Junzo Watada
Shing Chiang Tan
Pei-Chun Lin
Hitoshi Yano

Yoshiyuki Yabuuchi
Eswaran Padmanabhan
Lakhmi C. Jain

Unconventional Methods
for Geoscience, Shale
Gas and Petroleum in

the 215t Century

- 0°

«® 0

o0 ®
L[]

10S Press



Since the turn of the century, geology has advanced dramatically,
with materials derived from extra-terrestrial sources meaning that it
now encompasses cosmology, and new technologies providing ever
more sophisticated possibilities for the conducting of research.

This book, Unconventional Methods for Geoscience, Shale Gas and
Petroleum in the 21t Century, aims to provide research directions for
geology in the 21t century. As Eric Hobsbawm wrote, it is difficult to
write the history of one’s own days, and selecting influential methods
was no easy task, but an attempt has been made to include the most
influential papers that represent the smart geology of the first few
decades of the 21t century. The book presents 22 papers; the first
serves as an introduction to biology, which is now expanding into the
science of the cosmos following the discovery of previously missing
information, and the remaining 21 papers are divided into 3 sections
entitled Modelling, Simulation and Optimization. The importance of
theoretical approaches from physics, mathematics, and statistics
underlying meta-heuristic methods, knowledge and approaches is
acknowledged, and there is a chapter dedicated to deep learning.

The book contributes to the exploration of various possible solutions
to challenging problems in both the Earth's geology and that of the
cosmos, and will be of interest to all those working in the field.
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Preface

Junzo WATADA !, Shing Chiang TAN 2, Pei-Chun LIN 2, Hitoshi YANO 4,
Yoshiyuki YABUUCHI 5 Eswaran PADMANABHAN ¢, and Lakhmi C. JAIN 7

“It is hard to write the history of their own days.”

Today, geology encompasses cosmology as we bring materials from the asteroid Ryugu
near Mars with the satellite Hayabusa. The materials have shed light on the possibility of
life’s existence on Ryugu. This book aims to provide research directions for geology in
the 21st century. However, writing a history of the present or future research directions
is no easy task. Nevertheless, we endeavor to present the research directions of the early
decades of the 21st century.

Drawing on past experiences of various misunderstandings in research directions,
several papers in this book discuss fuzzy set theoretical approaches. Interestingly, this
groundbreaking paper was initially rejected in the 1960s. Later, Professor Lotfy A.
Zadeh’s paper on “fuzzy sets” was published in the International Journal of Science and
Control. This paper introduced several important concepts that indicated various research
directions.

The neural network was initially underestimated in the book published in 1969. This
book had a significant influence that caused many researchers to shift away from neu-
ral networks. For several decades, many researchers abandoned research on neural net-
works. However, a few persevering individuals continued their research until the discov-
ery of backpropagation, which not only revolutionized the field but also gave rise to deep
learning.

In this book, we revisit heuristic approaches and meta-heuristic approaches. While
H.A. Simon emphasized heuristic approaches for semi-structured problems, we are still
searching for theoretical, mathematical, or logical approaches to problem-solving. In the
1960s, we discovered various heuristic approaches that were sought after during that era.

As Eric Hobsbawm wrote, it is difficult to write the history of one’s own days. As
mentioned earlier, selecting influential methods is no easy task. We hope to include the
most influential papers that represent the smart geology of the first few decades of the
21st century, with one chapter dedicated to deep learning.

We acknowledge the importance of theoretical approaches from physics, math-
ematics, and statistics underlying meta-heuristic methods, artificial intelligence, deep
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learning, and other human approaches. We must build upon human knowledge and ap-
proaches, as Herbert Alexander Simon (Nobel laureate, 1978) stated, there are infinitely
many problems we cannot solve theoretically, or in other words, mathematically. How-
ever, we can make progress, as demonstrated by Andrew John Wiles (Professor, Oxford
University) when he proved Fermat’s Last Theorem, left unresolved by Pierre de Fermat
in 1623, in a 108-page proof published in the Annals of Mathematics in 1995. Similarly,
the ABC conjecture, first proposed by Joseph Oesterlé in 1988 and D.W. Masser in 1985,
was proved by Shinichi Mochizuki (Professor, Kyoto University) in approximately 600
pages in 2015 and at RIMS in March 2021. Mochizuki’s method allowed for the proof
of Fermat’s problem in just a few lines, based on his method.

