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Abstract

Purpose — The purpose of this paper is to investigate the impact of early-stage maintenance clustering. Few
researchers have previously studied early-stage maintenance clustering. Experience from product and service
development has shown that early stages are critical to the development process, as most decisions are made
during these stages. Similarly, most maintenance decisions are made during the early stages of maintenance
development. Developing maintenance for clustering is expected to increase the potential of clustering.
Design/methodology/approach — A literature study and three case studies using the same data set were
performed. The case studies simulate three stages of maintenance development by clustering based on the
changes available at each given stage.

Findings — The study indicates an increased impact of maintenance clustering when clustering already in the
first maintenance development stage. By performing clustering during the identification phase, 4.6% of the
planned work hours can be saved. When clustering is done in the planning phase, 2.7% of the planned work
hours can be saved. When planning is done in the scheduling phase, 2.4% of the planned work hours can be
saved. The major difference in potential from the identification to the scheduling phase came from avoiding
duplicate, unnecessary and erroneous work.

Originality/value — The findings from this study indicate a need for more studies on early-stage maintenance
clustering, as few others have studied this.

Keywords Knowledge management, Productivity, Maintenance process, Maintenance performance,
Maintenance cost management

Paper type Research paper

1. Introduction

Developing and executing optimal maintenance is an important cost and safety factor in
major continuous production facilities. A failure of the equipment can be damaging to
production, employees, and the environment. However, maintenance can be expensive,
creating the need for a balancing act between cost efficiency and safety issues. Clustering
actions during the development of maintenance jobs can help alleviate some of the
maintenance costs (Van ef al, 2013). These can include sharing support actions such as
scaffolding or minimizing production shutdowns by clustering shutdown jobs. In order to
cluster for factors like these, knowledge on the maintenance situation is necessary (Assaf and
Shanthikumar, 1987; Dekker et al., 1997b; Hu and Zhang, 2014; Li et al., 2018; Nzukam et al.,
2017; Van et al., 2013). It can be difficult to identify potential clustering, e.g. when it is not clear
whether a job requires a scaffold or how close two pieces of equipment are. The knowledge
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requirement generally makes it difficult to cluster prior to the scheduling of a job when all
details but the specific date have been outlined. In the development of a maintenance job, the
majority of the choices are made during the early stages. If choices about clustering were
made throughout the development of the maintenance job, the job could be developed to be
more compatible with other upcoming maintenance. The study presented in this paper seeks
to investigate the following research question:

How does earlier clustering impact the effectiveness potential of the maintenance work?

The work effectiveness potential is defined as the amount of resources spent on achieving
the same maintenance output. The research question is explored through an examination of
state-of-the-art literature and three case studies. The studies evaluate clustering throughout
the maintenance development phases using a data set of 916 maintenance jobs from a case
company operating a large offshore asset. Each case study evaluates the clustering potential
on the same dataset based on the opportunities available for change at each given stage of the
maintenance development process.

2. Research method

The research question was explored through a literature study and three case studies. The
literature study was focused on identifying methods and frameworks for maintenance
clustering and specifically on studies that mention the relation to the maintenance
management process or the required knowledge and opportunities for change within the
proposed method. Information on the required knowledge and opportunities for change made
it possible to place the method within the maintenance management process. The study was
conducted mainly using the Technical University of Denmark (DTU) database, DTU FindlIt,
as well as Web of Science.

The case studies were performed at a company that operates large, continuous offshore
production plants. The case studies were used to provide insight into the opportunities for
clustering based on actual maintenance jobs. The studies are the basis for theory testing, as
they evaluate the work effectiveness potential of the 916 maintenance jobs in the dataset
(Voss et al, 2016). The studies were all performed on the same dataset to enable the
comparison of the results. An understanding of the maintenance management process at the
case company was gained through a series of semi-structured interviews as well as the
company’s best practices documentation.

