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Abstract. Although fuzzyfailure modes and effects analysis (Fuzzy
FMEA) is one of the risfbased maintenanepproachethat has been used

to devise or to improvan existing preventive maintenance program in
various industries and settings, applying the technique in the context of
sewage treatment facility (STH# lacking. The proponent investigated the
cause of failing effluent parametecs a highrise residential property
through the combination of the Ishikawa Diagram arAd/fBys, then the
technique was applied and improved using the data gathered draatified
respondents with different exposure, datkgroundsamong others who
answered 1Quzzy scales regarding the severity, occurrence, and
detectability of each failure modes, and ranked the importance of each
chamber of an SBRype STF.Results revealed that the Refined FRPN
values emphasized the failure modes wighevance to each other by
obtaining values within their functional counterpaasulting in a more apt
categorization and prioritizain than the FRPNThe paper shows that
FuzzyFMEA is successful in devising riskbased approadior SBRtype
STFfor high-rise residential propeariwith an effectivemeans of addressing

the aggravating effluent parameténsthe maintenance aspect¢omply

with the Philippine Department of Environment and Natural Resources
(DENR) Department Administrative Order (DAQO) 20Q8.

1 Introduction

1.1 Non-Compliance of High -rise Residential Property to Regulatory
Requirements

Multi-story buildings can be categorized as higge, mid-rise, lowrise, skyscraper, super
tall, and megadall [1]. In an urban setting, likQuezon City where land use is of utmost
consideration, residential developmeate more inclined toward highise properties, or
greater. With the increase in demand for higle residential properties, so has the demand
for sewage treatment.
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In the Philippines highrise residential properties are bound under the statutory
regulations of Republic AcB275 [2] also known as the Clean Water Act of 2004.
Furthermore, a regulatomgquirementet by the Department of Environment and Natural
Resources known as DENR Administrative Order 2008 [3] requires the compliance of
the property to the general effluent standards. Significant parameters covered in DAO 2016
-08 under PSIC Code 681 (Real Estate Activities) include biochemical oxygen demand
(BOD), Fecal Coliform, Ammonia, Nitrate, Phosphate, Oil and Grease, and Surfactants.

In the 18 WEPA Meeting concerning theaipdateson Industrial Wastewater
Management in th@hilippines Uyaco[4] reported a total of 932 inspected establishments
that were issued witNoticeof Violations (NOVs) and Cease and Desist Order (CDO) from
2014 to 2019 for establishments under the jurisdiction of the LLDA. On the other hand, in
the establishments inspected under the jurisdiction of DENR in the year2B@20a sum
of 3,205 was issd with NOVs, and 1,718 surveyed establishments operating withou
permits. To synthesize, higise residential properties are contributors to these numbers.

Failing to comply with the effluent parameters is subject to a fine amounting to PHP
10,000.00 to PHP 200,000.00 per day of violation and subjected to a 10% increase every two
(2) years due to inflation under Laguna Lake Development Authority (LLDA) Memdoira
Circular (MC) No. 201705 [5]. Aside from the environmental risk to the nearby bodies of
water, the site is also at risk of financial losses

1.2 Relevance of Risk in a Sequencing Batch Reactor Type Sewage Treatment
Facility

The SBRtype STF is the most appropriate sewage treatment technology forstouikid
buildings in comparison to Membrane Bio Reactor (MBR), Extended Aeration (EA), and
Fluidized Bed Bio ReactdFBBR)[6]. The features of SBiR/pe STF such as cyclical time
sequence operation, spa@nd environmentfriendly made it an attractive technology for
sewage treatmerj]. However, the on¢éank design and setup simplicity has a drawback
when the equipment is not maintained properly. Sewerage consists of a viety v
harmful substances such as sludge, dioxins, furans, polychlorinated biphenyls,
organochlorine insecticides, absorptive and derived chlorine derivatives, polycyclic aromatic
hydrocarbons, phenols, and their derivatives, phthalates, and dhe@hsequently, an

SBR chamber is classified as a confined space as it is large enough for an individual to enter
and perform work, not designed for human occupancy, and has limited entry or exit, meeting
the three (3) criteria stated by Hodgs®&h Hence there is a considerable risk in operating

an SBRtype STF.

1.3 Root Cause for Failing Effluent Parameters

To address the issue of aggravating effluent parameters,-aisegbroperty was surveyed to
determine its root cause. It was confirmed that in the year 2021, significant parameters such
as ammonia, oil and grease, phosphate, and fecal coliform weng f@iéie Fig. 1).
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Results of Laboratory Analysis for Significant Effluent
Discharge in 2021
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Fig. 1. Results of Laboratory Analysis for Significant Effluent Discharge in Year 2021

Aside from the significant parameters, it was also noted that other general effluent
parameters were also failings. These are chemical oxygen demand (COD), pH, total
suspended solids (TSS), and total coliform (see Fig. 2). These parameters, though not
significant, could impact the nearby body of water to where the effluent is being discharged.
Records for May and June 2021 were not recorded due to any of the possible factors: missing
documents, and work restrictions brought about by the C@\Pandemicamong others.

The actual site survey reveals an ineffective approach as evaluated in the root cause
analysis using the combination of the Ishikevé/hy technique (see Fig. 3). In serviegel
agreements between an emskr and a service provider, maintenance recdrdsia be
safely kept and properly archived. However, this was not the case for the surveyed site.
Sockeye suggestthe indicators of ineffective maintenance are constant equipment
malfunction, and a heavy amount of unplanned wd®, among others, whereahe
surveyed site exhibited missing documents, missed logs, visible equipment deterioration, and
prolonged downtime of critical machineM¥ith the considerable risk in operating an SBR
type STF, and the underlying issue of ineffective maintenance, the possible solution of
incorporating risk in the maintenance aspect of the sewage treatment facility operations is
considered by employing ridkased maintenance.

