew extending the capability to assess scenarios to identify
potential recovery plans or whether further failureswill result in the lost of the ship.

1. Introduction

The introduction of computerised loading instruments has provided an ideal opportunity for marine
software developers to provide additional tools which may assist crew in operating the ship and
improving the performance of the vessel. Although extending loading computer software to cover
emergency scenarios by incorporating damage stability analysis was a small step technologicaly, it
alows sufficiently trained ship crew to make an accurate assessment of the situation at the site of a
collision or grounding incident. Furthermore, shore side emergency response service often work with
the same software as installed on the ship and can support crew throughout the incident.
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Fig.1: MSC apoli (Ieft) suffer major cracknduring auary o in 2007 (note the sharp bend in
the shear strake. The Prestige (right) suffered cracking during 2002 and sank.

However, incidents where catastrophic structural failure is a more likely danger than capsize or
sinking may leave crew with a major dilemma. Statistics show that collisions and grounding rarely
happen in high sea states unlike structural failure which becomes more likely as a result of the
increased wave induced loading. Abandoning a perfectly safe ship exposes the crew to additional risks
especially in stormy weather but if they decide to stay onboard and ship breaks up the opportunity to
leave may have passed. Mariners often face very difficult conditions during storms. Confusion and
incorrect or lack of action may allow a minor issue to propagate into a significant incident as
demonstrated in the cases of MSC Napoli and Prestige, Fig.1.

Structural analysis plays a significant role in the design of vessels but there are relatively few
examples of structural analysis capability in tools that may be used during vessel operation particular
in emergencies. There are many reasons for this. Detailed structural analysis is still an emerging
technology which means that confidence in the accuracy of results still needs to be improved to the
extent that experts are happy for these tools to be used in the live environment of an emergency
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incident. By proceeding with sensitivity to the assumptions behind structural analysis techniques and
to the users expected to operate these systems, tools can be developed today capable of supplying
accurate information in a concise manner allowing crew to make informed decisions when managing
structural damage.

2. Background

Although naval vessels are often treated differently to commercia vessels, the problems Naval ship
operators face have parallels to any other ship operating company. The ships need to be kept
operational for as long as possible maintaining a high level of safety and there is a need to minimise
the running and maintenance costs despite the fact that the physical operational requirements may be
different to all other vessels. While these ships are designed to operate in hostile circumstances, the
reality is that in terms of the life span of the ship these instances may be few. Consequently, most of
the time, the vessels are subjected to the same environmental and operational hazards that all other
vessels are exposed to.

While naval vessels experience grounding and collisions as much as any other vessels, there is often a
higher public profile associated with these incidents especially when images are broadcast worldwide
in news reports. The Royal Navy has experienced a number of notable incidents in recent history,
Tablel.

Table I: Incidents involving damage to Royal Navy vessels.

Ship Year | Incident Damage

HMS SOUTHAMPTON | 1988 | Callision Extensive damage to the full depth of the hull with
penetration to B/4

HMSBRAZEN 1995 | Grounding | Significant raking damage from Stem to Echo
Section

HMS GRAFTON 2000 | Grounding | Slight damage to sonar equipment

HMSNOTTINGHAM 2002 | Grounding | Significant raking damage over half ship length

HMS GRIMSBY 2006 | Grounding | Damage to GRP hull significant enough for ship to

require transportation on a heavy lift ship.

The incident involving HMS NOTTINGHAM forms the basis of the work presented in this paper.
The damage experienced by ship was the significant enough that the loss of the ship was a possibility
and it was largely due to the efforts of the crew that the ship was saved. Since the incident a lot of
material, including photos and reports of the incident, have been collected and this is now being
extensively used to improve procedures, training and to develop the tools available to both ship crew
and shore support teams.

