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Abstract—Maintenance is one of the key success factors for
ensuring safe and reliable operations on the Norwegian
continental shelf (NCS). Periodic maintenance is still a large part
of the maintenance portfolio even if the ambition is to shift
towards dynamic strategies. Therefore, one can conclude that,
currently, the availability of offshore production facilities on the
NCS is significantly influenced by maintenance programs that
are based on predetermined periodic maintenance tasks.

This paper reviews current practices and experiences for
determining intervals for performing maintenance tasks. The
mapping is performed by comparing theoretical and practical
industrial approaches to determine the preventive maintenance
task intervals. The paper highlights some practical issues and
challenges that maintenance engineers face in the determination
of task frequencies/intervals on the NCS.

The study shows that the biggest challenge for the
maintenance engineers is to determine the “optimal interval” for
the maintenance tasks. A frequent task will increase the
maintenance costs, whilst an extended interval could increase the
risks related to unexpected failures. The maintenance engineers
use their engineering judgment by combining manufacturer
recommendations, regulatory requirements and operational
needs to determine optimal intervals. The NCS, however, needs
more dynamic maintenance strategies that are data driven but
without the inhibiting computational and practical issues
currently available in existing theoretical mathematical models.

Keywords—Preventive maintenance, maintenance interval

L INTRODUCTION AND BACKGROUND

Predetermined periodic maintenance is a part of the broader
concept of Preventive Maintenance (PM). Hence, drawing
from standards such as EN 13306 [1], ISO 14224 [2],
NORSOK Z-008 [3] and other literature, predetermined
periodic maintenance may be defined as planned maintenance
carried out on the basis of regular time intervals intended to
reduce the probability of failure or the degradation of the
function of an item'.

According to Mobley et al [4], predetermined periodic
maintenance is based on the assumption that equipment will

' An item is defined as, “any part, component, device, or an assembly of parts
that is normally the lowest level in the hierarchy during maintenance” [3]
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degrade and fail within a time frame (operational
hours/calendar) that is typical of its particular classification.
This assumption is accepted to be generally true. Experience,
on the other hand, suggests that degradation and failure can
occur outside this typical time frame, even for similarly
classified equipment. Nonetheless, it is this assumption that
forms the basis of why predetermined periodic maintenance is
mathematically rooted in the concepts of statistics and
probability. Three interpretations of probability are
acknowledged in probability theory: classical, relative-
frequency and subjective interpretations [5]. The relative-
frequency interpretation of probability satisfies the scientific
requirements of objectivity and repeatability. It also provides a
probability interpretation that is closest to the assumption
underlying predetermined periodic maintenance. This
interpretation, understandably, forms the principal element of
several models used for the determination of predetermined
periodic maintenance intervals.

Maintenance activities and intervals are defined in a typical
PM program. However, on the Norwegian continental shelf
(NCS), developing a PM program also includes preparing PM
task routines, specifying the requirement for spare parts,
estimating the duration for executing each maintenance activity
and assigning a discipline responsible for each maintenance
activity. The study presented in the ensuing section will
therefore be limited to determining the interval of maintenance
tasks for a PM program on the NCS.

In this paper, we briefly review how predetermined
periodic maintenance intervals are theoretically determined and
compare these general concepts with practices on the NCS. We
present two perspective views of the process of determining
maintenance intervals on the NCS and also discuss some
challenges in the PM program determination. The paper is
primarily based on interviews with maintenance experts.
Expert opinion from practicing engineers was sought in
establishing the role that predetermined periodic maintenance
plays in ensuring oil and gas (O&G) asset availability. A brief
literature survey was also undertaken, discussing general
theoretical approaches to establishing predetermined periodic
maintenance programs.
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1L THEORETICAL ESTIMATION OF PREDETERMINED
PERIODIC MAINTENANCE INTERVALS

The determination of periodic maintenance intervals begins
by finding the appropriate probability distribution to describe
the equipment failure process. Establishing the probabilistic
nature of the underlying failure process may be attained either
by a parametric method or a non-parametric/empirical method
[5]. Whichever method is chosen, a statistical analysis of
equipment failure data is required. Most often though, real-life
failure data fits the Weibull distribution [5] [6] [7]. The
Weibull distribution is therefore considered the most
appropriate  probability distribution for inspection and
preventive maintenance activities because of its possible
application to a wide range of scenarios and its ability to
approximate several other distributions.