Results of Laboratory Analysis for General Effluent Discharge in 2021
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Fig. 2. Results of Laboratory Analysis for General Effluent Discharge in Year.2021
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Fig. 3. Rootcause Analysis for Failed Effluent Parameters using Combined Ishiatkg’s
Diagram

1.4 Risk -based Maintenance

1.4.1 Aggravating effluent parameters

Maintenance ensures the functionality of equipment, or a system while risk means exposure
to harm. Operating an SBigpe STF exposes a property to risk due to harmfypiogucts

that may form due to chemical reactions such as anaerobic digestiothaResk maintenance

is an approach to preventive maintenance where risk is the input for maintenance -decision
making.This approach has been utilized in different industries such as turbomadhitiery
semiconductor[12], medical device$13], public school &cilities [14], pipe inspections

[15], manufacturing16], public water treatment plants7], petrochemicdl18], automotive

[19], and industrial companig¢20] to improve their maintenanstrategy.

In RBM, maintenance activities are categorized after a series of processes like risk
identification, and risk evaluation where the hilgivels of unacceptable rislare to be
prioritized by employing dedicated maintenance activity exclusive for the risk, frequent
inspection, and other means of controlawer the riskthat is acceptable to the enderand
for the continuity of the operatiorMoreover, different methodologies can be applied
depending on the available data making RBM employable to anytmperghe quantitative
approach21], genetic algorithni22], and failure modes, effects, and criticality analys@
are some of the related studies employing the methodology compatible withbiaBttie
widely used methodology is the failure modes and effects analysis (FMEA) with applications
in water utility sectof23], food industry{24], oil industry[25], medical industry26], and
geothermal plantR27], among others

The FMEA as the methodology for RBM employs the use of ordinal data to level the
magnitude of risk in terms of different risk factors such as severity, occurrence, and
detectability. It starts by identifying the failure modes of a systerdthen evaluatingach
failure mode in terms of the risk factors basedhomw it would affect thesystem. After
evaluating a failure mode in terms of the risk factors, a priority number will be determined,
and compare how it will be compared with other priority numloérsther failure modes.

The decisiormaking comeswhen all the failure modes obtain their corresponding risk
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priority number (RPN). However, due to the simple algorithm, multiple failure modes could
have the same priority number and it is listed as one of the shortcomings and limitations of
the FMEA (or traditional FMEA}28-29].

The likes of Kirkire et al[30] then developed the FuzBMEA where the algorithm
became more complex by integrating computational intelligence brought about by fuzzy
logic. A study by Soltanali et a[19] explored the FuzzfMEA approach by employing
different combinations of fuzzy scale@®intfuzzy scale, oint fuzzy scale, 1-@oint fuzzy
scale), fuzzification method (gaussian, and pi, among others), and defuzzification method
(centroid, among others) to attain the fuzzy risk priority number (FRPN). It was revealed that
the 10point fuzzy scke holds significance in attaining the most credible results in
comparison with $oint and 5point fuzzy scales, and neither the fuzzification method nor
the debizzification method has any significance in the result which means employing any
method in the fuzzy logic should do.

Despite the application of RBM in different industries, thera igck of research
applying the methodology in the context of STF. Since the-8BR STF has different
sections (or chambers), this study considers the importance of each sectiotognorates
the saménto the RBM tofurther improve the FuzziFMEA techniqueln this way, the issue
of aggravating effluent parameters to the surveyed site could be addressed and consequently,
mitigate the discharge of mistreated effluent to the environment.

1.5 Objective

The objective of this paper is to deviseRBM approach folSBR-type STFto address the
issue of discharging mistreated effluent in the environment brought about by failing effluent
parameters of highise residential properties

2 Materials and Methods

2.1 ldentification of Failure Modes

A thorough evaluation of the system was conducted to identify the relevant failure modes.
The failure modes were identified lexaminingthe machinery and auxiliaries employed in

the SBRtype STF chambers. The machinery and auxiliaries found in the chamblede
submersible pumps, submersible aeration blowers, the motor control center, coarse bubble
diffusers, fine bubble diffusers, wastewater piping, air pipelines, and piping supports, among
others.

The components were classified into mechanical, electrical, and auxiliaries. The failure
modesfor mechanical components are as follows: for the submersible pump, the study of
Oluwatoyin et al. 31] about the failure modes of the submersible pump was utilized while
for the aeration blowers, due to the lack of available literature, the actual equipment manual
[32] was reviewed to determine the failure modes of relevant components. The failure modes
of compact mechanit@omponents were generalized to fafluike the chlorinator pump
failure. Also, the failure modes for electrical components were identified by analyzing the
singleline diagram of the system. The limitation of the failure modes for electrical
components was the feeder line for the motor acbrenter. Finally, the failure modes for
auxiliary components were identified by analyzing the process flow diagram of the system
(see Fig. 4)
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Fig. 4. Process flow diagram of the SBige STFE

2.2 Population , Sample Size , and Consensus Value

The FMEA technique requires opinions from qualified individuals about the level of the risk
factors. In this studythe issue of aggravating effluent parameters brought abotiteby
ineffective maintenance approach was generaiizedl highrise residential properties, and
skyscraperén the locality of Quezon Citgince it is the largest city in the Philippin@s].
Secondary data from Empofi34] was used to quantify the number of higée properties,
and skyscrapers then refined in accordancéhédfollowing: a) the property must have
already been built, operating, or existing at the time of study, b) the property must have
residential or condominium usage, c¢) the md#ivzelopment properties were considered to
have centralized STF.