2.1 The Grounding of HMSNOTTINGHAM

HMS NOTTINGHAM isa Type 42 destroyer built in 1978. Whilst on passage from Australiato New
Zedland in July 2002, she grounded on Wolf Rock near Lord Howe Island, 425 miles north east of
Sydney. The ship had turned into the wind to recover a helicopter returning from the Island and was
travelling at 12 knots. The ships general alarm was sounded at about 22:00 and a broadcast was made
to increase the watertight integrity of the vessel. On arrival at the ships main damage control centre, it
took the Marine Engineering Officer around 10 minutes to receive damage information around the
ship and produce an initial estimate of the extent of the damage. The following relevant points are
highlighted in McCarthy (2006).

1. Communications were lost with the outlying parts of the ship very rapidly. Flooding reports
were obtained relatively quickly but damage reports were limited as compartments were
flooded and subsequently sealed.

2. Theforward Engine Room bulkhead was considered a structural priority, principally since its
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loss would have resulted in asignificant loss in the ship’s remaining stability.

3. Thepriority in theinitia response was to deal with the extensive flooding.

4. Communications with shore based authorities (Emergency Response Centres) were complex
and had to be made from ashore.

5. Considerable effort and manpower was expended erecting shoring on bulkheads and hatches.

6. Theflooding was fully under control and ship assessed as safe after 4%2 hours.

7. A full damage assessment was only possible 12 hours after the initial incident at 10:00 the
next day, with the assistance of divers who has been dispatched to Lord Howe Island by the
Royal Australian Navy when they were informed of the incident.

8. The first teams from the UK MOD Savage and Mooring Organisation (The Primary
Emergency Response Team for Warships) arrived after approximately 3 days.

9. Damage strength calculations were undertaken in UK (by QinetiQ).

Fig.2: HMSNOTTINGHAM near Lord Howe Island. Floating
attitude (left), Flooded Forward Machinery spaces (right)

2.2 Post Incident Activities

Once the ship had been stabilised the activity to recover the vessel could begin. The ship was moved
to relative shelter near the island and provisions were made to recover the crew, the ship being no
longer habitable. During the next month preparations were made to tow the ship to Sydney where the
vessel would be placed upon a heavy lift vessel for return to the UK. Since the vessel suffered raking
damage to most of the forward portion, extensive structural analysis was required to prove that the
vessel could be towed the 425 miles to Sydney without loss. These calculations were made by
QinetiQ, (the then privatised government defence research agency), using in-house analysis tools
capable of handling damage structure. Manual definition was required to digitise ship structural plans
before the tools could be used. The ship was successfully returned to the UK without further incident.

Fig.3: Racking damage to the hull of HMS NOTTINGHAM
including the loss of the starboard stabiliser

2.3 Lessons L earned
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One of the points identified by reviewing the incident was that the emergency response team on ship
and shore had limited access to any structural information that could guide them during activities to
stabilise the ship and then recover the vessel. Unlike damage stability, relevant information regarding
the residuary strength of the vessel could only be obtained by engaging third party consultants leaving
on site experts with only their experience and judgement when making decisions in the short term.

As aresult of the lack of readily available structural analysis information which could be used to
support decisions relating to damage, a project was put together to develop software tools capable of
being used onboard ship which could be used to assist those responding to an incident. The project
brought together three methods namely:

Ultimate strength of the hull girder
Bulkhead collapse due to hydrostatic loading
Risk of brittle fracture due to cracking

3. Decision Support Toolsfor Structural Damage

There are aready a range of different decision support tools available which cover the stability
aspects of damage. The objective of stability based decision support tools is to warn of the imminent
loss of stability and provide a means to alow the user to assess mitigation options which will either
prevent or prolong failure allowing all to be evacuated from the vessel. Loss of stability will amost
alwaysresult in capsize or sinking leading to loss of the ship.

The loss of structural integrity through damage may not result in such a catastrophic failure as a
capsized ship. In fact, a complete failure of the hull girder may separate the vessel into two parts each
of which is perfectly stable and structurally sound allowing safe abandonment and some form of
recovery. However, unlike stability, the structural failure mode and the amount of time available to
evacuate the ship may not be predicted so easily and may lead to indecision.