The failure rate (number of failures per unit of time), often
used to derive the statistical parameter known as he mean time
to failure (MTTF), is a key reliability measure in the
determination of periodic maintenance intervals. In addition to
the failure rate, a description of the failure process requires the
determination of the following: 1) the probability density
function of the time to failure, 2) the cumulative density
function, 3) the reliability function; and 4) the hazard function.

Once the probabilistic nature of the failure process has been
defined, and the relevant parameters determined, any of the
numerous theoretical models might be used to determine the
most appropriate interval. These models suggest an optimal
time for replacements [8] [9], inspections [6] [10] [11] [12]
[13], and overhauls [14] [15] [16] [17]. Complex analysis
techniques, such as Markov chains, Bayesian modeling,
simulations, fuzzy logic, expert systems and genetic
algorithms, form the basis for some of these models. Hence,
they require a considerable amount of time, research and
analysis to define a specific scenario. Furthermore, the analyst
requires competence and skills in applying the methods and in
assessing the assumptions to be applied to the system in
question.

Models are developed with a specific target objective in
mind. Either minimizing maintenance cost, reducing
downtime, enhancing reliability, availability, maintainability or
a combination of some or all of these objectives has been
discussed and modeled in research works. The determination of
periodic maintenance intervals thus transcends the intrinsic
failure characteristics of the equipment. Applications of such
models thus require the collection and storage of detailed
information (both qualitative and quantitative). Such detailed
information includes equipment failure, operation regimes,
maintenance actions, modifications and related costs [18]. The
intervals determined via these models are, therefore, a
translation of specific corporate/business objectives and
operating strategies.

III. THE NORSOK GUIDELINES FOR PM INTERVAL
DETERMINATION

The maintenance management process defined in
NORSOK Z-008 [3] also acknowledges the derived theoretical
influence of specific corporate/business objectives and
operating strategies on PM intervals and programs. Hence, the
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maintenance programs on the NCS are developed on the basis
of the goals and requirements specific to each O&G company
but with a focus on:

* Reducing risks, increasing production and lowering
cost

*  Compliance with applicable regulatory requirements

* The technical condition of the facility (in particular
the performance of safety systems and critical
processes)

* Improvement of the overall maintenance process.

Consequence classification is the main foundation for the
development of PM programs on the NCS. The classification is
an analysis that determines the effects of potential equipment
functional failures on HSE, production and costs by breaking
down all the installation’s functions into main and sub
functions. Once the groupings and the classifications have been
completed, maintenance activities and intervals are then
determined.

For equipment classified as safety critical, testing intervals
are determined on the basis of the performance requirements of
their safety functions (OLF 070 [19] or IEC 61508). For non-
safety critical equipment, one of the following options is
employed:

* Referring to standardized/ generalized strategies/
concepts. These standardized concepts are developed by
performing detailed reliability-centered maintenance
(RCM) analysis on equipment and documenting results
such that they can be used for similar equipment of the
same classification. Company-specific operational and
maintenance experiences (best practices) as regards
specific equipment are also used to enhance the RCM
analysis results. Thus, within the framework of NORSOK
Z-008, generalized strategies/concepts on the NCS are
regarded as an efficient mode of capturing standardized
company knowledge. The use of generalized maintenance
strategies/concepts is considered an indirect RCM
analysis on the specific equipment being examined.

* Performing detailed RCM analysis and risk-based
inspection (RBI) methods to determine the specific
maintenance activities, intervals and plans for execution
for the equipment/system.

* Referring to original equipment manufacturers' (OEM)
recommendations on maintaining the equipment/system.

* Deciding to run the equipment/system to failure.