3. Maintenance clustering and the maintenance management process

Maintenance clustering is not a novel approach in maintenance research. The body of
maintenance clustering literature includes many methods, from simple block replacement to
predictive, sensor-based opportunistic maintenance. This section introduces maintenance
clustering as presented in the literature and determines the phase in which the proposed
methods operate. Maintenance clustering methods can be split into two categories: rolling
horizon and infinite horizon (Do et al.,, 2015; Nowakowski and Werbinka, 2009; Vu et al., 2016).
The infinite horizon methods focus on a set interval for maintenance grouping where the
maintenance intervals are performed again and again infinitely (Do et al., 2015; Nowakowski
and Werbinka, 2009; Vu et al,, 2016). This includes methods, such as block replacement, where
a replacement of a group of equipment takes place after a predefined amount of time, or other
methods derived from a similar process (Assaf and Shanthikumar, 1987; Sheu and Jhang,
1997). However, as production facilities are rarely static in nature, rolling horizon methods
have been introduced (Dekker ef al., 1997b; Do et al., 2015; Nowakowski and Werbirika, 2009;
Van et al., 2013; Vu et al., 2016). Rolling horizon methods take in maintenance information
within a given time horizon and clusters within this horizon (Do ef al., 2015; Nowakowski and



Werbinka, 2009; Vu et al, 2016). Methods such as opportunistic maintenance and other
methods derived from opportunistic maintenance take any failure and need for corrective
maintenance as an opportunity to perform other maintenance at the same time. The methods
vary based on how the decision to perform other maintenance is made (Ab-Samat and
Kamaruddin, 2014; Cui and Li, 2006; Hu and Zhang, 2014; Poppe et al., 2018; Wildeman ef al.,
1997; Zhang et al., 2017). Some rolling horizon methods are based on infinite horizon methods
but include a dynamic component: Van et al (2013), Vu et al (2018), and Wu et al. (2020)
propose similar methods that determine the optimal maintenance on an individual
component level and then cluster based on different types of information, such as failure
within a group or changes to the individual plans. Others have introduced methods where
groups of equipment are predetermined. If one piece of equipment fails, the whole group is
block replaced (Barron, 2018; Sculli and Wu, 1981).

The maintenance management process is the process through which maintenance is
identified, planned, scheduled, executed, and closed-out (Figure 1). Few of the maintenance
clustering methods highlighted in the previous paragraph have been discussed in relation to
the maintenance management process. Generally, maintenance studies tend to focus on parts
of the process and less on the full overview of the maintenance management process
(Sigsgaard et al, 2020). The identification phase of the process focuses on identifying and
describing the need for maintenance. During this phase, the “what” of the maintenance is
determined. In the planning phase, details, such as specific operations, resource requirements,
skill requirements, planned time, and general date window, are determined. During this stage,
the “how” of the maintenance is determined. The scheduling phase focuses on placing the
orders within a given timeframe without overbooking the available employee capacity.
Scheduling focuses on the “when” of the maintenance. In the execution phase, maintenance is
carried out. During the close-out phase, findings and changes are documented, and financial
matters are settled (Sigsgaard et al, 2020). The first three phases of the process are the
developmental stages, while the final two focus on the execution and documentation of the
maintenance (Figure 1).

The clustering principles proposed in the studied literature are focused on the
developmental stages. Table 1 shows an evaluation of the maintenance clustering methods
proposed in the literature. For each method, an “X” to the right indicates the development
phase in which clustering is performed. The placement of the method within the development
phases is based on the required level of detail of the maintenance jobs and the choices made
about the maintenance when using the method. As an example, in the method described by
Sheu and Jhang (1997), the action to be taken (i.e. replacement) is predefined, and the method
focuses on determining the time T at which the action should happen. Hence, it is a
maintenance clustering method that focuses on the scheduling phase, deciding “when” the
maintenance should happen.

As can be seen from Table 1, the majority of clustering methods focus their efforts after
the specifics of the maintenance job have been determined and only the “when” remains to be
decided. The method proposed by Liang and Parlikad (2020) is the only method found in the
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Table 1.