Furthermore, a scenario consisting of structural damage and flooding of watertight compartment
produces a coupling effect between the stability and strength of the vessel. Further flooding increases
the load on the vessel which may lead to subsequent structural failure which in turn will lead to
further flooding. Consequently, a ship that is ultimately predicted to capsize may fail sooner if the
residual strength is exceeded as the ship floods progressively.

4. Naval Ship Structures

The structure of naval vessels is often lighter than their commercial counterpart due to a number of
factors. The maintenance of structural integrity in an incident involving damage is considered a most
important priority. The operationa requirements of naval vessels mean that they should be kept as
light as possible to be able to maintain a high cruising speed. They are not required to carry
deadweight loads of any significance which means that environmental loads form the largest variable
load experienced by the hull girder. However, they will be designed to withstand the shock |oads
which result from near mine or torpedo explosions. Consequently, the structure must be able to accept
acertain level of damage without catastrophic failure.

Historically, these vessels have been developed by large design departments funded by the nation
which may extensively research requirements and the capability of design solutions before a final
version of the vessel is selected. Nava rules developed for structural design will, over time,
incorporate the results of experiments and experience. Thisisin contrast the approach of classification
societies which must use a “one-size fits all” approach to maintain a cost effective service for the
entirelife cycle of avessal.

As aresult of the significant amount of research available to them, naval ship designers have been
better positioned to understand the behaviour of structural arrangements employed on their vessels
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allowing them to go beyond the elastic limits and exploit the plastic behaviour of structural materials.
This has alowed the use of thinner structural elements and the weight of the vessel becomes lighter.
Given that naval ships may experience hostile damage, one of the primary design challenges is to
ensure the ship can survive a certain level of damage to structure and systems and still remain
operational. A great deal of knowledge is required to develop ships with a high level of robustness
and redundancy. This experience has been built up over a significant period of time and has produced
a large number of analysis tools during the process. This project has utilised these tools by bringing
them together in a software application which alows users to assess structural damage to ships and
provide information upon which they may base their subsequently decisions.

5. Factor s Affecting the Analysis of Real Ship Structures

Structural analysis performed during the design phase of a vessels life fundamentally assesses an
imaginary situation. Fabrication problems may be encountered during the production of the vessel and
changes will be made as the ship goes through refit processes which may lead to distortions and
discontinuities in the structure. Material quality may differ to those originally specified. Furthermore,
corrosion, wear and operation will reduce the size of structural members. Consequently, a
considerable number of additional factors must be taken into account when analysing the structure of
a ship that may have been in service for a number of years:

Panel Distortion: This is often described as the “staved horse” look often associated with naval
vessels. Any distortion will mean that amount of loading (particularly compressive loading) the
structure can withstand before fails may be reduced.

Variation in Material Quality: The quality of material specified during in the design process may not
be the same as used on the ship. This may be due to variability in the quality of the material produced
by the foundry or the yard may have chosen to use alternative specifications.

Poor Detailing: The structure of the ship is different to that shown on the plans. Poor alignment and
continuity of structural members may result increased stress around joints resulting in local failure or
worse, instigation of a crack.

Poor Treatment: Once the ship is in service there are many factors which may change the
effectiveness of the structure. Bad treatment during loading such as the use of Tugsin the wrong place
aong the hull or the use pneumatic drills to release cargo may damage the ship structure.

Corrosion: Over time corrosion will affect structural materials reducing the thickness of plate and
stiffeners profiles.

It is difficult to develop mathematical rules which model the effect of each of these points on the load
carrying capacity of the hull structure. However, by measuring the performance of structural materials
on vessels in-service and performing practical experiments on similar structural arrangements the
effect of these issues can be factored into the analysis models.

6. Modelling L oads Experienced by the Structure

The most important factor when carrying out any structural analysis is the accurate capture of the
loads experienced by the ship. Furthermore, certain analysis approaches may be precluded from use
because not al the loads experienced by the vessel will be known. Loads experienced by a damaged
ship may be broken down into the following groups:

Intact L oading Condition: Weight of structure and equipment plus any fluids and cargo carried by the
vessel will al impart aload on the structure when opposed by buoyancy forces generated by the hull.
This“still water” load distribution is often accurately captured in the departure loading condition that
is generated as part of standard stability management procedures. It can be kept up to date during a
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voyage by monitoring the state of tanks and stores so that it is readily available if any emergency
Situation is encountered.

