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1. introduction

1. inTrOducTiOn

1.1 backgrOund

This booklet represents the final report of WP4 of the World Class 
Maintenance innovation Project (WcM-iP). in this project, knowl-
edge institutes and several companies from various sectors have co-
operated to improve maintenance processes in general. More spe-
cifically, the aim of WP4 was to demonstrate the value of knowledge 
on failure mechanisms in maintenance. This knowledge is generally 
considered to be an academic issue and of limited use in practical 
applications. This project aimed to change that view. The partici-
pants in this WP are:

1.  hands on tool time
2.  design for maintenance
3.  condition based maintenance 
4.  understanding failure mechanism 
5.  scope management for shutdowns 

The aim of the work package treated in this book is to demonstrate 
the value of knowledge on failure mechanisms in maintenance. This 
knowledge (on a high level of detail) is generally considered to be 
an academic issue, which is of limited use in practical applications. 
The present project aimed to change that view and to demonstrate 
how understanding the failure mechanisms assists in solving recur-
ring failures in practice. also the value of collecting and analysing 
failure data will be demonstrated. 

The participants in this work package, four companies and two 
knowledge institutes, are:

 ▪ gasunie
 ▪ Wärtsilä
 ▪ bosch rexroth
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 ▪ royal dutch navy
 ▪ netherlands defence academy (nlda)
 ▪ university of Twente

The approach followed in the project will be explained in the next 
subsection. 

1.2 aPPrOach

The approach adopted here involved executing detailed root cause 
analyses of practical case studies put forward by the participating 
companies. The companies are from four different sectors, which 
means that a broad range of cases is treated. Moreover, the roles of 
the companies are different: two of the companies (gasunie and the 
navy) are asset owners, while the two others (Wärtsilä and bosch 
rexroth) are original equipment manufacturers (OeMs). The univer-
sities supervised these analyses and collected the lessons learned 
from the process. The companies gained insight into their failures 
and, in most cases, found solutions to the problems. additionally, 
based on the experience acquired from the analyses, the nlda 
developed guidelines that may assist other companies in executing 
similar studies.

This general methodology will be presented and described in the 
next chapter. in chapter 3 the case studies will be discussed, showing 
how the process matches the general methodology. furthermore, the 
specific results of the individual case studies provide useful informa-
tion for other companies with similar problems. finally, chapter 4 
will outline the lessons that have been learned from carrying out 
these analyses and present a number of conclusions.
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2. MeThOd

2.1 inTrOducTiOn

despite the range of maintenance activities performed within indus-
try , unexpected failures are unavoidable in practice. however, if a 
failure has serious consequences in terms of costs, safety, environ-
mental effects or consequential damage, measures are usually taken 
to prevent such a failure from occurring again in the future. also, 
less critical failures can be extremely troublesome when they occur 
on a regular basis. in such cases it is essential to identify the root 
cause of the failure, as one can then find a solution for the problem, 
either by reducing the loads on the system or by increasing the load 
carrying capacity. 

in this chapter, we will discuss several existing methods to analyse 
failures and their effects and causes. both methods used to analyse 
past failures and possible future failures will be examined. The over-
view is based on the more detailed discussion provided in [1]. The 
methods will guide the failure analysis and ensure that a structured 
approach is adopted. in section 2.3, a procedure will be proposed 
for a mechanism-based failure analysis that adopts the structured 
approach, while at the same time making full use of the knowledge 
of loads and failure mechanisms. This method is based on the expe-
rience gained in the case studies described in chapter 3.

2.2 exisTing MeThOds

There are several methods available that can be used to perform a 
structured analysis of failures. The main goal of all these methods is 
the prevention of failures, especially those failures which have seri-
ous consequences. The methods can be divided into two separate 
categories. The first category covers those methods that are applied 
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in the design phase of the system, before it has entered service and 
before any failures have occurred. These methods, which include the 
failure Mode, effects and criticality analysis (fMeca) and the fault 
Tree analysis (fTa), aim to identify possible future failure modes. if 
the risks associated with certain failure modes are perceived to be 
too high, a modification of the design can be considered or appro-
priate maintenance tasks can be defined (e.g. periodic inspections). 

The second category concerns the methods used after a failure has 
occurred. These methods focus on finding a way of preventing ad-
ditional failures from occurring, either by looking for the root cause 
of the failure (e.g. root cause analysis - rca) or by selecting the 
failures with the highest priority (e.g. Pareto and degrader analy-
sis). The four above-mentioned analysis methods will be introduced 
briefly in the next subsections. For a more detailed examination of 
these methods we refer the reader to [1].

2.2.1 failure MOde, effecTs and criTicaliTy analysis

in the failure Mode and effects analysis (fMea) all possible failures 
for a certain system are identified, but also the effects of these fail-
ures are described in terms of financial, safety and functional con-
sequences. a fMea is an inductive or bottom-up method, since the 
analysis starts with the possible failures of components and derives 
what the consequences (on the higher system level) are. a fMea is 
generally executed by a group of people with different backgrounds. 
by including experience from design, operation, maintenance and 
finance in the team, it is more probable that all possible failures are 
identified and that their effects are properly estimated. 

Whereas the fMea is a purely qualitative analysis, only describing 
what the possible failure modes and their effects are, the analysis 
can be made more quantitative by adding a criticality analysis. The 
method is then called failure mode, effects and criticality analysis 
(FMECA). For each failure mode i the criticality is quantified by cal-
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culating the Risk Priority Number (RPN) defined as:

 rPni = siOidi  (2-1)

The rPn is a product of severity (s), occurrence (O) and detection 
(D). The severity of a failure mode quantifies how large the conse-
quences of that failure mode are. values are typically obtained from 
predefined tables, indicating on a scale from 1 to 10 or from 1 to 
5 the different grades of severity. further, the occurrence parameter 
quantifies its likelihood of occurrence, e.g. ranging from extremely 
unlikely to frequent, and the detection parameter specifies the prob-
ability that a failure is not detected when it occurs. also the values of 
these two parameters are selected from predefined tables. By multi-
plying the three quantities, the rPn properly expresses that a failure 
mode is associated with a higher risk when it occurs more often (O), 
its consequences are more severe (s) or when the probability that the 
failure is not detected (d) is higher. 

although the rPn is obtained from an objective multiplication of 
the parameters S, O and D, the definition of the tables for these 
parameters and the selection of the values is still rather subjective. 
Therefore, the scoring of the failure modes should preferably be per-
formed independently by several people from the fMea team to 
obtain a more objective result. Moreover, the obtained rPns are not 
risk numbers in an absolute sense, since they depend on the chosen 
tables. This means that the boundary between acceptable and unac-
ceptable risks (i.e. the rPn threshold value) should be determined 
for each analysis separately. finally, the three quantities s, O and d 
quantify rather different aspects of risk. it should be realized that an 
increase in occurrence (O) not always represents the same increase 
in risk as an equally large increase in severity (s). Therefore, the 
obtained rPn values should be interpreted with care.

The results of a fMeca analysis are generally collected in a large 
table, which is called the fMeca form. by completing all columns 
of the form, the analysis is performed in a structured and com-
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plete manner. note further that the fMeca is closely related to the 
Reliability Centred Maintenance (RCM) strategy [2]. In fact, the first 
five steps in this approach constitute the FMECA. Moreover, ideally 
the fMeca is a dynamic process, which means that failure data 
obtained during operation should be utilized to update the fMeca. 
however, in practice this is not very common. The analysis is gener-
ally performed before the system enters service and is not updated 
thereafter [3,4].

several standards are available for fMea, where the Mil-sTd-
1629a, british standard bs 5760 and the J1739 from the society 
of automotive engineers are the most important ones. The general 
procedure to perform a fMea is as follows [5]:

1. fMea group formation
2. system analysis
3. failure mode and effects analysis (fMea)
4. risk evaluation (fMeca)
5. corrective action planning

completing these steps thus provides insight in the priorities for 
maintenance based on the estimated risks.