The sample sizeanthenbe computed using the Cochran’s formula:

22(p)(1-p)
eZ

= T i 1)
14+ (i)z(:, v))

Where n is the number of samples, N is the tptgdulation, e is error tolerance (level) or
margin of error (0.05), p is the sample proportion, and z is-tledue found in Zscore Table.

The sample size corresponds to the minimum number of qualified individuals required
for the study. The qualification includes: a) at least a bachelor’s degree in a relevant
engineering discipline such as mechanical engineering, electrical engineeringcathem
engineering, sanitary engineering, environmental engineering, and other allied disciplines, b)
exposure to an SBB/pe STF during the design, construction, operation, maintenance, audit,
and testing and commissioning.
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High-rise buildings in Quezon City Skyscrapers in Quezon City
# Building Images Height Floors Building type  Year Status # Building Images  Height Floors Building type  Year Status
1 IbisS 85m 22 high-rise building 2020 mmm 1 DDT Sky Towe! 280m 62 skyscraper 2023 wm
2 lu 53m 15 high-rise building 2016  w=m 2 Sky Suites Towe: 223m 44 skyscraper 2018 -
3 AA 46m 12 high-ise building 2016  wmm 3 UNTV 37 Towe 222m 28 skyscraper 2022 wmm
4 llust 44m 12 highise building - i 183m 55 skyscraper 2026 wmm
5 The 4m 10 high-rise building 2015  wmm 5 Parkiinks North Tower 193m 55 skyscraper 2025 wm
6 Th 40m 11 high-rise building 2014  wmm 6 186m 49 skyscraper 2019 wm
M > -
\ 37m 10 highrise building 2010 wmm 178m 49 skyscraper 2012 wm
. 8 Theater Towe 177m 55 skyscraper 2025 wmm
N 3’m 14 high-rise building -
Cent 9 175m 40 skyscraper 2024 wm
9 Public Attome Bu 35m 10 highrise buiding 2022 wm  qg 175m 41 skyscraper 2024 wmm
10 New PSA Building 3Bm 9 high-rise building 2019  wem 1" 170m 45 skyscraper 2020
1 sm 3sm 8 highise building 2020 wm om 40 skyscraper 2023 -
12 su e sm 8 high-rise bulding 2020 s 13V erB 160m 46 skyscraper 2019 =
13 SM City Fairview Towe /M 8 high-rise building 2020 wmm
14 160m 46 skyscraper 2019 wem
14 1 35m 8 high-rise building 2020 ==
15 D 152m 48 skyscraper 2019 =
15 SM 35m 8 high-rise building 2019 ==
16 er Cubao 145m 45 skyscraper 2023 wmm
16 Quezc o ~147m 39 high-rise building
17 145m 35 skyscraper -
1 tr 143 m 38 high-rise building 2025 ==
18 136m 40 skyscraper 2012 wm
18 D 143m 38 high-rise building 2008 wmm
19 C 136m 29 skyscraper 2016 wmm
19 Avida Towers Vita Tower ~143m 38 high-rise building 2017  wem
2 G 135m 36 skyscraper 2016
20 143 m 38 high-rise building 2009 ==
= sy underconstucion e piamned Uit wmm demoished
= edsting s underconstucon e planned unbut wmm damoished

Fig. 5. Sample list a) highise buildings, and b) skyscrapers in Quezon City.[34]

Various scholars suggest employing median or mode as the measure of central tendency
for ordinal data [8-38]. Hence, for the consensus values for the importance ranking of
chambers and determining the magnitude of the risk factors, either median or mode was used.

The qualified respondents expressed their opinions on the risk factors: severity,
occurrence, and detectability of each failure mode using-poll@ Fuzzy scale to have
credible results18]. Linguistic terms range from Very Low to Extremely High. Severity and
occurrence have the very low scale as the lowest, while the extremely high scale is the
highest. Detectability, on th&her hand, was reversed being very low as the highest, while
extremely high as the lowest. The consensus values for risk fagtres the central
tendencies median or mode, whichever was fitter to represent the population.

2.3 Chamber Relative Importance and Weighted Importance of the Failure
Mode

The qualified respondents expressed their opinions aboah#mber's relative importance
lift station (LS), equalization tanKEQT), sequencing batch react(8BR), aerobic sludge
digester{ASD), and chlorine contact chami@CC), using a gpoint Likert scale where 1 is
the least important and 5 is the most importaintdetermine theiweightedimportance, the
weighted average methedasemployed

LS; = 0.1(fyrr) + 0.2(firn) + 0.3(f1) + 0.4(furr) + 0.5(fur) @
EQT; = 0.1(fury) + 0.2(firr) + 0.3(f) + 0.4(furs) + 0.5(fur) @
SBR; = 0.1(firp) + 0.2(firr) + 0.3(f)) + 0.4(furr) + 0.5(fur) @
ASD; = 0.1(fir1) + 0.2(frrr) + 0.3(f)) + 0.4(fmrr) + 0.5(furr) 9
CCC; = 0.1(frr) + 0.2(fir) + 0.3(f1) + 0.4(furr) + 0.5(furr)  ®

Where LS is the lift station, EQT is the equalization tank, SBR is the sequencing batch
reactor, ASD is the aerobic sludge digester, CCC is the chlorine contact chamber, f is the
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frequency, LTI is least important, LRI is lesser important, | is important, MRI is more
important,andMTI is most important

The failure mode of a component could not be present in all chambers. In that regard, the
presence of each failure mode was evaluated onehaenber basis. Hence, The FRPN value
was further processed by incorporating the weighted importance of each faibde. The
sum of the weighted importance to where the failure mode was present determines the failure
mode’s weighted importance. The assigned addend for the least important chamber is 1, for
the lesser important chamber is 2, important chamber i®& important chamber is 4, and
the most important chamber is 5. If a failure mode is present in all chambers, then its weighted
importance is 15. If a failure mode is not present in such chamber, the assigned value as
addend is 0.

