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Abstract

The Maritime Industry is a vast, complex, and still growing business in the world. Although the
focus of the Maritime sector has been very much towards digitalization and de/carbonization,
old issues such as maintenance management have not yet reached its optimality. Often
maintenance plans are established from the manufacturer's recommendations, but it does not
necessarily prevent critical functional failures to happen. Consequently, operational costs
increase, as well as the risk for accidents to happen.

This thesis aims to apply the Reliability Centered Maintenance (RCM) approach as a
framework for the maintenance strategy of JIB cranes. Many maritime units such as platform
rigs, construction vessels, and bulk carrier ships use cranes on its daily activities and the non-
availability of this asset results in downtimes that represent a considerable loss of money. The
RCM method has been successfully used by other industries such as Aerospace, Nuclear Plants,
and Oil & Gas. The RCM, if correctly applied, can result in higher maintenance effectiveness,
more reliable and safer operations.

Through a detailed study of the crane system, historical reports, meetings, and interviews,
failure modes of the crane will be identified and registered on an FMECA worksheet. Thus, the
failure modes will be ranked though its significance generating an RPN number for each failure
mode concerning operation and safety. The next step of the process is to analyze the failure
modes with the highest RPN through the RCM Decision Diagram. The expected result is to
identify tasks that can reduce the probability of those failures modes to happen or to minimize
the effect of its consequences.

Due to the short amount of time, the RCM will be applied only to the function hoisting of the
JIB crane. Further recommended actions are to implement the proposed tasks to the existent
maintenance plan in force, as well as the application of the RCM to the sub-system luffing,
slewing, control and structure so the whole crane system can benefit from this maintenance

framework strategy.
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Sammendrag

Den maritime industrien er en stor, kompleks og stadig voksende neringen i verden. Selv om
den maritime neeringen har fokusert mest pa digitalisering og dekarbonisering, har gamle saker
som for eksempel, vedlikeholdsstyring ikke nadd sin optimalitet. VVedlikeholdsplaner er ofte
utarbeidet basert pa produsentens anbefaling, men ikke ngdvendigvis nok for a hindre kritiske

funksjonsfeil. Falgelig, gker driftskostnadene, samt risiko for at ullyker kommer til a skje.

Denne oppgaven tar sikte pa a anvende tilngrming til Palitelighetsstyrt Vedlikehold (RCM)
som et rammeverk for vedlikeholdsstrategien til JIB kraner. Mange maritime enheter som
plattformrigger, konstruksjonsskip og bulkbater bruker kraner til sine daglige aktiviteter, og
manglende tilgjengelighet av denne resursen resulterer i nedetid som representerer et betydelig
tap av penger. RCM-metoden har blitt velykket brukt av andre neringer som luftfart,
atomkraftverk og olje og gass. RCM, hvis den brukes riktig, kan resultere i hgyere

vedlikeholdseffektivitet, bedre palitelighet og sikrere operasjoner.

Gjennom en detaljert studie av kransystemet, historiske rapporter, mgter, og intervjuer, vil
feilmodusene til kranen bli identifisert og registrert pa et FMECA regneark. Dermed vil
feilmodusene rangeres om dens betydning genererer et risikoprioriteringsnummer (RPN) for
hver feilmodus angaende drift og sikkerhet. Det neste trinnet i prosessen er a analysere
feilmodusene med hgyest RPN gjennom RCM-beslutningsdiagrammet. Det forventede
resultatet er & identifisere vedlikeholdstiltak som kan redusere sannsynligheten for at disse

feilmodiene skal skje eller for & minimere effekten av konsekvensene.

Pa grunn av den korte tiden, vil RCM kun bli brukt til funksjonen heising av JIB kranen.
Ytterligere anbefalte tiltak er & implementere de foreslatte oppgavene til den gjeldende
vedlikeholdsplanen, samt anvendelsen av RCM pa delsystemets luffing, sving, kontroll og

struktur, slik at hele kransystemet kan dra nytte av denne vedlikeholdsrammestrategien.
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Definitions and abbreviations

Age—A measure of exposure to stress computed from the moment an item or component enters
service when new or re-enters service after a task designed to restore its initial capability, and
can be measured in terms of calendar time, running time, distance traveled duty cycles or units
of output or throughput (SAE 1011, 1999).

Appropriate Task—A task that is both technically feasible and worth doing (applicable and
effective) (SAE 1011, 1999).

CMMS - Computerized maintenance management system.

Desired Performance—The level of performance desired by the owner or user of a physical
asset or system (SAE 1011, 1999).

Environmental Consequences—A failure mode or multiple failures has environmental
consequences if it could breach any corporate, municipal, regional, national, or international
environmental standard or regulation which applies to the physical asset or system under
consideration (SAE 1011, 1999).

Failure Consequences—The way(s) in which the effects of a failure mode or a multiple
failure matter (evidence of failure, impact on safety, the environment, operational capability,
direct, and indirect repair costs) (SAE 1011, 1999).

Failure Effect—What happens when a failure mode occurs (SAE 1011, 1999).
Failure Mode—A single event, which causes functional failure (SAE 1011, 1999).

Function—What the owner or user of a physical asset or system wants it to do (SAE 1011,
1999).

Functional Failure—A state in which a physical asset or system is unable to perform a specific
function to a desired level of performance (SAE 1011, 1999).

Hidden Failure—A failure mode whose effects do not become apparent to the operating crew

under normal circumstances if the failure mode occurs on its own (SAE 1011, 1999).
MTBF — Mean time between failures.

Operating Context—The circumstances in which a physical asset or system is expected to
operate (SAE 1011, 1999).
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P-F Interval—The interval between the point at which a potential failure becomes detectable
and the point at which it degrades into a functional failure (also known as “failure development

period” and “lead time to failure”) (SAE 1011, 1999).

Plant — set of systems that function together to provide some sort of output (Rausand, 1998, p.
123).

Potential Failure—An identifiable condition that indicates that a functional failure is either

about to occur or is in the process of occurring (SAE 1011, 1999).

Run-to-Failure—A failure management policy that permits a specific failure mode to occur

without any attempt to anticipate or prevent it (SAE 1011, 1999).

User—A person or organization that operates an asset or system and may either suffer or be

held accountable for the consequences of a failure mode of that system (SAE 1011, 1999).
RCM—Reliability-Centered Maintenance (SAE 1011, 1999).

Running rigging - refers to all ropes passing over rope sheaves or guide rolls or wound on

winches, irrespective of whether or not the ropes are moved under load (DNV, 2016).

Standing rigging - refers to all wire ropes which are not turned round or wound on to winches,
such as shrouds, stays, pendants, etc. Standing rigging shall be fitted with thimbles or rope
sockets(DNV, 2016).

RPN — Risk priority number.

System — set of sub-systems that perform a main function in the plant. (Rausand, 1998, p. 123).
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1 Introduction
1.1 Background

Maintenance plans are typically based on manufactures recommendations and regulations that
guide the industry (Rausand, 1998). For this reason, companies many times end up with too
many maintenance tasks, either because they are carried more often than necessary, or because
it recommends replacement of resources that still have a good condition. The author has been
sailing for almost six years in different types of vessels have also experience that, assets that
before invasive maintenance, had a good and stable condition, started to show problems after

overhauling.

RCM is a maintenance philosophy that has been used in the aviation industry since the '70s. It
focuses on the system functions and aims for that the components continue "to do whatever its
users want it to do," instead of focusing on the general condition of it (Moubray, 1997, p.21).
The RCM requires a deep understanding of the system functions and how failures of
components influence safety, environment, and operation. The RCM seeks more cost-effective
maintenance costs, removing unnecessary maintenance actions (Rausand, 1998), more
excellent safety and environmental integrity, and higher availability of the assets (Moubray,
1997).

Crane has been the asset chosen as the subject of study because it is an essential equipment
present in most maritime segments. Furthermore, failures of such equipment can result in

considerable economic losses, safety, and sometimes environmental incidents.

Grieg Star is a Ship and Operating company located with its headquarters in Bergen. It manages
approximately 40 open hatch and dry bulk carrier vessels. Grieg Star is a company committed
to environmental issues, and that has as a goal to be in total compliance with all applicable
international agreements and regulations (Grieg Star). The newest class of vessels is Open
Hatch Vessels, L-class equipped with electrical slewing cranes instead of the traditional
hydraulic gantry cranes. The GLE crane has the particularity of being an electrical crane,
differently of a typical hydraulic crane that uses approximately 700l of oil. For having a reduced
carbon footprint, the GLE seems to be a tendency in the maritime industry, which has been

continuously looking for the replacement of fossil fuels by renewable energy.



MMO 5017 Candidate 112 30.05.2019
1.2 Objective

The research question that serves as the basis for this Master thesis is "How Reliability Centered
Maintenance framework for maintenance strategy can contribute to a more efficient, reliable,
and cost/effective crane operation?". Following the RCM steps, it aims for identifying failure
modes that put in risk the safety of the operation according to the operating context to be
described and select maintenance tasks that can reduce the possibility of those failures to
happen. The proposed tasks will be recommended to the cooperating company to be included

in their current maintenance plan.

1.3 Scope and limitations

Due to the limitation of resources and time, the analysis of the crane system will be limited to
the sub-system correspondent to the function hoisting. It will focus on the mechanical failure
modes once the GLE crane has a sophisticated automation system that would require a much
longer time to be studied and understood.

Another limitation is the lack of quantitative data such as P-F interval and MTBF. Maintenance
intervals will then be based on the opinion of the experienced professionals with whom the

author will have meetings and carry out interviews in the course of the thesis.

1.4 Structure of the thesis

Chapter 2 is the theoretical background and starts with a brief history of RCM. Consequently,
the RCM process will be described. Still, in chapter 2, the risk indexing method for the
classification of the failure modes will also be described. In chapter 3, the author will introduce
the methods for gathering data, the reason why the method was chosen, the drawbacks with the
methods, and what has been done to overcome the limitations. Chapter 4 is the RCM in practice,
applied to a real situation, step-by-step. The results will be registered in the RCM Il Decision
Worksheet and a discussion about what the RCM method aims to achieve, and its limitations
will take place in chapter 5. Chapter 6 brings some comments about the challenges of the RCM

Process. The conclusion and recommendation for further work will be presented in chapter 7.
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2 Theoretical Background
2.1 History of RCM

Reliability-Centered Maintenance was created in 1974 by United Airlines to attend a request
from the United States Department of Defense. At that time, Maintenance was based on the
concept that every sub-system of equipment has a 'right age' and that a periodical overhaul was
necessary to ensure safety and equipment availability. However, this methodology was not
being effective. Thus, a team was formed to develop a program to analyze the factors that affect

reliability and how to mitigate them. The Committee came to the main conclusions:

» The scheduled overhaul has little effect on the overhaul reliability of a complex item
unless the item has a dominant failure mode. »
« There are many items for which there is no effective form of Scheduled Maintenance.

(Nowlan and Heap, mentioned by Moubray, 1997, p.318).

The first RCM was then published in 1978 by Nowlan and Heap. Later, three other versions of
RCM were developed and became the maintenance plan of the Boeing 747, DC10,
CONCORDE et Airbus A340. (Carretero et al., 2000, p.10).

Moubray (1997, p.321) also relates that as RCM improved and started to deal with
environmental issues as much as safety and diminishment of maintenance costs, RCM started
to be used in many other industries all over the world. A consequence of this spread and the
increase on RCM popularity without criteria resulted in many organizations creating variations
of the RCM process, but that not correspond to the original RCM process. From circumstance
arose the necessity for a standard that could define the RCM processes and concepts. Thus, in
1999 the SAE Standard for Reliability Centered Maintenance was published with the purpose
of «to evaluate any process that supports to be an RCM process, in order to determine whether
it is a true RCM process. » (SAE JA 1011, 1999). The standard, however, does not define one

individual process.

For the scope of this master thesis, the RCM process described by Moubray (1997) will be used
to deal with the research question "How Reliability Centered Maintenance framework for
maintenance strategy can contribute to a more efficient, reliable and cost/effective crane

operation?"
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2.2 The Concept of Reliability-Centered Maintenance (RCM)

Before digging into the concept of RCM, it can be interesting to review the definitions of
Reliability and Maintenance separately. According to the Oxford dictionary, Reliability means
"The quality of being trustworthy or of performing consistently well." Maintenance is defined
by "the process of preserving a condition or situation or the state of being preserved” (2019,
Oxford). Moubray in his studies about RCM uses those basic definitions to create the concept
of Reliability-Centered Maintenance, that is: "A process used to determine what must be done
to ensure that any physical asset continues to do whatever its users want it to do in its present
operating context" (Moubray, 1997, p. 7). Thus, in order to establish a maintenance strategy
framework with a basis in the RCM theory, it is essential to determine what are the functions
and performance that are expected from the physical asset. However, some assets have different
functions according to the operating context. For example, a fire pump on board a ship can be
used either to its primary function, that is to supply water to fight a fire if a casualty happens,
or it can also be used to provide water to wash the deck. Both operating contexts require a
particular standard performance and availability from the pump. It is assuming that the pump
has a pumping rate of 50m3/h and that the flow rate is specified on the fire plan of the vessel.
In the operating context of washing the deck, it could be acceptable that the pump after some
years of use no longer pumps at 50m3/h, but at 40m3/h instead. Nevertheless, for the task of
extinguish fire, it is most likely that if the pump is not able to provide the expected flow rate,
consequently, the pump will not be able to do what the users want it to in its present operating

context, that in this case is to pressurize the fire hose with pressure enough to extinguish fire.