2.2.2 faulT Tree analysis

another method to assess the possible failure modes and mecha-
nisms of a system is the fault Tree analysis (fTa). contrary to the 
fMeca, the fault tree analysis is a deductive or top-down method. 
starting from a system failure, which is called the top event, all possi-
ble underlying events and failures of subsystems or components are 
identified. In the end, a series of basic events is obtained that may 
be responsible for the occurrence of the top event. The analysis is 
presented in graphical form, where a ‘tree’ of events is constructed. 
an example of a fault tree with top event T and basic events a, b and 
c is shown in figure 2.1. 
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The events causing a higher level event are connected through dif-
ferent types of gates. an Or gate (+) indicates that the higher level 
fault occurs when at least one of the input faults occurs. for an and 
gate (x), all of the input faults must occur before the higher level fault 
occurs. in this way the dependence of the system on its subsystems 
and components can be analysed accurately. 

The fault tree can be translated into expressions using boolean al-
gebra. for example, the lower right-hand part of the fault tree in 
figure 2.1 shows an and gate connecting the basic events a and 
b. The higher level fault can then be expressed as ab. both a and b 
can only attain the values 0 (false, i.e. no failure) or 1 (true, failure 

T = C + AB

x

x

+

+

+

B + CA

B

C

C A B

AB

C + ABA + B + C

figure 2.1 - example of a fault tree with top event T and basic 
events a, b and c.
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occurs), so only if both faults occur simultaneously, ab becomes true 
and failure occurs. similarly, the Or gate one level higher connects 
ab and c, which yields an expression for the higher level fault c + 
ab. This means that this event will occur when either c or ab attains 
the value 1. using this procedure, the total fault tree can be ana-
lyzed, which eventually yields the top event expression T=(a+b+c)
(c+ab).

The obtained boolean expression representing the fault tree can be 
transformed into an equivalent fault tree (efT), which is a two-level 
fault tree that represents the essential behaviour of the complete fault 
tree. The constituents of the efT are so-called minimal cut sets (Mcs), 
which are combinations of basic events that are essential for the top 
event to occur: if a single failure in the cut set does not occur, the top 
event will not occur. The benefit of having an equivalent fault tree for 
a system is that the dependence of the system on its critical faults is 
directly visible. a detailed discussion on the procedures to obtain 
such an efT is beyond the scope of this report.

2.2.3 PareTO and degrader analysis

The two methods discussed in the previous subsections are generally 
applied before the system enters service and thus before any failure 
has occurred (although  fMea and fMeca are sometimes updated 
when the asset is in the operations phase to define and optimize 
a maintenance plan). They are used to get insight in the possible 
risks and aim to govern the system design process. for systems that 
are already operative, the data collected on failures during service 
provides very useful additional information, that can be utilized to 
further improve the system or its operation.

The Pareto analysis can be used to prioritize such improvement ef-
forts for complex systems. in general, complex systems show many 
different failures, but not all failures are equally harming the opera-
tion of the system. The Pareto analysis provides a structured meth-
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odology to filter out the most important failures. It is based on the 
observation that 20% of the failures are responsible for 80% of the 
maintenance costs, or 80% of the total downtime of the system. This 
top 20% failures should therefore be aimed at, in improving the 
system, since solving them provides a major reduction of costs or a 
significant improvement of the uptime. At the same time, putting ef-
fort in one of the failures outside the top 20% will yield very limited 
benefits.

The tool generally used to perform a Pareto analysis is the Pareto 
chart, in which the data, e.g. failures of a system, is divided into 
a number of classes and then plotted in a bar diagram. however, 
before plotting the data, the classes are sorted such that the first bar 
represents the largest number of failures. in addition to the bars, 
also a line plot of the relative cumulative count of failures is often 
presented. an example for gas turbine failures in different modules 
is shown in figure 2.2.

The Pareto chart directly visualizes the class containing the largest 
number of failures, indicating that improving the performance of this 
class will provide the largest improvement of the complete system.
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figure 2.2  - Pareto chart of gas turbine failures per module.
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instead of plotting the number of failures, in maintenance applica-
tions often the costs of maintenance (repair, replacement, labour) or 
the effect on system availability are plotted in a Pareto chart. This 
yields an overview of the top cost drivers and performance killers, 
which generally drive the system or maintenance process improve-
ment. 

identifying the cost drivers and performance killers from a Pareto 
analysis is also the basis of the platform degrader analysis proposed 
by banks et al. [6], which is partly based on the reliability centered 
Maintenance [2] approach. The degrader analysis aims to deter-
mine which components and subsystems contribute the most to the 
loss of system operational availability. It then identifies diagnostic, 
predictive and prognostic technologies that are mature and appro-
priate to apply to these specific components and subsystems. As the 
method focuses on the top candidates for health monitoring, rather 
than conducting full fMecas on each platform, an in-depth focus 
on relevant components is achieved, rather than providing superfi-
cial recommendations for many components. The platform degrader 
analysis consists of three steps:

1.  identify components which have the lowest reliability and 
greatest number of maintainability issues (i.e. Pareto analy-
sis).

2.  evaluate how these components fail and determine their dom-
inant and critical failure modes (applying fMeca on only the 
top degrader components).

3.  identify appropriate solutions for monitoring each dominant 
and critical failure mode, capable of providing a diagnostic 
or prognostic assessment.

finally, it should be noted that the data collected by companies in 
their computerized maintenance management systems (cMMs) is 
not always suitable to be applied in more quantitative analyses. 
firstly, the accuracy and completeness of the collected (failure) data 
is in most cases not very high-level. but more importantly, the back-
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ground of the data is often unclear. in addition to regular failures, 
also failures due to human errors or wrong procedures are included 
in the data, without the possibility to separate these types of failures. 
also information on the level of the failure mechanisms is generally 
not available. however, despite these limitations, analyzing the data 
in many cases yields very useful insights in the failure behavior of 
systems.

2.2.4 rOOT cause analysis

The final method discussed in this section is the Root Cause Analysis 
(rca), which is applied to thoroughly research the cause of a failure 
or accident. Formally, RCA is not a well-defined method, but actually 
covers all structured approaches aiming to find the deepest cause of 
a failure, accident or event. One of the first publications on RCA is 
the famous book by keppner and Tregoe [7]. The essence of the rca 
is that only addressing the root cause of a problem, as opposed to 
merely addressing the symptoms of the problem, will ensure that it 
will not happen again. This generally requires ‘out of the box’ think-
ing. 

The method is often applied in investigations of major calamities 
(e.g. aircraft crashes, nuclear power plant accidents), where the 
main purpose is to discover the chain of events leading to the ac-
cident and learn the lessons from that insight to prevent similar acci-
dents to occur again. however, also liability often plays an important 
role, since knowing the root cause often enables to put the (financial) 
responsibility at some party. 

during the course of a root cause analysis, some of the previously 
discussed methods may be applied. for example, a fault or event 
tree analysis generally is a suitable methodology to structure the 
problem. Moreover, the analysis can be performed both in a deduc-
tive (top-down) and inductive (bottom-up) manner. in a rca dif-
ferent types of causes can be found. in general the following three 
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classes of causes are recognized [8]: technical or physical causes, 
human errors and latent causes. The latter class is associated to er-
rors in legislation or regulations and to common practices in a cer-
tain companies that may lead to failures. 

level of detail
The essence of a RCA is that it is executed until a sufficiently deep 
level is reached. Otherwise, the real root cause is not discovered, 
but only intermediate failures (e.g. of subsystems) are obtained and 
only symptoms or consequences of the problem will be acted on. To 
ensure that a sufficiently deep level is reached, a technique called 
´five Whys´ is sometimes applied. it is based on the heuristic that the 
actual root cause is found only at the fifth level, so asking ‘why did 
it fail?’ for five consecutive times will probably yield the root cause.

in a maintenance context, the consequences of many failures are 
not very severe, which makes that a rca is not performed very 
often. if a component, e.g. a bearing in a rotating machine, fails, it 
will be merely replaced without investigating what the cause of the 
failure has been. however, if the root cause of the problem has not 
been addressed, it is quite probable that the failure will occur again 
rather soon. The reason for not performing the rca is that the short 
term solution (replacing the failed component) takes less time than 
executing the full analysis. however, applying rca to maintenance 
problems can yield significant benefits in terms of cost or downtime 
reduction on the long term. another reason for the limited applica-
tion of rca in maintenance problems is the required expertise and 
failure data. in many occasions the maintenance staff involved in the 
daily maintenance tasks is not capable of performing the rca to a 
sufficient level of detail. 

it was stressed that the rca can only be successful if it is executed to 
a sufficiently deep level. For maintenance problems, this means that 
not only the failing part and failure mode must be determined, as is 
generally done, but also the failure mechanism and the associated 
loads should be identified. If this information is available, it will be 
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rather simple to decide whether the loading of the part was too high, 
or the load-carrying capacity was too low. knowing whether either 
the loading or the capacity of the system is the root cause of the ob-
served failure makes finding a solution rather straightforward. If the 
loads appear to be too high, the usage of the system (which causes 
the loads) must be altered. On the other hand, when the capacity 
appears to be insufficient, a redesign must be considered, where 
other materials could be applied or the dimensions of the part could 
be changed.

