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! Pre-disruption activities
2 Post-disruption activities
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(Chen et al., 2020a
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.(Barker et al., 2013)
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(Cimellaro et al., 2010a; Meng et al., 2018; Kammouh et al., 2020) s4i o
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! Survivability

? Resistant ability

? Stability

* Rapidity

> Recovery rate

® Restorative capacity
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Slaladl (pl ol ciS oS sblen axJl . (Abimbola and Khan, 2019; Hossain et al., 2019b
oG Syge 50 1) isd pll (6560 Culadl Cesl o By gyl 40 5 Nl Bge ale
g oo il (o3l Dl el A 50

Zhu et al., ) o5 o 43S (6 iyl S i 53 s Cnpl Gin 407 (6 3200 ]

! Absorptive capacity
2 Adaptive capacity
* Vulnerability
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! Redundancy
2 Reliability
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(2016; Yoon et al., 2017; Sarwar et al., 2018; Hossain et al., 2019b
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al., 2011; Hosseini and Barker, 2016; Yoon et al., 2017; Sarwar et al., 2018; Hossain et
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! Resourcefulness
? Maintainability
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(Youn et al., 2011; Red et al., 2016; Yoon et al., 2017) &S o S lay]
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(Faturechi et al., 2014
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(Tortorella, 2015)
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! Predictability

2 Early fault detection

* Prognostic and Health Management (PHM) System
* Flexibility

> Supportability

® Support procedures and process

" Organizational resilience
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! Technical resilience
Z Availability
® Learning capacity
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! Empirical

2 Qualitative
% Index-based
4 Simulation
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el e cxlad 75 cla by, 4o (Hosseini et al., 2016) Wlos,S coiypmmnds | SYlozs!
(Bruneau et al., 2003; Francis and Bekera, 2014; s4i o5 ools oo Slawlxe jo SVl
Hoseini et al., 2020; Zobel and Khansa, 2014, Ahmed et al., 2019; Zobel, 2011; Zhou
Sledbl 5l eolawl b sVl sl jsg, 4o LI and Chen, 2020; Cimellaro et al., 2010b)
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2013; Youn et al., 2011; Teodorescu, 2015; Ayyub, 2014; Rad et al., 2016; Najarian
"ol lS e dele sl il (slabad, b5 Jle olsiea and Lim, 2019)
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XT
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! Deterministic
2 Probabilistic
® Loss of Resilience (LR)
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! Bayesian Network (BN)

2 Monte Carlo simulation method

¥ Optimization

* Dynamic Bayesian Networks (DBNS)
> Kammouh
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! Indicators

? Weighted average method

¥ Semi-quantitative

* Pursiainen

> Critical Infrastructure Resilience Index (CIRI)
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2 Baseline Resilience Indicators for communities
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infrastructure, Lifestyle and community competence, Economic development, and Social-cultural
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! Diagnosis
2 Prognosis
® Fuzzy fault tree analysis (FFTA)
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! Backup utility systems
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! Proactive strategy

? Reactive strategy

¥ Anti-corrosion coating
* Bearings
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L Off-line

Z Spare part logistics

% Maintenance facilities
* Online
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! passive

2 Active

* Training

* Management

® System standardization
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! Root cause analysis (RCA)
2 Employee Stock Ownership Program (ESOP)
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1 Allow for mistake
2 Transparency

% Allow for coments
* Personnel benefit
> Autonomy

® Motivation
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! Welcome suggestion

2 Unsuppressed initiative
* Teamwork

* Non-punitive approach
> Networking
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! Communication and coordination
2 Collaboration

® Culture

* Time
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! Seven point likert scale
2 Linguistic terms
¥ Cronbach’s alpha test
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! Zadeh

2 Fuzzy logic

® Triangular Fuzzy Number (TFN)
* Trapezoidal

va



Gy owlili b P Juad

u(x)

a B
o 6316 sas Sy Copis Gl-T-¥ S

500y b ol ol canbioe (3l slael l oslatal b ololis )5 @l g5le s 5l e

Y M .'.;.. A o . . . & \ o
Oy &Lo?" sw‘ﬁwﬁ‘kc'aw)o )‘Af).ul.a J.cl.cé.tﬁmg 69))‘.’L’ Vg EZmod
Z L ply ooy anl 8 0 0SS &S i lulin,lS slaws a5 olKin (bl ot 05
30 85U Jele ool | Jad Comdg 090 40 ol 5 el 7 i 51 o> (65 sae 5wl
uL..oLu.o)lS LgLasugL»aﬁ 8Lo;>-| f9):> sd.».ul.* §l'Z = (al-z, biZ' Ciz) L) ).3‘).3 w‘).o aldow r:‘ Kk G’a.w
Wlior ey V=Y Al 5l colye alidis 8l K o 5o 5o ole el | lad Comdg 3,90 0

(Chen et al., 2006)

Z§=1 biz
Z

(Si)k = (a;, b;, ;) = <mZin{aiZ}, ,mzax{cl-z}>, (z=12,..,2) -

sleoglad glox! 5l Jol> (55 sae lawgin 9 YU (ol 0> iy 4 by 5 ¢ @ N-Y dlal,y yo
Al e olasay Cilpe alado ol K o 50 S50 Jole el | Jad Cumdg 8550 50 olulis IS
Jole u»..a‘l 28 Camsg 638 Lol bams las GLulils IS Dglad glexl 5l Jol> (65 sae
Foe Jolse plod (gl oo Jol> (o518 slael calylas gloz! 51y w0l o pl K las o )‘df).ul.»