Moubray (1997, p.7) claims that the RCM process consists of seven basic questions about the
system or the component to be analyzed:

*  What are the functions and associated performance standards of the asset in its present

operating context?

» In what ways does it fail to fulfill its functions?
* What causes each functional failure?

» What happens when each failure occurs?

* In what way does each failure matter?
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*  What can be done to predict or to prevent each failure?
*  What should be done if a suitable proactive task cannot be found?

Applying the RCM process requires efficient planning in order to result in the desired
improvements in maintenance effectiveness. Planning the RCM process consists basically in
choosing which assets will be assessed and what will be necessary to apply the process to the
assets. A good understanding of the operating context is also necessary since it will define the
performance that will be expected from the asset. It is also essential that a review group is
formed. The seven basic questions cannot be answered only by the maintenance team, but it
also requires the inputs from the operational team. According to Moubray (1997, p. 17), the

review group should count with at least:

- Facilitator: a person trained in RCM that can ensure that no critical component of the system

is left out of the analysis and that can ensure that all group understand the RCM process;
- One member from the maintenance team and one member from the operational team;

When the RCM review is completed, the next step is its implementation and auditing. This step
will be better clarified further in this paper. However, if correctly performed, the RCM process
can achieve great results. Some of these outputs are, for example, more safe and reliable
operations, higher availability of the assets, a longer lifetime of expensive components, better

maintenance cost-effectiveness, and better teamwork.

2.3 Definition of functions

The first action of the RCM process is to specify the function of each asset and the expected
level of performance. In this phase of the process is the participation of the users of the asset.
There are particularities in the asset that only the users can give their insight. According to
Moubray (1997, p. 7), the functions of the assets can be divided into two categories, primary
and secondary functions. The primary functions are those that justify the existence of that
component in the asset. It is the main function of the component. The secondary functions are

regarding the other functions that the component may fulfill, as:

1. Environmental integrity;

2. Safety / structural integrity;
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Control / comfort;
Appearance;
Protection;

Economy/efficiency

N o g~ ow

Superfluous functions

Other authors, such as for example, Marquéz (2007, p. 139), have other classification methods,

but that is similar to Moubray's method. Marquéz has divided it into five categories:

1. Primary functions: the main function of the asset that justifies it in the system;

2. Auxiliary functions: functions to assist in the primary function being fulfilled;

3. Protective and control functions: functions that intend to protect the users and the
environment;

4. Information functions: related to alarms and monitoring;

5. Interface functions: when two items have a relationship between themselves, the
interface function is about the active or passive functions that an item has over another

one.

However, it may be taken into consideration the operating context in which an asset is being
used. It is the operating context that many times determines the secondary functions of an asset
and may, therefore, be well understood. The aspects that influence the operating context are,
for example, quality and environmental standards, safety hazards, shift time.

2.3.1 System breakdown concept

In order to determine the function of the assets, it is vital to identify the individual elements
/operations that constitute the whole process. Mohr (2002), suggests that all available drawing,
charts, and descriptions diagrams are collected and analyzed. Thus, a system breakdown can be

carried out either according to its functionality and its geographical/architectural location.

Creating a coding system can also contribute to establishing a coordinated relationship between
the systems, sub-systems, and components. At this point, a functional block diagram is also a
tool to be used to clarify which assets/assemblies constitute the system and where they are
located. Moubray (1997, p. 327) defines this functional breakdown block diagram as "plant

register.” A challenge here is to figure out what is the most appropriate level to perform the
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system breakdown, including a manageable number of assemblies, subassemblies, and

components in order to do not overlook key-components and potential targets.

2.4 Functional Failures

A failure is many times associated with the deterioration of an asset. Nevertheless, a functional
failure can also be characterized by a decrease in performance, so the asset is not able to do
what the users want it to do, although it has not yet had a complete stop. Moubray (1997, p.

47), defines functional failures as:

" The inability of any asset to fulfill a function to a standard of performance which is acceptable

to the user."”
Functional failures can have the following aspects:

« Partial and total failure: a performance outside the established limits will characterize
a partial failure. A total failure means a complete breakdown.

« Upper and lower limits: if an asset has upper and lower performance limits established,
it means a functional failure if the component works either over the upper limit or below
the lower limit. For instance, different causes can make the component over or
underperform.

« Gauges and indicators: gauges, indicators, and other control systems can stop
complete to measure and display the output or can also display the wrong value. It shall
also be specified when identifying a functional failure.

» The operational context: a functional failure can have different meanings for the users
of the asset and the maintenance personnel. Performance standards are essential in order
to do not lose time and take actions before the failure occurs. The best scenario is that
both users and maintenance personnel can together set the performance about how the

asset should behave.
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2.5 Failure Modes and Effects Analysis (FMEA)
2.5.1 Failure mode

A functional failure can result from different failure modes. According to Marquéz (2007, p.
142), only failure modes with a high occurrence possibility should be listed, and not all every
single possible failure. Failure modes should be specified without too many details, but with
verbs that make clear what the failure mode is. If a control panel stops working, it is not clear
enough to inform, for example, that the panel failed. It is necessary to inform what caused the
panel to fail, was it due to a fuse failure or a wire break?

2.5.2 Failure mode categories

Moubray (1997, p. 58) claims that it is common that only failures due to deterioration usually
are taken into consideration in maintenance strategy. However, in order to obtain an effective
maintenance strategy, human errors and design flaws should be included in the failure mode
analysis in case it represents a threat to the asset functionality. In RCM, failure mode has been

classified as follows:

Falling capability Increase in desired performance

e Deterioration e Sustained, deliberate overloading

e Lubrication failures e Sustained, unitentional overloading
¢ Dirt e Sudden, unitentional overloading

e Disassembly e Incorrect process material

e 'Capability reducing' human errors

Human-errors shall be addressed in the FMEA when the cause that generated the error will be
investigated and not necessarily finding someone to blame. Many safety theories analyze the
relation human-machine, and that also gives many recommendations about how to improve this
relationship. It is beyond the scope of this thesis to go further in detail in human errors since

this theme is quite enormous.
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When the failure modes are being listed, a decision to make is how far or how deep in detail it
should be done. Moubray makes it very clear that failure modes should be defined in enough
detail for it to be possible to select a suitable failure management policy. (1997, p. 64). Another
recommendation is regarding not to list all failure possibilities in disregard with its likelihood.
Preference of failure modes to be listed can be given to failures modes that have already
happened, failure modes that are already subject for proactive maintenance, and failures that
have not yet occurred, but that can happen.

2.5.3 Failure Effects

The next step of the RCM is the failure effect analysis. When a component is in a state of failure,
it will affect the system. The nature of the effect can be either of quality, a threat to the safety
or environment, signs, and alarms given by the system. Moubray (1997, p.73) and Marquéz
(2007, p.143) state that when a failure effect is going to be described, the following aspects
should be related:

« What signs (if any) indicate that the failure has occurred.

« Example: alarms, sounds, noises, smoke, fire;

« What hazards (if any) it represents to safety or the environment.

« Example: risk of fire or explosion, leakage, electrocution, falling objects, structural
collapse.

« What effects (if any) it has in operations.

« Example: how long time will it be necessary to put the asset in operation again. It
includes the whole process from identifying the failure, joining the resources to fix it
(spare part, technician), repair, and tests. Financial penalties and increased operating
costs that result from the failure may also be recorded.

« Physical damages (if any) result from the failure.

« Actions that are required to eliminate failure.
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2.5.4 Failure Consequences

Having analyzed which effects, what means, what happens when a failure mode occurs, the
consequences that a failure mode entails may also be assessed. The classification of failure

mode consequences can be into four primary consequence natures:

e Safety: if it represents a risk to injury or to kill someone;

e Environmental: If it breaks environmental regulations and standards;

e Operational & Economical: when it increases direct and operational costs, as well as it
implicates in no availability of the asset.

The evaluation of fail consequences is essential to identify the measures that shall be taken in
order to eliminate or minimize the effects and consequences. During the evaluation, it shall also
discuss whether a failure mode is hidden or evident. An evident fault is characterized by the
possibility of being observable under normal operating conditions. A hidden fault is described
by Moubray (1997, p.93) as ‘a fault that will not become evident to the operating crew under
normal circumstances if it occurs on its own.' Examples of components that are subject to suffer
a hidden failure are, for example, protective devices such as sensors and level switches. A
temperature sensor that is designed to stop a motor in case the temperature rises higher than the
limits will not probably have its failure noticed until further damages have happened. If there
is no preventive maintenance for the protective device, multiple failures can occur if the

protective device fails before the protected component/system.

Moubray (1997, p. 127) suggests then that all failure modes are classified and ranked according
to their consequences and whether there are evident or hidden. This rank and classification will
serve as the basis for analyzing whether proactive maintenance is worth or not worth doing, or

what actions shall be taken if a suitable task cannot be found.

2.6 Risk indexing for failure modes and the RCM decision diagram
2.6.1 Three-dimensional risk scoring systems and RPN

The RCM process requires a ranking of the failure modes in order to prioritize those that require
the identification of an appropriate maintenance task. There are some different approaches to

assess the criticality of the failure modes and to rate them (Moubray, 1997, p.289). According

10
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to Verma et al. (2016), criticality analysis can either be performed quantitatively or qualitatively
depending on the data available. The quantitative method requires data such as failure rates for
each failure mode. However, not always a plant will have this information available, and thus,

a qualitative method becomes the best alternative (US Department of Defense, 1990).

Emanuele (2014, p.235), explains that risk indexing scoring, such as RPN ( risk priority
number), results from subjective assessments of the rate of the severity of the potential effects
of failures and the likelihood of occurrence. The RPN (risk priority number) consists of the
product of assigned values for the severity, likelihood, and, in this thesis, detection parameters.
For each failure mode, values for Severity, Likelihood, and Detection are assigned to each
failure mode (Manuele, 2014, p.239). Those failure modes that attain a high RPN number
require further attention so actions can be taken to reduce the risk. Afterward, when the analysis

is concluded, the failure modes can be classified from the highest RPN to the lowest.
RPN = Severity x Occurrence X Detection

Risk indexing allows the prioritization of failure modes to be analyzed. It is a relatively simple
and efficient method, but that according to Rosenblum & Lapp (1989, p. 184), should not be
the only source to support decision making. They explain that risk index and risk analysis have
the same principle, but risk analysis is normally much richer in detail, time demanding, and
costly than risk indexing. For the scope of this thesis, risk indexing attends the necessities to
establish maintenance priorities using the severity parameters safety, environment, and

economic impacts.

Traditional risk analysis techniques use a commonly two-dimensional risk matrix to represent
the outcome from the relation severity x likelihood (Watson, 2011). As represented in figure 1,
the risks are plotted in a matrix as a function with the severity of the consequences and the
probability of occurrence (Kristiansen, 2005, p.289). However, some industries, due to the
necessity of taking into consideration other factors for risk analysis, for example, exposure or
detectability, have now been using three- or even four-dimensional risk scoring systems.
Emanuele (2014, p.237) describes an FMEA carried out by SEMATECH, a semiconductor
equipment manufacturing company, using three criteria of numerical ranking: Severity,
Occurrence, and Detection. He explains that SEMATECH had two scoring tables for severity
ranking, one concerning Customer satisfaction and another regarding Product Safety
guidelines. Thus, two other scoring tables are about Occurrence and Detection ranking criteria.
The RPN is then calculated by the product Severity X Occurrence X Detection and entered in

11
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the FMEA. The failure modes that achieve a high RPN are listed for further actions, according
to the limits of RPN values established by the Company.

Nevertheless, risk analysis with three criteria is not well displayed in a traditional two-axis
matrix. For better visualization, a three-dimensional view of Severity, Likelihood, and Severity
was created by the author (figure 5). Based on the three-dimensional view introduced by
Watson (2011), the level of Severity increases from right-to-left, the likelihood from front to
back, and the Detection is showed in a Z axis. The representation of the relationship between
the three axes generates the 'tall poles' as defined by Watson (2011). The highest RPN number

represents the highest pole.

Grieg Star uses on its QMS system the following parameters to perform risk analysis and to

evaluate the failure mode consequences:

Likelihood class
1 2 3 4 5
Safety 2 Most . . : .
unlikely Unlikely Likely Very likely | Most likely

Multiple :
| o B 5 ....