Performing a cost/benefit analysis is one of the
recommended steps to determine cost-effective maintenance
activities for selected equipment. For low consequence class
assets, however, an interpretation of the guidelines suggests
that risk analysis and/or cost/benefit analysis may not always
be a necessary activity.
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IV. THE EXISTING PRACTICAL APPROACH TO DETERMINING
PM INTERVALS ON THE NCS

On the NCS, there is a practical approach for identifying
and developing an effective PM program, which mainly
involves the consideration (among others) of:

* Regulatory and company requirements
*  Company-specific best practices

*  Generalized maintenance strategies/concepts

*  Original equipment manufacturers' (OEM)

recommendations, and
* National and international standards and guidelines

Statutory regulations/requirements, as well as national
(NORSOK) and international standards (ISO, IEC), are
considered in the PM interval and activity determination
process. Where there is a clearly defined statutory requirement,
it supersedes any practice, concept, standard, recommendation
or guideline.

classification regulations &
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Fig. 1. Establishing a maintenance program: process description by Company A

Figure 1, therefore, captures an example of the process of
establishing a maintenance program (as interpreted by a
leading maintenance service provider on the NCS).

The work process in Figure 1 depicts a typical, simplified
and relatively accurate interpretation of the maintenance
guidelines on the NCS?. Keeping in mind that the standardized
maintenance  strategies/concepts are defined for a
specific/generic group of items, the above process suggests that
the time-consuming and capital-intensive RCM analysis will
only be employed in certain special scenarios (refer to the

* This, however, is from the perspective of maintenance service providers (i.c.
maintenance engineers who are often contracted by the operators to assist in
developing a maintenance program).
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section on “some identified challenges in determining the
optimum maintenance interval on the NCS”).

Best practices and standardized concepts (if available) are
therefore the primary sources of decision-making information
with regard to PM interval determination on the NCS.
According to some practicing maintenance engineers, these
practices and concepts are significantly influenced by several
years of personnel experience on the operation and
maintenance of similar types of equipment. Inherent in these
experiences are the corporate/business goals and objectives that
govern all operations/activities. The generalized maintenance
strategies/concepts can be considered as a maintenance
representation of an operating company’s corporate strategies.
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The OEM recommendation is also a major contributory
factor in the PM interval determination process. Engineers on
the NCS believe that, due to the constraints of contractual
agreements pertaining to aftersales services, the OEM
recommendations are increasingly becoming a major source for
determining PM intervals. Opinions suggest that since OEMs
prefer to avoid failures during the equipment warranty period,
they often recommend conservative maintenance programs.
Such programs, if not adjusted after the warranty period, can
lead to a continued reliance on maintenance programs that may
lead to more downtime and more spares in storage than
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necessary or simply over maintenance. This current trend may
also have been compounded by the development and use of
innovative technologies by operators on the NCS, for which
little or no experience is available. This lack of experience
(with regard to innovative technologies) has led to conservative
and costly maintenance programs where too much maintenance
is being done too often.

Figure 2 depicts a six-step process of establishing a
maintenance program that is suggestive of a more operational
interpretation of the NORSOK guidelines.

28
il Use standardized
Based on consequence —J» strategy or concept —P
classification to establish/evaluate
maintenance

&
Derive specific work
orders from standard
work descriptions

—p» develop plans, items, —| Establish electronic 3>

6.
Upload to
computerized
maintenance
management system
(CMMS)

4.
Pre-schedule, i.e. 5F

intervals, resource master data

requirements, etc.

Fig. 2. Maintenance program development process by Company B.

The work process in Figure 2 is a view from the operating
company’s perspective. The operators themselves appear to be
satisfied with being reliant on standardized maintenance
strategies/concepts when available and wherever applicable.
The figure seems to indicate that O&G operators consider
plans for execution as part of the PM program. This is in
contrast to the service providers’ interpretation, which
generally does not include such plans. Despite this contrast,
good collaboration exists between maintenance service
providers and O&G operators. Both, however, seem to agree
that, even when generalized maintenance strategies/concepts
are available, the establishing of maintenance intervals and
activities is a major issue to contend with on the NCS.

