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ABSTRACT

Human error is a major cause of unavailability of industrial equipment. Consequently, sev-
eral approaches attempt to assess how this issue influences maintenance management. How-
ever, these techniques are generally lmited, not distinguishing between O&M actions. In this
way, this work presents a new method, named OMCTA, based on techniques already known
and widespread both i academia and industry. By structuring the expert knowledge, the
method separately quantifies the likelihood of O&M actions causing failures. A case study
is analyzed, bringing results that clearly show the effects of the O&M actions for different

Kaplan turbine failure modes.

1. Introduction

A proper maintenance management is undoubt-
edly crucial to achieve and mamtain productivity,
competitiveness, and profitability of companies in
any industry. At first seen as the process for maintain-
g a company’s assets and resources, maintenance
management faces new challenges and needs to go
much further in times of economic instability, aggres-
sive electrification of energy end uses and the rise of
industry 4.0. Anticipation becomes a key word, even
1 best case scenarios were a good maintenance plan-
ning is supported by modern maintenance philoso-
phies such as Risk Based Maintenance (RBM), Reli-
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ability Centered Maintenance (RCM) and Condition
Based Maintenance (CBM) [1].

The Operation and Maintenance (O&M) costs in
basic industries such as power generation, mining, or
oll and gas constitute a major concern among man-
agers, scientists, and engineers. Poorly operated and
maintained machines can lead to random failures
and, consequently, to production interruption.

Furthermore, poor O&M always have an extra
cost, and losses can range from a couple of thousand
USD to immeasurable values, such as in cases where
human lives can be affected or lost. Identifying the
cause of poor O&M allows the anticipation of caus-
es of critical items failures, avoiding such significant
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losses.

Although some well proven techniques have been
used to support maintenance management regard-
mg human errors [2], as far as it could be detected
in the existing literature, this subject 1s still generally
approached in a traditional simplistic way, 1.e., con-
sidering as separate effects the mfluences of opera-
tional actions and of human errors on equipment
condition. The authors, however, consider that it 1s
high time that the subject of plant maintenance man-
agement be studied using a new complex engineering
approach capable of accurately distinguishing the re-
spective influences of O&M actions and then synthe-
sizing both effects in a combined figure.

Therefore, in this paper a novel expert knowl-
edge-based technique, the Operation and Mainte-
nance Causal Tree Analysis (OMCTA), is presented.
Designed to integrate in a simple graphical and nu-
meric manner the combined effects of O&M actions
on equipment health and life expectancy, OMCTA
may provide maintainers with a clearer view of what
must be taken into consideration to increase as much
as possible equipment availability.

OMCTA 1s based on disseminated and valued
techniques. The 1dea 1s that experts can evaluate the
basic O&M activities broken down into components
leading to failures, as 1s done i Causal Tree Anal-
ysis (CTA), while considering a logic structure with
“AND” and “OR” gates similar to that used m Fault
Tree Analysis (FT'A). In this way, the method mnno-
vates by structuring expert knowledge through these
techniques, quantifying the likelthood of O&M ac-
tions causing failures.

2. Literature review

Throughout the last decades, the importance of
the maintenance function, as well as its management,
has increased considerably [3]. As organizations at-
tempt to protect capital investments and generate
peak efficiency, O&M activities have become In-
creasingly critical. Also, in order to adequately ex-
ecute the maintenance plan a management strategy
must be selected.

Barbera et al. [4] present an advanced model for
the integrated management for industrial plant main-
tenance. The proposed model aligns the local main-
tenance objectives with the overall business objec-
tives, aiming at achieving maintenance effectiveness.
It 1s noteworthy that human resources management
plays an important role to achieve maintenance goals.
Staff motivation, preparation and training on spe-
cific tasks affect maintenance efficiency and equip-

ment performance. In fact, committed leadership
and maintenance oriented toward Total Productive
Maintenance (TPM) were found to be the key factors
to high performing power plants [5].

Although maintenance departments are not di-
rectly involved in production, they certainly have an
mmportant bearing on both quality and cost of the
product, playing an important role on a company
assurance of a sustainable future. The maintenance
management goal 1s to bring down downtime and in-
crease availability [6], consequently increasing prof-
itability.