Evaluation of the
placement within the
maintenance
development phases of
the maintenance
clustering methods
proposed in literature

Identify Plan Schedule
References Method short description “what” “how” “when”
Liang and Parlikad Clustering CM with possible upcoming X
(2020) maintenance based on predictive data
Wakiru et al. (2018) Clustering equipment with shared X
characteristics and using this data when
planning the maintenance
Sheu and Jhang (1997)  Equipment is replaced during major failures X
in the first phase and left idle in the second
phase until a predefined time T when all are
replaced at once
Dekker et al. (1997a) Clustering of equipment in parallel: failed X
equipment is left idle until the other
equipment also need maintenance and are
then replaced
Assaf and Leaving equipment failed until a certain X
Shanthikumar (1987) number of parts have failed. Then, repair is
done all at once
Sculli and Wu (1981) ‘When one component fails, the whole X
system is replaced
Barron (2018) Replacement is performed every T units of X
time
Barron (2018) After a given number of component failures, X
maintenance is carried out
Barron (2018) Inspection is performed at given intervals X
unless a time 7" has been reached; then,
everything is replaced
De Jonge et al. (2016) Applying condition-based clustering on an X
asset level
Cui and Li (2006) Multi-component shock model for X
opportunistic maintenance
Dekker and Smeitink ~ Opportunistic block replacement X
(1991)
Poppe et al. (2018) Opportunistic condition-based maintenance X
Zhang et al. (2017) Opportunistic wind turbine maintenance X
Hu and Zhang (2014)  Risk-based opportunistic maintenance X
Wildeman et al. (1997)  Rolling horizon grouping method based on X
the PM plan
Vu et al (2018) Optimizing maintenance cycles on an X
individual equipment level, then grouping
Wu et al. (2020) Determine individual threshold replacement X
age. Correctively replace individually prior
to threshold, preventively replace in a group
after threshold
Van et al (2013) Individual equipment maintenance X
optimization and tentative planning
followed by grouping optimization
Nzukam et al. (2017) Dynamic grouping in scheduling based on X
predictive information, component
criticality, and stoppage characteristics
Peng and Ouyang Clustering maintenance jobs in railroad X
(2014) maintenance

(continued)




Identify Plan Schedule

References Method short description “what” “how” “when”
Seif et al. (2020) Clustering periodic preventive maintenance X
in campaigns based on shutdown
requirements
Van Dijkhuizen and Clustering to improve shared setups for X
Van Harten (1997) periodic preventive maintenance
Abdelhadi et al. (2015)  Applying group technology principles to X
improve maintenance costs
Total number of methods 1 1 22

Early-stage
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Table 1.

literature where clustering and the “what” are decided. Liang and Parlikad (2020) propose the
use of predictive data to decide whether any preventive maintenance should be performed in
addition to the upcoming corrective maintenance (CM). Hence, in this method, a decision on
“what” preventive maintenance (PM) to perform is made. However, the “what”, “how”, and
“when” are already determined for the CM. The study by Wakiru ef a/. (2018), the only study
identified that focuses on the planning phase, presents a method in which equipment is
clustered prior to maintenance planning. The clusters are then used as an outset for clustering
during maintenance planning. Table 1 shows that most of the clustering efforts presented in
the literature focus on the end of the development phases. However, during developmental
projects, the majority of decisions are made during the early stages (Martin ef al, 2007,
McAloone and Bey, 2009; Saravi ef al, 2013; Shehab and Abdalla, 2001; Zrim et al, 2006).
When a development decision is made, it is typically expensive to change it. Hence, changes
later in the process are difficult and expensive to make (Martin et al, 2007).

4. Improving the knowledge foundation

The results from Table 1 show that the majority of the methods presented in the literature
require some type of knowledge on the “what” and “how” prior to clustering. The minimum
knowledge requirement for clustering is represented by the orange dashed line in Figure 2.
When maintenance is developed without the application of any type of knowledge, the
amount of knowledge is slowly developed throughout the maintenance management
development phases (bottom, red line, Figure 2). This means that the amount of knowledge
required for clustering is not available until later in the process.

In order to enable earlier clustering, the starting knowledge of the maintenance job must
be increased via the introduction of a knowledge base, such as a maintenance database, that
provides information about the development of the maintenance job. The knowledge can
include dynamic information about upcoming maintenance as well as historical knowledge
that can illustrate the solution options for the maintenance job. The improvement of the
knowledge base will make it possible for clustering decisions to be made much earlier in the
process (top, green line, Figure 2). As a majority of decisions are made during early
development, the earlier the clustering decision is made, the bigger the opportunity for
change in the maintenance job. When these decisions are made earlier in the process, the
maintenance can be developed for clustering.

5. Case studies and main findings
To evaluate the clustering optimization potential from clustering during the different
development phases, three case studies were performed at a company that operates major
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Figure 2.

