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 Root cause failure analysis (RCFA) is a structured process to acknowledge cause and effect rela-
tionship of failure or unfavorable events in the organization in order to prevent repetition or re-
duction of failures. There are various tools for RCFA like interviewing, fault tree analysis (FTA), 
5 whys, failure mode and effects analysis (FMEA), Pareto analysis and storytelling method with 
different strengths and weaknesses. In this paper, an integrated process model is developed using 
Reality Charting, FMEA and DEMATEL to understand and implement RCFA effectively. The 
proposed process model has eight main steps. The presented model in a case study for the UTD-
20 engine is implemented and thus, in addition to the use of supporting research in model devel-
opment, real data as well as the approval of the UTD-20 analysis team members are assisted to 
validate the proposed model. 
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1. Introduction 
 

 
Recognition of the roots of poor quality and failures is a key approach and an essential step for improving 
processes and, thus, analysis of the cause of failures is an important feature. Different mechanical, chem-
ical, environmental or physical factors play a critical role in failures or defects (Mannan, 2013; Khan et 
al., 2015). One of the key challenges for organizations is to find the right way to prevent and control 
failures and prevent further damage (Hekmatpanah et al., 2011; Tahan et al., 2014). Based on the im-
portance of preventing the recurrence of failures, root cause analysis of failures has been turned into a 
vital component of different industries such as aviation, nuclear, oil & gas, Heating, ventilation, and air 
conditioning (HVAC), power and communication, steel etc. Root cause failure analysis method (RCFA) 
is a method which emphasizes on recognition of root cause failures and controls similar failures from 
happening by discarding the causes recognized (York et al., 2014; US-DOE, 2010). The main objective 
of RCFA is to find and analyze all solutions which lead to product or process errors and also to identify 
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and control the related risks. RCFAs can reduce costs by improving processes / products and improve-
ments in the early stages of product / process development will require simpler and less costly changes 
(Mobley, 2002). In RCFA method the causes of the problem are identified, and then solutions are pro-
posed to eliminate, change or control these causes in order to prevent recurrence of failures. The proposed 
solutions are evaluated and refined based on two criteria of effectiveness and applicability (Hussin et al., 
2016). RCFA is a systematic method to solve problems on a step by step procedure to determine root 
cause of failures (Zavagnin, 2008). To carry out RCFA, it is necessary to pinpoint the essence and fre-
quency of failure to decide whether we need to apply RCFA or not. The analysis is begun with gathering 
comprehensive information and after analysis of the gathered information, it is finished by presenting 
solutions to prevent failures (Mahto & Kumar, 2008). 
 
2. Background of the study 
 
A review of background studies shows that various studies have been conducted based on the RCFA 
method. Mahto and Kumar (2008) use root-cause identification methodology to eliminate the dimen-
sional defects in cutting operation in CNC oxy flame cutting machine (Mahto & Kumar, 2008). Shrouti 
et al. (2013) propose an approach based on computer experimentation technique for root cause analysis 
of product failures by linking warranty failure modes (are represented by Key Failure Characteristics or 
KFCs) and the geometrical design parameters (are represented by Key Product Characteristics or KPCs) 
(Shrouti et al., 2013). Penros and Frost (2015) examine the failures of an electric machine. They mention 
RCFA as effective approach for failure analysis; meanwhile, repair versus replace decisions are discussed 
in this research (Penrose & Frost, 2015). Aurisicchio et al. (2016) provide a root cause analysis approach 
based on the Issue Based Information System (IBIS) and Function Analysis Diagram (FAD) (Aurisicchio 
et al., 2016). Hussin et al. (2016) investigate RCFA practices in oil and gas industry and propose areas 
for improvement. They conduct a survey among RCFA researchers from various aspects of RCFA in-
cluding investigation team, data collection, process knowledge, tool competency, report, recommenda-
tion and RCFA system in organization (Hussin et al., 2016). Azis et al. (2017) perform root cause failure 
analysis (RCFA) and troubleshooting of the failure in power plant (Azis, Nurbanasari, Hermanto, & 
Kristyadi, 2017). Nugrohu et al. (2017) discuss about hydropower plant and preventing damages of hy-
dropower generators by using root cause failure analysis (Nugroho et al., 2017). Peetersa et al. (2017) 
propose a method by combining FTA and FMEA for RCFA. In this method, first, FTA is performed, 
which results in a set of failure modes; then, using FMEA, is assessed in order to select the critical system 
level failure modes (Peeters et al., 2017).  
 