We expect that this book will contribute to the exploration of various possible so-
Iutions to challenging problems in both the Earth’s geometry and the cosmos, as H.A.
Simon envisioned. The first paper serves as an introduction to biology, which is now
expanding into the science of the cosmos.
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Abstract. Failure modes and effects analysis (FMEA) is a popular reliability tool in
petroleum engineering. In FMEA, potential failure modes or corrective actions are
evaluated, each assigned a Risk Priority Number (RPN) score, and prioritized for
decision making. FMEA is also known as Failure Modes, Effects, and Criticality
Analysis (FMECA), while focuses on failure modes prioritization. Despite of the
popularity of FMEA and FMECA, it is not clear, how potential failure modes and
corrective actions could be represented systematically, for effective decision making.
In this paper, two new representations (i.e., a tree representation and a vector
representation), for potential failure modes and corrective actions, are proposed.
The tree representation for a potential failure mode allows its root cause(s), effect(s)
and corrective action(s), together with their severity, occurrence and detection
rating(s), to be represented as a three-layer tree model. The tree representation for
a corrective action with similar contents is outlined too. The RPN model, together
with its score, is represented as a node of the tree model. These tree models can also
be represented as their associated equivalence layered-vector representations. In
this paper, the usefulness of the proposed approaches is illustrated with benchmark
FMEA worksheets pertaining to petroleum engineering.

Keywords. Corrective actions, FMEA, FMECA, Layered-vector representation,
Potential failure modes, Risk Priority Number, Tree models.

1. Introduction

Failure modes and effects analysis (FMEA) was first proposed as a formal and systematic
design methodology for use in the aerospace industry in 1960s[1]. Since then, FMEA
has been proven to be a useful methodology in evaluating potential failure modes and
preventing potential failure modes from occurring [1-3]. In general, FMEA is a
reliability engineering methodology used to identify and eliminate known and potential
failure modes (e.g., problems, or errors) for a design, system, service or process [2].
FMEA is also known as Failure Modes, Effects, and Criticality Analysis (FMECA),
while focuses on potential failure modes prioritization [4].

! Corresponding Author: Kai Meng TAY, *kmtay@unimas.my, *tkaimeng@yahoo.com. This work was
supported by  the Fundamental Research  Grant Scheme (FRGS)  under  Grant
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Today, FMEA has been widely used in a variety of domains, which include
automotive [2], electronic [4], chemical [5], aerospace [6], healthcare [7], nuclear [8],
manufacturing [9, 10], mechanical [11], agriculture [12] and petroleum engineering [13—
16]. Figure 1 illustrates a flow chart of the FMEA methodology (details are presented in
Section 2.1). A potential failure mode occurs if a subsystem, part, component, or process
fails to meet its intended purpose of functions. A root cause leads to the occurrence of a
potential failure mode. The corrective action(s) of a root cause need to be identified too.
For each potential failure mode, the effect(s) of the potential failure mode also needs to
be determined. The corrective actions or potential failure modes are then prioritized
using a Risk Priority Number (RPN) model. The RPN model takes into account three
risk factors, i.e., Severity (S), Occurrence (O), and Detection (D). S is an evaluation of
the effects of a potential failure mode. O is the evaluation of likelihood that a specific
root cause to occur. While D is an evaluation of the effectiveness of the current control
mechanism to detect a potential root cause.

Traditionally, an RPN score is obtained by direct multiplication of the S, O, and D
ratings. The potential failure modes or corrective actions associated with higher RPN
scores are usually given higher priorities. Although FMEA has been widely applied in
several domains, it is susceptible to a number of limitations [6, 17]. Indeed, many efforts
have been proposed to tackle those limitations [6, 17-24]. Despite of the popularity of
research works relating to FMEA and FMECA, it is not clear, how potential failure
modes and corrective actions could be represented systematically, for effective decision
making.

The aim of this paper is two-folded. Firstly, in this paper, tWwo new representations,
i.e., a tree representation and a vector representation, for potential failure modes and
corrective actions, are proposed for FMECA and FMEA, respectively. Our proposed
tree representation for a potential failure mode allows its root cause(s), effect(s) and
corrective action(s), together with their S, O and D rating(s), to be represented as a three-
layer tree model. The tree representation for a corrective action, with similar contents,
is devised too. In our proposals, the RPN model, together with its score, is represented
as a node of the tree models. To ease the handling, these tree representations can also be
denoted as their associated equivalence layered-vector representations. Secondly, the
usefulness of the proposals for handling potential failure modes with missing risk
rating(s) is illustrated too. In this paper, the usefulness of the proposed representations
is illustrated with two benchmark FMEA worksheets pertaining to petroleum engineering
[13][14].