V.  SOME IDENTIFIED CHALLENGES IN DETERMINING THE
OPTIMUM MAINTENANCE INTERVAL ON THE NCS

A. The challenge of using existing theoretical models

Basic definitions for equipment reliability make reference
to the probability of performing intended function(s) under
certain prevailing conditions, and over a predefined time period
[20]. Since predetermined periodic maintenance is a significant
part of the PM on the NCS (according to several maintenance
engineers), an equally significant part of improving reliability
on the NCS can be suggested as a function of predetermined
periodic maintenance. It is on this basis that theoretical
approaches to establishing this time interval may be considered
appropriate for establishing initial PM programs on the NCS.
However, a major difficulty with these theoretical models is
that not all the input (e.g. equipment failure history data,
downtime and cost data) may be available to the maintenance
engineer, especially in cases where the installations are new.

Some maintenance engineers on the NCS are of the opinion
that, even when all such quantitative (and to some extent
qualitative) data is available (as may be the case for some
existing old installations), the reliability of the data itself
maybe an inhibiting issue. These engineers also suggest that it
is quite impractical to even consider the utilization of some of

these models when they are faced with the task of determining
the PM intervals for several thousands of tagged items. There
are too many tags to be assessed individually, even if sufficient
reliable data is made available. It would simply be
computationally strenuous and time-consuming to perform
such an assessment using most of the existing models.

B. The challenge of using best practices and generalized
maintenance strategies/concepts

The assumption underlying theoretical mathematical
models (i.e. equipment will degrade and fail within a fixed time
frame typical of its particular classification) is also the basis for
developing generalized maintenance strategies/concepts and
using best practices. Consequently, the inherent limitation
within mathematical models (i.e. the underlying assumption
could be false), is also a limitation for relying on company best
practices and generalized maintenance strategies/concepts for
establishing PM programs.

The general nature of best practices and generalized
maintenance strategies/concepts allows for some level of
subjectivity if they are to be employed effectively for specific
operating  scenarios.  Since generalized maintenance
strategies/concepts are specifically defined for a group of
equipment operating under similar conditions (i.e. particular
classification), the judgment on similarity is often dependent on
the responsible engineer(s). The adjustments that would be
necessary in instances of deviations are also influenced by
personal practical experiences and personal risk tolerance
levels. An incorrect judgment (for example because of the
responsible engineer’s higher or lower personal risk tolerance)
would likely result in costly, inefficient maintenance.

It was also suggested that, in the absence of generalized
maintenance strategies/concepts (and specific company best
practices), original equipment manufacturer (OEM)
recommendations and/or other detailed reliability analyses such
as RCM may be required. This, however, is dependent on the
consequence classification groupings. Slight modifications to
the OEM recommended PM activities with respect to
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functional and operational parameters would, in some cases, be
sufficient. The available reliability standards [2] and databases
(OREDA) which can provide useful information about critical
failure modes and mechanisms etc. may be used for such
adjustments. However, in principle OEM maintenance
recommendations are either the specific best practices of that
particular  OEM  or the generalized maintenance
strategy/concept of the OEM for similar equipment types.
Hence, the OEM recommendations may be limited in the same
manner (if not more so) as earlier discussed in this section.

C. The challenge of applying RCM analysis

The study also indicated that there is an increasing request
for RCM analysis on critical items on the NCS. Many
engineers are in favor of performing RCM but are also quick to
point to the time and resource (human and capital) intensive
nature of the analysis as its major impediment. One engineer
described an example where it took two fully dedicated
engineers and a number of discipline experts more than three
weeks to complete a full failure mode, effects and criticality
analysis (FMECA). The FMECA was on two electro-plates
(with no moving parts) for a subsea module. The engineer then
emphasized that a complete FMECA is an integral part of any
RCM analysis.

Some experts are of the view that another major challenge
with RCM is that only a limited number of people actually who
understand the process [21]. The opinion is that RCM takes
time and requires an experienced facilitator who understands
real failure modes. A thorough understanding of how
functional failure is interconnected with how items work
together, as well as the available actions and techniques to
ensure equipment reliability, is a scarce expertise.