The (in)balance between the applied loads and the system capacity 
can be understood when the basic principles of the treated loads 
and failure mechanisms are known [1]. This knowledge can there-
fore assist in determining the root cause of many failures. another 
benefit of executing the RCA until the level of the failure mecha-
nism is that the number of possible causes becomes quite limited. 
Whereas infinite numbers of failure modes exist, the number of fail-
ure mechanisms on the material level is only in the range of 15 – 20. 
On that level, it does not matter whether a fatigue failure occurs in 
a helicopter part, a structural member of a bridge or a production 
machine component. The only challenge is to determine the internal 
load on the material level from the specific dimensions, materials 
and usage of the system under consideration.

2.3 MechanisM based failure analysis

as was indicated in the previous section, executing a sound failure 
analysis in a maintenance context requires that the following condi-
tions are met:

1.  a concise and structured approach is followed,
2.  a proper selection is made of relevant failures to be investi-

gated,
3.  the analysis is executed to a sufficiently deep level.
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The existing methods discussed in the previous section individually 
do not meet all these requirements. especially the 3rd requirement 
is generally not addressed sufficiently. Therefore, in this section, a 
procedure is proposed that meets all the requirements, and at the 
same time optimally utilizes the knowledge on loads and failure 
mechanisms. 

The procedure, which is called the Mechanism based failure 
analysis (Mbfa), combines the four methods introduced in the previ-
ous section. The generic process of Mbfa and the role of fTa, rca, 
fMeca and Pareto are schematically shown in figure 2.3. a step-
wise guideline for performing a failure analysis is shown in figure 
2.4. Starting from a failed asset or system to be analyzed, firstly a 
fault tree analysis is performed to identify all possible failure modes 
that could lead to the system (functional) failure.

after the completion of this overview, it is required to identify the 
most critical failure modes, since generally solving all possible fail-
ure modes is not feasible. note that also completing a full fTa might 
not always be feasible. especially for large and complex systems the 
fault tree will be quite extensive. in those cases steps 2 and 3 from 
figure 2.4 can be executed simultaneously, focusing the fTa on the 
most critical failures.

To be able to perform a Pareto analysis, which determines the top 5 
or 10 most critical failure modes, data must be generated on which 
the sorting process in the Pareto analysis can be based. Two op-
tions are available to generate this quantitative data: (i) collect fail-
ure data from the computerized maintenance management system 
(cMMs) or (ii) perform a fMeca analysis and calculate risk priority 
numbers (rPn) for all failure modes. based on either the cMMs 
data (e.g. costs, MTbf) or the rPn values, the Pareto analysis will 
yield the top 5 cost drivers or performance killers. note that the 
magnitude of the associated  costs or risk determines how much ef-
fort can or must be spent on these problems (i.e. the business case) 
and whether the proposed method should be applied.
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Then for the critical failure modes, a root cause analysis must be 
performed. it is essential that the level of detail of this rca is such 
that the failure mechanisms and the internal loads for each failure 

Asset /System
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Data
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Fault Tree 
Analysis

to
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Effects

CMMS data

Loads Failure 
Mechanisms

Solution
reduce load 
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Criticality Risk Priority 
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figure 2.3  - failure analysis process diagram showing the role of 
fTa, fMeca, Pareto and rca in identifying critical failure modes 
and their root causes.
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mode can be assessed. Moreover, the relation between the govern-
ing loads and the usage of the system must be identified, which im-
plies that any excessive load can be linked to a certain usage condi-
tion. Monitoring data on loads and usage could be very useful in this 
assessment. steps 4 and 5 in the process are crucial, but can also 
be quite challenging. Once the precise failure mechanism is known, 
finding a way to prevent such a failure is generally rather straightfor-
ward, as will be demonstrated in the next section. however, perform-
ing a solid failure analysis generally requires quite some knowledge 
and experience. in [1] background information and procedures that 
assist less experienced people in assessing the failure mechanism 
of a failure at hand are provided. note that an original equipment 
manufacturer (OeM) in general already has detailed knowledge on 
the possible failure modes and mechanisms of its system, because 
this type of knowledge is essential in the process of designing and 
developing the system. Therefore, an OeM can generally skip the 
first four steps in the procedure in Figure 2.4. However, linking the 
loads on the system to the usage profiles of different operators is 
not always trivial for an OeM. very often the manufacturer has no 
access to usage data of the operators, while this information is es-
sential in remedying the majority of the critical failures. The biggest 
challenge for an OeM in this procedure is therefore getting insight 
in the usage profiles.

finally, the solution for the problem, i.e. prevention of similar fail-
ures in the future, must be found. since the failure mechanism and 
governing loads have been determined, it is generally rather easy 
to decide whether the loads or the capacity of the system constitute 
the root cause. For capacity problems a modification of the system 
should be considered, while for loading problems the usage and 
associated loading of the system should be reduced. if changing the 
usage profile of the system is not feasible, the (frequent) failures must 
be accepted, but setting up a monitoring program for the usage, 
loads or condition (see sections 6.4 and 6.5) may aid to make the 
failures predictable.
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figure 2.4  - failure analysis process guidelines showing the different 
steps in the analysis and indicating the tools and sources for each step.
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3. case sTudies

3.1 inTrOducTiOn

The number of different systems currently in use in industry, trans-
portation and infrastructure is enormous. Moreover, these systems 
often consist of numerous subsystems and components and all of the 
systems are operated differently in terms of loads, operational and 
environmental conditions. This means that every failure is almost 
unique and the number of failure modes is therefore rather exten-
sive. This is one of the aspects that often makes performing a failure 
analysis a very complex process. The method proposed in the previ-
ous section can help one to adopt a structured approach, though 
experience is also an important prerequisite.

Many books and reports have been published containing case stud-
ies [9,10] on a wide range of failures with the aim of making the 
experience of investigators of failure analyses available to others. 
additionally, several journals (e.g. Journal of failure analysis and 
Prevention, Engineering Failure Analysis) exist in this field. During 
the process of analysing a failure, studying the description and re-
sults of analyses of similar failures can often provide parts of the 
solution for the problem under consideration.

four additional case studies of an engineering failure will be pre-
sented in this chapter. These case studies were carried out over the 
course of this project. Since these failures relate to very specific 
problems that might only be of interest to those directly involved in 
similar failures, the focus in these case studies will be on the applica-
tion of the approach presented in 2.3.
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3.2 cenTrifugal PuMP

On board of (naval) ships the fire extinguishing system is a very 
important and  critical system. In case of a fire, the system must be 
operative immediately, so high requirements are set to the reliability 
and availability of the system. To meet these requirements, the system 
consists of several centrifugal pumps that on the one hand ensure 
that the pressure is the system is maintained, and on the other hand 
provide the required flow of seawater when the system is used. 

regarding this high criticality, a failure analysis is executed on the 
fire extinguishing pumps, in order to increase the system availability 
and at the same time decrease the maintenance costs. The proce-
dure shown in figure 2.4 is followed and the consecutive steps will 
be discussed next. The numbers of the steps refer to the numbers in 
figure 2.4.

1 - Problem definition
The first step in the analysis is the problem definition, starting with 
the specification of a failure. For this analysis, failure is defined as 
‘the centrifugal pump is not functioning correctly’. This implies that 

figure 3.1  - centrifugal pump driven by an electric motor. The sys-
tem boundary for the present analysis is indicated by the dashed 
line (source: sPx).
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several situations are regarded as a pump failure: the pump does 
not produce any flow (no yield), the pump produces insufficient flow 
(low yield) or the pump shows unusual behaviour (e.g. vibrations, 
heating up, etc.). Although this definition is not very precise, it does 
incorporate all possible failures in the analysis. since in this case the 
operator’s insight in the failure behaviour is limited, the chosen gen-
eral definition of failure ensures that no important failure modes are 
excluded. Another part of the problem description is the definition 
of the system boundary. The considered centrifugal pump, as shown 
in figure 3.1, is driven by an electric motor. it is decided that this 
motor is outside the considered system, the boundary is at the shaft 
in between pump and motor.