WIFM, = LSy + ET, + SBRx + ASD, + CCG‘I (@)

Where WIFM is the weighted importance of failure mode, LS is the lift station, ET is the
equalization tank, SBR is the sequencing batch reactor, ASD is the aerobic sludge digester,
CCC is the chlorine contact chamber, and n is the corresponding faildee mo

2.4 RBM Methodology

The outpus of the main processes of the RBM methodol@gg priority numbes: risk
priority number (RPN), Fuzzy Risk Priority Number (FRPN), and Refined Fuzzy Risk
Priority Number (Refined FRPN). The values wprecessedh an iterativevay [39].

2.4.1 Risk Priority Number (RPN)

The RPN is the product of the risk factors: severity, occurrence, and detectability. The
formula for RPN is:

RPN=8Sx0OxD (8

Where RPN is the risk priority number, S is the severity, O i®tearrence, and D is
the detectability. The value for each risk factor follows the value set in the consensus values
for risk factors.

2.4.2 Fuzzy Risk Priority Numbers (FRPN)

The FRPN utilized the median or mode as the consensus value for each failure mode as input.
The processes wembdividedinto three (3): fuzzification, fuzzy inference system, and
defuzzification.

The first process involved the Gaussian Membership Function (gaussmf) as the
fuzzification method with the standard deviation of the corresponding consensus value as the
fuzzy number in the input. This is when the consensus values obtain their corregpondin
fuzzy number and the notation is as follows;§p CVsonp whereo is the standard
deviation, and CV is a crisp value from10 with intervals of 1See Table 1 fothe
breakdown of the linguistic terms, and their corresponding fuzzy numbers féacteks
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Table 1. Linguistic Terms and theitorresponding Fuzzy Numbers for Risk Factors

Fuzzy Numbers for Risk Factors
Severity, S Occurrence, O Detectability, D
Linguistic Term

(os, CVs) (00, CVo) (o0, CVp)
Very Low, VL (0s, 1) (60, 1) (opb, 10)
Low, L (cs, 2) (60, 2) (op, 9)
Fairly Low, FL (os, 3) (60, 3) (oo, 8)
%zze or Less Low, (0s, 4) (co, 4) (op, 7)
Medium, M (cs, 5) (60, 5) (op, 6)
M Less High,
M](j; or Less Hig (os, 6) (co, 6) (o0, 5)
Fairly High, FH (0s, 7) (60, 7) (oo, 4)
High, H (cs, 8) (60, 8) (op, 3)
Very High, VH (cs, 9) (60, 9) (op, 2)
Extremely High, XH (cs, 10) (00, 10) (op, 1)

The second process was the Mamdani Fuzzy Inference System (Mamdani FIS) as the
inference system. This is when the consensus values of the risk factors, together with their
correspondingfuzzy number,were evaluated based on tHEOOO rules inputtedin the
Mamdani FIS SeeTable?2 for the sample of rulefor the computation of FRPNFig. 6afor
the MATLAB interface of the~uzzy Logic Designer for FRENFig. 6b for the MATLAB
interface of rulesFig. 7a for the MATLAB interface for the input variable “Severity”, Fig.
7b for the MATLAB interface for the input variable “Occurrence”, and Fig. 8a for the
MATLAB interface for the input variable “Detectability”.

Table 2. Sample Rules for the Computation of FRPN

Fuzzy Numbers for Risk Factors
Rule . Occurrence, Detectability,
No. Severity, S | and 0 and D then FRPN
1 VL and VL and XH then | Low Risk
66 FH and VL and M then | Medium
Risk
330 FL and MLL and VL then | High Risk
640 | MLL | and FH and VL then | VETY High
Risk
868 FH and VH and FL then Critical
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The third process was the centroid as the defuzzification method where the curve of
severity, occurrence, and detectability were merged in consideration with the rules inputted

in the Mamdani FIS. The point to which the centroid was located was the FRRNo¥¢he
failure mode. The notation is as followRRN, FRPN) wherPN is the risk priority number,
and FRPN is a crisp value from 3900 with intervals of 200 with (RPN, 100) as low risk,
(RPN, 300) as medium risk, (RPN, 500) as high risk, (RPN, @8®ery high risk, (RPN,
900) as a criticalSee Fig. 8b for the MATLAB interface for the output variable “Fuzzy
RPN”, and Fig. 9 for the MATLAB interface for the computation of Fuzzy RPN.