Even in product design the maintenance of da-
tabase associated with product configuration plays
an important role in providing industry profitability.
Rasmussen et al. [7] discuss the importance of main-
taining systems that deal with product information
since incomplete or outdated information strongly
affects product quality and customers’ satisfaction.

Managing maintenance involves several activities
such as: planning of preventive maintenance actions;
scheduling of activities considering available resourc-
es and planned production; management of spare
parts; analysis of data to reduce the occurrence of
failures and to improve performance of the mainte-
nance function [8].

Also, efficient equipment maintenance processes
demand accurate equipment data collection, clearly
defined tasks, work order management, inventory
control and reporting. In fact, integration of mainte-
nance processes with other organization activities has
crucial importance to achieve profitability [9].

As manufacturing technology becomes more
complex, maintenance requirements become stricter
and workers must have high-level skills and mn-depth
knowledge of the equipment. In this way, it is of great
importance to evaluate the current state of the main-
tenance area of organizations and drive actions to
increase efficiency and effectiveness, providing the
support necessary to reach the level required by the
new challenges [10].

Effectiveness represents the company’s overall
satisfaction with the capacity and condition of its as-
sets or the reduction n the total cost as a result of
permanent production capacity. Effectiveness then
focuses on correcting the process and achieving the
necessary result. On the other hand, effectiveness 1s
associated with the selection of the Key Performance
Index (KPI) that represents the link between the
company’s strategic plan and maintenance activities,
and the selection of the most critical equipment for
asset operation management [11].

Maintenance efficiency deals with providing the
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best maintenance service within budget constraints.
To achieve efficiency maintenance management
must define the most suitable strategy for mainte-
nance planning, avoiding failures m critical asset
equipment. Modern maintenance philosophies, such
as RCM and RBM, define what are the most appro-
priate maitenance actions to be performed on criti-
cal equipment to prevent failures occurrence. These
philosophies prioritize the application of predictive
and preventive maintenance practices, preventing
failures that require immediate corrective actions, in-
creasing maintenance costs and production loss [12].

Nevertheless, those maintenance philosophies
only consider the technical aspects associated with
the equipment failure modes, i.e., considering that
maintenance actions will prevent the occurrence of
failure modes that affect the performance of critical
parts of the equipment. The proposed maintenance
plan assumes that the mamtainers’ technical skills,
proper job preparation and tools are adequate to per-
form the tasks associated with the maintenance plan.

Thus, foreseeing the very cause of the fault condi-
tion, even anticipating the failure, should be consid-
ered as a target of maintenance planning. Excluding
the expected wear-and-tear, operating and mainte-
nance errors become the major cause of systems fail-
ures [2]. If not prepared, industrial plants would face
human errors as maintainers perform their tasks [13-
15]. Thus, identifying and quantifying human errors
are important assignments in the process of reviewing
and correcting maintenance actions [16, 17].

Considering the Maintenance Resource Manage-
ment (MRM) concept, Taylor [18] reveals a deep
concern with the consequences of human factor oc-
currences In maintenance operations and Siddiqui,
Igbal and Manarvi [19] present an approach for the
relevance of dealing timely with human factor occur-
rences that may lead to irreparable losses to men and
equipment.

Alaswad and Xiang [20] mentioned that only a
few CBM studies have mvestigated human error in
CBM modelling, showing the need of integrating hu-
man reliability into CBM optimization models and
investigating the effectiveness of resulting strategies in
presence of human interferences.

In this regard, several methods for performing hu-
man rehability and error analysis can be found n the
literature, such as Failure Mode and Effect Analysis
(FMEA), Root Cause Analysis (RCA), FT'A, Tech-
nics of Operation Review (T'OR), Cause and Effect
Diagram (CAED), Pareto Analysis, Hazard and Op-
erability Study (HAZOP), Probability Tree Method,
Pontecorvo Method, Markov Method, among others

[21, 22].

Among these techniques, FT'A has been very pop-
ular for quite some time now. It is one of the most
mmportant logic and probabilistic techniques used
Probabilistic Risk Assessment (PRA) and system re-
liability assessment today. In fact, FI'A and Causal
Tree Analysis (CTA) are two very well-known and
popular methods to analyze the risks related to safety
and critical assets.