Table 1 
A review of some published works 

Research (Year) Approach-Technique(s) Case study 
Mahto and Kumar (2008)  Eliminating the dimensional defects Cutting with gas 

 Linking KFCs & KPCs ---- 
Penros and Frost (2015)  RCFA Electric motors 
Aurisicchio et al. (2016)  RCA- IBIS & FAD root cause analysis based on IBIS & FAD 

Hussein et al. (2016)  RCFA Oil and gas industries 
Azis et al. (2017) RCFA - FMEA Geothermal Power station plant turbine 

Nugrohu et al. (2017)  RCFA - FTA Stator, wind turbines 
Peetersa et al. (2017)  FTA- FMEA  
Janvardi et al. (2018)  RCFA Power station air supply compressor 
Lokrantz et al. (2018)  RCFA - Machine learning  

Jafarzadeh Ghoushchi et al. (2019)  FMEA- Z-MOORA Removing shortcoming of FMEA to prevent failures 

Zhao et al. (2019)  
RCFA- Checking the morphologic,  

metallographic, chemical & mechanical 
properties 

drive shaft 

 
 
Janvardi et al. (2018) use RCFA for failure analysis in motor compressor (Januardi, et al., 2018). Lo-
krantz et al. (2018) propose a machine learning framework using Bayesian networks to model the causal 
relationships between manufacturing stages using expert knowledge, and demonstrate the usefulness of 
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the framework on two simulated manufacturing processes (Lokrantz et al., 2018). Jafarzadeh Ghoushchi 
et al. (2019) believe despite the high applications of FMEA, this method has some shortcomings that can 
lead to unrealistic results. According to this, they propose an approach of combining FMEA and Z-
MOORA. Z-number theory (Z-MOORA) is used as a basis to prioritize the failures using the proposed 
multi-objective optimization by ratio analysis (Jafarzadeh Ghoushchi, Yousefi, & Khazaeili, 2019).  Zhao 
et al. (2019) concentrate on the failure mode and root cause of drive shaft failure in a vehicle through 
checking the macroscopic and microscopic morphologies of the fracture surface, the chemical composi-
tion, metallographic analysis, and mechanical properties of the material, and finite element calculations 
of the drive shaft (Zhao et at., 2019). Table 1 shows the characteristics of these studies. Root cause failure 
analysis could be carried out by different techniques and tools. Some of these techniques and tools are 
listed below (IAEA, 2015; Gano, 2011): 
 

 Interviewing 
 Change analysis 
 Barrier analysis (Swiss cheese model) 
 Event and causal factor charting 
 Cause and effect analysis 

 Fault tree analysis (FTA) 
 5 whys (why staircase) 
 Failure Mode and Effects Analysis (FMEA) 
 Pareto Analysis  
 Story telling method   

 

Table 2 shows the comparison of RCFA methods and tools based on Gano’s criteria (Gano, 2011). 

Table 2 
The comparison of RCFA tools (Gano, 2011) 

Technique Application Problem 
definition 

Definition of 
known causes 

Following to 
root causes 

Preparing 
evidences 

Prevention of failure repeti-
tion by presenting solutions 

Ease of track-
ing results 

Event and causal 
factor charting Method Yes Limited No No No No 

Change analysis Tool Yes No No No No No 
Barrier analysis Tool Yes No No No No No 

5 Whys Method Yes No Yes No No No 
Pareto Analysis Tool Yes No No No NO No 

Story telling Method Limited No No No No No 
FTA Method Yes Yes Yes No Yes No 

FMEA tool Yes No Limited No Limited No 
 

2.1 Reality Charting 
 
Reality Charting has a distinctive structure from other methods of RCFA. Reality Charting is the only 
method which shows a graphical representation of causes and their relationship along with evidences. 
Reality Charting method allows the experts to add their comments and help promote its breadth by de-
picting a clear understanding of the reality which prevents further failures. This is the only method which 
presents functioning and effective procedures to eliminate causes of root failures by correct understand-
ing of cause and effect and creating a clear and common reality among experts while building a higher 
understanding comparing to other methods (Gano, 2011).  Gano (2011) using the tool of Reality Chart-
ing, presented the Apollo root cause failure analysis. Apollo technique does not have the weaknesses of 
other methods but in cases where failures are numerous, it lacks an organized structure for investigating, 
recognizing and prioritizing the failures. It also would not analyze counter relations of failure roots to 
choose the most effective root cause in order to take preventive steps. 
 