2 - fault tree analysis
The next step in the failure analysis procedure is the execution of 
a fault tree analysis to identify all failure modes that could possi-
bly lead to the pump failure as defined before. The resulting fault 
tree is shown in figure 3.2. basically three branches appear in this 
fault tree, which are associated to the three indicated failure condi-
tions: no yield, low yield and unusual behaviour. for each condition, 
several lower level failures have been identified and ultimately a 
number of basic failures is obtained, as represented by the coloured 
circles at the lower end of the fault tree. The meaning of the different 
colours will be explained later on.

3 - determine priorities in failure modes
since the number of failure modes is considerable, a selection of 
the most critical modes must be made. The selection can be based 
either on (maintenance) costs or on the risk of non-performance, as 
determined by the failure frequency (which is related to availability) 
and the effects on safety and environment. since in this company 
the maintenance costs for individual systems could not easily be re-
trieved, the focus has been on the failure frequencies. Therefore, 
all records in the cMMs associated to this type of pumps, installed 
across the fleet of ships, have been collected to get insight in the most 
frequent failures. 
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figure 3.2  - fault tree analysis of centrifugal pump. The colours of 
the basic failures indicate the type of failure cause.
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This analysis proved to be difficult, since the level of detail of the 
failure registration was limited. although it was possible to get infor-
mation on pump failures, the failure mode causing that failure was 
in most cases not available. Therefore, the experience of a group of 
operators and maintenance staff was utilized to prioritize the failure 
modes. The combined results of the cMMs data and expert experi-
ence yielded the following top priority failure modes: 

 ▪ seal leakage
 ▪ no yield from impeller
 ▪ bearing replacement (showing excessive vibrations)
 ▪ shaft fracture

4 - determine failure mechanisms
The next step in the failure analysis is the assessment of the failure 
mechanisms causing the various failure modes. as was discussed 
before, this final deepening step of a root cause analysis is essential, 
since it provides valuable insight in the possible solutions for the 
problem. In this case study, the identification of the failure mecha-
nisms is performed at two different levels. for each basic failure (i.e. 
failure mode) in the fault tree analysis, the failure cause has been 
selected from four possible types of causes: 

1.  Insufficient load-carrying capacity of the system or part (yel-
low): this is often caused by applying parts that do not comply 
with specifications. Example: using an impeller manufactured 
from a normal steel instead of stainless steel, resulting in cor-
rosion problems. 

2.  human error (orange): often caused by disregarding regula-
tions, by the absence of clear regulations or by inadequate 
training. example: cleaning the pumps with a high pressure 
water jet removes the lubricant from the bearings, resulting in 
bearing failures.

3.  excessive load on the system due to avoidable (mis)use 
(green): the usage of the system deviates from the design 
specification, but can rather easily be changed to comply with 
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the specifications. Example: ceramic seals heat up when run-
ning the pump with no flow. A sudden opening of the valve 
produces a very high cooling rate and the resulting thermal 
shock causes the seals to fracture. slowly opening the valve 
would allow the seals the cool down at a moderate rate.

4.  excessive load on the system due to unavoidable (mis)use 
(purple): the usage of the system deviates from the design 
specification, but adaptation of the usage is unacceptable or 
impossible. example: when the ship is in shallow water, the 
sea water ingested by the pump generally contains sand par-
ticles that cause erosion of the impeller.

in the fault tree in figure 3.2, the different types of causes have been 
indicated with the colour that has been mentioned for the four types 
above. After this general analysis, the four identified critical failure 
modes are analyzed in more detail and the failure mechanisms are 
determined: 

 ▪ seal leakage: several failure mechanisms can cause this type 
of failure: 
 - seal surfaces wear when no water is present in the pump 

during operation, 
 - thermal shock due to sudden cooling of heated seals 

causes fracture,
 - vibrations of the pump (e.g. by cavitation in the impeller, 

misalignment or wrong assembly) yield high loads on the 
seals, producing overload damage.

 ▪  Insufficient yield: the impeller gets damaged due to several 
mechanisms: 
 - corrosion due to prolonged exposure to sea water,
 -  crevice corrosion due to elevated temperature in pump,
 -  erosion due to (sand) particles in sea water flow,
 -  fatigue damage due to cavitation in impeller.
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 ▪  bearing damage: this damage is caused by the following 
mechanisms: 
 -  local fatigue and wear damage due to vibration of non-

operative pumps (caused by vibration of other machines 
in same room),

 -  wear damage due to misalignment (high loads), bad lu-
brication or bad assembly of the bearings.

 ▪  shaft fracture: these failures are caused by misalignment of 
the pump and motor. The shaft is then loaded asymmetrically, 
which yields a fatigue fracture after a certain number of revo-
lutions. The alignment is performed periodically by mainte-
nance staff, but apparently the procedure is not adequate.

5 - determine loads and their relation with usage 
as was mentioned at the previous step, the division into four different 
types of causes actually combines the failure mechanism assessment 
and the loads to usage linkage. especially in the case of overloading 
the system (either avoidable or unavoidable), the relation of the ob-
served overload with the usage could be established in most cases. 

for example, one of the failures is overheating of the pump, caused 
by operating the pump while the valve in the output circuit is still 
closed. The absence of any water flow inside the pump implies that 
no cooling is realized and the pump starts to heat up. it is clear that 
the thermal loading of the pump in this case is directly related to the 
closed valve. Moreover, such a failure can be prevented by prescrib-
ing that the pump is not allowed to be operated while the valve is 
closed. 

6 - find solution
The final step of the failure analysis procedure is to find solutions for 
the problem, i.e. ways to prevent similar failures in the future. since 
the type of cause has been identified for all failure modes in one of 
the previous steps, finding solutions is generally rather straightfor-
ward. each of the four types of causes has a clear solution direction:
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1.  Insufficient load-carrying capacity: modification or redesign 
of the system to increases the capacity. in case of non-compli-
ant parts: better quality control of spare parts.

2.  human error: better regulations, better training.
3.  Avoidable (mis)use: change the usage profile to bring it back 

within specifications.
4.  unavoidable (mis)use: accept failures to occur, but try to 

make them predictable by usage or condition monitoring.

it can be observed in figure 3.2 that for the present case study hu-
man errors (orange circles) occur relatively often and that also quite 
a number of avoidable overloading (green) takes place. as was 
indicated above, these failures can be prevented rather easily by 
changing the way the system is operated and by improved training 
of personnel. The four critical failure modes can be solved in the 
following way:

 ▪  seal leakage: all failure mechanisms mentioned at the pre-
vious step are caused by operating the pump incorrectly. 
Therefore, the failures can be prevented by better instruction 
and training of the operators. especially preventing that the 
pump is operated without flow is important. Also ensuring 
that assembly and alignment are executed in the right man-
ner can prevent many failures. The excessive wear of the seals 
when running dry might also be reduced by applying an oil-
lubricated seal.

 ▪  Insufficient yield: most of the impeller failures are unavoidable, 
since they are due to regular usage of the pumps. Making the 
failures predictable, e.g. by monitoring the number of operat-
ing hours while in shallow water, might reduce this problem. 
The damage due to cavitation might be prevented, since the 
occurrence of cavitation is related to the way of operating the 
pump. 

 ▪  bearing damage: the local damage in non-operative (vi-
brating) pumps can be reduced by periodically running the 
pumps, ensuring that other locations in the bearings are load-
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ed. all other failures can be prevented by improving proce-
dures for alignment and assembly of new bearings. 

 ▪  shaft fracture: improve the alignment procedure and train-
ing to ensure proper alignment of the system. additionally, 
the system can be made more robust by replacing the fixed 
coupling between pump and motor by a magnetic coupling. 
The latter is much less sensitive for misalignment.

3.3 valves

The case study provided by gasunie concerned the valves in the 
gas transportation network, see figure 3.3. These valves, which are 
located underground, can be used to close certain sections of the 
network in case of emergency or during planned maintenance. The 
valves are in the open position most of the time, and are only occa-
sionally closed, either during functional testing (once per 2-3 years) 
or in case of a real need to close the section. at that moment it is 
important that the closing is successful. failure of the valve, i.e. the 
valve cannot be closed or not completely closed, is then very criti-
cal. Moreover, the population of valves is ageing, which increases 
the risk of non-functioning. by executing this root cause analysis, 
gasunie aims to get insight in the critical failure mechanism and 
possible solutions. again, the procedure shown in figure 2.4 is fol-
lowed, the consecutive steps will be discussed next.