/ Fatality Extensive Extensive

impact loss
123
2]
&
=]
[}
= . Major .
{ =4
5 3 Repatriation impact Major loss
o
(7}
1%}
=
o
(&)
2 Losttime Serlous Serious
impact loss
i No lost time Mlnor Minor loss
impact

Figure 1 Model of risk matrix tool for assessment of Consequence and Likelihood at Grieg Star
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Likelihood class

i Not experienced in our company, or heard of

2 Not experienced in our company, but in the industry
3 Experienced in our company

4 Experienced several times in our company

5 Experienced several times /year in our company

Figure 2 Likelihood class

Criteria for environmental consequences

Environment  Air pollution Sea pollution Land Pollution

Extensive fuel Grounding of ship,

§  cCatastrophic : Fuel pollution > 2000 tons
and cargo fire release of fuel

Extensive Fuel pollution 100 - 200
4 -
impact Cargo fire toha AGM released to shore
3 Major Fuel pollution 10-100 tons/ Release of fuel
impact Violation of Marpol reg.

Fuel pollution < 10 tons/
release of marine bio
fouling from hull

Release of fuel and/or

2 Serious Fumes from cargo
toxic waste

impact of garbage

1 Minor Noise - disturbance Leaks from bow thruster /
impact of surroundings Leaking stem tude seal / Noisy

Criteria for operational consequences

Assets,
loss, Cast (housar Vessel Unplanned offhire
offhire of USD)
5 Total loss > 50 Mill Loss of ship and cargo > 60 days
Extensive 1Mill - 50 Mill Extensive damage to ship 10- 60 days
loss and/or cargo
Major ‘. . Local damages to ship
3 loss 100" - 1 Mil equipment or hull / Port 1-10days
facilities
2 Selzt;:s 10'-100 Damages to part of cargo 1hr - 1 day
Minor Minor equipment
& loss S breakdowns or damages Sl

Figure 3 Additional criteria for consequence analysis used at Grieg Star

Those criteria in force at Grieg Star were created with a basis in their operational context and
correspond to what they tolerate concerning safety, environment, and operational
consequences. For those reasons, it seems reasonable to use the same parameters for evaluating

the failure modes further on the paper.

Following the RCM approach that suggests that all failure modes are classified and ranked
according to their consequences and whether there are evident or hidden (Moubray, 1997, p.

13
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127), detection is a criterion that will also be included in the risk indexing in this thesis. The

criteria for evaluation of detection is the following displayed in figure 4:

1 The failure is observed as soon as it happens

2 There is a good chance for the failure to be detected

3 There are preventive maintenance tasks and failures can be detected
4 There is a poor chance for the failure to be detected.

5 The component is not checked or the failure can't be detected

Figure 4 Criteria for classification of failure detection

Due to the three criteria for risk indexing, the RPN values can be represented by the following
diagram. The parameters vary on a scale from 1 to 5. Thus, the tall pole in the left back can be
identified with the highest risk, RPN 125. For the scope of this thesis, failure modes with RPN

higher than 18 will be selected for analysis of further maintenance actions.

Three-dimensional representation of Severity, Likelihood
and Detection

125

100

Detection

Likelihood

Severity

Figure 5 Three-dimensional representation of Severity, Likelihood, and Detection

14
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When concluded with the risk indexing, the next step is to make a plan for what can be done to
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prevent each failure. For it, the RCM process

framework.
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Figure 6 The RCM decision diagram (Moubray, 1997, p.200)
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The decision diagram aims to assist in picking in up the most suitable task type for each failure
mode. Will a scheduled discard task, a scheduled failure-finding task or a combination of tasks
to be chosen? The outcomes obtained by the decision diagram must be recorded in another
worksheet than the FMECA sheet. It shall also include if any maintenance is to be done, as well
as to specify which maintenance task has been selected and who may perform it. Which failure
modes require redesign and in which cases a wrong decision making has resulted in an accident
to happen (1997, Moubray, p.198).

2.7 Proactive Maintenance

Moubray (1997, p.129) says that a maintenance task should be carried out if it can result in a
reduced tolerable consequence for the correspondent failure mode. The RCM decision diagram
includes six different types of maintenance tasks:

* Proactive Tasks

1. Scheduled on-condition task
2. Scheduled restoration task
3. Scheduled discard task

Default actions

Scheduled failure-finding task
Redesign

o o &

Run-to-failure (when none scheduled maintenance task is feasible)

2.7.1 Scheduled on-condition task

On-condition maintenance consists of scheduled inspection to detect potential failure or when
the component does not meet the required standard (Nowlan & Heap, 1978, p.51). Potential
failure is defined by Moubray (1997, p.144) as "an identifiable condition which indicates that
a functional failure is either about to occur or in the process of occurring.” The following figure

typically represents potential failure:

16



MMO 5017 Candidate 112 30.05.2019

'y Point where the condition

stars to change .
Point where we can find out
I /

the existence of a potential failnre

§ p /

Condition

Point where the fimctional
failure takes place

/i

-
>

Time of operation —»

Figure 7 The P-F curve (taken from Méarquez, 2007, p. 153)

Marquez (2007, p.153) explains that at the point | the equipment condition starts to decay, but
that this change not necessarily can be noticed by the users. At point P, a failure can be

recognized, and at point F, the equipment or component no longer can execute its functions.

There are different techniques to perform On-condition techniques. According to Moubray

(1997, p. 149), the four main types of on-condition techniques are the following:

« Condition monitoring: tools to detect potential failure effects. Ex.: Broad Band
Vibration Analysis, Proximity Analysis, Blot testing, Temperature monitoring.

« Techniques based on variations of product quality: alteration in the product
produced by a machine can indicate a failure mode.

» Primary effects monitoring techniques: primary effects such for example, speed, flow
rate, pressure, are monitored and shows to be outside the established limits.

« Inspection techniques based on human senses: the signs of potential failure are
identified by looking, listening, feeling, and smell. The drawback of this method is that
the P-F interval will most likely be very short, and actions to avoid failure shall be taken
quickly. 1t also requires good awareness from the user, and he/she must be able to

identify when the asset is not working under the usual conditions.

To conclude, Moubray (1997, p.149) and Nowlan & Heap (1978, p. 52) claim that the
Scheduled On-Condition task should be carried out when the P-F interval can be consistently
determined. Furthermore, this interval should be long enough that measures can be taken to
avoid the failure or to reduce the consequences. It is not usual to use condition-based
maintenance to hidden functions. Components with hidden failures many times deal with

random failures, and therefore, it does not become cost-effective. Condition-based maintenance

17
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is worth doing if it reduces the safety or environmental consequences of failures or if it shows

to be cost-effective over a period of time.

2.7.2 Scheduled Restoration and Scheduled Discard Tasks

2.7.2.1 The patterns of failure

Before going into the topic of scheduled restoration and discard, it is first essential to understand
its relation to age-related failures. Any component is subject to stresses during its, and it is
natural that the performance decays as age increases. When performance is below the decided,
it means that the equipment failed. The traditional view of failure claims that equipment will

have the following pattern (Moubray, 1997, p.12):

Wear out zone

Asmall number of random failures

Probability of Failure

Conditional

Age —s

Figure 8 The traditional view of failure (Retrieved from Aladon, 2016, p. 6)

However, systems have become more complex and show other patterns of failure, as well
explained by Moubray (1997) and Smith & Hinchcliffe (2004):

18
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111

Figure 9 Six patterns of failure (taken from Aladan, 2016)

e Pattern A: also known as the bathtub, starts with a so-called "infant mortality,"
characterized by a constant failure rate. After, the equipment will suffer from random
failures until it reaches its wear out.

e Pattern B: the probability of failure increases as the item ages. It ends out in wear out
zone.

e Pattern C: Failure probability increases gradually. No wear-out age is determined.

e Pattern D: Low probability of failure when the equipment is new, but it increases at a
consistent level.

e Pattern E: The equipment has an even probability of failure during its lifetime.

e Pattern F: Starts with signs of infant mortality and declines to the constant or slow

increase of failure probability.

Studies carried out by the commercial aviation industry showed that only 4% of the items
analysed fit to pattern A, 2% to B, 5% to C, 7% to D, 14% to E and 68% to F. It means that
most of the time is not possible to predict what/when failure mechanisms will happen (Smith
& Hinchcliffe, 2003, p. 61 & Moubray, 1997, p.33).
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2.7.3 Scheduled restoration

Scheduled restoration consists of overhauling an item at or before some specific age limit, in
order to re-establish its initial effectiveness disregarding its aspect at the time (Rausand,1998,
p.127). According to Rausand (1998) and Moubray (1997, p.138), it is technically feasible to

carry out a restoration task if:

e |tis possible to identify the age that probability of failure increases;
e Most of the items withstand until that age;

e The original effectiveness and resistance to failure can be re-established.

In regards to overhauling, Smith & Hinchcliffe (2003, p.61), claim that overhaul actions do
very little to re-establish equipment. Often it is unknown what to restore and time usually is not
enough to start an overhaul. Moreover, there is always the risk of human mistakes during this
kind of intervention. It can result in the "infant mortality” when the equipment is put in
operation again. Typically, there is also a lack of data for determining the age-reliability pattern

of the equipment and consequently, when to carry out a restoration task.

2.7.4 Scheduled discard

Scheduled discard consists of disposing an item/component at or before its specified age limit
(Rausand, 1998, p.127). According to Rausand (1998) and Moubray (1997, p.138), scheduled

discard is technically feasible if:

e Itis possible to identify in an item the age that probability of failure increases;
e Most of the items withstand until that age;

e The item must be accountable for significant economic consequences.

2.8 Default actions

Default strategies is a conservative approach for the failure modes that are not found to be
covered by proactive maintenance. (Nowlan & Heap, 1978, p. 79). When a feasible proactive
maintenance task to ensure safety and operating economy can be found, a default action should

be taken to deal with it.
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2.8.1 Scheduled Failure-finding task

Hidden failures usually are not noticeable, and although it does not result in an immediate
consequence to the system, it increases the equipment/system vulnerability for multiple failures
(Nowlan & Heap, 1978, p.61). Failure-finding tasks consist of scheduled inspections to check
whether the component is working or not. According to Moubray (1997, p.185), failure finding
tasks is mostly applied to protective devices, such as sensor and actuators. He claims that

Failure-finding measures are technically feasible if:

« Itis physically possible to access the component to do the task;
« Performing the task will not increase the risk of multiple failures;

» Asuitable and practical task interval is found.

2.8.2 Redesign

Redesign shall be considered when none practical, proactive tasks can be addressed to a failure
mode and when the failure has safety or environmental consequences that cannot be tolerated.
When the failure consequences affect mostly operation and costs, a cost-benefit assessment
should be carried out (Rausand, 1998, p.128).

Moubray (1997, p.188) says that the redesign means "any change to the specification of any
item of equipment, it includes, adding a new item, replacing an entire machine with one of a
different make or type or relocating a machine." He also addresses training as a method of a

redesign, once that training redesign the capability of the employee being trained.

2.8.3 Run-to-failure

Rausand (1978, p.128) defines Run-to-failure as a solution when the other maintenance tasks
are not suitable, neither cost-effective. If a failure mode does not result in consequences that
affect the safety or the environment, the redesign is not mandatory. If the failure mode has
operational and economic consequences, a redesign may be preferable, but it should be

worthwhile.
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2.9 A brief about Opportunistic Maintenance

Borges (2015) defines opportunity maintenance as a "form of preventive maintenance based
upon convenient replacement of equipment items or components by taking advantage of the
unplanned or planned shutdown of a system where we have suitable maintenance resources
already on location.” Although opportunistic maintenance is not mentioned in the RCM
theoretic framework, the principle of Opportunistic Maintenance seems very suitable for the
shipping and offshore business.

Opportunistic maintenance focus on when a specific maintenance task should be carried out
and which equipment/component should first be maintained (Thomas et al., 2008). Merchant
vessels not rarely stay at anchorage waiting to berth in the cargo terminal. Also during
navigation, cranes and other deck equipment are not in operation. Having a plan for how to
benefit from those "standby" periods is already in practice ship operators, but perhaps it still

could be improved more systematically.

2.10 Defining the maintenance intervals

Although the determination of formalized optimization models of maintenance interval is not
part of the RCM process (Vatn, 2007, p.93), it can play an essential role at avoiding
maintenance tasks to be done more often than necessary. Maintenance optimization models are
part of the maintenance management that aims to find a feasible solution for a given situation,
for example, to determine maintenance task intervals. Dekker (1996), explains that maintenance

optimization models embrace:

» The details of the technical system, system functions, and criticalities;
« Modeling of system's degradation and its consequences;
» Description of the system's available information;

» An objective function and an optimization technique to calculate a feasible solution.

Dekker (1996), performed an analysis to check how much maintenance optimization processes
have been applied successfully. In total, 112 applications were checked, and one of the common

challenges between the applications was how difficult it was to gather the necessary data from
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the system to apply in the models. Furthermore, most of the studies carried out are done by
academic researchers with little operational background. It results in papers with a high focus
in mathematical analysis instead of solving real problems. Also, the language used in the article
and models is not reasonably simple for maintenance practitioners to understand it and put in
practice. Another drawback with most of the maintenance optimization models is that usually,

only single units are taken into consideration (Rausand, 1998).

So, if an optimization model can be found or if the necessary available data is not available, a
solution for choosing a feasible maintenance interval can be as suggested in the RCM handbook
(mentioned by Rausand, 1998):

" The best thing you can do if you lack good information about the effect of age on reliability is
to pick a periodicity that seems right. Later, you can personally explore the characteristics of

the hardware at hand by periodically increasing the periodicity and finding out what happens™.
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3 Methodology

Many steps form the RCM method, and the methodology for gathering the necessary data for

each step will be described in this chapter.