In principle, therefore, all items can benefit from RCM
analysis. However, time and resource limitations indicate that
priorities need to be defined. Hence, a detailed RCM analysis is
only undertaken for some selected equipment.

VI.  FURTHER DISCUSSIONS

The discussion thus far indicates that the practical approach

employed on the NCS relies largely on qualitative
data/information (best practices, generalized maintenance
strategies/concepts, OEM recommendations and

standards/regulations) as against the quantitative data that is
required for the existing mathematical models. Without the
right experience and/or expertise, the subjectivity involved in
interpreting (or deducing from) qualitative data can result in the
development of PM programs with intervals that are
ineffective. The challenges identified with regard to the use of
theoretical mathematical models may have influenced the
development of this qualitative approach on the NCS. There is,
however, the need for the use of more quantitative data on the
NCS.

Recent developments in technology have improved the
ability to capture and store precise and accurate equipment
data. Continuous technological advancement is thus providing
the industry with innovative techniques with which to analyze
the captured equipment data, and transform such data into
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decision-making information. Integrated Operations (I0)’ is
also a current operating regime on the NCS that provides the
kind of collaborative environment that fosters the
implementation of more dynamic strategies such as predictive
maintenance. The challenge, however, is to develop innovative
tools that readily and cost-effectively provide decision support
regarding the health and condition of equipment (most
preferably in real time). Such tools will provide the opportunity
to relate the maintenance activities to condition rather than
over-reliance on existing predetermined activities. Also, there
is the ever-deepening challenge of developing competences
that can effectively use any such tools and positively exploit
the expertise made available in collaborative environments
(such as 10).

The availability level of offshore assets is constantly under
pressure. Expert opinion suggests that the know-how and
practical experience required in establishing and continuously
improving effective PM programs is wearing thin. Offshore
operating regimes continue to increase in complexity
(exemplified by recent Arctic operations). Consequently,
despite the general feeling that predetermined periodic
maintenance currently dominates offshore maintenance
activities, this study expects predictive and dynamic
maintenance strategies (which are data driven) to play a more
significant role in improving the level of equipment availability
in the near future.

VII. CONCLUDING REMARKS

In summary, we have (on one hand) pure theoretical
models based on reliability theory, whose applicability is
somewhat in doubt by some maintenance engineers on the
NCS. Some of these theoretical models lead to PM intervals
that often result in either too little or too much maintenance. In
addition, each of these models also has its related unwanted
cost effects. On the other hand, we have a practical approach
that is subjective, but which has been applied extensively for
the determination of PM intervals and activities on the NCS.
The overriding feature regarding the determination of task
frequencies/intervals on the NCS is the art of combining
equipment  manufacturer  recommendations,  operating
company’s best practices, and the Norwegian O&G regulatory
framework with long-term operating experiences. Practical
experiences, however, suggest that this practical approach often
also results in either too little or too much maintenance.

The current approaches to determining PM intervals and
activities on the NCS contribute to ensuring the availability and
reliability of offshore equipment. There is, however, more
room for improvement, especially in the area of maintenance
effectiveness and efficiency with respect to the use of
qualitative equipment data. There is a need for more dynamic
maintenance strategies that are data driven but without the
inhibiting computational and practical issues currently
available in the existing theoretical mathematical models (as
previously discussed). These dynamic strategies must be

3 10 is an initiative from the Norwegian Oil Industry Association (OLF),
which emphasizes the need to use “ubiquitous real time data, collaborative
techniques and multiple expertise across disciplines, organizations and
geographical locations” to aid in taking smarter decisions [22].
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sufficient to encapsulate those failures that are typical of
specifically classified equipment types and those failures that
make current maintenance strategies occasionally seem
inadequate. Hence, these dynamic strategies must lay more
emphasis on establishing the current condition of equipment
(under prevailing operating and environmental circumstances)
and incorporating methods for reassessment and adjustment of
the maintenance strategy over time.

The need to pursue more dynamic concepts to optimize
periodic maintenance on the NCS is widespread.
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