Flooding: Once the watertight integrity of the hull has been breached, additional |oads will be placed
on the hull structure as a result of the water entering the vessel. These loads can be predicted by
observing the height of floodwater or by using flooding sensors if fitted. These loads can be used to
augment the intact loading distribution.

Grounding: Grounding loads may increase loading quite significantly as the load application may be
quite localised if the vessel is grounded on a pinnacle for example. Grounding often results is some
localised plate deformation, but if the hull is punctured floodwater will enter the hull.

Environmental Loads. The most difficult piece of information required for structural analysis is the
accurate capture of the wave loads experienced. The variety of loads known and the associated
confidence in the data may have the greatest influence over the types of analysis techniques that can
be used confidently to assess the damage structural performance of the hull girder. The hull girder is
exposed to severa different loading modes. The easiest to understand are the longitudinal loads
produced by the peaks and troughs of the waves. However, the ship is also subjected to lateral and
torsion loads which are less well understood. It is possible to predict these loads using hydrodynamic
software allowing an estimate what the vessel may actually experience to be obtained. However,
without full scale measurement there may be limited confidence in the accuracy of these predictions.

First of class vessels are often instrumented with strain gauges to capture the forces the ship structure
experiences during operation. The Roya Navy is no exception and has had several vessel
instrumented for a number of years. Historically, instrumentation onboard Royal Navy vessels have
focused on longitudinal loading. This information has been combined with hydrodynamics studies
performed using the WASIM code developed by DNV to produce loading models which are
compatible with mature structural analysis codes. The models are parameterised by sea state,
information which can be estimated with a good degree of accuracy by crew and included as part of
theinitial conditions of any structural analysis.

Current finite element models are capable of accounting for lateral and torsion loads in addition to
longitudinal loads. However, as there is not yet enough measured data (experience) relating to lateral
and torsion loads within the MOD support network. Experts do not yet have the confidence to employ
recent advances in structural analysistools in situations where robust, accurate results and guidanceis
required in situations where the safety ship and its personnel are involved. Meanwhile, data collection
will continue onboard vessels in the fleet and the instrumentation will be improved so that, in the
future, more detailed analysis techniques may be used.

7. Limit State Failure Criteria

The final piece of information required is some form of criteria against which the results of any
analysis can be compared to indicate a level of severity to the crew. Thisinformation can then be used
to develop a plan to bring the emergency situation under control and recover the ship. Alternatively, if
analysis indicates that the ship is beyond repair and the structure is in danger of catastrophic failure
then a decision to abandon ship may be taken. Unlike analysis performed during design which is often
levied with a conservative safety factor, decision support tools need to be able to predict outcome of a
damage scenario with a high degree of accuracy and confidence. Furthermore, as there may be
significant deformation in the structure which may affect the operation of important systems onboard
the vessel, the situation may become untenable long before there is catastrophic failure. The failure
criteria of a bulkhead, for example, may be based on the maximum level of deformation that can be
tolerated before fixtures and fitting fail rather than on the limits of the structure itself. This example
illustrates that the exact details of limit state criteria will be dependent on the design of the ship and
will require expert knowledge of the ships operation and emergency procedures to develop. However,
limit state criteria used by this study are based entirely on the performance of the structure to alow
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operators to build up experience with the tool before more realistic criteria are proposed.
8. Usability

The final point that needs consideration is that the decision support system may be used onboard ship
by users who are not structural analysis experts. This means that both the input data and guidance
produced by the tools needs to be relevant to them. At the same time, experts on the shore side
emergency response team may also be using the same toal to verify the onboard results and suggest
aternative recovery plans.

Numerical results produced by the structural analysis tools need to be transformed into illustrative and
descriptive guidance. Graphical displays such as traffic lights and information overlaid over genera
arrangement plans can be used to accurately convey the severity of a particular hazard with a
minimum level of interpretation on the part of the crew allowing them to focus on prioritising their
actions. Any information provided by the software should follow the same style and terminology to
existing practices and training making it easier to adapt any guidance into ship procedures.