2.2 Failure modes and effects analysis (FMEA) 
 
FMEA is an analysis to diagnose, reduce and eliminate potential failures in a system. The types of FMEA 
are Design (DFMEA), Process (PFMEA) and Service (SFMEA). FEMA is a systematic approach to 
evaluate and classify potential and actual risks in a product or process and ranking the risks in order to 
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take corrective steps to eliminate risks with highest consequences and classifying again in a continuous 
improving cycle (Stamatis, 2003). Use of FMEA could be classified into three parts as follows: 
 

 Qualitative analysis: Based on recognizing all modes of failure, causes and effects 
 Quantitative Analysis: Based on evaluating Risk Priority Number (RPN) 
 Modifying Analysis: Based on interpretation of well-being strategies with an aim to reduce risk 

levels. 
In this method, after recognition and extraction of risks, RPN shall be calculated for each mode and effect 
by multiplying S×O×D as RPN, where S is severity (effect), O is occurrence (probability) and D is de-
tection. These three factors have been ranked in the values of 1 to 10. Risk priority number is the basis 
of prioritizing failure modes. Considering the above factors, numbers from 1 – 10 could be chosen. The 
RPN may have value from 1 – 1000. High RPN numbers for a failure mode shows higher risk in system/ 
product confidence. In high RPNs, evaluation team has to take proper corrective steps to reduce the level. 
Ignoring RPN, attention must be paid to failures whose severity is high. To control risks, corrective steps 
for failure modes and ensuring that risks are reduced, RPN has to be calculated again (Liu et al., 2013). 
 
2.3 DEMATEL Technique 
 
This method could be applied to structuralize a series of assumed information so that the intensity of 
relations could be investigated and given points, seek feedbacks along with their importance and calculate 
non-transferable relations. The basis of DEMATEL is based on the hypothesis that a system comprises 
of a set of criteria. Pair relationships between these criteria could be turned into models through mathe-
matical. DEMATEL technique was generally devised to investigate extremely complicated global prob-
lems (Wu, 2008; Tseng, 2009). The method of Decision Making Trial and Evaluation is based on the 
theory of Graph and comprehensive method for model making and analysis related to the complicated 
cause and effect relationship among the elements of a problem. Diagrams could depict the concept of 
intensive inter-relation of cause and effect in numerical form Wu (2008) and Tseng (2009).  
 

2.4 Development of integrated process model 
 

In the present study the above mentioned Apollo weak points have been modified by FMEA and DE-
MATEL. Thus, the Reality Charting presented has been enriched. 
 
3. Modeling and integration 
 

In analyzing failures through Apollo method, numerousness of failures does not count and only one fail-
ure would be analyzed. Therefore, we could initially recognize the failures and then take steps to apply 
FMEA and extract RPN of failures before deploying Reality Charting by the enriched method of Reality 
Charting presented above. By applying FMEA the failures of less importance would be eliminated and 
the possibility of concentration on failures of higher priority would be provided.  After using Reality 
Charting tool, cause and effect relations governing the appearance of failures would be recognized and 
roots extracted. In this stage, Apollo method could not discover the most effective root among failure 
roots. Therefore, using enriched Reality Charting, after recognizing root failures and applying DE-
MATEL technique, failure interrelations (effectiveness and susceptibility) would be analyzed and the 
most effective failure root would be known. Fig. 1 depicts the proposed process model. 

Step 1: Forming the analysis team 
Step 2: Identification and prioritization of failures using FMEA and problem definition 
Step 3: Creating a cause-and-effect network using "Reality Charting" method 
Step 4: Selection of the most important roots by DEMATEL technique 
Step 5: Identifying effective solutions/strategies for the most important roots 
Step 6: Implementing selected solutions 
Step 7: Controlling the results 
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Fig. 1. The proposed process model for root cause failure analysis 

3.1 Details of integrated process model (steps) 
 
The details of the process model steps can be explained as follows: 
 
Step 1: Forming the analysis team 
 

An analysis team is formed to conduct the root cause analysis. The team members are selected from the 
people in various business processes (or departments) of the organization that experience the problem. 
The analysis team might be CFT or cross-functional team. 
 

Step 2: Identification and prioritization of failures using FMEA and problem definition 
 

By using the FMEA, the failures if product are identified and prioritized based on the RPNs. The contin-
uation of the analysis can focus on actual or potential failures with the highest RPNs. 
 