The first step of the RCM process is to have the RCM group established, define the scope of
the analysis, and to gather all material that can be useful for the study. The RCM group was
formed by the author, the Head of Vessel specialists at Grieg Star, and Vessels Managers
involved within operations and docking for the ships class-L. A limitation in this starting phase
is that most of the crane operators are stevedores placed in the different ports in the world. The
Ship management company has no direct contact with them, and they could not, therefore, be
included in the RCM group. To overcome that limitation, the author had the opportunity to take
a trip to the vessel Star Luster (class-L) so she could talk to the crew that operates and maintains

the cranes on board.

In order to find an answer to the research question "How a Reliability-Centered Maintenance
Framework for Maintenance strategy can contribute to more efficient, reliable and cost-
effective crane operations?”, Descriptive research must be performed in the starting phase of
the thesis. The first description work is the operational context that the GLE cranes from the
Grieg Star operate and the expected level of performance. Then, the analysis of the hoisting
function will start at the top (level 3) towards the bottom of the equipment hierarchy. The reason
for this method being chosen is that the functions and performance expectations of each
assembly are easier to assess, failure consequences are foreseeable, and the information
worksheet for each sub-system is compact. The disadvantage of this type of analysis is that
some failure modes that could make the crane not perform as expected will probably be left
outside the analysis. However, it is beyond the scope of this paper to include in the analysis all
possible and unlikely failures modes. The objective is to analyze those that are worthy

identifying, reasonably likely to happen, and that has already happened.

Empirical research to identify the causal relationship for failures in GLE cranes through a
failure mode, criticality, and effects analysis (FMECA) will also be carried out. The FMECA,
as explained earlier, is one of the main tools of the RCM methodology. For the FMECA, the
crane system will be divided into sub-systems, and the components of each sub-system will
have its functions identified. Consequently, the failure modes will be listed and ranked

according to their RPN. Here, two RPN values for each failure mode will be created: one
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considering a threat to the safety and the other with regards to operation. Thus, the failure modes
with RPN values that are located in the red zone of the risk matrix (see sub-chapter 2.6 risk
indexing) will proceed to the RCM decision diagram. The result expected from the thesis is the
outcome of the decision diagram. Consequently, the proposed tasks will be recommended to

the cooperating company to be implemented in their current maintenance plan.

There are some aspects of the operation that only the operators are familiar with, and therefore,
it is necessary to get their feedback about possible issues that influence operations. Interview
and written records seem to be an effective way to collect some of the operators' experience and
considerations. Manuals also offer good support about operation procedures and manufacturer
recommendations. The drawback with interviews is that the ships have not only crewmembers
as crane operators but also stevedores that work in the ports of call. Thus, it may be challenging
to collect all the necessary inputs. The interview will be limited to the crane operators that are
part of the crew. Historical maintenance reports also can be an instrument for analysis to check
which components have presented more failure. However, a constraint with historical reports
is that not always all the information is inserted on the maintenance software. Another issue
with historical reports is that some of the past issues have already been solved. So, it is necessary
to check with the maintenance and operational team whether historical reports can be

trustworthy.

As affirmed by Rausand (1998), the resources available for the analysis are usually limited, and
the RCM group shall look careful at handling it, especially historical reports. Hard data about
historical failure rates were not available, so qualitative methods might be used to perform

failure modes criticality, as recommended by Marquéz (2007, p. 96).
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4 Case study: RCM framework for maintenance strategy of
cranes
4.1 The Operating Context

The cranes that will be addressed in this master thesis are variable frequency drive (VFD)
electric cranes manufactured by MacGregor. Those type of cranes uses hydraulic oil only for
the brake system, which makes them more sustainable and with a lower environmental impact.
According to the manufacturer (MacGregor, 2019), the GLE cargo crane has much lower noise
levels than a typical crane, requires less installed power on board and has reduced carbon
footprint. The electric system also allows short response times and higher operational

performance.

The vessels equipped with the electric crane are open hatch cargo carriers with 4 x 75 metric
tons slewing cranes on deck. The vessels carry on the cargo hold mainly baled pulp, ore, grain,
cement, paper, and other bulk cargoes. Each vessel has Four Cargotec / MacGregor GLE 7526
/ MLC /6030-2 / 4530gr. The lifting capacity of the cranes is 75 / 60 metric tons SWL for hook
operation and 45 metric tons SWL in grab mode, log or palletized cargo. The maximum hoisting
speed is 22 — 45 m/min, depending on the load, angle of slewing 360 degrees and slewing speed
0,9/0,5 rpm.

The cranes are operated only when the vessel is in port. The crane operators are stevedores in
the port of call, and consequently, there is considerable rotativity in whom operate the cranes.
The crane maintenance is partly carried out by the vessel crew and partly carried out by external

technicians when the vessel is on the port or during docking.

4.2 The Crane system

The GLE crane is an electrical frequency drive crane (VFD). It has three degrees of freedom,
hoisting, luffing, and slewing that are driven by electric motors. The function hoisting consists
basically of lowering down and lifting the load, the function luffing raises, lowers and outreach
the JIB (or boom). The function slewing is the rotational motion of the JIB on its horizontal

axis.
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The crane operator gives the command for the hoisting and slewing winches and the slewing
gears through the control levers (control lever 1 for slewing and luffing, control lever 2 for
hoisting). The three functions are interconnected by LINE-units, which allows power flow in

both directions.

The hoisting and luffing winches have the brake integrated with the winch gear set. The brake

system has the function to stop and hold the motor in a stopped position.

Three.phase
AC v Y
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Cabinet hoisting o | | ccsupenisory Slewing / luffing
control I
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Lifting block

Power swivel
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handling gear

Figure 10 Crane system - simplified overview

The crane has a maximum safe workload (SWL) of 75 tons and 45 tons in grab mode. The grab
mode consists in connecting additional loading equipment, such as a bucket grab for example.
This reduction on the SWL is due to the fact that «when a grab digs deep into the bulk cargo,

which is often of high density, and is hoisted from within the bulk material, frictional resistance
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and the weight of added entrained cargo may impose unknown and excessive loads on the
system and components» (The Nautical Institute, 2012). However, when the operation first
starts in grab mode, the crane goes continuously using grab. There are no breaks during offload,

and the crane is set to remain in grab mode before the operation starts.

The crane also has many sensors and functions to ensure safety during operation and to avoid
overload of the physical assets. Some of those sensors and functions are the following: The
crane also has many sensors and functions to ensure safety during operation and to avoid

overload of the physical assets. Some of those sensors and functions are the following:

Load cell: gives information about the weight of the load to the control system CC3000 (2016,
MacGregor).

Angle encoder: measures the outreach of the JIB according to the weight of the cargo loaded.

Thus, the crane control system adjusts the crane outreach to suit each load. (2016, MacGregor).

Safety cams: mechanical stop limits for hoisting and luffing is there is a failure in the software.
(2016, MacGregor).

Slackwire Limit switches for hoisting and luffing: if the wire slackens during operation, the
slackwire limit switch avoids the complete unwinding of the wire from the wire drum. (2016,

MacGregor).

Heat sensor: all the electric motors are dowed with a heat sensor. It ramps down it every crane
movement if the electric motor is about to overheat and stops the operation applying the brakes.
(2016, MacGregor).

Anti-collision system: preclude collision between the crane jibs. This system calculates a
safety area around each jib and crane housing. When the cranes operating in a close zone, the

anti-collision system reduces the speed is and stops the crane if necessary.

The crane control system is equipped with one CC card and three MC cards. Each MC card
adequately handles one all input and output for one crane motion while the CC card has the
crane configuration and is used for communication with other cards and distribution of control

system parameters. All cards are programmed with the same crane control software.
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4.2.1 System selection and breakdown

All systems can, in principle benefit from an RCM analysis (Rausand, 1998, p.123). However,
when introducing the RCM to a new plant, the resources can be limited. Thus, it is crucial to
decide which system shall be prioritized. A crane is a complex system with many functions and
thousands of components. Due to the variety of sub-systems that form the crane, the chosen
function for this analysis is the hoisting system, since it considered to be the primary crane
function. Thus, the hoisting system had its system divided according to level 3 of the following

system hierarchy (figure 5), but not restricted to:
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Figure 11 System Hierarchy

To keep track of the systems that will be analyzed using RCM, a plant register was carried out

to offer an overview of the sub-assemblies and components that form the system.

As previously described on the Methodology chapter, the analysis of the hoisting function will
start at the top (level 3) towards the bottom of equipment hierarchy once functions and
performance expectations of each assembly are easier to assess, failure consequences are

foreseeable.
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The complete plant register with the hierarchical numbering system for sub-systems can be
found in annex 1 of this paper. The next step is to identify the primary and secondary functions
together with its expected performance for each system, in order to provide a framework for

further analysis.

4.3 ldentification of systems functions

To be able to identify how a system can fail, the system function and its expected performance
must first be defined, as explained on sub-chapter 2.3 of this thesis. Having defined which
systems are going to be analyzed, the systems primary and auxiliary functions have been

defined as the following:
Hoisting winch:

1. To hoist and lower down a max capacity of 75tons and 45 tons on grab mode;

2. To hoist and lower down at a speed of 45-22m/min (load depending).
B. Brake unit:

1. To stop and control the load;

2. To release the load when receiving a signal from the electrical motor.
C. Hoisting wire:

1. Load wire rope: to resist the load to which it is submitted as longest as the load
does not exceed the safe workload.

2. Wire rope claims: fix the loose end of the loop back to the wire rope;

3. Wire sheave: allows the wire to move freely, minimizing friction and wear on

the cable.
D. Lifting block:

1. Toaccommodate the steel wire and connects to the hook or the power swivel,

2. To receive the stab wire on the lifting eye bolt.
E. Power swivel:

1. To be connected to the lifting block in order to rotate the load.
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2. To transmit power and signals to connected lifting equipment through the slip ring

unit.

F. Stab system:

1. To stabilize the load and keep it from rotating;

2. That the stab winch brake prevents the wire from unwinding when the electric
motor goes off;

3. Stab wire: to resist the pull impacts when stabilizing the load.

4. That the stab wire sheaves allow the wire to move freely minimizing friction and

wear on the cable.

G. Power cable system:

1. Cable winch: supply of current to cargo handling equipment.

2. Cable winch brake: prevent the wire from unwinding when the electric motor goes
off
Power cable: to provide power to the power swivel and cargo handling gear.

4. Power wire sheave: allows the wire to move freely, minimizing friction and wear
on the cable.

5. Power wire sheaves: remain safely fast on the JIB structure

H. Signal cable system:

1. Signal cable winch: provide the signal to connected lifting equipment.

2. Cable winch brake: prevent the wire from unwinding when the electric motor goes
off

3. Signal cable: to establish communication between the cranes, power limitation
system, and 1/0 box.

4. Power wire sheaves: allows the wire to move freely, minimizing friction and wear
on the cable.

5. Signal cable sheaves: remain safely fast on the JIB structure
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Both the system functions, functional failures, and failure modes have been recorded on the
FMECA worksheet, annex 2.

4.4 FMECA

Aware of the systems functions and its expected performance, the next step was to list the
functional failures, failure modes, effects and to evaluate its criticality. According to Rausand
& Bien (1996), RCM analysts tend to use data sources to identify possible failure modes.
However, many failure modes that currently happen are not included in the data sources. Hence
for this thesis, the failure modes listed on the FMECA are based not only in data sources but
also from outputs given by vessel managers, ship superintendents and crew members that have
been dealing with other unexpected failures than those that are not included in the data sources.
The RCM group discussed which failures were most likely to happen, and also which safety,

environment, and operational consequences it brought to the company.

The system to be analyzed is specified on the top left of the FMECA. In the first column, it is
described as the functions of each system. For all functions, the significant corresponding
functional failure is listed in the second column. On column three, the pertinent failure mode,
or cause of failure, are described, since different failure modes can motivate the same functional
failure. Failure effects are registered in column seven. Columns 4-6 are used for criticality
ranking concerning safety, environment, and economic consequences (taking into consideration
offhire and repair costs). Column 8 is used to determine the likelihood of a failure mode to
happen, and column 9 to determine how detectable the failure is. This evaluation is carried out
according to the parameters for risk indexing described on sub-chapter 2.6 of this thesis.
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Plant Failure Mode and Effects Analysis Prepared By
System (FM ECA) FMEA Date
Design Lead Revision Date
Core Team Page

Kages
IE|
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1ed
NdY

Functional
Item / Function failure (loss of
function)

|ealWou0og

Failure effect (what happens when
it fails)

Failure mode (cause of
failure)

Table 1 RCM FMECA worksheet

On columns 10, the RPN is calculated to prioritize the failure modes. The RPN, as previously
explained, is the product of severity, likelihood, and detectability. However, three severity
(safety, environment, and economical) parameters have been used in this FMECA, and not only
one as in mostly FMECA's worksheets. Hence, three criticality ranks should be created: one in
regards to safety, one for the environment and, the last one in regards to economic impacts.
However, after evaluation with the RCM group, it was identified that the failure modes related
to the crane function hoisting do not represent a significant threat to the environment. Electrical
cranes use approximately 7x less oil than the traditional hydraulic cranes. In total the GLE crane
uses around 100l of oil, that distributed between the different units such as brake units, hoisting
and luffing winches and slewing gears, which represent a minor threat to the environment in

case of leakage, being most likely restricted to the ship's main deck.