Finally, any analysis implemented in a decision support system must be capable of producing results
on arapid basis. If atool requires a significant amount time to perform calculation any results may be
invalid if the damage scenario has suffered further failures as a result of progressive flooding or the
environmental effects. The tools need to be able to return results at least as fast as damage control
crews can respond to the unfolding scenario so that the team can prioritise the shoring up of sensitive
locations as soon as they are identified.

9. Selected Structural Analysis Routines

There are a larger number of tools available for structural assessment. A smaller subset allow enough
simplification for onboard use given the availability and accuracy of information that may be obtained
in an emergency scenario, time available for analysis and usefulness of results that may be presented
to the user. The tools utilised in this project have been selected on the basis of experience. These
approaches and tools have been used for a number of years which means that there is a good degree of
confidence in the accuracy of input data and applicability of results produced by these tools.

9.1 Assessing the Ultimate Strength of the Hull Girder

Hull girder failure occurs when the loading (bending moment) at a particular longitudinal location
(section) exceeds the structural capability of that section. Damage to any longitudinal continuous
structure at a particular section reduces the ability of that section to withstand the same loads as if it
were intact. Hull girder failure is assessed by a progressive anaysis code known as NS94D devel oped
by QinetiQ. The NS94D calculates at the ultimate strength of transverse sections through the hull
structure using a load shortening code method that assess the plastic limits of structure. Studies,
Arason (2002), comparing a number of structural analysis methods have indicated that this method is
capable of producing results that are equivalent to 3D finite element analysis and with much less
processing time.

At each chosen section, the ship structure is discretised into a stiffener/plate element representation
and progressively loaded. Two limit states are identified at each angle of heel. The load required for
the first element in the section to yield, i.e. reach the elastic limit of its material properties and the
load required for all elements to reach their elastic limit. Structure is not usually designed to go
beyond is elastic properties but when it does it will not immediately fail until it reaches the plastic
limits of the material. Another failure mode incorporated into the analysis software is plate buckling
which happens when compressive loads are applied. The relative distance between the ‘first-yield’
point and the ultimate strength of the section may be used to indicate if catastrophic failure is
imminent once a section begins to fail. Localised yielding can be often beneficial as plastic
deformation may allow loads to be shared with surrounding structure.
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Stress strain relationships for individual elements are modelled using load shortening curves which
take account of geometrical arrangement and material qualities. Realistic material properties and
defects can be modelled by modifying load shortening curve data. This has been achieved by
performing non-linear finite element analysis using the FABSTRAN code, Dow (1986).

Damage structure is simulated by removing elements of the section reducing the load carry capacity
of the section. At present damage is defined using a number of cuboids. Any element within a damage
cuboid is removed from the analysis. As the analysis is based on a 2D approach, the ends of cuboids
are tapered into wedge shapes to reduce the effectiveness of elements in neighbouring sections and
allow stress flow to be modelled more representatively.

9.2 Assessing the Bulkhead Failure

The method used to assess the failure of bulkheads is straightforward and does not require a great deal
of explanation. Based on an approach described in Chalmers (1993), it identifies the maximum
hydrostatic head required for panel spans between decks to fail. The failure mechanism is based on a
three point plastic hinge. This method assumes that there is little deflection of deck structure due to
hydrostatic loading and that these supporting structural members remain effective. In the future it is
hoped to upgrade these tools so that it will take account of hydrostatic loading to both bulkheads and
decks.