Step 3: Creating a cause-and-effect network using “Reality Charting” method 
 
In this step, will be used the reality charting tool and the root causes of the failure will be identified. The 
Apollo method is a term coined by Gano (2011) to apply the Reality Charting method and is not a new 
and separate topic. Naturally, the members of the analysis team have diverse views and different insights 
regarding the failure and their causes. Taking advantage of the opinions of all these people is a difficult 

Step 1: Forming 
the analysis 

team

Step2: 
Identification & 
prioritization of 

failures
•FMEA

Step 3: Creating 
a cause-and-

effect network
•Reality 
Charting

Step 4: Selection 
of the most 

important roots
•DEMATEL

Step 5: 
Identifying 
effective 
solutions

Step 6: 
Implementing 

selected 
solutions 

Step 7: 
Controlling the 

results
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which could not be beneficial without applying suitable methods. In Reality Charting, the cause and 
effect relationships are shown through a chart. With Reality Charting, it possible to observe all relations 
together and in a simple manner. This also prevent effect of influential people. 
 
Step 4: Selection of the most important roots by DEMATEL technique 
 

After recognition of failure roots DEMATEL method has to be used to diagnose the cause and effect 
relationships and the extent of effectiveness and susceptibility of them. Roots with the highest points 
would be chosen to be later modified.  
 

Step 5: Identifying effective solutions/strategies for the most important roots 
 

In this step, the analysis team must determine solutions to address important root causes. These solutions 
should be as quick and effective as possible. Criteria such as time, cost, feasibility, effectiveness, etc. can 
be helpful in choosing the best solutions. 
 
Step 6: Implementing selected solutions 
 
In the following and in this step, selected solution must be implemented; for this purpose, the managers 
of organization can use responsibility assignment matrix (RAM). RAM is widely adopted in project 
management for human resource planning. Since the project team is temporary, RAM is used for the 
assignment of responsibilities to project team members; so, a RAM is an ideal tool for an incentive system 
in project management (Yang & Chen, 2009). 
 
Step 7: Controlling the results 
 
Finally, the results of selected solution implementation must be controlled. Calculating RPN in this step 
and comparison this parameter in “before of” and “after of” step 6 can be an effectiveness approach 
aiming to control results. After controlling the results, the corrective actions may be necessitated to ad-
dress nonconformities. 
 

3.2 Verification and Validation of proposed process model 
 

In order to verify the proposed model, it is observed that many steps of the process model are supported 
by research (See Table 3).  
 

Table 3 
The evidences for verification of proposed process model 

Suggested/Improved  in this article Supporting Research The steps of proposed process model 
----- Meister et al. (2019 Step 1: Forming the analysis team 

----- Peetersa et al. (2017)  
Jafarzadeh Ghoushchi et al. (2019)  

Step 2: Identification and prioritization of failures using FMEA and 
problem definition 

----- Gano (2011) (Gano, 2011) Step 3: Creating a cause-and-effect network using "Reality Charting" 
method 

√ ----- Step 4: Selection of the most important roots by DEMATEL tech-
nique 

----- Meister et al. (2019)  Step 5: Identifying effective solutions/strategies for the most im-
portant roots 

----- Yang and Chen (2009)  
Meister et al. (2019)  Step 6: Implementing selected solutions 

----- Meister et al. (2019)  Step 7: Controlling the results 
 

In order to enrich the model, to analyze the interactions between the roots and to find more important 
(more influential) roots, step 4 is proposed by the authors. Finally, other steps are integrated as the process 
model. The validity of the process model is tested by applying it to real data. For this purpose, in a car 
repair company, a proposed process model is used to analyze the UTD-20 engine failures. As a result, 
the steps of proposed model sequences, their sequences, as well as the results for UTD-20 engine failures, 
have been approved by members of the maintenance company analysis team. Table 3 shows the evidence 
of the validity of the process model by supporting research. The following article will discuss the case 
study of the UTD-20 engine and the application of a process model to its failure analysis. 
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3.4 Case study: RCFA of UTD-20 engine using the proposed process model 
  
In order to validate the proposed process model, engine has been chosen. In 1966, the Russian company 
“Barnaul Transmash” designed and produced an engine named UTD-20 to fulfill its industrial needs in 
the field of heavy vehicles. This engine includes 6 cylinder and is V-shape engine with capacity of 15.8 
liters, angle of 120 degrees and 330 horsepower. 
  

Implementing Steps 1 and 2 
 

Analysis team was chosen from experts of UTD-20 engine with academic education and minimum 15 
years of related experience. Initial list of failures was prepared based on repair history and got analyzed 
by team members. At this stage, a list of failures was provided; then, in analysis team sessions and based 
on consensus, FMEA analysis was performed to determine most important failures. As a result, and based 
on experts’ views, “mixing oil and fuel” with risk number (RPN) 360 was selected as most significant 
failure. 
 