2. Preliminaries
2.1. FMEA Procedure

The procedure of FMEA involves several activities, as depicted in Figure 1.
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q) Develop the scale tables for S, O, and D |
I

7
Q Examine the process/product and determine the sub-process/components |—

3 - - - —
CP Ascertain the potential failure mode pertaining to the sub-processes/components |
!

Ascertain the effect of each failure mode |

Ascertain the root cause of each failure mode |

Identify the current corrective action pertaining to each root cause |

9 I
Assess the impact Assess the effectiveness of Assess the oceurrence
o . frequency pertaining to the
pertaining to the effect each current corrective . -
. : . root cause using O scale
using S scale table actions using D scale table table
10 !
Compute the RPN scores |

No
Recommended

. . End
corrective actions?

Figure 1. A FMEA Procedure.

A description of the key activities is as follows.

N -

NN R W

9.

10.
11.
12.

Develop the scale tables for S, O, and D risk factors;

Examine the process or product and determine the sub-processes or
components, respectively;

Ascertain the potential failure mode(s) of the sub-processes or components;
Ascertain the effect(s) of each potential failure mode;

Ascertain the roof cause(s) of each potential failure mode;

Identify the current corrective action(s) pertaining to each root cause;
Assess the impact pertaining to the effect using the S scale table;

Assess the occurrence frequency pertaining to the root cause using the O scale
table;

Assess the effectiveness of each current corrective action using the D scale
table;

Compute the RPN scores;

Back to (2) if there is any corrective action;

End.

It is worth noting that a corrective action could be a prevention method, a control
action, or a detection method.
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2.2. Background
Two definitions from [23] and [24] are considered, as follows.

Definition 1. [23] Three risk factors in an FMEA activity, i.e., S, O, and D, are
considered. These risk ratings are represented by s,0,and d, i.e., s € S,0 € 0,and d €
D, respectively. In addition, the lower and upper bounds of S, O, and D are represented

by s and5, 0 and 0, and d and d, respectively.

Definition 2. [24] The RPN space contains all possible RPN scores, i.c., RPN €
RPN space. The lower and upper bounds of the RPN space are denoted by RPN

and RPN, respectively, and RPN < RPN < RPN is always true.

Note that, a notation, x € {s,0,d} is used, in which x is an element of {s, 0, d}.
Besides, x is a natural number, i.e., x € N and x < x < X is always true.

3. New Tree and Vector Representations with Benchmark Information
3.1. Notations

An FMEA activity with N failure modes (F;) or N corrective actions (C;) to be
prioritized, is considered, where i = 1,2,...,N. The effect(s), root cause(s), and
control(s) or prevention method(s), for F; or C;, are denoted by E;, RC;, and PM;,
respectively.  Each Ej;, RC;, and PM; is associated with Ej,, RC;p, and PM;. ,
respectively. The S, O, and D ratings of E; ;, RC; ,, and PM; ., for F; or C;, are denoted
by S;q, 0;p, and d; ., respectively, such that a =1,2,..,u, b=1,2,..,v, and c =
1,2,...,w. Note that w = 1 for ;. The RPN score of F; or C; is denoted as RPN;. To
ease the explanation, two benchmark information (i.e., FMEA worksheets) are
considered.

3.2. Example [13]

A FMEA worksheet (See Figure 2) for a seal pump from [13] is considered. The focus
is on the design of a seal pump, for the oil and gas industry. A total of 7 failure modes
need to be prioritized, i.e., N="7. The tree model of F, is depicted in Figure 3. The first
layer of F, consists of its root node, also representing the RPN model and together with
its RPN score, i.e., RPN, = 168. There are three nodes in the second layer, also the
children for the root node, i.e., E4, RC,, and PM,. E,, RC,, and PM, are associated with
sS4 = 7,04 = 8,and d, = 3, respectively. In the third layer, the children nodes of E,,
RC,, and PM, are E 1,E; 5, Ey3, RCy1,RCy2, RCy3, and PM,,,PM,,,PM, 5 ,
respectively. E4q, E,,, and E, 3 are associated with s,; =7, s,, =4, and 543 = 6,
respectively. RCy1, RC,,, and RC, 3 are associated with 0,1 = 7,04, =8, and 043 =
5, respectively. PM,q, PM,,, and PM,; are associated with dyq = 1, ds, = 3, and
d,3 = 2, respectively.