The amount of
knowledge about a job
is increased
throughout the
maintenance
management process.
Clustering will
typically require some
type of knowledge
minimum. By
supplying the
maintenance
management process
with data, the
knowledge foundation
is lifted, making
clustering possible
earlier

offshore assets. The case studies illustrate the effect of the use of data for clustering at
different stages of the maintenance management process. The company operates 50 offshore
platforms that consist of hundreds of thousands of pieces of maintainable equipment. Across
the plants, an average of about 24,000 man hours was spent on maintenance jobs per week in
2018. Each time a maintenance job is performed, costs are incurred from the man hours spent,
the use of replaced and refillable materials, production loss, accommodation, employee
transportation, and more. Cost optimization is countered by the urgent need for safety on
plants far from shore that operate at large pressures with flammable mediums. In order to
balance these goals, there is a need for maintenance optimization that does not rely on
changing the maintenance tool time, thus not affecting the equipment reliability. This makes
clustering an interesting area to explore, as the focus is on sharing supporting actions and
avoiding unnecessary and duplicate maintenance.

5.1 Preparving the maintenance job data
The case studies were preceded by the standardization of the maintenance job data from the
company’s computerized maintenance management system (CMMS). The focus of building
the database and business intelligence (BI) dashboards was on understanding the overlaps in
variance and eliminating non-value-adding variation. Non-value-adding variation will make
it seem like clustering is not an option when there is a clustering opportunity. A lot of the data
was already standardized due to the structure of the CMMS. The largest amount of variation
was found in the operations that described the actions to take during the maintenance job.

By analyzing the variants of words within the operations, it was clear that only a few
variants were value-adding. The words from all operations were extracted from the
maintenance job data. All words that describe the action taken in a job were then extracted.
These included words such as isolate, replace, and clean. Words, such as on, behind, and
pump, were excluded, as they did not describe the action taken. All non-value-adding variants
were then grouped under shared action words, and only the shared action word was used. A
similar process was performed for the targets of the action words. A target of an action word,
such as isolate, can be equipment, area, or system, and the target of a replace action can
include elements, such as a component, equipment, or medium.

Most task clusters require the equipment being maintained to be close together. In large
offshore production plants, it can be difficult to know the distance between tagged locations

Identify Plan Schedule
Failure mode Tasks, requirements When
Amount of job
knowledge T
/

Increasing the
knowledge foundation

1

\

] U ] Time
Allowing clustering earlier
in the process

Amount required for clustering
——— Traditional maintenance planning
Data-driven maintenance planning



from onshore. At the case company, the relation between the pieces of equipment was
documented using piping and instrumentation diagrams (P&IDs) and a location hierarchy
implemented in the CMMS. Figure 3 shows a simplified example of a P&ID. Each piece of
equipment has a number of connected or adjacent pieces of equipment. Each piece of
equipment can also be broken down into its constituent components. For example, a pump
consists of components, such as coupling, connections, and seals and is part of a pumping
package that is connected to the production flow. Using the location hierarchy from the
database, it was possible to select relevant locations for the clustering.

By linking the data on the physical proximity of the equipment to the maintenance jobs, it
was possible to identify maintenance on parts of packages and groups of close equipment.
The structured historical database was then linked to a scope of open orders from an area of
the offshore asset. The scope included 916 orders across six connected plants, all waiting to be
scheduled. The scope was applied in all three clustering case studies.

5.2 Case study I: clustering during scheduling

This case study illustrates opportunities for clustering during the scheduling phase. In the
case company, jobs planned for the upcoming two weeks are scheduled by a group of expert
schedulers. They receive information about the jobs, including the number and description of
the operations, the planned timeframes for these operations, and the required employee
capacity and skills. Each job must be placed within the predefined timeframe based on the
earliest and latest allowed dates. The main goal of the scheduling process is to postpone as
few jobs as possible while using up the available employee capacity. Table 2 shows an
excerpt from the table used by a scheduler.

The clustering was focused on improving the number of shared support actions by
utilizing the standardized maintenance operation actions. By reading and understanding the
operations shown in the excerpt in Table 2, one can manually identify groups. However, on a
larger scale, with about 1,000 jobs that need to be scheduled every 14 days, it is impossible to
read every operation line in order to identify commonalities. The use of standardized
operations can simplify the cluster identification process. The standardized versions of the
operations from the sample excerpt are shown in Table 3.