File Edit View File Edit View Options

862. If (Severity is FH) and (Occurrence is VH) and (Detectabilty is VH) then (Fuzzy_RPN is High_Risk) (1)
863. I (Severity is FH) and (Occurrence is VH) and (Detectabilty is H) then (Fuzzy_RPN is High_Risk) (1)
864. I (Severity is FH) and (Occurrence is VH) and (Detectabiliy is FH) then (Fuzzy_RPN is Very_High_Risk) (1
ity 365. I (Severity is FH) and (Occurrence is VH) and (Detectability is MLH) then (Fuzzy_RPN is Very_High_Risk)
FRPN_Computation_Fingl 866. I (Severity is FH) and (Occurrence is VH) and (Detectabilty is M) then (Fuzzy_RPN is Very_High_Risk) (1)
Xx 867. I (Severity is FH) and (Occurrence is VH) and (Detectabiliy is MLL) then (Fuzzy_RPN is Very High_Risk)
(mamdanl) 368. I (Seveiity is FH) and (Occurrence is VH) and (Detectability is FL) then (Fuzzy_RPN is Critical) (1)
Soaiense 869. I (Severity is FH) and (Occurrence is VH) and (Detectabilty is L) then (Fuzzy_RPN is Ciitical) (1) ]
870. I (Severity is FH) and (Occurrence is VH) and (Dstectabilty is VL) then (Fuzzy_RPN is Critcal) (1)
871. If (Severity is H) and (Occurrence is VH) and (Detectability is XH) then (Fuzzy_RPN is High_Risk) (1)
Fuzzy RPN
Detectabilty if and and Then
s e p— Severity is Occurrence is Detectability is Fuzzy RPN is
FRPN Comoutation Fi VL VL Low_Risk
L M [ High_Risk
And method @ Current Variable :ALLL I \L/H I ‘L/H I Critical I
| Medium Risk |
Or method = Name Severity MLH :,:‘LL AFALLL Very_High Ris!
Implication min e input (Jnot [Jnot (Jnot (Jnot
Range 010
frersE max > o i) ~ Connection Weight:
0
Oor
Defuzzification centroid v Hel Close
D | O and 1 Deleterwle | Addre | Change e | <[ >
| Ready | | FIS Name: FRPN_Computation_Final Help Close |

Fig. 6. MATLAB interface forthe a) Fuzzy LogicDesigner for FRPNb) 1000 rules inputted in the

Mamdani FIS

File Edit View
FIS Variables
A\VAVS
PO] /XN
Severity Fuzzy_RPN

Occurrence

Detectabilty

input variable "Severity"

File Edit View

=

verit

B

Occurrence

=

Detectability

FIS Variables

XN

Fuzzy_RPN

Membership function plots 181

oot nnints:

FL MWL M MLH VH XH

FH H

input variable "Occurrence”

Current Variable. Current Membership Function (click on MF to select) Curtent Variable Current Membership Function (click on M to select)

Name Severity Rang H Name Occurrence Name: MLH

Type input Type gaussmf ~ [ [ 7ype input Type gaussmf v
r— o Params |27178) e o Params 123226)

Display Range [0 10] | Help | Close | | Display Range [0 10] | Help | Close | |
Changing parameter for MF 8 to [2.71669 8] | Changing parameter for MF 7 to [2.32225 6] |

Fig. 7. MATLAB interface forthe input variablga) Severity and b) Occurren€e

10
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Range [010] Range [0 1000] { !
Display Range 1010) | Help | Close | | Display Range 10 1000] | Help Close | |

Changing parameter for MF 7 to [2.585715]

Changing parameter for MF 3 to [240 900]

Fig. 8. MATLAB interface forthea) input variable‘Detectability’ and, b) the output variable “Fuzzy

RPN”.

File Edit View Options

Fuzzy_RPN = 555

Severity = 8 o]

©CENDNBWN
i

Input:  15.6:5)

Plot points: 14 ‘ IMWe' left Lm] down l‘ ‘

Ready

‘ ‘ Help

| Close [ ‘

Fig. 9. MATLAB interface for the computation of Fuzzy RPN (FRPN)

2.4.3 Refined Fuzzy Risk Priority Numbers (Refined FRPN)

The processof obtaining the Refined FRPWas subdividedinto three (3): fuzzification,

fuzzy inference system, and defuzzificatidrhe first process involved the fuzzification
method using gaussmf having FRPN and the WIFM as the inputs. For FRPN, the fuzzy
number assigned is the uniform standard deviation of the RPN, and the crisp value is the
FRPN. The notation is as followsgen, FRPN) wheregrpenis the uniform standard deviation

of the RPN, and FRPN is a crisp value from -B00 with intervals of 200. For WIFM, the
fuzzy number assigned is the uniform stard deviation of the WIFM, and the crisp value is
WIFM. The notation is as followso{iem, WIFM) where owiem is the uniform standard
deviation of WIFM, and WIFM is a crisp value fromlb with intervals of 1Fig. 10a shows

the MATLAB interface for the Fuzzy Logic Designer for Refined FRPN.
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File Edit View

Fuzzy_RPN \ |_Computation |Final
&; mamdan)

Refined_FRPN

FM_Weighted_Importance

FIS Name: FIS Type: mamdani
RefinedFRPN_Comout

And method = | || current Variable

Or method e [ Name Fuzzy_RPN

Implication min o || i ot L)
Aggregation max = e [0:1000] _ Comecton _ Wt

"
Defuzzification centroid v | Help it | | Oma |
1 Delete rue Add rue Changs re

| System "RefinedPFRPN_Computation_Final”: 2 inputs, 1 output, and 75 rules “nsnm Refined RPN _Comutstion_Final I I sl e ‘I

Fig. 10. MATLAB interface for thea) Fuzzy Logic Designer for Refined FRPh) 75 rules inputted
in the Mamdani FIS

The second process was the Mamdani FIS as the inference system where the FRPN
values'standard deviation and the failure modes' weighted importance were evaluated using
a set of rulesTable 3 shows the sample rules for computation of Refined FRBN10b
shows the MATLAB interface for the 75 rules inputted in the Mamdani FIS.