Ortmaier and Schellhorn [23] point out practical
advantages of FT'A used for safety application. Com-
pared to other formal safety analysis methods, FTA
1s the one which has a human readable and under-
standable logic background structure and 1s easily ac-
cepted in industry.

Melani et al. [24] used the traditional FTA as a
complement to HAZOP and Failure Mode, Effects
and Criticality Analysis (FMECA) in the criticality
determination process when analyzing measures for
ensuring continuous equipment operation. Ferdous
et al. [25] considered a systematic method for eval-
uating likelihood, consequences, and risk of adverse
events by applying a fuzzy set theory and evidence
theory approach to improve Quantitative Risk Anal-
ysis results when using Event Tree Analysis (ETA)
and FTA.

Vesely and Stamatelatos [26] presented FT'A as
a deductive analysis approach for resolving an un-
desired event into its causes, or a backward-looking
analysis of the causes of a given event, and called at-
tention to a specific stepwise logic that was used.

Ruijters et al. [27] suggest Fault Maintenance
Trees, connecting traditional FT'A with maintenance
strategies. The main 1dea was to convert the equip-
ment degradation mto the fault trees in addition to
different inspection routines. Sarkar et al. [28] use
FTA on a gas turbine to define and enumerate specif-
ically the causes of the system failure modes in terms
of equipment failures and human errors.

On the other hand, CTA 1s a powerful technique
that shows the chain of events leading to a fault or
even a failure. The idea is that incidents and acci-
dents result from process variation. Vasconcelos,
Senne and Marques evaluate the use of CT'A method
in investigation of incidents and accidents involving
radioactive materials [29].

CTA displays in a logical and hierarchically struc-
tured way all the actions and conditions necessary and
sufficient for a given consequence to have occurred,
1.e. it provides a method of analyzing the critical hu-
man errors and technical failures that have contribut-
ed to an mcident or accident i order to determine
the root causes. This graphical technique 1s simple
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to perform and very flexible, mapping out the facts
rather than being constrained to accident causation
models.

Originally conceived for investigating the causes
of incidents and accidents, only branches leading to
the incident are represented in CT'A. However, un-
like FTA, no “OR gates” are used [29]. This consid-
erable limitation precludes the use of CT'A proper
when dealing with maintenance related problems,
requiring further developments.

Brik and ben Ammar [30], e.g., present an ap-
proach using analysis tools of reliability to describe
the various phenomena causing the capacity defi-
ciency of lead acid battery based on CTA (introduc-
ing, however, “OR gates” on the tree structure) to
describe the fault origin and FTA to study the fault
degradation.

Based on the bibliographic review, the need to en-
sure the efficiency and effectiveness of maintenance
becomes an essential task for maintenance manage-
ment. Thus, preventing the causes of failures, such
as human error, 1s a natural and necessary path. Sev-
eral tools are already used to assist in this task, such
as F'T'A. However, none of these approaches clearly
distinguish the effects of O&M activities in the cause
of failures. In addition, the need of “OR gates” in the
tree structure seems clear, leading the authors of this
work to propose the methodology presented in the
next section.

3. Methodology

Despite their proven value, FTA and CTA are

The proposed method offers a new expert knowl-
edge-based procedure for analyzing potential O&M
errors during the execution of daily maintenance
activities. Thus, plant O&M teams could be able to
evaluate potential risks, and to prioritize actions re-
garding equipment failure likelihood according to the
results provided by the method.

The method development is divided into four
steps, as shown n Fig. 1.

Firstly, the system 1s studied to obtain a good
knowledge of it, understanding how it works, and
how it 1s organized. Such specific knowledge can be
obtained from the participation of specialists in the
method application, mterviews and questionnaires
answered by O&M teams, and documentation and
drawings of the analyzed system. Secondly, system 1s
broken down mto subsystems and items, which re-
sults in a system view like an FT'A. Fig. 2 shows that
the analysis starts with a system failure at the top of
the tree — the top event — and works downwards
through the leaves with the help of logic gates until
the root causes of the failure are reached at the bot-
tom. The analysis can be carried out both quantita-
tively using the probabilities of the several events, and
qualitatively by means of minimal cut sets [15, 31].