Implementing Step 3 (developing cause and effect network by reality charting) 
 

With studying cause and effect analysis based on “reality charting” it became clear that the most im-
portant and documented cause for oil and fuel blend was “crude fuel burning in UTD-20” and conse-
quently penetration of fuel to the cartel from around rings. Various problems lead to crude fuel burning, 
the most important of which are “insufficient oxygen/air” or “worn Farsonga”. The most important rea-
son for insufficient air is congestion of exhaust pipe. This problem leads to silicon level increase in the 
fuel and ends in premature wear and tear. Fig. 2 depicts the part of cause and effect network regarding 
“reality charting” method related to “mixing oil and fuel” failure. After further investigation, members 
of the analysis team, found 8 reasons as indicated in Table 4 as root cause failure for mix of fuel and oil 
in UTD-20 engine. 
 

Table 4 
Root cause failure for mix of fuel and oil in UTD-20 engine 

No. Root cause for mix of oil and fuel No. Root cause for mix of oil and fuel 
1 Insufficient awareness from engine rpm 5 Exposition of tanks to dust in open air 
2 System tests 6 Penetration of oil into filter and cyclone 
3 Lack of instructions 7 Penetration of gasoil into filter and air cyclone 
4 Lack of washer 8 Lack of Farsonga needle 

 
Performing Step 4 (analyzing interrelations of the root causes with DEMATEL technique) 
 

In order to analyze interrelations between the root causes of selected failure, DEMATEL technique has 
been utilized, such that experts in the analysis team would be able to exert more mastery on expounding 
their views in relations between the root causes. Table 5 shows the matrices related to the calculations of 
the DEMATEL method (Wu, 2008; Tseng, 2009). 

 
Table 5 
Matrix of direct relation (M) 

 
Insufficient 
awareness 

from engine 
rpm 

System tests Lack of in-
structions 

Lack of 
washer 

Exposition of 
tanks to dust 
in open air 

Penetration of 
oil into filter 
and cyclone 

Penetration of 
gasoil into fil-
ter and air cy-

clone 

Lack of Far-
songa needle 

Insufficient awareness 
from engine rpm 0 0.8333 0 0.8333 0 0.3333 1.5 0.3333 

System tests 0 0 0 0 0 1 1 0 
Lack of instructions 0 0 0 0.1667 0.8333 0 0.6667 0 

Lack of washer 0 0 0 0 0 0 2.8333 1 
Exposition of tanks to 

dust in open air 0 0 0 0 0 0 0 1.3333 
Penetration of oil into 

filter and cyclone 0 0 0 0 0 0 0 0 
Penetration of gasoil into 

filter and air cyclone 0 0 0 0 0 0 0 0 
Lack of Farsonga needle 0 1.8333 0 2.1667 0 0 2.6667 0 
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Fig. 2. Network of cause and effect analysis on "mixing oil & fuel" in UTD-20 engine 

Table 6 
Normal matrix 

 
Insufficient 
awareness 

from engine 
rpm 

System tests Lack of in-
structions 

Lack of 
washer 

Exposition of 
tanks to dust 
in open air 

Penetration of 
oil into filter 
and cyclone 

Penetration of 
gasoil into fil-
ter and air cy-

clone 

Lack of Far-
songa needle 

Insufficient awareness 
from engine rpm 0 0.125 0 0.125 0 0.05 0.225 0.05 

System tests 0 0 0 0 0 0.15 0.15 0 
Lack of instructions 0 0 0 0.025 0.125 0 0.1 0 

Lack of washer 0 0 0 0 0 0 0.425 0.15 
Exposition of tanks to 

dust in open air 0 0 0 0 0 0 0 0.2 
Penetration of oil into 

filter and cyclone 0 0 0 0 0 0 0 0 
Penetration of gasoil 
into filter and air cy-

clone 
0 0 0 0 0 0 0 0 

Lack of Farsonga nee-
dle 0 0.275 0 0.325 0 0 0.4 0 
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Table 7 
Reverse matrix 