9.3 Analysing the Probability of Brittle Fracture dueto Cracking

Brittle fracture can be caused by a number of reasons. Low toughness steels can fail as a result of
rapid variations in stress intensity as a result of collision or weapons damage for example. High
toughness steels can fail as a result of low temperatures, large crack sizes or high residua stress
intensity. Cracks can often provide a good indicator of future brittle facture. Furthermore, the
increased use of high tensile steels with low fatigue tolerance means that brittle failure may occur
much earlier after crack initiation. As a result, Classification societies strongly recommend that any
cracking should be repaired immediately due to the potentially serious consequences that may occur if
a crack propagates potentialy leading to brittle facture of the hull structure. However, there is
anecdotal evidence that ships have been able operate safely with large cracks. Therefore, a method has
been devel oped which allows the future likely hood of brittle fracture, as a result of the formation of a
crack, to be assessed.

Brittle fracture will occur when the stress intensity factor, which is a combination of crack length and
loading, exceeds the material toughness. However, up to that point, the crack will continue to
propagate as a function of material properties, temperature and changing stress intensity. Both
material properties and stress loading will experience some degree of variability and can be modelled
with probabilistic distributions. Physical measurements are required to determine both sets of
information. Charpy tests can be used to determine material toughness by testing a large number of
samples with respect to temperature. Statistical models of stress intensity can be obtained
experimentaly or by instrumenting vessels with monitoring equipment although it may aso be
estimated using hydro-elastic analysis.

POSF is used to assess the probability of brittle facture. It uses an iterative method to propagate crack
length and cal cul ate the associated risk of failure. Stress |oads are based on the position of the crack in
the structure and the current loading condition factored by wave induced load distributions based on
in service measurements. Wave induced loads are parameterised by sea state which is set by the user
who also specifies temperature. Risk of failure is presented to the user in the form of a traffic light
display where the limit state criteria, Table I1, is representative of threshold levels of fracture over the
year within the world wide shipping fleet.
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Tablell: Limit State Criteriafor Brittle Fracture

State World Wide Fleet Wide Events per Y ear
Green Amber 5x10™
Amber Red 4x10°

10. Including Structurein the Ship M odel

Fig.4: The stability model (left) and structural model (right) in Paramarine.

A model of ship compartmentation and structure must be developed before the effects of damage to
watertight integrity and structure can be assessed. Most UK naval vessels have stability models
developed in Paramarine as part of existing onboard installations of Seagoing Paramarine prior this
project. Paramarine also provides a structural definition capability for ship design purposes that could
with a small amount of extension, be adapted to alow accurate structural detailing. Paramarine's
structural modelling tools are, however, primarily aimed at design structural analysis rather than the
development of detailed production information. Consequently, they are simpler and more parametric
than some of the detailed structural modelling tools found in other integrated ship design systems. The
structural model of a ship is broken down into two elements, panels and girders. A panel is a surface
that has attributes describing material, thickness and stiffener placement. The location of each
stiffener can be customised using end points which lie on the edges of the panel and define the
stiffener as a straight line. At no point is any geometry developed which represent plate thickness or
extruded stiffener profiles. The rendered image of the structural model shown on screen, Fig.4, is
generated from the attribute parametric information associated with each panel. Girders are defined in
a similar parametric manner being stiffener profiles associated with the shared edge of two adjacent
panels. All structural specifications are associated with tolerances which can be used to introduce
corrosion affects and reduce effectiveness of structural membersin the hull.

11. Seagoing Paramarine

Paramarine is an integrated ship design tool which allows users to represent or design using solid
modelling tools and perform analysis on the ship model geometry. In 2000, an onboard Paramarine
based tool called Seagoing was released which could support ships crew and shore side project teams
in daily stability check calculations and, in case of emergency, could support damage stability and
grounding calculations. Unlike Paramarine, where the user must build the ship model themselves, the
ship model in Seagoing is preloaded alowing an aternative user interface to be used which is
specifically focused on loading condition and stability calculations. Graphical views are used to show
the user which tanks have contents and where solid loads are located. The Seagoing software has been
installed on all major Royal Navy vessels over the last 4 years and has been incorporated into both
shore side and large scale exercise training.
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Fig.5: The Seagoing Paramarine user interface (Ieft) mimics the damage control board (right).
The damage control board photo is from the grounding of HMS NOTTINGHAM.