The values for evaluation of severity, likelihood, and detectability are based on a scale from 1
to 5, so the highest RPN that can be achieved is 125. A failure mode with correspondent RPN
of 125 would mean that the referred failure mode is not detectable by inspection (or that there
is not a maintenance task for the component), that the severity is the worst (either in regard to

safety, environment or economically), and that it is inevitable that this failure will happen.

On the next pages, it can be seen the FMECA carried out for the hoisting function of the GLE
crane. For better visualization, both RPN calculations have been included. The column in green
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is the RPN related to safety, and the column in blue is the RPN value for the economy.
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4.5 Selection of the critical failure modes

In total, 85 failure modes from eight sub-systems were entered in the FMECA worksheet. The
causes and effects were then described and evaluated according to Safety, Environment, and
Economic Consequences. The severity consequence of each failure mode, its likelihood, and
detection parameters was evaluated through many meetings carried out with vessel managers
at Grieg Star. The parameters used were based on the company's QMS system once they already

have the realistic parameters that fit their field of operation.

In this thesis, the numerical risk scoring RPN has been created twice. On the last two columns
of the FMECA displayed from page 34 to 48, the RPN in green represents the RPN taking into
consideration Safety Severity and the RPN column in blue, the RPN concerning Operational
severity. No RPN classification was carried out to Environment Severity once the value for all

the failure modes was one.

Three-dimensional representation of Severity, Likelihood
and Detection
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Figure 12 Three-dimensional representation of Severity, Likelihood, and Detection

49



MMO 5017 Candidate 112 30.05.2019

Thus, the failure modes that had its RPN values represented by the tall-pole n.18 and higher
will proceed for further investigation of possible maintenance actions.

From the 85 failure modes, 7 of them were considered critical to Safety, and 8 of them were
considered critical to the Economy. 3 of the 15 critical failure modes were critical both for
Safety and Economy. Those three failure modes will be registered only once in the RCM
decision worksheet. The most critical failure mode about Safety had the RPN value 32 and the
most critical failure to the Economy had RPN value 36. The list with the critical failure modes

according to the RPN ranking can be checked below:
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4.6 Toward to the results: using the RCM decision diagram for critical failure
modes

The RCM decision diagram is the next tool to be used in the RCM process. Having ranked the
failure modes according to the RPN number, each one of them will go through the RCM
decision worksheet. The sequence of questions in the decision worksheet helps to define the
proposed task for each failure mode will be defined, the initial interval for each task and who
is the person who is going to be responsible for the task. The RCM decision worksheet has the

following structure (Moubray, 1997, p. 199):

RCM 11 Plant: Crane Facilitator: Date:
Decision Worksheet Sub-system: Auditor:

Evaluation Default
Information reference consequence action

Can be done
F FF FM HfS|E|O H4|H5| S4 Proposed task Initial Interval by

Table 20 RCM decision worksheet

Sixteen columns form the RCM decision worksheet. The three first columns (F, FF, FM) are
for information reference, where it will be entered the function, functional failure, and failure
modes. In the columns H, S, E, and O, it will be registered the failure mode consequences with
regards to hidden failures, safety, environment, and operation. In the following columns, it will

be registered:

e H1/ S1/ 01/ N1 it will be entered with Yes or No answer for the selection of an on-

condition task;
e H2/S2/ 02/ N2 if a scheduled restoration task is found to be suitable;
e H3/S3/03/ N3 if adiscard task is found to be suitable;

54



30.05.2019

Candidate 112

MMO 5017

H4/H5/S4, in case of default questions. When the answers from the RCM Decision

ksheet, a proposed task can be entered, as

tered in the Decision wor

lagram are regis

D

well as the regularity that the task should be done and who.

Syse)
10 UoneUIqUWOD

syse)
JO uoneUIqUWOoD

A

oN { SoA

¢Buiop
Yuom pue a|qiseay
Alreaiuyoa) sres aanjrey
ay) 9onpal 0} 3sey
PIBISIP PBINPaYIS S

ON

&Buiop yuom
pue 3|qises) Ajjediuydal
ajel aInjrey 3y 9onpal
0} sk} uolelioisal
pajnpayss e s|

&Buiop yuom
pue 9|qIses) A|leo1uyoa)
1n220 03 Inoge
10 BULIN220 S| apow
ainjrey ays Jaypaym
108)8p 0} yse) e S|

3jSE) UoeI}Sal
pajnpayas

a|gelISap
aq Aew ufisapay

Syse)
JO UONRUIGWOD

Syse)

¢Buiop
YLoM pue 3|qises)
Alreaiuyoa) aves ainjrey
3y} 9anpai 0} sk}
pIessip pajnpayas s

y

ON

¢buiop yuom
pue 9|qISea} AJ[eiuyoal
Qe ain|re) syl adnpal
0] Xsej} uoneloisal
pajnpayos e s|
A

¢Buiop yuom
puE ?|qises) Ajfeoluyoal
AN220 0} INoqe
10 Bunna2o si apow

ain|ie) ay) Jayiaym
108)8p 0} %sey e |

JO UONEUIqWIOD

s(se) Uoneloisal
Pa|npayds

SOA

Aosnjdwod
s1 ubisapay

sHse)
JO UoNEUIqWOD

S8A

¢Buiop yuom
pue ajqises) A|[ealuyoa)
sain|ie} pioAe 0) Syse)
O UoeUIGWIO) © S|

A

yse)

ON

4

SOA

¢Buiop
YLOM pue 3|qisea)
Alreaiuyoa; syes aany|
ay) 30Npal 0} ysel
paessip pajnpayas s

ON

¢Buiop yuom
pue 3|qises) Ajedjuyos)
a1el 84njrey sy} 3dnpal
01){S€] UoleI0ISal
pajnpayas e s|

¢Burop yuom

pue 3|qisea) Ajfedjuyoa)
4N320 03 Inoge

4o Buunaoo si spow

aln|ie auy) Jaylaym

108)3p 0} ¥jse} e S|

SOA SOA

Zuonejnbai Jo prepuels

[EJUBWIUOIIAUS UMOUY
Aue yoeaiq pjnod

A

oN ey afewep Jayio 1o | oy
uonouNy Jo SSO| B asned

¢cuonenBal 1o prepuels

uoIdUN JO SSO B ISNED

ag Aew ubisapay
/ @dueUSUrRW

PIeISIP PAINPaYIS

yise) uoneloisal

pajnpayds

I
SOA

a|qelisap

PaINPays oN

£IUBLUUOIIAUS B}
10 Aiajes 108y ainjie;
adnjnw sy pinoo

oN

¢Buiop yuom

ainjiey ay) 19a18p 0}
sse) Buipuy-ainjrey e s|

ON

¢Buiop
YLOM pue 3|qises)
Alreaiuyoay ayel ainjrey
ay) 3oNpal 0] yse)
PIessIp PajNpayas s

ON

¢buiop yuom
pue 3|qIses) Aestuysal
alel aInjrey syl adnpal
0] )se) uoneloysal
pajnpayos e s|

oN

&Buiop yuom

pue 9|gIses) Ajfeatuydal
1n220 0} Inoqe

10 BUNID0 S| Bpow

ain|ie) ay) Jayiaym

108)ap 0} yse} e S|

£3U03WOS
113} 10 ainul pjnod
ey} abewrep 1ayo 1o

[BIUBWILOJIAUB UMOUY
Aue yoeaiq pjnod
Jey) abewep 1ayjo 1o

oW ainjrey ai =l
apow ainjie) ay) Sa0 =) IR EHLS200

apouw ainjie) ayy wmone

uonoUNy JO SSO| B asned

£S@OUBISWNDIID [EULIOU
Japun malo Bunesado

81 0] JUSpIAS 8023 q
SOA | UMO S} UO Bpow ainjre}
siy} Aq pasnes uonouny
40 S50 Y} [

Aosindwos
s ubisapay

S
pue ajqisea) A|jea1uysa)

stsey Buipuy-ainyrey

PaINpayds

Lk

OA

sse)

PIESSIP PAINPaYIS

SOA

»Sel UoieI0)Sal

P3INpayds

I}
SoA

3IS®) UoNIPUOd-uo
P3INPayds

SOA

diagram

1sion

Table 21 The RCM dec

55



MMO 5017 Candidate 112 30.05.2019

4.6.1 Criteria for selection of maintenance tasks and maintenance interval

Rausand (1998) highlights two main criteria for selecting maintenance tasks. He claims that

for a maintenance task to be considered suitable, it must be:

e Applicable: a quote from Hoch (1990) is used by Rausand (1998) and many other
authors, and is very useful to clarify the applicability criteria in a very simple way: " A
PM task is applicable if it can eliminate, or at least reduce the probability of

occurrence to an acceptable level — or reduce the impact of failures!

e Cost-effective: when choosing a maintenance task, it is crucial to keep in mind that
the cost of implementing it must not be more than the failure(s) it is going to prevent.
Here it is possible to introduce a notion used in Economics, very useful to understand

cost terms and to help in decision making:

"The cost of doing anything consists of the receipts that could have been obtained if
that particular decision had not been taken. (Coase, 1981 — mentioned by Zimmerman,
2011, p.23)."

Thus, Rausand (1998) complements saying that the cost of a PM task may include risks and
costs to maintenance induced failures, the risk to personnel and to increase the likelihood of
failure, unavailability during maintenance. In the other side, the costs of failure shall also be
takenn into consideration. The Risk to safety and the possibility of violation of laws and
regulations, damage to equipment and repairs are examples of costs related to failure, and that

should be compared with the risk to implementing the PM task.

Regarding the determination of the maintenance interval, it is outside the scope of this thesis to
develop or to use an existing maintenance optimization model to try to find a feasible
maintenance interval for each of the critical failure modes. The still existent gap between theory
and practice in the field of maintenance optimization does not make it appealing for application
in real situations. Consequently, the suggestion of maintenance intervals will be based on the
experience from the maintenance personnel and vessel superintendents. A recommendation for

accessing the condition of the assets and its characteristics periodically in order to find a more
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precise P-F interval, that is, at each age the equipment start to show signs of failure will be

given. It could later contribute for adjustments at the maintenance interval.

Hence the next step of the RCM process is to analyze all the critical failure modes through the

decision diagram and register the results in the RCM decision worksheet.

4.6.2 RCM decision diagram applied to critical failure modes

1. Failure mode: Corrosion due to inefficient lubrication — RPN (safety): 32
a. Functional failure: 111.A) Wire rope rupture (or heavy wear without rupture)

b. Item/function: Ill. Load wire rope

The first question of the RCM Decision Diagram is the following:

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?

The load wire is one of the main components of the crane. If it ruptures, it will immediately be
noticed by the operating crew. However, Internal corrosion is more challenging to detect than
external corrosion, and they often happen together, although this might not always be obvious
from a visual inspection of the rope (International Organization for Standardization, 2010,

p.40). Thus, the answer to this question is YES. It leads to the following question:

S: Does the failure mode cause a loss of function or other damage that could injure or kill

someone?

A rupture of a load wire rope, although unlikely to happen, could cause severe injuries to

someone involved in the load operation. The answer is YES, and it leads us to question S1.

S1: Isatask to detect whether the failure is occurring or about to occur technically feasible

and worth doing?

According to the maintenance plan in force at Grieg Star, the load wire is replaced every 5th
year, when the vessel is docking at the shipyard. However, many times, the wire is discarded
still in good condition, which represents a wasteful and costly operation. Non-destructive
(NDT) inspection of wire ropes able to measure the loss of metallic area (LMA) and reveal
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local flaws (LF) could be a solution for analyzing the wire (Intron). The general principle of the
NDT consists of detection and evaluation of changes in the distribution of magnetic flux created
by a magnetization system in a rope under test. Sukhorukov et al. (2014) explain that this change
happens due to the irregularities on the wire rope, such as wire breaks or parts with corrosion
or abrasive degradation. It is beyond the scope of this thesis to go deeper in detail in the

electromagnetic inspection, see Sukhorukov et al. (2014) for further discussion.

Wires will deteriorate no matter what and have its elasticity reduced along its lifetime.
However, a well-maintained wire can have its lifetime extended up to 300% if essential
lubrication and relubrication is performed (Verope, 2019). Weischedel (2018) introduces the
approach called Condition-Based Retirement Policy and associate it to the life of wire ropes
and especially high-value ropes by several years, and possibly double their useful service life.
Cost-effectivity for implantation of such a resource for condition-based replacement of wire

should be evaluated.
S2: Is a scheduled restoration task to avoid failures technically feasible and worth doing?

Restoration task is not an option for load wire ropes once their original effectiveness and

resistance to failure cannot be re-established.
S3: Is a scheduled discard task to avoid failures technically feasible and worth doing?