The third step 1s the addition of the O&M activi-
ties under each basic event. Then each activity com-
ponent is scored according to the ranking criteria. It
1s considered that any incident such as a failure re-
sults from changes or variations in the normal pro-
cess, 1.e., In the states or usual conditions of any com-

I" ™ “asks prioritization regarding |
| Operation & Maintenance

|

not capable of providing a clear distinction between  Sysem pSystem | e :

i actl n- o™~ [ tolltem ™ OMCTA oMCTA |
the effects of inadequate O&M practices upon main Acquisition ol g oMcr R, |

. - . - |
tenance requirements. They do not offer an entirely ouile & Scored Ry Analved g
convenient distinction between the many aspects -
volved in the production of failures, including human
error, flawed O&M procedures, incorrect materials, )

. . . Figure 1. Proposed methodology
and working environment constraints.
/ 1 Identify undesirable TOP event
AND Gate Link contributors to TOP by logic
\ /2 gates

OR Ga(e\ C)

Basic Event
indicates limit
of resolution

Identify first level
contributors

Link second level
contributors
to TOP by logic gates

T
=

5 Identify second
level contributors

/ 6 Repeat/ continue

Figure 2. Basic structure of a Fault Tree

International Journal of Industrial Engineering and Management Vol 11 No 2 (2020)



Murad et al.

85

ponent of an activity. Therefore, the changes in the
system must be 1dentified, listed, and structured as a
diagram. The basic components of an activity leading
to failures are listed on Fig. 3.

Finally, the results are analyzed and prioritized ac-
cording to its scores. In this work, two ways of analy-
sis are proposed: the direct comparison of the results
obtained for the maintenance and operation weights
for each faillure mode; and a global analysis carried
out from a prioritization matrix, showing how OMC-
TA can assist in decision making. Based on risk ma-
trices, the prioritization matrix classifies the failures
m terms of the need for prioritization of maintenance
planning and the need for allocation of qualified
labor.

4. The proposed method

Basically, OMCTA retains the basic characteris-
tics of CTA, which is the breaking down of activities,
m a logical structure with “AND” and “OR” gates,
based on FTA. As a result, the structure of an OMC-
TA diagram has unique characteristics, as presented

1 Individual (1)

{2 Task (T)

{3 Material (M) {
insufficient, etc.

4 4 » Work
" Medium (WM)

m Fig. 4.

OMCTA decomposes the failure of a system
and its subsystems into items’ failures, were the term
“item” describes any piece of equipment that belongs
to a subsystem. However, unlike a fault tree, oper-
ation (OPER) and maintenance (MAINT) of each
item are considered as activities and subdivided mto
four components: individual (I), task (T), material
(M), and work medium (WM). The combination
of I'T'A and CTA basic characteristics can provide a
greater flexibility for a more comprehensive analysis
of both O&M aspects.

This expanded combination of features provides
a method of ranking items in relation to their likeli-
hood of causing system failures that would be origi-
nated by either operational or maintenance actions.
Then, the experts can grade each activity component
according to the ranking criteria used for the num-
bers in the lower half of each component in Fig. 4, as
presented in Table 1.

The ranking criteria for component INDIVIDU-
AL (I) considers the degree of expertise and expe-
rience required from individuals to perform O&M

Refers to those persons involved in performing a task with their physical and
psychological attributes. Also contemplates extra-protessional aspects.
TTuman error resulting from bad judgement, wrong action, omission, etc.

Relers in general to all actions taken by individuals in connection with the

activity. Tasks can be wrong, inadequate, insullicient, etc.

Refers to items pertaining to the set of technical and material means at the disposal
of individuals while carrying out tasks. As tasks. materials can be wrong, inadequate,

Refers to the context — surrounding objects, conditions, or influences —
circumscribing the individual while carrying out tasks. The work medium can be
inadequate, crammed, contaminated. etc.