Table 3. Sample Rules for the Computation of Refined FRPN

Fuzzy Numbers for Risk Factors
1]?\?0]e FRPN and | Weighted Importance of Failure Mode | then FRPN
5 Low Risk | and 5 then | Low Risk
Medium Medium
21 Risk and 6 then Risk
45 High Risk | and 15 then | High Risk
Very High Very High
55 Risk and 10 then Risk
75 Critical | and 6 then | Critical

The third process was the centroid as the defuzzification method where the curve for
FRPN and the weighted importance of the failure mode were merged considenintgthe
base inputted in the Mamdani FIS. The point to which the centroid was located is the Refined
FRPN of the failure mode. The notation for the Refined FRPN is as follows, (Refined
FRPN) wheresren is the uniform standard deviation of RPN, and Refined FRPN is a crisp
value from 100900 having intervals of 200with (cren, 100) as low risk, dren, 300) as
medium risk, éren, 500) as high riskogen, 700) as very high risk, andden, 900) as critical
Fig. 11a shows the MATLAB interface for the input variable “Fuzzy RPN”, Fig. 11b shows
the MATLAB interface for the input variable “Weighted Importance of Failure Mode”, Fig.
12a shows the MATLAB interface for the output variable “Refined FRPN”, and Fig. 12b
shows the MATLAB interface for theomputation for Refined FRPN.

The summary of the RBM methodology is reflected in Big). The materials used for
acquiring, processing, and presenting the data are Google Forms, MS Excel, SPSS Statistics,
MATLAB, and OriginPro8
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Fig. 11. MATLAB interface for the input variabl@) Fuzzy RPN and b) Weighted Importance of

Failure Mode

File Edit View
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181
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i
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Display Range 10 1000] [ Help | Close || |"""L Jisss:12) ||P"""""u o ||"" L]ilﬂli‘l
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| | ‘Opened system RefinedFRPN_Computation_Final_revised, 75 rules | I Help Close |

Fig. 12. MATLAB interface for thea) output variable “Refined FRPN” b) computation for Refined
FRPN
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Fig. 13. Risk-based Maintenance Methodology of the Current Study
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3 Results and Discussion

3.1 The Failure Modes

Upon thorouglsystemevaluationof the process flow diagrarthere were found a total of 37
failure modes which included the mechanical components (FM1 to FM15), electrical
components (FM16 to FM23), and auxiliary components (FM24 to FM37). Further, FM1 to
FM5 is about the submersible pumps, FM6 to FM13 is abaaitsttbmersible aeration
blowers, FM14to FM15 is about the chlorinator pump, FM16 to FM17 is about indicating
and initiating circuits, FM18 to FM19 is about the electrical components of submersible
pumps, FM20 to FM21 is about the electrical componentsiloingrsible aeration blower,
FM22 to FM23 is about the electrical components of chlorinator pump, FM24 to FM35 are
various auxiliary components found in the sewage treatment fadiktlyle 4 reveals the
failure modes for the study, and their corresponding definition.

Table 4. Failuremodes,and theirdefinition.

Failure o Failure o
Mode No. Definition Mode No. Definition
Clogging of submersible pump Overheating of submersible
FM1 . FM20 . .
suctions aeration blower electric motors
Wearingof submersible pump Short circuit in the submersible
FM2 . FM21 . 8 -
mechanical seals aeration blower electrical lines
M3 Wearing of sut_)mer5|ble pUMP | Enias Malfunctioning of Fhe chlorinator
bearings pump electric motor
FM4 Wearing Qf submersible pump FM23 Short circuit in th_e ch_Iorlnator
impellers pump electrical line
FM5 Wearing of submersible pump FM24 Wearing of bar screen
shafts
Malfunctioning of submersible Wearing of wastewater piping
FMé6 . . ; FM25 ;
aeration blower suction silencer connectors (flange aoupling)
FM7 Malfun_ctlon!ng of submersmle FM26 Loosen wastewater piping suppor
aeration discharge silencers
FMS Wearing of submersible aeratio FM27 Wearing of wastewater piping
blower shafts or rotors control valves
FMO Wearingof submers_lble aeration FM28 Wearing of wastewater piping
blower bearings check valves
Wearing of submersible aeratio Malfunctioning of wastewater
FM10 . FM29 .
blower mechanical seals piping effluent flow meter
FM11 Wearing of squersmle aeratio FM30 Wearing of air plpellqe connector
blower flexible connectors (flange/coupling)
FM12 Malfgnctlonlng of submersible FM31 Wearing of air pipeline check
aeration blower pressure gauge valves
FM13 Wearing of submersible aeratio FM32 Loosen air pipeline supports
blower check valves
FM14 Wearing of submersible aeratio FM33 Wearing of air pipeline control
blower safety valves valves
FMI15 Malfunctioning of the chlorinato FM34 Wearing of air pipeline fine bubble
pump diffusers
FM16 Short circuit in the motor contro FM35 Wearing of air plpellne coarse
center bubble diffusers
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FM17 Malfunctioning of float switches| FM36 Formation of sewer gas
Overheating of submersible pum .

FM18 electric motors FM37 Formation of scale

FM19 Short circuit in the submersible

pump electrical lines

3.2 Consensus Values for Chamber Relative Importance and Risk Factors of
the Failure Modes

3.2.1 Chamber Relative Importance and Weighted Importance of the Failure
Modes

Based on theesponsest was found that LS < EQT < CCC < ASD < SBR is the order of
importance having the weighted averages 16.6, 18, 18.47, 23.4, and 28.53, respEiively.
14reflects the frequency distribution f@hamberrelative importance.