Scheduled discard is the policy that has been in force at Grieg Star. However, many times, the
wires are discarded in good condition, and it is not cost-effective. Perhaps a replacement based
in the condition of the wire could represent a good saving, but for it, the wire should be in such
a condition that would not risk safety if the wire is to be replaced within some years.

S4: Is a combination of tasks to avoid failures technically feasible and worth doing?

According to DNV GL standard for lifting appliances (2016, p. 176), "wire ropes employed
above deck shall be discarded at the latest after the following periods of employment, even
when no external damage is visible:

— running rigging: 10 years

— standing rigging: 15 years."

It is unavoidable that wire ropes must be replaced at least every ten years, so it should be
possible to ensure that the wire will be maintained in good conditions enough to be replaced as
close as possible to the period established. For it, a combination of tasks seems to be the most

suitable action for wire maintenance.
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2. Failure mode: Heavy wear due to high contact pressure in sheave groove — RPN
(safety and economy): 32
a. Functional failure: 111.A) Wire rope rupture (or heavy wear without rupture)

b. Item/function: Ill. Load wire rope

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?

Abrasive wear happens when a relatively hard surface scores a relatively soft surface. O' Connor
(1991) explains that the wear process consists basically of a cutting action often with the
displacement of the soft material at the sides of grooves scored in the soft material. Thus,
progressing wear due to high contact with sheave grooves may become evident to the crew

under normal circumstances.

S: Does the failure mode cause a loss of function or other damage that could injure or kill

someone?
Heavy wear is a factor that can contribute to wire failure. Thus it represents a threat to safety.

S1: Is atask to detect whether the failure is occurring or about to occur technically feasible

and worth doing?

According to ISO (2010, p.11), measurement of the decrease in rope diameter is a way to assess
the deterioration due to abrasive wear. In addition to that, the standard says that the assessment
shall be registered as a percentage or according to a discard criterion (slight, high, very high or
discard). In order to increase awareness of the crew when performing this assessment, a formal
parameter should be created, so the crewmembers responsible for this task, could regardless
their experience be able to perform the inspection. An example of a form created by the 2010
Standards for Care and Maintenance, Inspection and Discard of Cranes and Wire ropes, to
record the assessment is on annex 2. The crane manufacturer suggests that a visual inspection
is carried out every six months and includes some pictures on its manual examples of how wire
damages should appear. The wire manufacturer, however, offers many more details about how

to assess the wire conditions.

59



MMO 5017 Candidate 112 30.05.2019

3. Failure mode: Deterioration of bracket, bolt, split pin, and locking nut.
RPN (safety): 32
a. Functional failure: VI.E) Bracket with sheave unsafely secured.
b. Item / function: VI. Stab wire bracket with sheave: remain safely fast on the

JIB structure

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?
Yes.

S: Does the failure mode cause a loss of function or other damage that could injure or Kkill

someone?

Deterioration of securing parts can happen for several reasons: cyclical stresses, wear,

corrosion. Therefore, falling objects could eventually result in potential injury.

S1: Isatask to detect whether the failure is occurring or about to occur technically feasible

and worth doing?

The access to the components located on the JIB structure is physically challenging and time-
consuming. An assessment of the brackets and small components condition should be carried
out, so a rate of deterioration could be defined. When an average rate has been established, a

scheduled discard could be determined.
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4. Failure mode: Deterioration of wheels, bolts, pins, and bushing. — RPN (safety): 32
c. Functional failure: VII.H) Power cable wheels unstable.
d. Item / function: VII. Power cable wheels: remain safely secured on the JIB

structure.

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?
Yes.

S: Does the failure mode cause a loss of function or other damage that could injure or kill

someone?

Deterioration of securing parts can happen for various reasons: cyclical stresses, wear,

corrosion. Therefore, falling objects could eventually result in potential injury.

S1: Isatask to detect whether the failure is occurring or about to occur technically feasible
and worth doing?

The access to the components located on the JIB structure is physically challenging and time-
consuming. An assessment of the wheels and small components condition should be carried
out, so a rate of deterioration could be defined. When an average rate has been established, a

scheduled discard could be determined.
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5. Failure mode: Deterioration of wheels, bolts, pins, and bushing. — RPN (safety): 32
a. Functional failure: VIII.H) Power cable wheels unstable.
b. Item / function: VIII. Power cable wheels: remain safely secured on the JIB

structure.

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?
Yes.

S: Does the failure mode cause a loss of function or other damage that could injure or Kill

someone?

Deterioration of securing parts can happen for different reasons: cyclical stresses, wear,

corrosion. Therefore, falling objects could eventually result in potential injury.

S1: Is atask to detect whether the failure is occurring or about to occur technically feasible

and worth doing?

The access to the components on the JIB is physically challenging and time-consuming. An
assessment of the wheels and small components condition should be carried out, so a rate of
deterioration could be defined. When an average rate has been established, a scheduled discard

could be determined.
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6. Failure mode: Damage on the wire during operations due to bad visibility from crane
cabin. — RPN (safety / economy): 24/36
a. Functional failure: 111.B) Broken Wires

b. Item/function: Ill. Load wire rope

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?
Yes.

S: Does the failure mode cause a loss of function or other damage that could injure or kill

someone?

Damage in the wire is a factor that contributes to wire failure; thus, it represents a threat to

safety.

S1: Isatask to detect whether the failure is occurring or about to occur technically feasible

and worth doing?

Shore drivers operate the cranes and are usually supervised by the ship's crew to ensure that the
equipment will not be damaged and that the cranes will be driven smoothly (Isbester, 1993, p.

271). However, only this action may not be enough to avoid damage to the wire rope.
S2: Is a scheduled restoration task to avoid failures technically feasible and worth doing?

Restoration task is not an option for load wire ropes once their original effectiveness and

resistance to failure cannot be re-established.
S3: Is a scheduled discard task to avoid failures technically feasible and worth doing?

Wire ropes are discarded periodically, but this action does not contribute to avoiding damages

due to insufficient situation awareness caused by lousy visibility from the crane cabin.
S4: Is a combination of tasks to avoid failures technically feasible and worth doing?

Changing anything is expensive, requires extensive planning (new parts, concerns, and
maintenance tasks) and not necessarily will eliminate the problem (Moubray, 1997, p. 188).
Investigating a new screen for the crane cabin so the crane driver could better position the cargo

and avoid wire slacks is undoubtedly an interesting solution, but cost-effectivity shall be
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analyzed. Increasing awareness through better good communication between crane drivers and

foreman also characterize a redesign, since it aims for improving the operation.

7. Failure mode: Corrosion, wear, and tear. — RPN (safety / economy): 18/18
a. Functional failure: VI.C) Stab wire rupture

b. Item/ function: VI. Stab wire: contribute to the stability of the lifting block.

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?
Yes.

S: Does the failure mode cause a loss of function or other damage that could injure or kill

someone?

Yes, as related by the crew during the visit on board, the rupture of stab wire can result in a
potential injury for someone involved in the cargo operation. Although the diameter of the stab

wire is much smaller than the load wire rope, it is much more vulnerable to failure.

S1: Is atask to detect whether the failure is occurring or about to occur technically feasible

and worth doing?

The stab wire is not considered a critical component, although it contributes for a much more
efficient load / offloading operation. As already mentioned about the components located on
the JIB structure, the access to the stab wire is also troublesome. Furthermore, the item itself is
not very expensive and readily available in the vessel warehouse. Thus an on-condition task is

not evaluated as technically feasible.

S2: Is a scheduled restoration task to avoid failures technically feasible and worth doing?
No.

S3: Is a scheduled discard task to avoid failures technically feasible and worth doing?

If possible to determine at which age the stab wire becomes more vulnerable to rupture, a
scheduled discard is a feasible task to be carried. So, for this age to be identified, assessments

of the wire condition shall be carried out and recorded.
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8. Failure mode: Power cable gets stuck on power swivel during operation. Crane
operator cannot see the slack from the crane cabin — RPN (economy): 32
a. Functional failure: VII. F) Power cable broke

b. Item/function: VII. Power cable: send power to connected lifting equipment

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?
Yes.

S: Does the failure mode cause a loss of function or other damage that could injure or kill

someone?
No

E: Does the failure mode cause a loss of function or other damage that could breach any

known environmental standard or regulation?
No

O: Does the failure mode cause a loss of function to have a direct adverse effect on
operational capability (output, quality, customer service, or operating costs in addition to

the direct cost of repair?)

Yes. Damage on the power cable can result in short off-hires in addition to the cost of spare

parts.

O1: Is a task to detect whether the failure is occurring or about to occur technically

feasible and worth doing?
No.

O2: Is a scheduled restoration task to reduce the failure rate technically feasible and

worth doing?
Restoration is not applicable to reduce the Likelihood of the Severity of this failure mode.

O3: Is a scheduled discard task to reduce the failure rate technically feasible and worth

doing?
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No. Discarding the power cable does regardless its condition does not reduce the possibility of
it being damaged due to bad visibility from the crane cabin. A redesign to increase awareness
of the crane operators or installing a screen in the cabin so that the crane operator can have a

better view over the cable could contribute to reducing the possibility of this failure mode.

9. Failure mode: Signal cable gets stuck on power swivel during operation. Crane
operator cannot see the slack from the crane cabin — RPN (economy): 32
a. Functional failure: VIII. F) Power cable broke

b. Item/ function: VIII. Power cable: send power to connected lifting equipment

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?
Yes.

S: Does the failure mode cause a loss of function or other damage that could injure or kill

someone?
No

E: Does the failure mode cause a loss of function or other damage that could breach any

known environmental standard or regulation?
No.

O: Does the failure mode cause a loss of function to have a direct adverse effect on
operational capability (output, quality, customer service, or operating costs in addition to
the direct cost of repair?)

Yes. Damage on the signal cable can result in short off-hires in addition to the cost of spare

parts.

O1: Is a task to detect whether the failure is occurring or about to occur technically

feasible and worth doing?

No.
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O2: Is a scheduled restoration task to reduce the failure rate technically feasible and

worth doing?
Restoration is not applicable to reduce the Likelihood or the Severity of this failure mode.

O3: Is a scheduled discard task to reduce the failure rate technically feasible and worth

doing?

No. Discarding the signal cable regardless its condition does not reduce the possibility of it
being damaged due to bad visibility from the crane cabin. A redesign to increase awareness of
the crane operators or installing protection at the end of the cable could perhaps reduce the cable

failure incidence.

10. Failure mode: Shaft, nut and locking pin stuck on lifting block — RPN (economy): 24
a. Functional failure: 1VV.C) Impossibility / difficult to connect or disconnect
b. Item/ function: IV. Lifting block: accommodate the steel wire and connects to

the hook or the power swivel.

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?
Yes.

S: Does the failure mode cause a loss of function or other damage that could injure or kill

someone?
No

E: Does the failure mode cause a loss of function or other damage that could breach any

known environmental standard or regulation?
No.

O: Does the failure mode cause a loss of function to have a direct adverse effect on
operational capability (output, quality, customer service, or operating costs in addition to

the direct cost of repair?)

Yes.
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O1: Is a task to detect whether the failure is occurring or about to occur technically

feasible and worth doing?
No.

O2: Is a scheduled restoration task to reduce the failure rate technically feasible and

worth doing?

Disassembly of the shaft on the power swivel/lifting assembly for cleaning, polishing, and
greasing seems to be the most suitable action in order to avoid the bolt stuck on the structure.
This maintenance task has already been inserted on the maintenance plan to be carried out every

six months.

11. Failure modes 14 & 15: Oil level in turbo coupling below the indicated.
RPN (economy): 24
Functional failure: VII.B Too low pulling force on cable winch.
b. Item / function: VII. Power cable winch: supply current to cargo handling
equipment. / VIII. Signal cable winch: provide a signal to connected lifting

equipment.

H: Will the loss of function caused by this failure mode on its own become evident to the

operating crew under normal circumstances?
Yes.

S: Does the failure mode cause a loss of function or other damage that could injure or Kill

someone?
No

E: Does the failure mode cause a loss of function or other damage that could breach any

known environmental standard or regulation?
No.

O: Does the failure mode cause a loss of function to have a direct adverse effect on
operational capability (output, quality, customer service, or operating costs in addition to

the direct cost of repair?)
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Even small differences in the oil filling in the turbo coupling can result in significant variations

on the winch pulling force. It can result in slack in the cable and consequential damages.

O1: Is a task to detect whether the failure is occurring or about to occur technically

feasible and worth doing?

On the turbo coupling, there is no sight glass to check the level of oil, nor there is a sensor to
identify when the level is low. The use of a dipstick in this situation is not so practical to ensure

the level of oil.

O2: Is a scheduled restoration task to reduce the failure rate technically feasible and

worth doing?
No.

O3: Is a scheduled discard task to reduce the failure rate technically feasible and worth
doing?