A simple formula in an Excel table was able to flag similarities across the orders using the
standardized operations. In the sample orders in Table 3, two types of clusters were identified.
The first cluster includes jobs A and B that are on a pump and the corresponding pump
motor. These two functional locations are within the same area, and both require the isolation
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JQME of the area. Scheduling the isolation and de-isolation operations of these jobs on the same day

295 would result in only having to isolate and de-isolate the area once instead of twice. This would

’ mean that four man hours could be saved, reducing the amount of time spent at the location.

Similarly, clustering the scaffolding on area B for jobs C and D would eliminate the need to

take down the scaffold between jobs. As scaffolding is a time-consuming task, this could save

18 man hours. Based on the simple sample orders from Table 3, this means 31% of the

8 planned hours and 21% of the planned operations can be saved. This simple flagging of

orders was implemented for all 916 open orders in the scope. By clustering orders that shared

isolations and scaffolding, an estimated 2.4% of work hours could be saved, and 4.6% of the
number of operations eliminated.

Order |Location |Equipment Type |Activity Number |Operation Skills Employees | Planned

[#] work [h]

1|Isolate pump from production Production 2 2

2|Remove current pump A.1 and replace with new pump XBPU1895 |Mechanics 1 5

A Al Pump 3|De-Isolate Production 2 2

4|Do test of new pump Mechanics 1 1

5|Document pump replacement in master data Mechanics 1 1

1|Safe pump + motor Production 2 2

B A2 Pump motor 2[Do Function Test of motor Mechanics 1 3

Table 2. 3|De-safe motor + pump Production 2 2
4[Document test results in master data Mechanics 1 1

Excerpt of the As-ls 1|Erect scaffold to reach valve Scaf-team 2 12
format of maintenance 2|isolate Production 2 2
jObS used in ¢ 81 | Emergency Valve 3|Clean up the valve Mechanics 1 3
Scheduling. Some ) 4|De-Isolate Production 2 2
columns. such as dates. 5|Remove scaffold Scaf-team 2 6
. . ? 6|Document maintenance Mechanics 1 1
material requlrgments, 1{Build scaffold Scaf-team 2 12
and drOP'Off pOIHtSy are 2[Function Test of the vessel Mechanics 1 8
excluded from this b B2 Vessel 3|Document Mechanics 1 1
eXCerpt 4[Take down the scaff Scaf-team 2 6
Order |Location |[Equipment Type [Activity Number |Operation action  |Operation target |Skills Employees [#] |Planned work [h]

[ 1fisolate Area Production 2 2

2|Replace Pump Mechanics 1 5

A Al Pump F 3|De-Isolate Area Production 2 2

4Test Pump Mechanics 1 1

5|Document Pump Mechanics 1 1

 1fisolate Area Production 2 2

B A2 Pump motor 2|Function Test Pump motor Mechanics 1 3

™ 3|De-Isolate Area Production 2 2

4|Document Pump motor Mechanics 1 1

1|Erect scaffold Area Scaf-team 2 12

2|Isolate Area Production 2 2

Table 3. c B |Emergency Valve 3|Clean Emergency Valve |Mechanics 1 3
Marking the shared 4|De-Isolate Area Production 2 2
. g b 5|Take down scaffold |Area Scaf-team 2 6
aCtlan on nearby . 6|Document Emergency Valve |Mechanics 1 1
eqlnpment' Cl}lStel‘ mg 1|Erect scaffold Area Scaf-team 2 12
by shared actions . 2|Function Test Vessel Mechanics 1 8
means only pe.rformmg b B2 Vessel 3|Document Vessel Mechanics 1 1
the shared action once 4|Take down scaffold |Area Scaf-team 2 6

and then doing all the ] . .
maintenance Note(s): [™® Isolation clustering Scaffold clustering




5.3 Case study II: clustering during planning

This case study illustrates opportunities for clustering during the planning phase. When jobs
are clustered in the planning phase, it is possible to include clustering considerations when
deciding the actions taken in the jobs. At the case company, only CM is dynamically planned.
PM is planned once and set to be automatically released for scheduling at predetermined
intervals. PM jobs are typically released 120 days prior to their execution, making them active
in the system during the planning of many CM jobs.