Figure 3. Components of an Activity

System
Failure
I T L 1
Sub System A Sub System B Sub System k
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Figure 4. Operation & Maintenance Causal Tree Analysis (OMCTA)
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Table 1. Ranking criteria for OMCTA components

R Operation Maintenance
1 Requires low expertise and experience Requires low expertise and experience
\j/ 2 Requires low expertise and medium experience Requires low expertise and medium experience
5
g 3 Requires medium expertise and medium experience Requires medium expertise and medium experience
a
Z 4 Requires medium expertise and high experience Requires medium expertise and high experience
5 Requires high expertise and high experience Requires high expertise and high experience
1 Sporadic and normal working conditions Low complexity and short duration
. 2 Intermittent and normal working conditions Medium complexity and short duration
=
% 3 Continuous and normal working conditions Medium complexity and medium duration
=<
=
4 Intermittent / strenuous working conditions High complexity and medium duration
5 Continuous / strenuous working conditions High complexity and long duration
1 Requires few resources with high availability Requires resources with P(;%Tsavallablllty and ordinary
2 Requires many resources with high availability Requires resources with h;%fglivallablllty and specialized
s
2 3 Requires few resources with medium availability Requires resources W|th medium availability and special-
= ized tools
SN}
g Requires resources with medium availability and com-
4 Requires many resources with medium availability plex tools or Requires resources with low availability
and specialized tools
5 Requires resources with low availability Requires resources W|thtlg(\)/\l/savallablllty and complex
_ No external interferences such as vibration, magnetic field, )
S 1 ! : e o Clean air, non-confined space, and easy access
= high temperature, high humidity, air contamination, etc.
= 2 One external interference of low magnitude Clean air, non-confined space, and difficult access
g 3 More than one external interference of low magnitude Clean air and confined space
= 4 At least one external interference of medium magnitude Contaminated air and non-confined space
)
= 5 At least one external interference of high magnitude Contaminated air and confined space

tasks with several possible combinations.

Ranking criteria for component TASK (T) show
the essential differences between the respective ef-
fects of O&M tasks on equipment life and perfor-
mance, as revealed by failures and their consequenc-
es. While frequency and demand seem to adequately
characterize the impact of operational tasks, com-
plexity and duration provide a better assessment of
the influence of maintenance tasks.

In the ranking criteria for component MATERI-
AL (M), the term “resources” is meant to include
both human and material resources of any kind, in-
cluding hardware, software, processed materials, and
mformation, whose unavailability may be detrimental
to the operation performance.

The ranking criteria for component WORK ME-
DIUM (WM) consider the unfavorable influence of
external aspects on O&M tasks. In addition, on the
maintenance side the term “confined” implies the
1dea of reduced mobility due to any cause, cramming

mcluded.

Although basically built on the tradition of tree-
shaped techniques, OMCTA derives its analytical es-
sence from two major disciplines: strategy and logis-
tics. In other words, with timely acquiring, receiving,
and preparing all the human and material resources
needed to take a vantage point before the moment
of action.

To demonstrate the application of OMCTA in a
real situation, a case study considering a Kaplan tur-
bine will be presented in the next section.

5. Case study

To illustrate the use of OMCTA, the technique
was applied considering data from a Brazilian run-of-
the-river baseload Hydroelectric Power Plant (HPP)
located in the North region of the country. The plant
has three generating units with Kaplan turbines and
an installed capacity of approximately 450 MW.
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As a premise for the system analysis, it was consid-
ered that the units’ operation occurs in ideal condi-
tions, with dispatch close to the best efficiency design
point defined by the hydro generators’ hill chart [32].
In this condition, any equipment breakdown during
steady state operation will reduce the generation out-
put and system availability.

5.1 Development

The analyzed equipment is extremely important
for the application of OMCTA, since in the item fail-
ure identification phase one needs to enumerate all
potential failure factors that affect equipment avail-
ability.

Experts could first investigate FMEA to find out
which failure modes were involved and examine
relevant information from past records. Then apply
their knowledge to list potential failure modes and
afterwards use OMCTA to 1dentify how O&M ac-
tions could affect each one. The OMCTA model 1s
concerned with expertise and experience of the indi-
vidual, the working conditions, the complexity and
duration of the task. In addition, it takes mto con-

sideration the availability of resources such as spare
parts and special tools needed for the task. Finally, it
considers external interferences and the work place
during task completion. After having displayed all
the subsystems and constituent items, the experts can
score each one of the four components for the O&M
activities.