Discard in this situation is not an option, so no scheduled maintenance is the action according
to the decision diagram. According to the original maintenance plan, oil on the turbo coupling
is refilled every 24 months, following the instruction from the manufacturer. It can also be

refilled if noticed too low pulling force.
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4.7 Results

The outcome expected on this thesis is the recommendation of maintenance tasks, that result
from the whole RCM process, which can contribute to reducing the chances of the critical
failure modes to happen, or that can reduce its consequences. From the 85 failure modes
collected, 15 were considered critical, representing either a threat to Safety or Economy. Since
3 of them were critical both for Safety and Economy, they were registered only once in the
RCM Decision Worksheet. Thus, in total, 12 failure modes have been, and results are displayed
in the next pages. Afterward, the implementation of the suggested maintenance tasks in the

original maintenance plan is discussed.
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4.7.1 Treatment of the non-critical failure modes

73 of 85 failure modes had an RPN lower than 18, and therefore, were not considered critical
and did not proceed to the RCM Decision Diagram. Rausand's (1998) suggestion is that in this
case, systems already having a maintenance program, a cost evaluation should be carried out.
If the current maintenance costs with regards to the non-critical failure modes are acceptable, it

is reasonable to continue the program.

4.8 Implementation of RCM

Having concluded the analysis of the RCM process, that started with system selections and
definitions and concluded with the task proposition, it is now time for implementing the changes
in the existing maintenance plan. At this phase of the process, Smith & Hinchicliffe (2003, p.
184) remind the maintenance practitioners that RCM execution is not a one-time execution, but
a once-through event. They say that RCM should be taken as a paradigm shift in how

maintenance is perceived and executed.

Rausand (1998) claims that for effective implementation of the result from the RCM analysis,
it is essential to ensure that organizational and technical maintenance support functions are
available. On the same line of though Smith & Hinchicliffe (2003, p.188) says that a successful
implementation requires adequate planning. Here it is introduced the Deming quality wheel —
Plan, Do, Check, Act (PDCA) as a way to structure RCM implementation.

LK,

Plan Do

L Act Check
L AR

Figure 13 The Deming quality wheel - PDCA (Smith & Hinchicliffe, 2003, p. 189)
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e Plan: four questions should guide RCM implementation:
a) What is the end goal?
b) What resources (workforce, materials, tools, commitments, buy-in, money)
will be needed?
c) How will the resources be secured?

d) What hazards could come along the way?

e Do: Soonest the plan is ready; it shall be put into practice.

e Check: RCM is a continuous process, and checking is a necessary task that shall be
performed. The object for check must be the results obtained from implementation, what
could be improved, for example, maintenance schedules. Moubray (1997, p.215) says
that the last step of the RCM audit is the RCM audit, and audits should consist in
reviewing the method that RCM been applied and that the correct information has been
gathered.

e Act: After the opportunity for improvements is identified, Act means implementing
the new plan with the changes that are necessary to ensure the expected outcome from

the RCM process.
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5 Discussion
5.1 What RCM achieves

One of the main advantages of the RCM process is the understanding of each function of the
crane system and what is necessary to ensure that each component will continue to perform its
function as expected. The course of the RCM process allows the people involved to increase
their knowledge about how the crane system works, to share their experiences with failure
modes that have happened and to bring up ideas and solutions to reduce effects and
consequences of some failure modes. According to Moubray (1997, p.292), the RCM process
tends to improve teamwork between maintenance, operation, and management teams, and to

result in the following outcomes:

e The longer useful life of expensive items: RCM aims for maximizing the life-time of
the components through on-condition maintenance. In the RCM process carried out, it
was identified that the use of NDT for wire rope inspections could potentially contribute
to postponing the disposal of good wire ropes without representing a threat to safety.

e A maintenance database: the maintenance tasks are directly correlated with the
component function and to a failure mode. The RCM database is also a valuable
resource for new staff, that can become familiar with the crane system function, failure
modes, effects, and how to prevent them.

e Identification of areas that requires redesign: some failure modes such as "damage
of wire rope due to bad visibility from crane cabin" and "signal/power cable gets stuck
on the power swivel” cannot benefit from any of the existent maintenance tasks. In these
situations, an increase of situation awareness using an extra screen in the crane cabin so
that the crane operator can follow up the deployment of the load in the cargo hold and
the slack of the wire ropes and cables. Recommendations for emphasis in more effective
communication between crane operator and deck have also been given.

e Greater safety: RCM wants to ensure that safety and environment are maintenance
priorities, and it does not tolerate inaction to failure modes that can affect safety, and
environment. As a result of the RCM process,a detailed assessment of the condition of
wire ropes, sheaves, and its supporting structure is suggested. Here, an extra focus on
stab wire was proposed, once it is not recognized as a critical component. It is also
recommended the identification of the P-F interval for replacement of the stab wire to

avoid its rupture and possible accident if it attains someone.
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These are only some of the benefits that RCM can provide if the proposed tasks are
implemented to the original maintenance plan, but much more can be accomplished. Moubray
(1997, p.308-315) claims that if the method is correctly applied, can actively contribute to less
routine maintenance by, for example, the reduction of routine maintenance frequency. It can
also motivate crewmembers through the increase of knowledge about the system in general,
develop their sense of ownership, and help them to have a quicker failure diagnosis since the
FMECA can put together failure modes experienced in the different vessels from the class-L.

5.2 Continuousness of RCM

In the end, RCM constitutes a framework for maintenance strategy that involves everyone part
of system maintenance and operation. However, for the effective outcome of the process, it
shall be reviewed periodically (Moubray, 1997, p.284). The SAE JA 1011 admits that the initial
analysis of RCM can be imprecise and with lack of important data from the assets. Also,
performance expectations can change, and maintenance resources improve. Therefore, it is
recommended periodic reviews, so overlooked failure modes and new ones can be included in
the FMECA, evaluation of age-condition carried out, and no longer needed tasks can be
eliminated (Nowlan & Heap, 1978, p. 367).

5.3 Limitations

The RCM approach requires that both operators and maintenance people attend the meeting
and discussions concerning the determination of function, performance, and consequence of
failure modes. However, in the shipping industry, where vessels managers and crane operators
are sitting in different parts of the globe, it may be quite challenging to achieve. For this thesis,
to reduce the impacts of this constraint, meetings were held at Grieg's office with vessel
managers, and a trip to vessel Star Luster equipped with electrical cranes was taken. On board,
interviews were held with the crew responsible for operation and maintenance to collect their
opinion about effects and consequences of some failure modes, as well as to gather information

about what challenges they face with the maintenance tasks, and what could be improved.

78



MMO 5017 Candidate 112 30.05.2019

Another limitation is that reporting of unexpected/corrective maintenances inserted by the crew
in the CMMS system when a corrective failure occurs is many times not enough detailed or not
reported at all. Thus, it becomes unattainable to make evaluations and give recommendations

with a basis in quantitative methods such as MTBF, since it cannot be precisely determined.

According to the RCM theory, frequency of on-condition tasks must be based on P-F intervals,
that means how quickly the equipment will fail, and it starts to show signs of failure. Therefore,
it will be recommended procedures to help to determine P-F interval to the components that

require on-condition tasks.

5.4 Discussion and recommendation

RCM aims to achieve higher safety, environmental, integrity, and improved performance with
a longer useful life of the assets and reduced waste of resources. With this objective in mind,
the RCM process was applied to the mechanical systems related to the hoisting function of the

electrical cranes used on board the class-L of Grieg Star fleet.

The outcome from the RCM decision tool, where the failure modes considered critical
according to the RPN value was analyzed, resulting in the following recommendations for

improvement of the original maintenance plan:

e The implementation of the proposed tasks listed on tables 22, 23, 24, and 25 in the
company's current maintenance plan;

e The creation of specific parameters for assessment of wire, sheaves, and securing
structures as exemplified on annex Il. Such assessment can contribute to establish P-F
intervals for condition-based maintenance and to help to find the age in which items
such as stabilizing wire and sheaves exhibit an escalation in the possibility of failure.

e The installation of a camera towards the lifting block and a screen in the crane cabin.
These actions would enable crane operators monitoring slacks in the wire, power and
signal cables and consequently mitigate the possibility of damage on wire and cables
and the consequences it involves. It can be combined with an emphasis on increasing
crane operator situation awareness using more effective radio communication with the

operational team on deck.
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e The evaluation of the cost-benefit of acquiring NDT technology for the steel wire
ropes in order to avoid wasting resources, when it is possible to use them up to 10
years according to the Class Society.

e To create a campaign where the people responsible for reporting corrective
maintenance and downtimes put their best efforts at specifying the nature of failure,
which component has failed and how long time was necessary to fix the problem.

6 Challenges of RCM

The RCM process is long and demanding. The systematic steps that constitute the RCM method
can give great results, but achieving it is not easy. One of the challenges at performing RCM
for this thesis started early, at the system breakdown phase. Choosing the appropriate level at a
manageable level to perform the analysis was quite complicated. Which level should be chosen?
The component level down to screws and o-rings? Alternatively, should the item level be
enough? The point here is that, sometimes, when discussing the failure modes, some of the
causes that result in the functional failure are due to a very low-level component. One example
of it is the "impossibility/difficulty to disconnect power swivel from lifting block.” The cause
of this failure is merely shaft, nut, and locking pin that becomes stuck on the lifting block.
Nevertheless, it is a failure mode that can result in many hours downtime and arduous work to
make this disconnection. Thus, for this thesis, it was identified the necessity to make a system
breakdown until the lowest level, so even essential components could get the necessary
attention.

Another challenge during the process was how deep in details at describing the failure modes
one should go. As Moubray (1997, p.69) explains, the process of drilling down to find out the
root cause of a failure mode could continue almost forever, and the failure mode should be

identified at a level that is possible to identify an applicable failure management policy.

Moving forward in the process, the people involved in the course of RCM change. Not always
the entire RCM review group will be able to meet, either due to other priorities or because they
will be engaged in another activity and so on. In addition to that, Operation and Maintenance

people from shipside will not most likely be able to join the RCM review meetings. Ship
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management and ship operators are in different parts of the world, and even when Vessel

Managers visit the vessel, it is busy, the operation does not stop for meetings.

Mokashi et al. (2002) in their study of Reliability-centred in maritime operations point some

obstacles of applying the method in the shipping industry that has also been identified

throughout this thesis:

Lack of failure data: failure data such as example, MTBF, or how long time was
necessary to fix a failure is not available in the databank. It is also unclear if all the
unexpected/ corrective maintenances have been reported on the CMMS.

Ships are not close to spare facilities and shipyards: when proposing tasks for some
failure modes, it should be taken into consideration that not all ideal resources will be
available neither it is so practical to obtain some spare parts.

Recommendations from equipment suppliers have to be followed in the guarantee
period: although some policies recommended by the manufacturer can sound excessive,
as, replacing brake discs every 5" year, not following them can result in loss of
guarantee in case of a claim.

Ship's crew changes: Mokashi et al. (2002) claim that "there is a need to lay down clear
guidelines on the way analysis is to be carried out to prevent inconsistent outcomes of
the analysis of the same system carried out by different teams. From here, it is possible
to understand that clear guidance should be established in order to clarify to the seafarers
what kind of information should be included when reporting failure on the CMMS.
Consequently, everyone could follow the same guideline, regardless of experience and

which shift is on board.
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7 Conclusion and Recommendations

Maintenance plans are still today very much based on manufacturers recommendation.
However, it does not seem to be enough to avoid critical functional failures to happen and
consequently, accidents and off-hires. The RCM approach is a method that aims to support
decision making at systematically identifying maintenance tasks, taking into consideration the
function of the component and the consequences that the functional failure entails. The RCM
maintenance philosophy was developed and used since the '70s in the Aircraft and Aerospace,

Nuclear and Oil and Gas Industries.

In this thesis, the RCM approach has been described and afterward applied to the function
Hoisting of electrical cranes used at the Class-L of vessels from Grieg Star. The course of the
RCM process included the definition of the operational context, system selection, and
definition, FMECA, critical failures selection, selection of maintenance actions and
determination of intervals. In total, 85 failure modes were included in the FMECA, 12 of them
considered critical according to the tri-dimensional risk indexing carried out and taken further

to the RCM decision diagram.

It is expected that the first RCM analysis will not be perfect. That some failure modes are
overlooked or others that are unlikely to happen have been included in the analysis. Moreover,
that is why many specialists call RCM as a living program, that must be reviewed and renewed

so improvements can be carried out periodically.

Proposed tasks based on the RCM framework were recommended to be included in the current
maintenance plan at Grieg Star. The nature of the tasks recommended is either Scheduled On-
condition, Scheduled Restoration, Scheduled Discard, Combination of tasks, Redesign, or No
Scheduled Maintenance. Those tasks aim for the longer useful life of expensive items, greater

safety, and better crane availability. Some of the maintenance actions suggested are:

e The assessment of the steel wire rope condition using NDT. Discard of the wire within
less than ten years. It intends to maximize the use of the steel wire rope and to avoid the
waste of useful resources. Safety remains the priority, and it complies with the standard
for lifting appliances (DNV GL, 2016);

e The creation of a specific assessment for wire rope condition to help to determine P-F

intervals for Condition-based maintenance;
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e Redesign through the installation of a camera towards the lifting block and a screen in
the crane cabin. It can contribute to the increase of situation awareness of the crane
operator and consequently, to reduce the possibility of damages to the power and signal
cable when it gets stuck on the power swivel, and damages on the steel wire rope when
it touches sharp edges of the cargo hold.

e The Scheduled Discard of the stab wire; Observation shall be done so the interval for

replacement can be adjusted.