CM jobs are planned based on notifications that point to a need for maintenance. The
notifications are made by offshore personnel. The maintenance planner plans the job based
on aspects such as the type, criticality, and location of the failure. Planning a job includes
determining details such as operations, materials, number of employees, employee skills, and
amount of hours required to complete the job. Currently, the only sources of knowledge the
maintenance planner has for planning are the notification, their own experience, and a
collection of documentation spread out in various digital and physical locations. This leads to
maintenance jobs that are planned independently with a disregard for contextual factors,
such as shared support actions and other upcoming maintenance. When the maintenance
planner has information about other relevant upcoming maintenance, they are able to cluster
the job currently being planned with other upcoming maintenance.

The case study focused on the scope of 916 orders. In the study, the operations within the
orders could be changed; however, only the newest orders could be planned to suit upcoming
maintenance that had already been released. Using the original dates from the maintenance
jobs, it was possible to identify which orders were planned first. At this stage, only the CM
jobs that are added later can be edited to fit other upcoming maintenance. As PM jobs are
automatically released 180 days prior to their execution, they cannot be changed. However,
CM jobs planned within 180 days can be clustered with the PM jobs (Figure 4, Top). CM jobs
were also clustered with other upcoming CM jobs when relevant (Figure 4, Bottom).

The relevance of upcoming maintenance was based on location and an overlap of actions.
If an upcoming job was a duplicate of the more recent job, only one was kept. If a preventive
replacement was coming up, no CM was planned. The jobs were also planned to share
support actions, such as isolation/de-isolation and scaffolding. By performing the clustering
on the CM jobs in the open order case study, 2.7% of the planned hours could be saved, and
5.9% of the number of operations could be eliminated.

5.4 Case study III: clustering during identification

This case study illustrates opportunities for clustering in the identification stage. During the
identification stage, the case company identifies the need for maintenance. This is the stage
where the offshore employees notify onshore personnel of a failure. The failure is notified
using information, such as location, severity, failure mode, and observation type, along with a
free text description of the failure. At the case company, a failure is when a piece of equipment
is no longer performing its function correctly. This can involve anything from a slower or less
smooth movement of a backup part to critical failures that shut down production or pose a
safety danger. The first action taken when a failure is notified is a decision on the general
solution to the failure. This case study focused on upcoming maintenance when deciding on
the solution. When the upcoming maintenance is known, the notified job can be clustered with
that maintenance before the job is planned. As an example, say a valve is leaking in the
connection to the pipe because a seal has been worn out and is due to be replaced within the
following month. From the upcoming maintenance data, the maintenance planner can see
that the whole valve is set to be preventively replaced in about a month. The planner will then
know whether this entails a replacement of the seal or will then be able to add a seal
replacement action to the upcoming PM job, entirely avoiding the planning of a new job. Such

Early-stage
maintenance
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Figure 4.
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Notification New CM job
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efforts will similarly help avoid duplicate jobs due to backlogged items, the planning of
incompatible jobs, or unnecessary life-prolonging actions prior to a replacement.

Figure 5 shows two examples of identification clustering performed in the case study. The
top graph shows an example where a valve connection seal failed prior to a preventive
replacement. In this scenario, a seal failure was notified after the release of a valve
replacement job. In the as-is process at the case company, the expert planning the
maintenance action based on the notification will likely not be aware of the upcoming valve
replacement job. However, these two jobs are highly compatible, and when the planner has
access to data that makes them aware of the upcoming maintenance, they can add the seal
replacement action to the valve replacement job. This simplifies both the maintenance actions
taken offshore as well as the planning and scheduling process onshore. The bottom graph
shows an example of a valve cleaning prior to a preventive replacement. A notification was
created, as issues with the open and close times were discovered on a valve. In the as-is, the
maintenance planner did not notice the upcoming preventive replacement of the valve. As the
replacement of the valve makes the cleaning unnecessary, the planner can instead point the
notification towards the replacement as the maintenance mitigating the open-closing failure.