1 - Problem definition
The first step in the analysis is the problem definition, starting with 
the specification of a failure. For this analysis, failure is defined as 
‘the valve is not functioning correctly’. This implies that several situ-
ations are regarded as a pump failure: the valve does not close the 
gas pipe, not at all or not even partly, or leakage of gas to the envi-
ronment occurs (external emission). Although this definition again is 
not very precise, it does incorporate all possible failures in the analy-
sis. since in this case the operator’s insight in the failure behaviour 
is limited, the chosen general definition of failure ensures that no 
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important failure modes are excluded. another part of the problem 
description is the definition of the system boundary. The considered 
valve, as shown in figure 3.3, consists of a ball (with a cylindrical 
opening) that can rotate in a housing. The rotation is controlled by 
the stem, which is protected by the cover tube. The stem enables 
opening and closing the underground valve.  seals are applied to 
prevent gas leaking into the cover tube (causing emissions) or leak-
ing across the valve to the gas pipe on the other side. it is decided 
that only the underground part of the valve is within the considered 
system, the boundary is at the upper side of the stem /cover tube, as 
indicated by the dashed line in figure 3.3.

2 - fault tree analysis
The next step in the failure analysis procedure is the execution of a 
fault tree analysis to identify all failure modes that could possibly 
lead to the valve failure as defined before. The resulting fault tree is 
shown in figure 3.4. basically two branches appear in this fault tree, 

figure 3.3  - valve from the gas transportation network. The system 
boundary for the present analysis is indicated by the dashed line.
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figure 3.4  - fault tree analysis of centrifugal pump. The colours of 
the basic failures indicate the type of failure cause.
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figure 3.5  - fault tree analysis of gas valves. The colours of the 
basic failures indicate the type of failure cause.
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which are associated to the two indicated failure conditions: clos-
ing impossible and leakage to the environment. for each condition, 
several lower level failures have been identified and ultimately a 
number of basic failures is obtained, as represented by the coloured 
circles at the lower end of the fault tree. The meaning of the colours 
will be explained in one of the next steps.

3 - determine priorities in failure modes
since the number of failure modes is considerable, a selection of the 
most critical modes must be made. The selection can be based either 
on costs or on failure frequency (which is related to availability and 
safety). gasunie registers all failures in its erP system, so an analysis 
on the data has been performed. This analysis proved to be difficult, 
since the level of detail of the failure registration was limited. for 
example, in the failure reports the cause of the failure should be 
described. however, the category ‘other’ appeared to be the domi-
nant cause, implying that the different failure modes could not be 
separated. also the failure frequencies can then not be determined.

To overcome this problem, the experience of a group of operators 
and maintenance staff was utilized to prioritize the failure modes. 
The results of this analysis are shown in figure 3.5, where colours 
are used to indicate the relative frequency of all identified failure 
modes. The combined results of the erP data and expert experience 
yielded the following top priority failure modes: 

 ▪  frequent failures:
 - freezing of the cover tube,
 - debris in the cover tube is blocking the stem,
 - seal failures.

 ▪ large impact:
 - ball does not rotate at all.

for the branch in the fault tree regarding the emissions, the experts 
cannot easily determine the failure frequencies and associated pri-
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orities. some limited amount of emission always takes place, but the 
frequency of events with unacceptable emissions (e.g. > 1000 ppm 
for certain areas) is hard to determine. 

4 - determine failure mechanisms
The next step in the failure analysis is the assessment of the failure 
mechanisms causing the various failure modes. as was discussed 
before, this final deepening step of a root cause analysis is essential, 
since it provides valuable insight in the possible solutions for the 
problem. In this case study, the identification of the failure mecha-
nisms is performed at two different levels. for each basic failure (i.e. 
failure mode) in the fault tree analysis, the failure cause has been 
selected from four possible types of causes: 

1.  Insufficient load-carrying capacity of the system or part (yel-
low): this is often caused by applying parts that do not comply 
with specifications. Example: applying a seal from a different 
material than specified, resulting in excessive wear or degra-
dation. 

2.  human error (orange): often caused by disregarding regula-
tions, by the absence of clear regulations or by inadequate 
training. example: applying the wrong type of lubricant.

3.  excessive load on the system due to avoidable (mis)use 
(green): the usage of the system deviates from the design 
specification, but can rather easily be changed to comply with 
the specifications. Example: if a valve is closed, a large pres-
sure difference exists across the ball (and seals). if the valve is 
opened too slowly, a high velocity gas flow will appear due 
to the small orifice that is available, leading to erosion of the 
seals.

4.  excessive load on the system due to unavoidable (mis)use 
(purple): the usage of the system deviates from the design 
specification, but adaptation of the usage is unacceptable or 
impossible. example: low ambient temperatures yield freez-
ing of water in the cover tube, leading to blockage of the 
stem.
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in the fault tree in figure 3.4, the different types of causes have been 
indicated with the colour that has been mentioned for the four types 
above. After this general analysis, the four identified critical failure 
modes are analyzed in more detail and the failure mechanisms are 
determined. 

 ▪  freezing of the cover tube: 
 -  the mechanism is obvious: water that has been collected 

in the pipe transforms into ice and thus makes movement 
of the stem impossible. an example of this phenomenon is 
shown in figure 3.6.

 ▪  debris in the cover tube is blocking the stem:
 -  most of the debris consists of corrosion products from the 

corroding inside wall of the cover tube. This debris falls 
down into the lower end of the pipe and there blocks the 
stem. a corrosion prevention measure, i.e. cathodic pro-
tection, should be in place, but this measure is sometimes 

figure 3.6  - ice formation in the cover tube of a gas network valve, 
causing blocking of the stem.
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disabled (e.g. teflon tape has been applied to the pipe, 
but breaks the electric circuit required for the cathodic 
protection). 

 ▪  seal failures are caused by the following mechanisms:
 -  seal material degradation (e.g. creep) leads to the seal 

sticking to the ball or excessive deformation causing seal 
leakage,

 -  the seal wears excessively due to hardened lubricant on 
the ball or due to debris in the gas pipes, 

 -  if the valve is opened too slowly, a high velocity gas flow 
will appear due to the small orifice that is available, lead-
ing to erosion of the seals.

 ▪  ball does not rotate at all:
 -  hydrate is formed inside the valve (from the transported 

gas), causing blocking of the ball,
 -  the lubricant applied to the valve hardens and prohibits 

the motion of the ball.

5 - determine loads and their relation with usage 
as was mentioned at the previous step, the division into four different 
types of causes actually combines the failure mechanism assessment 
and the loads to usage linkage. especially in the case of overloading 
the system (either avoidable or unavoidable), the relation of the ob-
served overload with the usage could be established in most cases. 

for example, one of the failures is seal wear (erosion) due to high 
gas flows when the valve is opened slowly. It is clear that the load-
ing of the seal in this case is directly related to the way the valve is 
opened. Moreover, such a failure can be prevented by prescribing 
that the valve must be opened quite fast to prevent the high flow 
velocity to occur. 

another important observation in this case study is the role of the 
lubricant in many failure modes. hardened lubricant causes block-
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ing of the ball, but also wear and leakage of the seals. discussing 
this issue with the experts revealed that two types of lubricant are 
available: a light oil and a more viscous lubricant (valtex). especially 
application of the valtex appears to cause problems. for ball valves, 
only light oil should be applied, but in practice maintenance staff 
only have one grease gun available for the two types of lubricants. 
instead of changing the lubricant for each different type of valve, 
they apply the lubricant that is present in the grease gun. for ball 
valves this means that often valtex is applied instead of light oil, 
leading to the observed failures. related to this problem is the fact 
that lubricant suppliers advise to close and open the valves periodi-
cally to keep the valves lubricated. however, in practice the valves 
are only closed during functional tests, which generally take place 
only once every 2-3 years.

6 - find solution
The final step of the failure analysis procedure is to find solutions for 
the problem, i.e. ways to prevent similar failures in the future. since 
the type of cause has been identified for all failure modes in one of 
the previous steps, finding solutions is generally rather straightfor-
ward. each of the four types of causes has a clear solution direction:

1.  Insufficient load-carrying capacity: modification or redesign 
of the system to increases the capacity. in case of non-compli-
ant parts: better quality control of spare parts.