Fig. 5 shows part of the developed OMCTA of
a Kaplan turbine and Table 2 shows the OMCTA
ranking for O&M activities considering the failure
modes and failure root causes identification for a
Kaplan turbine. Some item failures appear in dif-
ferent rows of Table 2 for different fallure modes
with the same OMCTA results. These are common
cause failures and it is important to note that they can
be particularly meaningtul due to this redundancy
of similar items subject to the same O&M actions.
Disregarding the common cause failures replication,
which results in 26 different item failures, and sorting
from the greatest to the lowest likelihood of causing
failures due O&M actions, the respective OMCTA
rankings are presented i Fig. 6.

Kaplan Turbine Failure

Vortex
Formation

Electric
Motor
Failure

Electrical
System
Failure

Failure

Electrical “
Motor

Pump
Failure
Electrical
System
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Gut Coupling
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Figure 5. Failure modes identification
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Table 2. OMCTA ranking for Operation and Maintenance

Subsystem Failure Item Failure OPER MAINT
Electric Motor Failure 12 54
Drain Pump Failure
Electric Motor Failure 18 27
Speed Governor Failure 27 144
Guide Vanes Failure 54 180
Kaplan Speed Control Failure
Distributor Top Ring Failure 27 144
Distributor Bottom Ring Failure 27 144
Kaplan Mechanism Excessive Clearance 3 180
Kaplan Mechanism Irregular Operation
Kaplan Mechanism Excessive Friction 3 180
Trash Rack Debris Build-Up 48 72
Penstock Failure 12 180
Drain Pump Failure Vortex Formation Turbine Blades Irregular Surface 36 135
Movable Guide Vanes Irregular Functioning 54 180
Trash Rack Debris Build-Up 48 72
Penstock Failure 12 180
Control Gate Failure 48 144
Control Gate Motor Failure 12 54
Coupling Failure 27 72
Intake Lack of Water
Control Gate Drive Failure 27 144
Scroll Case Failure 27 144
Wicket Gate Top Ring Failure 27 144
Wicket Gate Bottom Ring Failure 27 144
Stay Vanes Failure 27 144
Electric Motor Failure 12 54
Turbine Drain System Failure Pump Failure 12 54
Electrical System Failure 18 27
Turbine Shaft Sealing Leakage 54 180
Drain Pump Failure 12 54
Turbine Cap Sealing Failure Turbine Top Head Cover Leakage 12 54
Turbine Intermediary Head Cover Leakage 12 54
Turbine Internal Head Cover Leakage 12 54

5.2 Analysis

Analyzing the OMCTA results from Fig. 6, it 1s
clear that maintenance bearing on the likelihood of
causing failures 1s greater than operation. Thus, a
major conclusion can be reached: in addition to the
expected wear-and-tear, for a Kaplan turbine, pres-
ent maintenance actions may be the major cause of
future maintenance.

It 1s important to highlight that in this work, fail-

ures related to the installation and assembly during
hydrogenerator erection are not considered, since
they would be mitigated during the machine commuis-
sioning. On the other hand, during the turbine life
cycle, assemblies and mstallations will be considered
as maintenance activities, falling into only two sourc-
es of failure (in addition to natural wear), contrary
to what is presented by Dhillon [2], who considers
tailures related to operation, maintenance, assembly
and installation throughout the life cycle of the equip-

International Journal of Industrial Engineering and Management Vol 11 No 2 (2020)