€0

I Most Important [l More Important Important M Lesser Important [l Least Important
40
Il_I | = II_
Lift Station (including Bar Screen)  Equalization Tank Sequencing Batch Reactor  Aerobic Sludge Digester  Chiorine Contact Chamber

Fig. 14. ChambelRelative Importance of SBRpe STFE

Upon identifying each chamben'slative importanceeach failure mode's weighted
importance was evaluated depending on the number of affected chafallers. modes that
exist in most chambers obtained higher weighted importance. On the other hand, failure
modes that only exist on one (1) to two (2) chambers obtained lower weighted importance.
The weighing of failure modes’ importance would increasethe precision of failure modes
that are more relevant and should be prioritized in maintenance degiaking. Its impact
was reflected in the Refined FRPNneputationFig. 15 reveals the weighted importance of
the failure modes.
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Fig. 15. Weighted Importance of the Failure Mode

3.2.2 Consensus Values for Risk Factors of the Failure Modes

The consensus values for risk factors were the central tenderegiéegn or mode, whichever
was fiterto represent the populatioBy default, the median shall be used but in other cases
like in theFig. 16 the mode shall prevaikig. 17 shavs theplot of the consensus values for
the risk factors for eacfailure mode.

Occurrence of FM24

Frequency

a1 (IR Al

T T
Very Low  Low Falrly Low More or Medlum More or Falrly High ngh Very ngh
High

Occurrence of FM24

Fig. 16. Samplecase when mode should be used as consensus value
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Fig. 17. Consensus Values of Risk Factors of the Failure Modes

3.3 Priority Numbers

This section focuses on the priority numbers obtained using the RBM methodology. Each
main process has an output of a priority number where the iteration follows the RPN, FRPN,
and Refined FRPN, respectivellyig. 18 reveals the priority numbers: RPN, FRPN, and

Refined FRPN.
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Fig. 18. Failure modes and their corresponding prionitynbers

3.3.1 Risk Priority Number (RPN)

Based on the datajght (8) sets ofailure modes that are irrelevant to each other obtained
the same values. FM24 and FM36 both obtained an RPN of 40 where the functionality of the
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former does not affect the latter. The immediate effect of the former is on the LS alone while
the latter could manifest on EQT or SBR when the aeration blowers malfunctioned.

Also, we have FM5 and FM31 which both obtained an RPN of 42. FM5 relates to the
pump, while FM31 relates aeration blower. Hence, they are irrelevant to each other.

The FM6, FM21, FM26, and FM32 shared the RPN of 48. FM6 is about the suction
silencer malfunctioning which do@estconcern FM26 and FM32 but could be of concern to
FM21 as any debris that enters the suction silencer may block the airways of the aeration
blower which will eventually lead to electrical failure. On the other hand, FM26 and FM32
are relevant to each othas they are both support for the fluid piping.

Other failure modes that obtained the same RPN values that are not relevant to one
another are FMs 1@8nd22 havingavalue of 50. The former deals withe aeration blower
while the other deals with the chlorinator pump.

At anRPN value of 60, FM2 and 25 are relevant to each other as the former deals with
themechanical seal of the submersible pump which may cause electrical concerns, while the
latter deals with wastewater pipe connection. However, FM23 shared the same RPN value
which deals with the chlorinator pump electrical line. The power lines of the ssibiee
pump and the chlorinator pump is not connected.

Multiple failure modes FM8, FM10, FM13 and FM33 are relevant to each other as the
occurrence of one could prompt the others. However, they share same RPN value of 80 with
FM28, and FM29 which are not related to any failure in the aeration blower.

Sharing the RPN value of 96 are FM4, and FM19 which are relevant to each other as the
occurrence of FM4 may prompt FM19. However, they share the same RPN with FM7 which
is not related to the submersible pump.

The FMs 14 & 35 obtained an RPN of 120 which are relevant to each other as the
occurrence of FM14 could affect FM35 since they share the same air pipelines. However,
they share the same RPN with FM27 which is not related to tipépaiines.

Indeed, considering the RPN value could not yield a credible resbié used for
maintenance decisiemaking. The data justified the weakness of using the traditional RPN.

3.3.2 Fuzzy Risk Priority Number (FRPN)

Based on the dataix (6) sets of failure modes that are irrelevant to each other obtained the
same values. FM5 and FM31 both obtained an FRPN of 400 where the functionality of the
former does not affect the latter as FiEoncernedvith a moving part of the pump while
FM31 concerns the air pipelines. Hence, irrelevant to each other.

Just like in the computation of RPN, FM 24 and FM36 obtained the same FRPN value
at 419. To reiterate, the effect of FM24 is at LS alone while the effect of FM36 could occur
at EQT or SBR.

In the RPN computatiorkM12 and FM22 obtained the same value at 50. On the other
hand, their value concerning the FRPN w48 They are irrelevant to each other as FM12
concerns a component in the aeration blower while FM22 concerns the chlorinator pump
electrical componenMoreover, in the FRPN computation, they share value with FM6. The
FM6 and FM12 are relevant to each other as #éinegassed through by air during the aeration
process.

Otherfailure modes that are irrelevant to each other are FM23 and FM25 sharing the
same FRPN value @f45 FM23 is under the failure modes for electrical components while
FM25 lies at the failure modes for auxiliary components.

FM7 and FM15 obtained an FRPN £49. However, they are irrelevatt each other
despite being included together on the mechanical components as FM7 deals with a
component of the aeration blower while the other concerns the chlorinator pump.
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Six (6) FMs that flocked at FPRN value 487 are FM8, FM10, FM13, FM28, FM29,
and FM33. Four (4) FMs among the six (6) are relevant in the aeration blower and these are
FM8, FM10, FM13, and FM33 while the remaining two (2) are relevant in the wastewater
pipelines and these are FM28 and FM29. Nonetislthe four (4) FMs are not related to the
remaining two (2).

With the FRPN value ofi77, FM14 is related to FM3%s the air processed by the
aeration blower passes on both components. However, they share the same FRPN value with
FM27 which concerns thentrol valves ofvastewater pipingAlthough FM35 is not related
to FM27, FM14 does have relevance with FM27 as they are both concerned with valves.