2.  human error: better regulations, better training.
3.  Avoidable (mis)use: change the usage profile to bring it back 

within specifications.
4.  unavoidable (mis)use: accept failures to occur, but try to 

make them predictable by usage or condition monitoring.

it can be observed in figure 3.4 that for the present case study the 
unavoidable use and human errors are the dominant causes. The 
former type is related to the characteristics of operation. The way the 
network and associated valves are operated and loaded, is dictated 
by the total transport process. The loading of individual valves can-
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not easily be changed, which means that the usage should be ac-
cepted as it is. The human errors are mainly related to the lubrication 
issue discussed before.

The four critical failure modes can be solved in the following way:

 ▪  freezing of the cover tube: this can be solved by (i) prevent-
ing that low temperatures occur, (ii) preventing that the water 
freezes, or (iii) preventing that water is present in the pipe.  
The first two solutions require heating of the system or ap-
plying antifreeze, which both are hard to realize in practice. 
Preventing water from entering the pipe could be realized by 
(a) sealing the pipe, (b) filling the pipe with foam or pellets, 
(c) making an opening at the lower end of the pipe to remove 
the water (or lowering the already existing venting orifice).

 ▪  debris in the cover tube is blocking the stem: this can be 
solved by either preventing corrosion products to form by en-
suring that the cathodic protection of the valve is active, or 
by preventing the debris to collect at the bottom of the cover 
tube, where it blocks the stem. The latter may be realized by 
applying a feature (ring, tray) inside the pipe that captures 
the debris before it drops down into the pipe.

 ▪  seal failures: a considerable fraction of the seal failures can 
be prevented by better describing how to open the valves 
after a closure. If the opening is executed sufficiently fast, no 
erosion of the seals will occur. further, application of the ap-
propriate lubricant also in this case is an important way to 
reduce the number of failures. 

 ▪  ball does not rotate at all: this is mainly due to application of 
the wrong lubricant. This can be prevented by providing bet-
ter instructions to the engineers and by equipping all mainte-
nance teams with two separate grease guns for the two types 
of lubricant.

After finishing this project, Gasunie has implemented some of the 
suggested solutions in its operational process. Moreover, in the com-
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puterized maintenance management system more possibilities for 
field engineers to provide feedback on observed failures have been 
created. This data can then be used to detect and analyze recurring 
failures more thoroughly.

3.4 hydraulic cylinder

The case study provided by bosch rexroth concerns a hydraulic cyl-
inder that is applied in off-shore systems, see figure 3.7. The cylin-
der is used to connect a riser (oil pipe from the seabed) to a vessel 
floating above it. Six cylinders are attached to the riser ring, assur-
ing that the riser is pulled towards the ship with a constant force. 
due to the motion of the ship on the waves, the cylinder will also be 
moving constantly, where the wave height dictates the amplitude of 
the cylinder motion (0.5 – 3 m). Typical dimensions are a total length 
of 20 – 40 m, a rod diameter of 230 mm and a cylinder diameter 
of 500 mm.

The rod of the cylinder is coated with a thermal spray protective 
layer (0.5 mm thickness), providing corrosion resistance to the rod. 

figure 3.7  - hydraulic cylinder.
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after a certain period of operation, the layer starts to crack and 
sharp coating protrusions cut the seals of the cylinder. The cylinder 
contains both primary seals attached to the piston and secondary 
seals attached to the cylinder wall, see figure 3.8. The primary seals 
are intended to prevent oil leaking to the environment, while the sec-
ondary seals prevent dirt to enter the cylinder. cutting of the seals by 
the protrusions results in oil leakage, which means that the cylinder 
and / or the seals must be replaced.

The loads on the cylinder consist of the hot sea water (~ 40 °c) en-
hancing corrosion, the motion due to the waves (up and down each 
10 seconds, 4 months per year), the bending of the cylinder due to 
colliding waves and the associated vibrations. The service life of the 
cylinders in these circumstances is only 2.5 years, while a service life 
of 5 years is required (at least equal to the typical duration of an off-
shore job). The objective of the present case study is to investigate 
whether the service life could be extended or whether failures could 
be predicted.

bosch rexroth already performs a lot of research on this topic, re-
sulting in the following developments: 

figure 3.8  - detail of the cylinder, showing the locations of the pri-
mary seals (3 and 4, attached to piston) and secondary seals (1 and 
2, attached to cylinder).

cylinder

1 2

piston

3 4 3

piston rod
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 ▪  The thermal spray layer has been replaced by a welded stain-
less steel layer. This new layer, however, performs less in a tri-
bological sense. The layer is less wear resistant, and scratches 
occur in the layer due to the cylinder movements. 

 ▪  Moreover, the layer surfaces roughness decreases over time, 
which yields a reduced lubrication at the seals. as a result, 
the seal wear rates are much higher with this coating. To 
understand this degradation process, tribological tests have 
been performed by bosch rexroth. These tests reveal that af-
ter 40 – 50 km of movement the rod surface is very smooth, 
and after 5000 km the seals start leaking. 

 ▪  if a better lubricant (mineral oil) is used, the system performs 
much better, i.e. the smoothing is retarded considerably. The 
standard lubricant is a mixture of water and glycol, which is 
not harmful for the environment. however, as a lubricant this 
mixture performs not very well. application of another lubri-
cant might improve the performance. 

1 - Problem definition
The first step in the analysis is again the problem definition, starting 
with the specification of a failure. For this analysis, failure is defined 
as ‘the cylinder is not functioning correctly’. This implies that two 
situations are regarded as a pump failure: (i) the rod has degraded 
beyond a certain acceptable level, e.g. due to corrosion, or (ii) oil is 
leaking to the environment. 

2 - fault tree analysis
The next step in the failure analysis procedure is the execution of a 
fault tree analysis to identify all failure modes that could possibly 
lead to the valve failure as defined before. The resulting fault tree is 
shown in figure 3.9. basically two branches appear in this fault tree, 
which are associated to the two indicated failure conditions: rod 
degradation and oil leakage to the environment. for each condition, 
several lower level failures have been identified and ultimately a 
number of basic failures is obtained, as represented by the coloured 
circles at the lower end of the fault tree. The meaning of the colours 
will be explained in one of the next steps.
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figure 3.9 - fault tree for the off-shore cylinder. 
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3 - determine priorities in failure modes
since the number of failure modes is considerable, a selection of the 
most critical modes must be made. The selection can be based either 
on costs or on failure frequency (which is related to availability and 
safety). initially, the cylinders applied in off-shore conditions primar-
ily suffered from corrosion damage. as was mentioned in the intro-
duction, a thermal spray protective coating is applied to increase the 
corrosion resistance, but cracking of the coating yields accelerated 
seal failure. Therefore, the thermal spray layer has been replaced 
by a welded layer, but that layer proves to have insufficient wear 
resistance and due to surface smoothening causes oil leakage. as a 
consequence, the priority is now at the right-hand side branch of the 
fault tree in figure 3.9. however, the left-hand side failures always 
remain as a boundary condition for any solution.

4 - determine failure mechanisms
The next step in the failure analysis is the assessment of the failure 
mechanisms causing the various failure modes. as was discussed 
before, this final deepening step of a root cause analysis is essential, 
since it provides valuable insight in the possible solutions for the 
problem. in this case study, many of the basic events in the fault 
tree are already at or close to the level of the failure mechanism. 
however, as was done for the previous case studies, for each basic 
failure (i.e. failure mode) in the fault tree analysis, the failure cause 
has been selected from four possible types of causes: 

1.  Insufficient load-carrying capacity of the system or part (yel-
low): this is often caused by applying parts that do not comply 
with specifications. 

2.  human error (orange): often caused by disregarding regula-
tions, by the absence of clear regulations or by inadequate 
training. 

3.  excessive load on the system due to avoidable (mis)use 
(green): the usage of the system deviates from the design 
specification, but can rather easily be changed to comply with 
the specifications. 



59

3. c
ase studies

4.  excessive load on the system due to unavoidable (mis)use 
(purple): the usage of the system deviates from the design 
specification, but adaptation of the usage is unacceptable or 
impossible.

a remarkable observation from the fault tree in figure 3.9 is that no 
orange and green types of causes are present for this system. This 
means that failures due to human errors do not occur, and misuse of 
the system is not expected to happen. This is mainly due to the fact 
that bosch rexroth analyses the problem from a design point of view. 
The designer has no information on future usage of the system and 
thus assumes that it will be used as prescribed. 