Murad et al. 89
Table 3. OMCTA Operation and Maintenance weights
Item Failure OPER Weight ~ MAINT Weight  Total Weight % OPER % MAINT
Trash Rack Debris Build-Up 48 72 120 40.0% 60.0%
Electrical System Failure 18 27 45 40.0% 60.0%
Movable Guide Vanes Irregular Functioning 54 180 162 33.3% 66.7%
Coupling Failure 27 72 99 27.3% 72.7%
Control Gate Failure 48 144 192 25.0% 75.0%
Guide Vanes Failure 54 180 234 23.1% 76.9%
Turbine Shaft Sealing Leakage 54 180 234 23.1% 76.9%
Turbine Blades Irregular Surface 36 135 171 21.1% 78.9%
Control Gate Motor Failure 12 54 66 18.2% 81.8%
Drain Pump Failure 12 54 66 18.2% 81.8%
Electric Motor Failure 12 54 66 18.2% 81.8%
Pump Failure 12 54 66 18.2% 81.8%
Turbine Intermediary Head Cover Leakage 12 54 66 18.2% 81.8%
Turbine Internal Head Cover Leakage 12 54 66 18.2% 81.8%
Turbine Top Head Cover Leakage 12 54 66 18.2% 81.8%
Control Gate Drive Failure 27 144 171 15.8% 84.2%
Distributor Bottom Ring Failure 27 144 7 15.8% 84.2%
Distributor Top Ring Failure 27 144 171 15.8% 84.2%
Scroll Case Failure 27 144 171 15.8% 84.2%
Speed Governor Failure 27 144 17 15.8% 84.2%
Stay Vanes Failure 27 144 7 15.8% 84.2%
Wicket Gate Bottom Ring Failure 27 144 m 15.8% 84.2%
Wicket Gate Top Ring Failure 27 144 17 15.8% 84.2%
Penstock Failure 12 180 192 6.3% 93.8%
Kaplan Mechanism Excessive Clearance 3 180 183 1.6% 98.4%
Kaplan Mechanism Excessive Friction 3 180 183 1.6% 98.4%

ment.

Therefore, avolding unnecessary maintenance is
not only a matter of reducing predictable machine
downtime, but also avoiding future unforeseen fail-
ures. On the other hand, the likelihood for the same
item failures can vary significantly considering the
mfluence of O&M activities. Table 3 presents, in
descending order of operation weight, the OMCTA
ranking considering an overall value, resulting from
the sum of the operation and maintenance values,
and the maintenance and operation percentual val-
ues for each item failure. The average value found
for the operation percentual weight 1s 18.7%, while
for the maintenance 1s 81.3%. These results support
the 1dea that the likelihood of maintenance actions
causing equipment failures is greater than that of op-
eration actions.

At the bottom of Table 3, the presented values
show that under normal conditions, mainly mainte-
nance activities can cause equipment failures in ad-
dition to the normally expected wear-and-tear. The
root causes of Kaplan mechanism failure are related

to the assembly and lubrication thereof, both mainte-
nance activities. In the first case, an incorrectly assem-
bly could cause excessive clearance between items,
torque specification either too low or too high. In the
second case, poor lubrication would result in friction
and premature wear of the items, consequently caus-
g excessive clearance. In these cases, mamntenance
planning becomes even more relevant, since a poorly
done or unnecessary intervention may become the
cause of a problem that previously did not exist.
Top items on Table 3 show a balance between
the impact likelihood of both maintenance and op-
eration actions 1n the item failure. In these cases,
working conditions for maintenance and operation
are quite similar. Considering trash rack debris build-
up as an example, the weights have close values. In
this case, maintenance activities are simpler, since the
cleaning of the trash rack can be automated, reducing
the risk of human failures during such actions, while
the bearing of operation becomes higher due to the
existence of external factors that influence the activi-
ty’s results (such as the amount of debris in the river).

International Journal of Industrial Engineering and Management Vol 11 No 2 (2020)



90

Murad et al.

5.3 Decision making via OMCTA

The analysis performed in the previous example
demonstrates how the results of OMCTA relate to
the likelihood of O&M actions causing item failures.
However, despite the great potential already present-
ed, OMCTA can be very useful as a powerful tool
to support decision-making in reliability engineering,

Table 4. Prioritization matrix

1.e., regarding maintenance planning and the allo-
cation of qualified labor for certain activities. The
method can be useful in a scenario where the techni-
cal staff 1s reduced, a usual situation in hydroelectric
power plants. To allow decision-making visually eas-
ler with the results of the OMCTA, it 1s possible to
use a prioritization matrix, as Table 4 shows.