 
Insufficient 

awareness from 
engine rpm 

System 
tests 

Lack of in-
structions 

Lack of 
washer 

Exposition of 
tanks to dust in 

open air 

Penetration of 
oil into filter 
and cyclone 

Penetration of 
gasoil into filter 
and air cyclone 

Lack of 
Farsonga 

needle 
Insufficient awareness from en-

gine rpm 1 0.1449 0 0.1485 0 0.0717 0.3387 0.0723 

System tests 0 1 0 0 0 0.15 0.15 0 
Lack of instructions 0 0 1 0.0348 0.125 0 0.1281 0.0302 

Lack of washer 0 0 0 1.0512 0 0 0.5164 0.1577 
Exposition of tanks to dust in 

open air 0 0 0 0 1 0 0 0.2102 
Penetration of oil into filter and 

cyclone 0 0 0 0 0 1 0 0 
Penetration of gasoil into filter 

and air cyclone 0 0 0 0 0 0 1 0 
Lack of Farsonga needle 0 0 0 0 0 0 0.6091 1.0512 

 

Table 8 
Full relation matrix 

 
Insufficient 

awareness from 
engine rpm 

System 
tests 

Lack of  
instructions 

Lack of 
washer 

Exposition of 
tanks to dust 
in open air 

Penetration of 
oil into filter 
and cyclone 

Penetration of 
gasoil into filter 
and air cyclone 

Lack of Far-
songa needle 

Insufficient awareness from 
engine rpm 0 0.125 0 0.1314 0 0.0688 0.3387 0.0723 
System tests 0 0 0 0 0 0.15 0.15 0 

Lack of instructions 0 0 0 0.0263 0.125 0 0.1129 0.0302 
Lack of washer 0 0 0 0 0 0 0.5164 0.1577 

Exposition of tanks to dust in 
open air 0 0 0 0 0 0 0.1218 0.2102 

Penetration of oil into filter and 
cyclone 0 0 0 0 0 0 0 0 

Penetration of gasoil into filter 
and air cyclone 0 0 0 0 0 0 0 0 

Lack of Farsonga needle 0 0.275 0 0.3417 0 0.0412 0.6091 0.0512 

 
Table 9 
Matrix of undirected relation 

 
Insufficient 

awareness from 
engine rpm 

System 
tests 

Lack of in-
structions 

Lack of 
washer 

Exposition of 
tanks to dust 
in open air 

Penetration of oil 
into filter and cy-

clone 

Penetration of 
gasoil into filter 
and air cyclone 

Lack of Far-
songa needle 

Insufficient aware-
ness from engine 

rpm 
0 0.0138 0 0.0171 0 0.0208 0.1137 0.0223 

System tests 0 0 0 0 0 0 0 0 
Lack of instructions 0 0 0 0 0 0 0.0281 0.0302 

Lack of washer 0 0.0413 0 0.0512 0 0.0062 0.0914 0.0077 
Exposition of tanks 
to dust in open air 0 0.055 0 0.0683 0 0.0082 0.1218 0.0102 
Penetration of oil 
into filter and cy-

clone 
0 0 0 0 0 0 0 0 

Penetration of 
gasoil into filter 
and air cyclone 

0 0 0 0 0 0 0 0 

Lack of Farsonga 
needle 0 0 0 0 0 0.0413 0.2091 0.0512 

 
Table 10 
Pattern of causative relations 

Root cause R J R+J R-j 
Lack of Farsonga needle 1.3182 0.5217 1.8399 0.7965 

Insufficient awareness from engine rpm 0.7362 0 0.7362 0.7362 
Lack of washer 0.674 0.4993 1.1734 0.1747 

Exposition of tanks to dust in open air 0.3321 0.125 0.4571 0.2071 
System tests 0.3 0.4 0.7 -0.1 

Lack of instructions 0.2944 0 0.2944 0.2944 
Penetration of gasoil into filter and air cyclone 0 1.8489 1.8489 -1.8489 

Penetration of oil into filter and cyclone 0 0.26 0.26 -0.26 
 

Addition of the element of each line of full relation matrix (R) for each root cause shows the extent of its 
effectiveness on other causes (extent of effectiveness of causes). On this basis the cause for shortage of 
Farsonga needle has been the most effective root cause. The exposition of tanks to dust in open air, Lack 
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of instructions, System tests, Lack of washer, Penetration of oil into filter and cyclone, Insufficient aware-
ness from engine rpm and Penetration of gasoil into filter and air cyclone were respectively in lower 
ranks. Total of the items of column (J) for each cause shows the extent of susceptibility of that particular 
root cause to other causes of the system. 