Moreover, there is much freedom to modify the system (e.g. by 
applying other materials), which means that the yellow (capacity) 
and purple (loading) types of causes are closely related. The yel-
low category has been chosen in the fault tree when a modification 
is considered to be feasible. The purple category is selected when 
a modification is difficult to achieve and the effort has to focus on 
prediction of the failures.

for the purple (and yellow) category it is important to understand 
the underlying failure mechanisms. in these cases (a change in) the 
usage causes accelerated degradation of the system. it is therefore 
important to assess the quantitative relation between usage and ser-
vice life, in order enable prediction of the (time to) failure based 
on the registration of the usage. Therefore, the failure mechanism 
and governing load for all basic causes in the purple category are 
defined in Table 3.1.
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component basic cause failure 

mechanism(s)

governing load(s)

rod corroded surface corrosion salinity of sea water, 

temperature

cracks in surface 

layer

overload, fatigue mechanical  (bending) 

load due to waves and 

vibrations

smoothing of 

surface layer

plastic deforma-

tion, wear

normal force on seal (O-

ring), movement (distance 

+ velocity), lubrication

seal  

(secondary)

shape distortion creep, plasticity, 

wear

temperature, normal force 

on seal (O-ring), move-

ment (distance + velocity), 

lubrication

excessive wear Wear normal force on seal (O-

ring), movement (distance 

+ velocity), lubrication

lubricant loss of  

lubrication 

insufficient film 

thickness

temperature, dynamic 

pressure in lubricant, 

velocity of rod/piston

5 - determine loads and their relation with usage 
for every failure mechanism, the governing load that eventually 
causes failure can be determined. reduction of this load will yield an 
increase of the system service life, whereas monitoring of this load 
enables the prediction of upcoming failures. The governing loads for 
the identified failure mechanisms have been indicated in the final 
column in Table 3.1.

6 - find solution
The final step of the failure analysis procedure is to find solutions for 
the problem, i.e. ways to prevent similar failures in the future. since 
the type of cause has been identified for all failure modes in one of 

Table 3.1 - Overview of failure mechanisms and governing loads. 
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the previous steps, finding solutions is generally rather straightfor-
ward. as was mentioned before, for this case study most failures 
have yellow (capacity) and purple (loading) types of causes. More 
specifically, the corrosion and cracking problem of the cylinders has 
initially been solved by applying a ductile stainless steel coating to 
the rod. however, during operation this layer is getting too smooth, 
causing the lubrication to diminish and eventually resulting in wear 
of the seals and leakage of oil.

The obvious challenge to solve this problem is to develop a system 
with a robust, wear-resistant and weldable rod, in combination with 
a well-performing and stable lubricant and wear-resistant seals. 
Possible directions to find such a solution are:

 ▪  find a surface layer that exhibits slower deformation, for ex-
ample by applying harder materials, using Tin or Wc cer-
mets (hard particles), or by periodically ‘repairing’ the coat-
ing, e.g. by grinding to regain the original surface roughness.

 ▪  application of more wear resistant seals (other material, less 
friction) or easy replaceable seals (preventive maintenance).

 ▪  application of lubricants with better properties (longer effec-
tive working period).

 ▪  improve the predictability of failures, by establishing the rela-
tion between service life and usage, loads, type of lubricant, 
etc. 

These solution directions require more research to lead to directly 
applicable solutions. The first three directions focus on system and 
material development, mainly aiming at improving the tribological 
properties (friction, wear) of the components. The final direction 
aims at increasing failure predictability. This requires understand-
ing of the specific mechanisms and the development of quantita-
tive models relating the degradation rates to usage and operational 
conditions. also suitable sensors should be developed to monitor 
the usage and/or condition. a possible solution would be a sensor 
that monitors the normal force exerted on the seal. if the seal wears, 
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this force will decrease, thus indicating the amount of wear in the 
seal. further extending this work is outside the scope of the present 
project.

3.5 sTeerable ThrusTer

Wärtsilä provided a bearing failure in a steerable thruster as a case 
study. a steerable thruster is a system mounted underneath a ship 
to provide propulsion (see figure 3.10). it consists of a propeller 
(for the propulsion) and several gear boxes to connect the propeller 
to the shaft of the engine (diesel or electric) inside the ship.  in one 
of the thruster types produced by Wärtsilä, regular failures of the 
gear set and associated bearings are observed during operation. 
The gear set consists of a pinion and a crown wheel, which are both 
supported by bearings. failure of the bearings leads to seizure of 
the gears, making the thruster inoperable. Wärtsilä wants to solve 
this problem, since it yields significant availability problems for the 
operators of the thrusters.

however, Wärtsilä as OeM and designer of the system already 
has detailed knowledge on the potential failure mechanisms of the 
bearing. Moreover, an extensive root cause analysis (following the 
aPOllO method) already has been executed by Wärtsilä. in the 
present project, this analysis is therefore not repeated, but the ap-

figure 3.10 - fault tree for the off-shore cylinder. 
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proach followed has merely been compared to the guidelines pre-
sented in chapter 2.

1 - Problem definition
For this case study, failure is defined as ‘the thruster stops function-
ing due to failure of the gear set and associated bearings’. This 
means that other failures of the thruster are not considered and the 
system boundary in this case is defined around the gear set and 
bearings. The position of these components in the thruster can be 
seen in Figure 3.11. Note that the definition of failure in this case 
is much more precise than in the previous two case studies. This is 
due to the fact that Wärtsilä as OeM has detailed knowledge on its 
systems and is able to pinpoint the source of a problem much better 
than an operator would be able to.

2 - fault tree analysis
The next step in the failure analysis procedure is the execution of a 
fault tree analysis to identify all failure modes that could possibly 
lead to the failure as defined before. This analysis has been per-
formed by Wärtsilä, involving a significant number of people from 
different departments within the company. a fault tree has been con-

actual RPM

particles in oil

water in oil

gear-mesh frequencies and 
acceleration levels

vibration levels in frequency spectrum

temperatureswater ingress

figure 3.11  - cross sectional view of a thruster. The parameters 
monitored by the cMs system have been indicated.
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structed for the possible failures and the analysis has been executed 
until the level of the failure mechanisms. Moreover, it has been indi-
cated for each basic failure whether it is due to excessive loading or 
due to a design or product issue. This means that the final result is 
very similar to the fault trees constructed for the other case studies in 
the previous subsections. 

3 - determine priorities in failure modes
since the number of possible failure modes is considerable, a selec-
tion of the most critical modes must be made. it could not be deter-
mined from the documents whether Wärtsilä set priorities to the dif-
ferent possible causes. however, an extensive research programme 
containing 9 projects was initiated to address all issues obtained 
from the rca. a possible reason for the missing prioritizing is that 
identifying the precise failure mechanism from failure analyses on 
the failed thrusters proved to be difficult. The main reasons for that 
are (i) the significant amount of collateral damage that is generally 
present, and (ii) the limited amount of detail information in the fail-
ure reports from the operators.

4 - determine failure mechanisms
During the first step of the RCA performed by Wärtsilä, the poten-
tial failure mechanisms have already been described. however, it 
should also be indicated which mechanisms actually occur (see also 
previous step). for that reason, Wärtsilä has performed a number 
of detailed failure analyses, investigating mechanisms like tooth in-
terior fatigue failure (Tiff), bearing cracking / seizure due to over-
heating, wear of bearing (spalling) and corrosion. 

in addition, an overview of all failures and associated times to fail-
ure was made on the component level (not failure mechanism level). 
The mean time between failures (MTbf) can thus be determined for 
several components. a problem, however, is that failures of the gear 
set and bearings always coincide, which implies that the MTbf is 
similar for many components. The newly developed condition moni-
toring system (especially the vibration monitoring capability) could 
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possibly assist in assessing whether the gear or the bearing initiates 
the failure.