The grounding incident involving HMS NOTTINGHAM showed that there was a need to have
readily accessible structural analysis tools alongside the stability assessment tools already in use.. The
analysis tools discussed previousy were available to experts supporting the recovery of HMS
NOTTINGHAM. However, as they were primarily in-house tools, they lacked the user interface and
support required for onboard use. Using Paramarine's structural definition model, these tools were
integrated into Seagoing by developing user interface tools that would allow non-expert users to
define and assess scenarios involving damaged structure.

11.1 Responding to an Emergency Situation

The Seagoing Paramarine user interface is generically windows based so that it can support a wide
range of analysis functions that have been integrated into the system. As the software may be used
infrequently, it incorporates a simple menu driven wizard system which alows the user to perform
any analysis on the basis of answering simple gquestions. On selecting to look at a damage situation,
the user is asked to ensure that the loading condition inside the software is the same as the actual
condition of the vessel before being taken to a ship plan view where damage to watertight integrity
can be defined. The graphical presentation of the ship arrangement is displayed in exactly the same
style as used on the damage control board on the vessel, Fig.5.

Fig.6: The Seagoing Paramarine interface for structural damage. The damage
is defined by drawing ared rectangle on the arrangement.
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After the stability of the vessel has been assessed, the user is asked if they want to review the effect of
structural damage using the Ultimate Strength, Bulkhead failure or Brittle Fracture analysis tools. In
al three cases atraffic light approach is used to indicate the severity of the situation.

11.2 Assessing Structural Damageto the Hull Girder

The effect of structural damage to the hull girder is displayed on a graph, Fig 7. The ultimate strength
of the hull girder is assessed by comparing the combined still water bending moment and wave
induced bending moment, with the first yield and ultimate strength limit states for Hog and Sag
respectively. If any of the bending moment curves resulting from the load exceeds the first yield limit
state then an amber warning condition is displayed on the traffic light. If the ultimate strength limit
state is exceeded then ared condition is displayed, Fig 8. The graphical curves are overlaid on top of
the profile to highlight locations where structural capacity is limited.

Fig.7: The structural capability of an intact vessel. Capability isindicated by the
upper and lower pair of curves and current loading isillustrated by the middle three curves.

Fig.8: The structural capability of a damaged vessel based on the information illustrated in Fig.6.
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11.3 Assessing the Serviceability of Bulkheads

Bulkhead strength is assessed by comparing the pressure head resulting from flooding against the
capability of the bulkhead structure. The pressure head on each side of the bulkhead is calculated by
evaluating the amount of fluid in neighbouring compartments. A profile of the vessel is displayed
with each bulkhead highlighted and an associated circle representing the traffic light state with amber
and red colours being used to indicated the proximity of the structure to failure, Fig 9. From the
profile, a cross section view of the bulkhead can be displayed alowing experts to look at the analysis
results for each structural panel.

Fig.9: Therisk of bulkhead failureisillustrated using atraffic light display, the circle below the frame
number (left). More detailed information on bulkhead serviceability is displayed by reviewing the
transverse structure (right).

11.4 Managing the Growth of Cracksto Prevent Brittle Fracture

The fracture analysis tooals, unlike those described in the previous sections can be used independently
of physical damage to the hull structure allowing cracks that appear as part of everyday operation to
be assessed. Individual cracks are defined using a wizard interface. The user first selects a
longitudinal location, Fig 10, and then goes on to identify where in the transverse section the crack
has been observed. Next, the user defines some basic parameters such as crack length, sea state and
whether it emanates from a physical hole in the hull structure.

Fig.10: Cracks are located by choosing the longitudinal position (left)
and then specifying the failed panel (right).

The results of the analysis are displayed as a histogram using traffic light colours to describe the
severity of the crack length, Fig 11. The current crack length is displayed as a horizontal line across
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the chart. By inspecting the bar with the closest temperature from the bottom axis and comparing the
crack length indicated on the left axis with the colour, the user can identify the status. If it isin the
green area then the crack can be left until the next practical opportunity for repair. If it isin the amber
zone then it should be repaired as soon as possible but the crack does present an immediate risk of
failure. If it isin the red zone then the crack should be repaired immediately. Another display provides
an estimate of the amount of time that may elapse before the crack enters the amber state. The tool
can be used to identify critical crack length alowing monitoring procedures to be introduced where
cracks are checked and repairs scheduled. Furthermore, the user may change sea state to assess the
effect of adverse weather which may be used to determine whether the ship should seek a shelter port
if it cannot be repaired.