Once having the maintenance and operation like-

1to 50

1to 50

51t0 100

101 to 150

Operation Score

151to 200

51to 100

Medium

Medium

Maintenance Score

101to 150

151to 200

Medium

Medium

Table 5. Item failure classification according to the prioritization matrix

Item Failure OPER MAINT Prioritization
Guide Vanes Failure 54 180 High
Kaplan Mechanism Excessive Clearance 3 180 High
Kaplan Mechanism Excessive Friction 3 180 High
Penstock Failure 12 180 High
Penstock Failure 12 180 High
Turbine Shaft Sealing Leakage 54 180 High
Speed Governor Failure 27 144 Medium
Distributor Top Ring Failure 27 144 Medium
Distributor Bottom Ring Failure 27 144 Medium
Turbine Blades Irregular Surface 36 135 Medium
Movable Guide Vanes Irregular Functioning 54 108 Medium
Control Gate Failure 48 144 Medium
Control Gate Drive Failure 27 144 Medium
Scroll Case Failure 27 144 Medium
Wicket Gate Top Ring Failure 27 144 Medium
Wicket Gate Bottom Ring Failure 27 144 Medium
Stay Vanes Failure 27 144 Medium
Electric Motor Failure 12 54 Low
Electrical System Failure 18 27 Low
Trash Rack Debris Bild-Up 48 72 Low
Trash Rack Debris Build-Up 48 72 Low
Control Gate Motor Failure 12 54 Low
Coupling Failure 27 72 Low
Electric Motor Failure 12 54 Low
Pump Failure 12 54 Low
Electrical System Failure 18 27 Low
Drain Pump Failure 12 54 Low
Turbine Top Head Cover Leakage 12 54 Low
Turbine Intermediary Head Cover Leakage 12 54 Low
Turbine Internal Head Cover Leakage 12 54 Low
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lihood of causing item failures obtained from OMC-
TA, a given fault 1s classified into one of three pos-
sible prioritization levels: High, Medium, and Low.
It 1s important to note that the scales used n the de-
velopment of the matrix must respect the maximum
values of O&M weights obtained with OMCTA. In
Table 3, for example, the maintenance scale varies
from 1 to 180, while the operating scale varies from
1 to 54.

The way in which such matrix 1s assembled de-
pends on how the company intends to use ranking in
the prioritizing process and thus can present different
configurations. Table 5 presents the classification of
the item failures in the case study according to the
prioritization matrix. This classification highlights the
need to prioritize maintenance planning and the allo-
cation of skilled labor to operate and maintain plant
items.

6. Discussion and conclusions

In this paper a novel expert knowledge-based tech-
nique is presented, integrating in a simple graphical
and numeric manner the combined effects of O&M
actions on equipment health and life expectancy.
The combination of FT'A and CTA basic characteris-
tics provides OMCTA with a much greater flexibility
and a more comprehensive analysis of O&M aspects,
implying in more suitable weighted means of discrim-
mating the difference between influences of O&M
actions on maintenance planning. In this way, OMC-
TA may provide maintainers with a clearer view of
what must be taken into consideration to increase as
much as possible equipment availability by structur-
g expert knowledge and quantifying, separately, the
likelihood of O&M actions causing failures.

The results of OMCTA can be analyzed both
from the point of view of O&M actions, separately,
verifying for each case which item failure 1s more sig-
nificant (Fig. 6), and from the point of view of each
item failure, verifying the influence of O&M in each
case (Table 3). Furthermore, from the prioritization
matrix proposed m this work, item failures can be
classified (Table 5), allowing decision-making visually
easier through the results of the OMCTA.

With this range of possibilities, OMCTA allows
the maintainer to define the maintenance actions pri-
ority as well as the manager to define in which aspects
the operation and maintenance need to be improved,
bringing implications for the control of spare parts,
planning of activities, traming of the teams, among
other important aspects.

However, it should be noted that the method still
has some restrictions. First, like any knowledge-based
method, OMCTA is subject to the influence of epis-
temic uncertainties. In addition, the method 1s based
on the premise that the analyzed system 1s commis-
sioned and, thus, the origin of the failures due to hu-
man error would be restricted only to O&M actions.
Moreover, it 1s well known that methods and tech-
niques not conducive to automatization, no matter
how good they may look, have little chance of wide-
spread practical application nowadays.

Therefore, the authors are already considering
the automatization of the presented method as a sub-

ject for future research, as well as the incorporation

of techniques that will contribute to the reduction or
evaluation of the uncertainty level of the method.
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