5 - determine loads and their relation with usage 
from the previous steps it can be concluded that the possible failure 
mechanisms are known. The next challenge is to find the relation be-
tween the governing loads of these mechanisms and the usage of the 
thrusters in terms of operating conditions, power setting, etc. also for 
this issue several research projects have been initiated. To investigate 
whether the failures are related to the (limited) load-carrying capac-
ity of the system, the following two projects are executed:

 ▪  a historic overview of production and assembly data (e.g. 
dimensions, material properties) is created, which is linked 
to the observed failures. drawing conclusions from this over-
view appeared to be difficult, since it is hard to distinguish the 
initiating failures and collateral damage. A specific example 
of a manufacturing aspect that has been investigated is the 
hardening depth of the gear tooth. since no correlation could 
be found between production and failures, it is concluded that 
the root cause is not a capacity problem. 

 ▪  finite element (fe) calculations and strain gauge measure-
ments have been performed to assess the deformation of the 
bearing housing. These calculations indicate that the housing 
might deform too much at certain loads, which might lead to 
excessive loads on the bearings. 

Further, to characterize the usage patterns of the thrusters and find 
possible relations with the failures, the following projects are ex-
ecuted: 

 ▪  a service life assessment has been performed for the bear-
ings, based on measurements on board a ship for one day. 
The l10 service life of the bearings and gears could be deter-
mined using s-n curves and a Miner’s fatigue damage calcu-
lation. This provided insight in the relation between compo-
nent loading and service life. 
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 ▪  sea trials have been executed, where during one trip the us-
age profiles of the thrusters have been identified. The distribu-
tion of the total sailing time over several usage profiles (power 
setting, steering angle) has been determined. 

despite these four investigations, it is still not completely clear what 
operating conditions lead to the bearing or gear failures. a direct 
relation between usage, loads and failure could thus not be identi-
fied.

6 - find solution
The final step of the failure analysis procedure is to find solutions for 
the problem, i.e. ways to prevent similar failures in the future. since 
for this case study the link between usage and failure could not be 
identified completely, finding solutions is not as straightforward as in 
the previous case studies. however, through the extensive root cause 
analysis, Wärtsilä has gained insight in which factors influence the 
observed failures. The following actions to prevent failures from hap-
pening again are therefore taken: 

 ▪  The design of the thruster has been modified:
 -  the bearing assembly has been modified and another type 

of bearing is applied,
 -  the thruster structure has been stiffened to reduce the de-

formations,
 -  a more severe quality control is introduced for the applied 

gear sets.

 ▪  The usage of the system is modified:
 -  the thrusters are no longer used in applications / usage 

profiles that are expected to yield high loads on the bear-
ings.

The effects of these recent changes will be observed in the coming 
years of operation. In addition to these system modifications, much 
effort is put in increasing the amount of feedback from practice:
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 ▪  setting up a standard failure report format could enforce 
operators to provide the relevant information about failure 
modes, usage conditions and loading of the system associ-
ated to an observed thruster failure.

 ▪  increased use of the newly developed condition monitoring 
system. The system can provide valuable information on the 
usage conditions of individual thrusters. Moreover, the vibra-
tion monitoring capability might provide insight in the se-
quence of events during a failure, i.e. whether the bearing or 
gear set initiates the failure. This system is described in more 
detail at the end of this subsection.

 ▪  Performing more sea trials to improve the insight in the op-
erational usage of the thrusters by different operators. during 
sea trials, specific manoeuvres can be performed, for which 
torque measurements provide insight in the system loads at 
these specific conditions.

Wärtsilä Propulsion condition Monitoring service
in 2010 Wärtsilä released its condition monitoring solution for pro-
pulsion equipment. The Propulsion condition Monitoring service 
(PcMs) provides the customer with real-time advice and periodic 
reports about the condition of the machinery. an overview of a typi-
cal PcMs system is shown in figure 3.12.

PcMs data is analysed in the Wärtsilä cbM centre for propulsion 
equipment. data analysis consists mainly of vibration analysis for 
rotating equipment, oil analysis, control system- and hydraulic- per-
formance analysis and analysis of specific manoeuvres. Data analy-
sis is supported by an advanced automated decision support system, 
referred to as the PcMs central core. This decision support system 
assists in identifying potential failures, whereby the cbM expert can 
focus on resolving issues in close contact with the customer. since its 
release the PcMs installed base has grown rapidly. although it is 
predominantly installed on steerable thrusters, some systems have 
been delivered also for transverse thrusters and controllable pitch 
propellers.
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Traditionally thrusters are overhauled every five years.  At that time 
the vessels are either removed in a dry dock or exchanged in shel-
tered waters (see figure 3.10). in both cases the vessel is down for 
a period of two to three weeks. class societies have always required 
thrusters to be internally inspected every five years. However it is 
not a class requirement to perform an overhaul and exchange all 
bearings and gears every five years. With the class approved PCMS 
the requirement for internal inspection is forfeit, and the thrusters’ 
overhaul interval becomes dependant on the manufacturers’ recom-
mendations. Through early detection of faults and extension of over-
haul intervals PcMs optimized the reliability and availability of the 
equipment, thereby reducing total costs of ownership and enhancing 
the customer’s business.

figure 3.12 - Overview of the Propulsion condition Monitoring 
service.
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learned

4.1 cOnclusiOns

The case studies in this project demonstrate that the procedure pro-
posed in section 2.3 can be applied to problems in the real world. 
They also demonstrate that analysing the failure mechanisms and 
associated loads can help solve those problems in a relatively 
straightforward manner.

 When the root cause analyses were carried out for the case stud-
ies of the companies involved, a number of interesting observations 
were made. While many of these were specific to the company in 
question, several generic observations were also made that may be 
useful to other companies. an overview of these generic lessons will 
be provided in the next subsection.

4.2 lessOns learned

The generic lessons learned from the case studies:

 ▪  Obtaining details on failure mechanisms from information 
systems like cMMs appears to be cumbersome. in most sys-
tems, no detailed information is collected or the quality of the 
information is rather low due to the lack of knowledge and 
the lack of presumed benefit of the data collection on the part 
of the people entering the data.

 ▪ if the data on failure mechanisms or failure frequencies can-
not be obtained from information systems, interviews with 
experts (operators, maintenance personnel) are often found 
to provide much of the required information. involving the 
original equipment manufacturer (OeM) of the system in the 
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analysis is also very useful. as the designer of the system, the 
OeM can offer detailed insights into the failure modes and 
loading of the system.

 ▪ A significant proportion of the failures can be put down to 
human error or abuse of the system. Therefore, before con-
sidering modifications of the system, considerable improve-
ments in system availability can be achieved by improving 
the instruction and training of operators. creating the aware-
ness that certain ways of operating the system can lead to a 
multitude of failures is essential, but this requires a detailed 
analysis of the frequent failures in order to first identify the 
root causes and to set priorities. asset owners in particular, 
often have to face this challenge.

 ▪ an OeM typically tries to solve recurring failures by carrying 
out a design modification. Firstly, because this is the only way 
of solving the problem from a designer point of view (the us-
age of the system is governed by the operator) and secondly, 
because the OeM also has a lot of freedom when it comes 
to modifying the system (unlike the operator) and thus has a 
lot of options in terms of improving the system. Only in those 
cases where no possibilities for modifications or redesign re-
main, is the improvement of failure predictability (by monitor-
ing programmes) an attractive solution for an OeM. This can 
be the case, for example, for systems that are operated (and 
loaded) in a highly variable manner, which results in large 
variations in service life. 

 ▪ A significant difference in system knowledge has been ob-
served between asset manufacturers (OeMs) and asset own-
ers (operators). since OeMs are responsible for the design 
of the system, detailed analyses of (structural) integrity are 
carried out on a regular basis. The knowledge and experi-
ence gained from this process can also be very useful during 
a root cause analysis aimed at solving operational problems. 
asset owners, on the other hand, do not have as much insight 
into the failure behaviour of their systems. in this role, it is 
therefore more difficult to perform a detailed analysis.
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 ▪ however, in terms of operational usage data, the situation is 
completely reversed. asset owners collect a lot of information 
on the usage and loading of the system, while OeMs gen-
erally do not have access to this kind of data. considering 
this asymmetry in information availability, a combined effort 
between both OeM and operator tends to produce the best 
results.

 ▪  executing a root cause analysis up to the level of the failure 
mechanisms requires a certain amount of knowledge and 
experience. as a result, performing the analysis using the 
method developed in this project is not feasible for all compa-
nies. however, reading the case studies presented in chapter 
3, in combination with literature on the topic [1], will quickly 
provide the required basic knowledge and understanding.
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