 

Fig.3. Influential network relation map (INRM) related to the root causes of "mixing oil & fuel" 

Based on this, Lack of Farsonga needle, was the most susceptible root cause and Penetration of gasoil 
into filter and air cyclone, Penetration of oil into filter and cyclone, System tests, Lack of washer, Lack 
of awareness from engine rpm, Exposition of tanks to dust in open air and Lack of instructions were of 
later ranks. Horizontal vector (R+J) is the extent of effectiveness and susceptibility of root cause in the 
system. In other word, the more cause is to (R+J), the more interaction with other causes of the system. 
Based on this reason, Lack of Farsonga needle has the highest interaction compared with other causes of 
the research study. Vertical vector (R-J) shows the power of effectiveness of each cause. In general, if 
(R-J) is positive, the variable is considered a causative variable, and if negative, it is an effect. On this 
basis the criteria of Lack of Farsonga needle, System tests, Penetration of oil into filter and cyclone and 
Penetration of gasoil into filter and air cyclone were considered effects while other root causes were 
counted as causes. At last, influential network relation map (INRM) (Wu, 2008; Tseng, 2009) was drafted 
(Fig. 3). Longitudinal axis shows R+J while transverse axis shows R-J. The situation of each root cause 
is indicated by (R+J, R-J). 
 

Implementing Steps 5 to 7 
 

After recognition of the most important (most influential) root cause, “lack of Farsonga needle”, related 
solutions have to be determined and applied to neutralize or reduce its effects. The objective of develop-
ing the solutions is to move from unfavorable condition to the favorable condition. Generally, these strat-
egies/solutions could be classified into three categories (IAEA, 2015; Gano, 2011): 
 

 The solutions that eliminate the cause 
 The solutions that change the cause 
 The solutions that control the cause 

 
The final aim of solutions is to prevent repetition of the failure or accident, or reducing unfavorable 
consequences. For example, one of the most effective strategies was to focus on the Farsonga needle 
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issue. The members of the analysis team understood that Farsonga defect could be recognized from the 
sound of the engine; so, the needles need to be replaced soon. This strategy can prevent bigger negative 
consequences. Therefore, it was suggested that: 
 
 Needle re-order point (ROP) is improved, 
 For each customer, we may allocate a few more needles as “spare” for preventive maintenance. 

 
After finding and implementing effective strategies/solutions, the frequency of the failures may decrease. 
Also, effective strategies/solutions can reduce the number of risks (RPNs) in future reviews. 
 
4. Conclusions 
 
In this article, a process model has been proposed based on FMEA, Reality Charting (The Apollo method) 
and DEMATEL. The Apollo method is a term coined by Gano to apply the Reality Charting method and 
is not a new and separate topic. The proposed model has been implemented for UTD-20 in order to 
validate and apply it. This model may prevent unfavorable accidents and repetitive failures which are 
important advantages which and could not be ignored compared with other methods. Some advantages 
are as follows: 
 
 Initial Screening of failures using FMEA to reduce analysis time, 
 Recognizing the most effective cause using DEMATEL method, 
 Applying Reality Charting, 
 Higher power in preventing unfavorable accidents,  
 Capability of applicable training to operators and staffs of organizations. 
 
In recent years, preventative actions have become more valuable; consequently, development of such 
methods and skills are critical and worthwhile in organizations. 
 
References 
 

Aurisicchio, M., Bracewell, R., & Hooey, B. L. (2016). Rationale mapping and functional modelling 
enhanced root cause analysis. Safety science, 85, 241-257. 

Dadang Gumbira Imansyah, A., Meilinda, N., Agus, H., & Tarsisius, K. (2017). Trouble Shooting Tur-
bine Blade Damage In 55 Mw Geothermal Power Plant. Journal of Multidisciplinary Engineering 
Science Studies (JMESS), 3(2). 

Gano, D. (2011). RealityCharting, Seven Steps to Effective Problem-Solving and Strategies for Personal 
Success. Washington: Apollonian Publications. 

Hekmatpanah, M., Shahin, A., & Ravichandran, N. (2011). The application of FMEA in the oil industry 
in Iran: The case of four litre oil canning process of Sepahan Oil Company. African Journal of 
Business Management, 5(8), 3019–27. 

Hussin, H., Ghazali, Z., Suratanin, N., Muhamad, M., & Mokhtar, A. (2016). An investigation into root 
cause failure analysis (RCFA) practices in oil and gas industry. ARPN Journal of Engineering and 
Applied Sciences. 

IAEA. (2015). Root Cause Analysis Following an Event at a Nuclear Installation: Reference Manual. 
Vienna: International atomic energy agency. 