S.K. Ngian and K.M. Tay / New Representations for Potential Failure Modes 83

Responsibahity
. Potential Potential Cause(s) .
Item / Potential M - Current Design RPN Recommended and Target
F Function Failure Mode(s) Ef;?:;‘(:lof 5 / Failure ()ef O Controls P - Action(s) Completion
Date
Seals
Loosen during - : New fitting design. iabili
F semsorasembly  Leakage ¢ Trmgtotbedimo, 16 Protoiype Refisility
/ service v lidati e
R Damaged dunng Quality control in
Fy Sensor . Damaged Cannotusall installation or 1 1 6 installation and Quality
mount. seal mternal thread sensor : supervisor
F. Damaged Cannot mstall 3 D“‘W‘ d‘:‘?:g 5 1 5 Quality control in Logustic
3 external thread. wire nut mlg - shipment supervisor

Leak. Loss . )
Wicking. Included in product Quality
Fs Stress crack thef:tr 7 Matcrialsirength O Thermaleyce 1 42 specification supervisor
Coolant quality. Service
Heat Leak. Loss Contammation. simulation Supplier coolant to Reliability
F,  transfer Comossion of heat 7 b 6 5210 o '
simctae fer wvironment — coolant evaluated engineer
int/ext evaluation
Leak. Lost .
Environment — Service Included 1n product Quality
F, Steam fail of hcﬁ:: 4 int/ext ! simulation 1 4 specification supervisor

Figure 2. Design FMEA for a seal pump from [13] (page 166)

Eq(54=7)

——@ [y Leak (s4:=7)
—@ E. Failed mount (s45=4)
@ E, 3 Hose leak (54,3=6)
—@®
—0O
—@

F; = Crack/break burst.
Bad seal poor hose
quality

RC,(04=8) RC, 4 Over pressure (041=7)

RC, , Vibration (0, ,=8
RPN,=168 4,2 (042=8)
RCy4 5 Over pressure (04,3=3)

PMy(dy=3) PM, ; Burst, validation pressure cycle (dy ;=1)

—@
——@® PM,; Vibration w/road tapes (d4 ,=3)
_.

PM, 3 Burst, validation pressure cycle with
clamps (d4,3=2)

Figure 3. Three-layer rooted tree of F,

F; or C; can also be represented as a nested vector, in the form of Eq. (1). RPN; can
be represented as Eq. (2), which can be further reduced to Eq. (3). All s;, 0;, and d; are
obtained by aggregating s; ;,0;, and d; . (i.e., a reduction of the tree), or by manual
assignment from the FMEA users.

F;/C; = [[Ei1, Eiz) ) Ein], [RCi1, RCi ) o, RCi |, [PMi 1, PMy, ..., PMy, ]| (D)
RPNl = [[Si,l' Si,Zl :Si,u]' [Oi,li Oi,Zl ey Oi'v], [di,ll di,Z' ey di,W]] (2)

RPNL = [Si' Oildi] (3)
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F, is also represented in Eq. (4). Besides, RPN, is represented in Eq. (5), which can
be reduced to Eq. (6).

Fy = |[Ea1 sz Eas) [RCa1, RCy 2 RCys], [PMy 1, PM,y 5, PM, 5] | @)

RPN4 _ |:[S4_'1 = 7, 54'2 = 4, 54'3 = 6], [04'1 = 7, 04_’2 = 8, 04'3 = 5], (5)
[d4'1 = 1, d4'2 = 3, d4_,3 = 2]

RPN4_ = [54 = 7, 04 = 8,d4 = 3] (6)

3.3. Example [14]

FMEA for a welding process from [14], is considered (see Figure 4). There is a total
of 10 corrective actions to be prioritized, i.e., N = 10. Tree models for C, Cg and Cy are
depicted in Figure 5. Note that there is only a prevention method and a D rating for each
of C;, Cg, and Cq. C; is used for explanation. The first layer of C, consists only the root
node and it is associated to RPN, = 120. Again, the root node also denotes the RPN
model, together with its RPN score. There are three nodes in the second layer, also the
children for the root node, i.e., E;, RC,, and PM,. E,,RC,, and PM, are associated with
s; = 5,0, = 3, and d, = 8, respectively. In the third layer, the children nodes of
E;,RC;, and PM,, are E; 1, RC;,, and PM; ;, respectively. E,,,RC;;, and PM;; are
associated with s; 1 =5, 0,1 = 3, and d,; = 8, respectively. The same applies to Cg
and C,.