Fig.11: Risk of brittle fracture isillustrated using a histogram of temperature
against crack length with the severity being indicated by traffic light colours.

12. Use of Software Onboard Ship in an Emergency Context

The design of the software user interface, particular for onboard tools, can result in passionate debates
and for good reason. Decision support tools used for emergency response may only be used in anger
when there is a significant risk to the ship and personnel. The user may have limited expertise and will
be under a great deal of pressure. Consequently, misuse and misinterpretation of information supplied
by the software (or any other complex user driven system for that matter) may further exacerbate an
unfolding emergency situation.

The Seagoing software is perhaps in a unique position in that it is deployed onboard naval vessels
where training is a frequent activity. Ships crews spend a great deal of time training to respond to
flooding and fire so that they can act instinctively if the ship becomes damaged during a hostile
situation. Furthermore, the software has been incorporated into the stability courses that engineering
crew receive as part of their shore side training. That said, Marine Engineering Officers have stated
they would initial follow their normal procedures in the event of damage, but would then consult the
software after flooding is under control.

The introduction of structural analysis into software has a particular impact on the design of the user
interface that is intended to be used by crew in emergencies and has to be undertaken with some
considerate care. Although there are many stability tools which provide support during emergencies
no proper precedent has been set for the best way to provide support for structural damage.
Furthermore, training of engineering officers in structural matters is limited compared to stability
even though many will hold qualifications to master's degree level and have chartered status.
Therefore, the software is being gradually introduced a period of years. Firstly to shore side support
teams, with trials onboard a single ship so that feedback can be captured before the software is rolled
out more widely to other vessels. In the short term, the design of the user interface has been based on
experience of the development team, the naval structures group within the UK MOD (TES-SSG) and
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the experts who have developed the structural analysis routines (QinetiQ Rosyth).
13. Concluding Remarks

The extensive structural damage experienced during the grounding of HMS Nottingham in 2002
identified a real need for structural analysis software that can be used in a live and evolving
emergency situation. In seeking to address this gap in technology, for the UK Royal Navy, a decision
support system has been developed which combines both stability and structural analysis in software
which can be used onboard ship.

A range of structural analysis routines were selected on the basis of experience taking account of
accuracy, availability of compatible long term statistics for environmental loading, the range
information that crew are able to provide and above al confidence in the techniques. The analysis
routines cover a range of different structural problems that a ship may face, at both global and local
levels, and must account for the fact that the real ship structure may differ from the original design.

It is clear that software quality and the design the visua interfaces contribute greatly to the accuracy
and effectiveness in which a tool can be used. Moreover, in this particular case, the software is
intended for use in emergency situations where the user will be stressed. To evaluate the latter is the
purpose of trials on board and a long integration phase with the project teams who operate the ships.
During this process feedback will be collected and used to enhance the design of the software and
aternative approaches for displaying guidance explored.

Acknowledgements

The author would like to thank Tom Grafton from TES-SSG for supporting this project and Michael
Orr for supplying photos of HMS NOTTINGHAM.

References

DOW, R.S.; SMITH, C.S. (1986), FABSTRAN: A Computer program for beam static and transient
response analysis, ARE, Dunfermline

CHALMERS, D.W. (1993), Design of Ships' Structures, London, HM SO, UK

WHATMORE, JW. (2000), Investigation into ultimate strength of ship hull girder methods for
design calculations, Graphics Research Corporation, GRC/JW/03C112, UK.

ARASON, M. (2004), Methodology for ultimate strength assessment of damaged ships,
QINETIQ/FST/CR040115/3.0, UK Restricted

McCARTHY, D.J. (2006), Response to a Damage Event, Master of Science Thesis, UCL, London

399