Recommendations for further analysis of the functions slewing, luffing, control system, and
crane structure, are given so that the whole crane system can benefit from the RCM strategic
framework. Crewmembers should also learn the RCM concept. Participating in the RCM
process can raise their sense of ownership and make them share what they have learned from
the different troubles they face on board. Further recommendation for determination of P-F
intervals for the items that are an object for condition-based maintenance has also been

presented.
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The hierarchical numbering system for the sub-system Hoisting

Hoisting system

Level 2

Level 3

Level 4

Level 5

10.11 Hoisting
winch

10.11.01 Gear complete

10.11.01.001 Sealing band

10.11.01.002 Locking band

10.11.01.003 socket

10.11.01.004 shaft

10.11.01.005 bearing

10.11.02  Drive in,
complete

10.11.02.001 Drive in

10.11.02.01.001 driving sleeve

10.11.02.01.002 washer

10.11.02.01.00 screw

10.11.02.01.004 shaft sealing

10.11.02.01.005 washer

10.11.02.01.006 disc carrier

10.11.02.01.007 pressure unit

10.11.02.01.008 driving sleeve

10.11.02.01.009 shim

10.11.02.01.010 circlip

10.11.02.01.011ventilation
filter

10.11.02.01.012 washer

10.11.02.01.013 screw

10.11.02.01.014 coupling

10.11.02.01.015 spider

10.11.02.01.016 multiple discs,
outer

10.11.02.01.017 multiple disc
inner

10.11.02.01.018 spring

10.11.02.01.019 spring

10.11.02.002 Bevel Gear,
complete

10.11.02.02.001 bearing

10.11.02.02.002 bearing

10.11.02.02.003 O-ring

10.11.02.02.004bearing

10.11.02.02.005 shaft sealing

10.11.02.02.006 key

10.11.02.02.0070-ring
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10.11.02.02.008 O-ring

10.11.02.02.009 shim

10.11.02.02.010 shim

10.11.02.02.011 shim

10.11.02.02.012 shim

10.11.02.02.013 sealing

10.11.02.02.014 coupling

10.11.02.02.015 sealing

10.11.02.02.016 restriction

10.11.02.02.017 O-ring

10.11.02.02.018 sealing

10.11.02.02.019 coupling

10.11.02.02.020 key

10.11.02.02.021 key

10.11.02.02.022 piping system

10.11.02.02.023 thermo switch

10.11.02.02.024 pin

10.11.02.02.025 screw

10.11.02.02.026 stopper

10.11.02.02.027 sealing

10.11.02.02.028 O-ring

10.11.02.02.029 screw

10.11.02.02.030 screw

10.11.02.02.031 screw

10.11.02.02.032 screw

10.11.02.02.033 screw

10.11.02.02.034 coupling

10.11.02.02.035 coupling

10.11.02.02.036 coupling

10.11.02.02.037 coupling

10.11.02.02.038 sealing

10.11.02.02.039 pressure
switch

10.11.02.02.040 plug

10.11.02.02.041 oil sight glass

10.11.02.02.042 sealing

10.11.02.02.043 plug

10.11.02.02.044 plug, magnetic

10.11.02.02.045 shim

10.11.02.02.046 washer

10.11.02.02.047 shim

10.11.02.02.048 shim

10.11.02.003 Oil tank

10.11.02.03.001 Oil tank

10.11.02.03.002 screw
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10.11.02.03.003
filter

ventilation

10.11.02.03.004
switch

temperature

10.11.02.03.005 hose

10.11.02.03.006 coupling

10.11.02.03.007 coupling

10.11.02.03.008 coupling

10.11.02.03.009 hose

10.11.02.03.010 oil heater

10.11.02.03.011 oil sight glass

10.11.03 Bevel
complete

gear, | See 10.11.02.002

10.11.04
complete

Flange, | 10.11.04.001 bearing

10.11.04.002 washer

10.11.04.003 circlip

10.11.04.004 pin

10.11.04.005 driver

10.11.04.006 screw

10.11.04.007 felt strip

10.11.04.008 grease nipple

10.11.04.009 screw

10.11.04.010 screw

10.11.04.011 O-ring

10.11.05 Oil pipe

10.11.05.001 oil dipstick

10.11.05.002 sealing

10.11.05.003 screw

10.11.05.004 plug

10.11.05.005 nut

10.11.05.006 sealing

10.11.05.007 sealing

10.11.05.008 ventilation

10.11.05.009 sealing

10.11.06 Oil pump

10.11.07 Small parts

10.11.07.001 6 X screw

10.11.07.002 24 x screw

10.11.07.003 24 x washer

10.11.07.004 2 x spacer

10.11.07.005 2x spacer

10.11.07.006 4x washer

10.11.07.007 4 nut x item
309

10.11.07.008 4 washer

10.11.07.009 4 x screw
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10.11.07.010 4xscrew

10.11.07.011 4xwasher

10.11.07.0121 x cable
fixing

10.11.07.013 5xscrew

10.11.07.014 48 x screw

10.12 Electric
motor

10.12.01 Electric motor,
hoisting

10.12.01.001 incremental
encoder

10.12.01.002 flexible

coupling

10.13 Brake
unit

10.13.01.001 Level and
temperature sensor

10.13.01.002 Oil filter

10.13.01.003 Pressure
sensor

10.13.01.004 Directional
valve

10.13.01.005 Filter
indicator

10.13.01.006 Electric
motor

10.13.01.007 Hydraulic
pump

10.13.01.008 Gasket set

10.13.01.009 Brake unit,
pressure switches

10.14 Load wire
rope /hoisting
wire)

10.15 Cargo
handling gear

10.15.01 Lifting block

10.15.01.001
complete

Sheave,

10.15.01.002 roller bearing

10.15.01.003 circlip

10.15.01.004 spacer,
complete

10.15.01.005 hook

10.15.01.006 safety launch,
kit

10.15.01.007 bolt,
complete

10.15.01.008 split pin

10.15.01.009 grease nipple

10.15.01.010swivel
complete
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10.15.01.011
complete

bolt,

10.15.01.012 shaft

10.15.01.013 retainer

10.15.01.014 screw

10.15.01.015 lifting eye
bolt

10.16  Lifting
unit assembly

10.16.01 Lifting unit

10.16.01.01 lock

10.16.01.02 stay assembly

10.16.01.03 washer

10.16.01.04 locking unit

10.16.01.05 key

10.16.01.06 split pin

10.16.01.07 stay assembly

10.16.01.08 case

10.16.01.09 split pin

10.16.01.10 chain

10.16.01.11 stay

10.16.01.12 chain

10.16.01.13 shaft

10.17 power
swivel assembly

10.17.001 slewing
bearing assembly

10.17.01.001 screw

10.17.01.002 washer

10.17.01.003 molykote
1000

10.17.01.004
bearing

slewing

10.17.002 slewing gear
assembly

10.17.02.001 slewing gear

10.17.02.001 drive in

10.17.02.002 plug, magnetic

10.17.02.003 sealing

10.17.02.004 plug

10.17.02.005 sealing

10.17.02.006 plug

10.17.02.007 sealing

10.17.02.008 sealing

10.17.02.009 ventilation filter

10.17.02.010 sealing

10.17.02.011 washer

10.17.02.012 screw

10.17.02.013 washer

10.17.02.014 nut

10.17.003 cover
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10.17.004 shackle

10.17.005 plate

10.17.006 screw

10.17.007washer

10.17.008 screw

10.17.009 washer

10.17.010 screw

10.17.011 locking nut

10.17.012 rubber cloth

10.17.013 plate

10.17.014 locking nut

10.17.015 screw

10.17.016 screw

10.17.017 driver

10.17.018 plate

10.17.019 el. Assistance
power swivel

10.17.19.001 junction box
CT91

10.17.19.002 junction box
CT92

10.17.19.003 junction box
CT 94

10.17.19.004 slipring
device

10.17.19.005 connector

10.17.19.006 cable
protection

10.17.19.007 cab bus cable

10.17.19.008 connector

10.17.19.009 connector

10.17.19.010 electric motor

10.17.19.011 encoder

10.17.19.012 gyro

10.17.19.013 heater cable

10.17.020 fender
assembly

10.17.03 shaft

10.17.04 shaft nut

10.17.05 split pin

10.17.06 shaft

10.17.07 cover

10.17.08 washer

10.17.09 screw

10.17.10 grease nipple

10.17.11 cover

10.17.12 washer
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10.17.13  wire rope
sheave
10.17.14 screw
10.18 stab | 10.18.01 stab winch

winch assembly

10.18.02 small parts

10.18.02.001 screw

10.18.02.002 screw

10.18.02.003 screw

10.18.02.004 washer

10.18.02.005 screw

10.18.02.006 washer

10.18.03 electric motor

10.18.04 Gear complete

10.18.05 Drive in

10.18.06 bevel gear

10.19

cable

winch assembly

10.19.01 cable assembly
signal

10.19.01.001 Connector

signal
10.19.01.002 joint sleeve
10.19.01.003 shrinking
hose
10.19.01.004 cable
protection

10.19.01.005 cable laying

10.19.01.006 hose clip

10.19.01.007 cable

10.19.01.008 shackle

10.19.01.009 joint sleeve

10.19.01.010 shrinking
hose

10.19.01.011 cable gland

10.19.01.012 electric motor

10.19.01.013 brake

10.19.01.014 hydraulic
turbo coupling

10.19.01.015 spur gear

10.19.01.016 slipring unit

10.19.01.017 cable drum

10.19.02 cable winch
signal

10.19.03 shrinking hose

10.19.04 shrinking hose

10.19.05 cable

10.19.06 cable

10.19.07 locking nut

10.19.08 cable gland

10.19.09 cable gland
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10.19.10 cable terminal
10.19.11 cable terminal
10.20 cable | 10.20.01 cable | 10.20.01.001 Connector

winch assembly,
power

assembly, power

10.20.01.002 joint sleeve

10.20.01.003 shrinking
hose

10.20.01.004 cable
protection

10.20.01.005 cable laying

10.20.01.006 hose clip

10.20.01.007 cable

10.20.01.008 shackle

10.20.01.009 joint sleeve

10.20.01.010 shrinking
hose

10.20.01.011 cable gland

10.20.02 cable winch
power

10.20.02.001 Gearbox,
complete

10.20.02.002 oil sight glass

10.20.02.003 plug

10.20.02.004 air ventilation
plug

10.20.02.005 sealing

10.20.02.006 electric motor

10.20.02.007 V-belt sheave

10.20.02.008 V-belt

10.20.02.009 holding brake

10.20.02.010 brake disc

10.20.02.011 sealing

10.20.02.012 cover

10.20.02.013 cover

10.20.02.014 sealing

10.20.02.015 sealing

10.20.02.016 V-belt sheave

10.20.02.017 turbo
coupling, complete

10.20.02.018 Oil filling
plug

10.20.02.019 cover

10.20.02.020 sealing

10.20.02.021  protective
device

10.20.02.022 Twisting
sleeves
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10.20.02.023 cable gland

10.20.02.024 cover

10.20.02.025 clamp

10.20.02.026brush holder |,
earth

10.20.02.027 Brush holder,
phase

10.20.02.028 Brush holder,
phase

10.20.03 shrinking hose

10.20.04 shrinking hose

10.20.05 cable

10.20.06 cable

10.20.07 locking nut

10.20.08 cable gland

10.20.09 cable gland

10.20.10 cable terminal

10.20.11 cable terminal

Table 26 System breakdown of the sub-system Hoisting — Hierarchical numbering
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Appendix Il

Example of inspection form for wire rope inspection

150 4309:2010(E)

Annex D
(informative)

Typical examples of inspection record

0.1 Single record

Crane refersnce Rops application

T =
Eradl NEme [T KNDWI) —overoeemees oo eeeereone

Mominal diametar ... .. ..MM

CONBIARION .o

Core®: WRC FC WSC

WIre inish*: Uncoated  ncGal,

Direction and type of lay*: (Fight) sZ zZ Z (Left) z5 &5 &

Pammissible number of visible broken outer wires ... ................ INEdand. ... In 304
Refermnce damelel. ..o JTIM

Panmissible JECreass In dIAmets ST referencs Bameter .. .................... M

Dat Installed {yywmmidd)... ... Date discarded [Yymmod) ... .o,

\iglhie broken outer wirzs Ciameter Comosion Damags Presition Overall
andior defomation nrope | assessment

Le.
Mumberin | Severty | Measured | Acua Severly | Severly | Sevedty | Nare combinad

ength of rating® diameter | decreaze rating® rating® rating® severfy
from ratirg® at
RN soElion

6 |04 | 64 304 mm e Indicated

Other absenationsicomments

Farformancs to daie [y CRETOUEARYEATIINTIBIEIC.) ©...evo oo eeaoees oo an e e ssses s s eeess e e e e

Datz of Inspection (yymmiod) ...

L =R o [ T e ==Yt RO -4 - | =7 1= -1 |- (S
*  Tigk as applcanle.

" Describe degree of detenomTon 3s; slight, medium, high, very high, or discard.

Figure 14 Example of inspection record form for wires (1SO, 2010, p.37)
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