Based on the results, it is also found that two (2) sets of failure modes with the same
FRPN value are relevant to each other. FM26 and FM32 obtained an FRPN value of 414, and
concerning their functionality, having the same FRPN makes sense as both danidern
piping.

The other is FM21 and FM34 havidgRPN valuesat 478 FM34 deals with the
functional failure of the fine bubble diffusers while FM21 deals with the functionality of the
aeration blower in the electrical context. Though FM21 falls under the electrical component,
and FM34 falls under the auxiliary componertth are relevant to the aeration process.

In summaryFRPN reduces the number of failure modes with the same priority number
but irrelevant to each otheéFhe weakness of the traditional RRs somehovevercome
by utilizing the FRPN The maintenance decisionaking using the FRPN valuesuld
providea more sensible maintenance inspection and schedblirigcould also be further
improvedusing the Refined FRPN

In the context of the sewage treatment facility, the FRPN treats the chambers and failure
modes equally. This could be an ideal case if the treatment is on-chamuber basis.
However, in reality, each chamber functions distinctly than the other. Hemeeas anore
important or less important than the other. The relative importance of each chamber is
necessary to ensure that a particular chamber receives the treatment it requires to align the
priority number based on the risk it should have. With that,failure modes situated in
numerous chambers should have greater priority than those that are only present in one (1)
or two (2) chambers. Hence, to have a more apt categorization and prioritization of risk,
further processing is necessary.

3.3.3 Refined Fuzzy Risk Priority Number (Refined FRPN)

Based on the dat#hree(3) sets of failure modes that are irrelevant to each other obtained
the same values. F3/&and FM3 both obtained &efined RPNvalueof 306. FM5 concerns

the shaft of the submersible pump while FM31 concerns the check valve of the air pipelines,
and therefore, are irrelevant to each other.

Four (4) FMs obtained a Refined FRPN of 400 and these are FM17, FM29, FM34, and
FM35. FMs 34 and 35 are relevant to each other as they are both essential in the aeration
process. However, they shared values wibh-related failuresFM17 which is concened
with the functionality of the float switches which affects the transfer of wastewater from one
chamber to another, and FM29 which is an auxiliary component in measuring the amount of
effluent being discharged to the environment.

At theRefined FRPN of 432, the FMs 1, 9, and 20 shared the same value. FM9 is relevant
to FM20 as the occurrence and persistence of FM9 could result to FM20. However, FM1 is
concerned with the submersible pump while the two (2) is concerned with the aeration
blower.

The data also reveals four (4) sets of FMs that are relevant to each othd&efied
FRPN value of 399, the FM23 obtained the same vaék15. The occurrence of FM15
could prompt FM23, and vice versa.
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At Refined FRPN 0fl07, the air from the aeration blowers flows on both suction silencer
and pressure gauges making FM6 and FM12 relevant to each other.

FM8, FM10, and FM13 which concern the mechanical components, aeration blower,
obtained a Refined FRPN 4£7.

At Refined FRPN o#30, FM14 and FM21 shared the same value. FM14 is related to
FM21 as the occurrence of FM14 could prompt FM21 by means of electrical tripping.

Based on the results, considering the FRPN values alone would be less effective in
prioritizing risks in the context @BR-type STFcompared to Refined FRRPMcorporating
the weighted importance of each fagdunodeby identifying the relativémportance of each
chamberdetermines theelevant failure modethat could aid the maintenance decision
making.

Notable improvements in utilizing the Refined FRPN are the following: a) the failure
modes for submersible pumps’ electrical components (FM18-FM19) obtained values within
the range of its mechanical counterparts (HMM4) that is from 429 to 445 compareal t
FRPN with values ranging from 464 to 566, b) the failure modes for submersible aeration
blowers’ electrical components (FM20-FM21) obtained values within the range of its
mechanical counterparts (FM8V14) that is from 407 to 432 compared to FRPN wilues
ranging from 442 to 503, c) the failure modes for auxiliary components (FWEY)
obtained values that are more sporadic ranging from 306 to 482 compared to FRPN with
values ranging from 397 to 501. With thigilizing the Refined FRPN is more apt compared
to FRPN in maintenance decistomakingin the context of SBRype STE

4 Conclusion

Consideringthe failure modes that obtained Refined FRRBluesclose toeach other
concerning their functionality and relevanbencethe RBM methodology is successful in
devising an approach suitable for SBRe STHor high-rise residential propertieBltilizing

the results of this study in the maintenamaspect ofoperationcould address the issue of
failing effluent parameters to the establishments having an ineffective maintenance approach
Considering tht residential properties obtain most of their budget thihoagndominium
dues, effective allocation is necessary to prevent equipment breakbamerporating the
results of this studyould improve the resource allocatidy effectively deploying the
number of personnel required and determining the amount of time it would take to
accomplish the tasks relating to the failure modemsdorascale the application of the RBM
methodologyto the maintenance of ST#nsures theompliance with the regulatory bodjes
andconsequentlyeduesthe number of establishments that operate with violatiénslly,

this papercould onlyaddress thenaintenance aspect of the biggesuethat isdischarging

of mistreated effluent into the environmeRtture works could contribute by tackling the
other facet of STFoperationusing equivalent methodology

The author expresses deep appreciatioMtoManuel OcampoMr. Edgardo Dajao, Dr. Melinda
Lupague, Dr. Dan Michael Cortez, Mr. Rodel Collamds. April Marcelo, and Mr. Zhierwinjay
Bautista, and to sewage treatment facility maintenance professionals in the Philippines for their
contribution in this study.
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