Applying similar evaluations to the full scope of open orders, the amount of planned
maintenance hours and number of operations required to be performed was further reduced.
The effort showed that 4.6% of the planned maintenance hours could be saved, and 9.2% of
the operations could be eliminated. Of the 916 orders, 29 were duplicates of one or more jobs at
the same location. Another eight jobs included maintenance that was unnecessary compared
to the upcoming maintenance. Four jobs were planned with errors and included duplicate
actions. Improvements on these 41 duplicate, unnecessary, or erroneous jobs accounted for
3.1% of the improved planned hours and 5.5% of the eliminated operations.
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6. Discussion
The case studies show how early-stage clustering provides more opportunities for change,
improving the optimization foundation (Figure 6). The study focused on the following
research question:

How does earlier clustering impact the effectiveness potential of maintenance work?

The research question was explored through a systematic evaluation of methods
proposed in the maintenance literature and a case study on 916 open orders from a company
operating a large offshore asset. The literature study showed how most methods in the
literature mention little about their relation to the maintenance management process. The
requirements for and decisions made using the identified maintenance clustering methods
show that the majority of the identified methods will not be possible until the scheduling of
the maintenance. However, the results from the case study indicate that the changes possible
in the earlier stages, especially during the identification phase, reduce both the amount of
planned work hours and especially the number of planned operations that need to be
scheduled and executed (Figure 6). As the minimization of the planned work hours and
operations only affects support actions and unnecessary or duplicate maintenance work, the
effect of the clustering is on the work efficiency and will have little to no impact on the state of
the equipment.

In the scheduling phase, the least amount of change can be made, as both the “what” and
“how” have been determined. Consequently, the improvement potential in this phase is the
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Figure 5.
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Figure 6.

Resulting
improvements from
clustering in
identification,
planning, and
scheduling. The case
study results indicate
the benefits of
performing clustering
as early as possible

lowest out of all three case studies (Figure 6). When few changes are possible, little efficiency
can be achieved without incurring extra costs to change the job.

The difference between clustering in scheduling and clustering in planning is small
and mostly impacts the number of operations rather than the amount of hours spent
(Figure 6). This indicates that once the choice of “what” maintenance to perform is
made, the amount of changes available is limited. This is also evident in the difference
between the results from the identification and planning phases (Figure 6). Changes
available in planning include less impactful options, such as choosing a differently
skilled person to perform the job or deciding to use the rope team instead of a scaffold
and so forth.

Larger, more impactful changes were possible when clustering was done in the
identification phase. These changes were largely due to the ability to combine the
maintenance with other upcoming maintenance, e.g. avoiding unnecessary corrective actions
right before an extensive preventive job. As concluded in the identification case study, 3.1%
of the planned hours and 5.5% of the planned operations could be saved by minimizing
erroneous, duplicate, and unnecessary work. Alone, this is greater than the full potential of
clustering during the scheduling phase, indicating that clustering early in the maintenance
development process has great potential.

As shown in Table 1, most of the methods identified in the literature focus on
scheduling. This indicates a need for the exploration of methods for early stage clustering
in maintenance research. Generally, the methods identified in the literature review did not
consider the relation to the maintenance management process or to the data maturity
required for the method. The results of this study are dependent on the availability of the
data, indicating a need for more considerations on data availability in the maintenance
literature.

The study indicates a rather significant difference in clustering in identification
compared to scheduling. However, this study was based on emulations of the changes
made. Future studies on the benefits of early stage clustering should investigate the
efficacy of clustering during the identification phase in real time, i.e. when the jobs are
actually being notified. Such studies would provide additional information on the type of
knowledge required and the opportunities available for clustering during the early stages.
Other studies investigating other scopes in both the same case company and others are
also necessary to further validate the findings produced in the study presented in
this paper.

Case study results show improvement from early clustering

—— [ ]
10% 9.2%
9% ®
8%
7% 5.9%
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0
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7. Conclusion

The study presented in this paper indicates an improvement in the work efficiency potential
when clustering is done in the early stages of the maintenance development process. The
study showed an opportunity for eliminating 2.4% of maintenance hours when clustering is
done during the last stage (scheduling) versus an opportunity for eliminating 4.6% of
maintenance hours when clustering is done during the first stage (identification). The
difference in the opportunities for change between the two stages mainly lies in the
opportunity to avoid duplicate and unnecessary maintenance when the clustering is
performed during the identification stage. Clustering during earlier stages was possible, as
data describing other surrounding maintenance was available during the clustering.
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