Again, C, is also represented as Eq. (7). RPN, is written as Eq. (8). The same
applies to Cg and Cy, which are represented as Egs. (9) and (10), respectively. RPNg and
RPN, are represented as Egs. (11) and (12), respectively too.

C; = [[Er]. [RC71], [PM4]] %
RPN, = [s, = 5,0, = 3,d, = §] ®)
Co = [[Es.), [RCo1], [PMas]] ©)
Co = [[Eoa], [RC5,1], [PMs, ]| (10)
RPNg = [s5 = 6,05 = 3,dg = 4] (11)

RPNQ = [Sg = 6, 09 = 7, d9 = 4‘] (12)
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[ Process Type of defects Cause of defects Effects of Recommended actions (o] s D RPN before RPN after
type defects intervention intervention
Cy Working Throwing sparks ~ Working adjacent Fire Installation and 9 4 4 144 104
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ial fire safety requi
C, Argon Exposure to Fail to use Occupational Using properly 8 6 5 240 168
welding fumes and toxic appropriate disease designed local exhaust
gas protective masks hoods
Cy Electric Throwing sparks The nature of Buming Using personal 6 5 4 120 62
welding process protective equipment
and installing the
ds ion sheets
Cy Electric Fall from height Working at Injuries Usage pf belts and 7 9 5 315 206
welding height safety net
Cs Cutting The explosion of  Lack of traming Fire and mjuns Safety trmning 3 7 8 168 132
metals cylinder and poor programs
maintenance
Ce [R Flash-back flame Equipment Explosion Using flashback 5 6 s 150 142

weldin failure amestor

Cyo  Welding Hearing loss High noise levels Deafness and Using personal
among workers at workplace hearing loss protective equipment

Figure 4. FMEA for a Welding Process from [14] (page 260)

E7 (s7=5)

E7'1 Fire (57,1=5)

C, = Fire

RC7 (07=3)
RPN; =120 »

@® RC;; Fail to separate full and empty cylinders (07 ,=3)

PM7 (d7=8)
PMj ; Labeling all cylinders (d7 ,=8)

Eg (55=0) o
Cy = Collision Eg 1 Injuries (sg1=6)
with obstacles
RPNy =72 RCgy 1 Improper layout (0g1=3)
PMg (dg=4) o )
PMjg , Determining passing ways (dg ,=4)
» Ey (59=6) .
Cy = Collision Ey1 Injuries (591=6)
with forklift RCy (09=T)
trucks RCy; No warning device (0 1=7)

RPN, = 168 PM, (dy=4)

PM, 1 Audio and visual alarms (dg =4)

Figure 5. The three-layer rooted trees of C,, Cg, and C,.

4. Handling of Missing risk ratings

The proposed approaches in this paper can be extended to the case of FMEA with
missing risk ratings. Example 1 is considered. If s,, and s, 3 are missing, then s,, =
—and s, 3 = —. The three-layer rooted tree of F, with the two missing risk ratings, is
depicted in Figure 6. RPN, is also denoted in Eq. (13), and it can be reduced to Eq. (14),
by considering the worst cases of 55, and s, 3, i.€., Sy, = S5 3 = 10.
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Eys4=7) —@ Ei: Leak (54,1=7)
——@ E, Failed mount (54,=-)
@ E.; Hoseleak (s45=-)

F4 = Crack/break burst.
Bad seal poor hose
quality

RC4(04=8) ——@® RC,, Over pressure (04,=7)

@ RC,; Vibration (04,=8)

RPN, =168
L——@ RC43 Over pressure (043=5)

PM,(d;=3) —@® PM,, Burst, validation pressure cycle (d4 1=1)

——@ PM,, Vibration w/road tapes (d,»=3)

L@ PM,3 Burst, validation pressure cycle with
clamps (d43=2)

Figure 6. The three-layer rooted tree of F, with missing risk ratings.

RPN, = [$410= 7,502 = =543 = |, [041 = 7,042 = 8,045 = 5], (13)
' [d4,1 =1,d,, =3,dy3 = 2]
RPN, = [s; = 10,0, = 8,d, = 3] (14)

5. Conclusions

In this paper, two new representations, i.e., a new tree representation and a new vector
representation, for potential failure modes and corrective actions were outlined. The
usefulness of the proposals was demonstrated with two benchmark information sets.
Besides, usefulness of the representations for FMEA with missing risk ratings was
demonstrated too. As future works, monotone fuzzy inference based RPN models [18—
22] [24] will be included as a part of the representations.
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