Ghoushchi, S. J., Yousefi, S., & Khazaeili, M. (2019). An extended FMEA approach based on the Z-
MOORA and fuzzy BWM for prioritization of failures. Applied Soft Computing, 81, 105505. 

Januardi, H., Pramana, A., Prasdiamaja, R., Matradji, M., Cordova, H., Gunawan, K., & Biyanto, T. 
(2018). Counter motor compressor innovation to increase reliability of compressor in Muara Tawar 
power plant. International Journal of Engineering Sciences & Research Technology, 7(9). 



 236 

Khan, M. M., Mokhtar, A. A., & Hussin, H. (2015). A Neural Based Fuzzy Logic Model to Determine 
Corrosion Rate for Carbon Steel subject to Corrosion under Insulation. In Applied Mechanics and 
Materials (Vol. 789, pp. 526-530). Trans Tech Publications. 

Liu, H., Liu, L., & Liu, N. (2013). Risk evaluation approaches in failure mode and effects analysis: A 
literature review. Expert Systems with Applications, 40, 828–838. 

Lokrantz, A., Gustavsson, E., & Jirstrand, M. (2018). Root cause analysis of failures and quality 
deviations in manufacturing using machine learning. 51st CIRP Conference on Manufacturing 
Systems. Procedia CIRP. 

Mahto, D., & Kumar, A. (2008). Application of root cause analysis in improvement of product quality 
and productivity. Journal of Industrial Engineering and Management, 1(2), 16–53. 

Mannan, S. (2013). Lees' Process Safety Essentials: Hazard Identification, Assessment and Control. 
Butterworth-Heinemann. 

Meister, M., Beßle, J., Cviko, A., Böing, T., & Mett, J. (2019). Manufacturing Analytics for problem-
solving processes in production. 28th CIRP Design Conference,. Procedia CIRP. 

Mobley, R. (2002). An introduction to predictive maintenance. Butterworth-Heinemann. 
Nugroho, A., Widihastuti, I., & Ary, A. (2017). Root cause failure analysis of stator winding insulation 

failure on 6.2 MW hydropower generator. IOP Conference Series: Materials Science and 
Engineering. 

Peeters, J. F. W., Basten, R. J., & Tinga, T. (2018). Improving failure analysis efficiency by combining 
FTA and FMEA in a recursive manner. Reliability Engineering & System Safety, 172, 36-44. 

Penrose, H., & Frost, N. (2015). Aging electric machines. IEEE-Electrical Insulation Conference. 
Seattle. 

Shrouti, C., Franciosa, P., & Ceglarek, D. (2013). Root cause analysis of product service failure using 
computer experimentation technique. 2nd International Through-life Engineering Services 
Conference. Procedia CIRP . 

Stamatis, D. (2003). Failure Mode and Effect Analysis: FMEA from Theory to Execution. New York: 
American Society for Quality (ASQ). 

Tahan, M., Muhammad, M., & Abdul Karim, Z. (2014). A framework for intelligent condition-based 
maintenance of rotating equipment using mechanical condition monitoring. MATEC Web of 
Conferences. 

Tseng, M. L. (2009). A causal and effect decision making model of service quality expectation using 
grey-fuzzy DEMATEL approach. Expert Systems with Applications, 36, 7738-7748. 

US-DOE. (2010). Root cause analysis guidance document (Standard). Washington: US Department of 
Energy. 

Wu, W. (2008). Choosing knowledge management strategies by using a combined ANP and DEMATEL 
approach. Expert Systems with Applications, 35, 828-835. 

Yang, T., & Chen, C. (2009). An incentive pay system for project management based on responsibility 
assignment matrix and fuzzy linguistic variables. Expert Systems with Applications, 36 (12585–
12591). 

York, D., Jin, K., Song, Q., & Li, H. (2014). Practical root cause analysis using cause mapping. 
Proceedings of the International MultiConference of Engineers and Computer Scientists. Hong Kong. 

Zavagnin, R. (2008). An overview of a Root Cause Failure Analysis (RCFA) process. IPEIA Conference. 
Canada. 

Zhao, L., Xing, Q., Wang, J., Li, S., & Zheng, S. (2019). Failure and root cause analysis of vehicle drive 
shaft. Engineering Failure Analysis, 99 (225–234). 

 
 

 

© 2020 by the authors; licensee Growing Science, Canada. This is an open access article distrib-
uted under the terms and conditions of the Creative Commons Attribution (CC-BY) license 
(http://creativecommons.org/licenses/by/4.0/). 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