byl b Camdy oabad Shliel b wisd (g3losimé Camlioo codlye alulis of K mhaws o

! Aggregate
2 Consensus



Guind ol b P Juad

(M(@)) ' akad S5l (Sileo 51 ooliad b @ = (L,m, 1) g3 soe akad Jlaio .oy] Cowoay

((Carlsson and Fullér, 2001) 543 oo s 5 alasly & jooay

M(@) =m+

(u—m)—(m— l)] (Y-Y)
6

o0 Ls)u&)b)"'c L5>5)'> “)‘“’L’ (gi)K = (ail bi; Ci) L’ )-")J ‘a‘ k c_b..u ) )L),f)_,_,t J-ALC L)"“J
el 1 (b Condg ol 5Ll plyicdy 5 Alaly (25,5 e oty Y=Y a5l eslial b

5 e 45,5 15 55 Slpe el ol K el 5o g Jole

a; +4b; +¢;
(Sl)k — ( L 6l l) )

0<S, <1 -7

5eSles 5 oslital b 5 Sy Al oKL gl 5o plJ 38,00 ole Jlad Cony Sl
g ss 3591 15 Oypon ol K mhaw o Jeole ()] (595 2 e Julge Slilaal Jlocys
n n

()., = (Z SiWi) , Z W, =1 (f-¥)

i=1 k i=1

slass sawas i Mg pl Kol mhaw jo al j 08,50 Jole dad comsg jLael S5 F-F dlal, o

Syo Wy ipizman s ol KL gl (o ol j RS 36 Jole & Jate o5 ol (5550 Jolge

g 53 5,85 Jalge G5l anl ol K o 50 50 Jole el 1808 oy (539 a2

oS jshateds ablbie pl Kol mhas 10 ol j 550 ale 55, 2 lag] )-*-’L’ Olyee Baips ol pl K

¥ = . & & . . .. & :.;.‘ .
°)L¢-'°° B (S S poendds leﬂuvs) QTR Ls.’.L""wﬁ) )‘ Q‘ﬁ’u;" e )L’Sﬂr’l’ J”‘ﬁ“ LSL""Q)B

! Crisp possibilistic mean value
2 Multi-Criteria Decision-Making Method (MCDM)
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! Primary ventilation fan (Main fan)

2 Auxiliary fans

* Ventilation network

* Ventilation facilities

> Mine atmosphere monitoring facilities
® Disaster prevention facilities
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! Exhaust

2 Blades

% Fan House

* Retreating Longwall
% Intake air

® Downcasts

" Central

8 Return air

% Upcast shaft

% Working faces

11 Auxiliary forcing fans
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1 Ventilation Bank
2 parallel

¥ Axial

* Overhaul
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2 Emergency diesel generator
? Stator
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! System monitoring facilities

2 System protection facilities

¥ Communication and coordination
* Skilled laborers
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! Preventive Maintenance (PM)
2 Regular inspection
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! Maintenance facilities

2 Lubricant
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! Ergonoics of the workstation design, layout and facilities
2 Spare parts identification status

% Spare parts management status

* Spare parts inventory status

> Available workforce
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! Diagnosing the correct failure cause

2 Fast and secure coordination of the demand for spare parts
% Assign the correct repair or replacement instruction

* Spare parts transportation speed

> System constraints

® Embargoed materials, spare parts and science

" Rare materials, spare parts and science

VoA



ek Jad

OleMbl (53l 2o 9 (58590 axlla

\

Y

<

2 IS S0 Jelge (e

$ Y
Jwp cemdeo

Sarwar ) sgi oo @m2l8 (hisel Jule Coxsg b)) GGl oyl sl eslatul b aS wiols a8 5 Las

0

ETD FosT 2o € ¥ R

son 2 109
T frsT 8o qe 6

— | et YD e Fes” e,

fovin oxtin Mo 05T 7,

R b s L A

reréeroa? e 9N,

e _].jj e «4.V|3:m2:

j e o e onet oo kT pN

Tery” R 6 oo me? e Y e

)

e e opo < 7N,

e gt TN,

oo Py 9 L€,
(5567 alje™ Lm0 €

9= = 2, —

p T9mEme s 1, —

e |9 e 02 7Y,

g2 o)

2 240

g2 mEd

mep2 obd

£

L5 pame (ol glag 2ok degomme &b (ad (51wl (asll 595 0 5108 53U Jolge—A-F S

S

b 009 3

! Good practices

2 Training tool-kits
% Lessons learned

* Staff Competence
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Prevent staff fatigue

Promote safety culture

Motivation

On-time and correct decision-making
Decision accomplishment capability
On-time and adequate salary payment
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Simple procedure

Equipment calibration schedule
Documentation

Rewards

® Organization atmosphere

® Showing respect

’ Recognition

® Norms

% Diversity
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Abstract

Critical infrastructure refers to an asset, a system, or a part of it necessary to maintain society’s
vital functions, health, safety, security, or economic or social welfare. Moreover, its disturbance
due to lack of maintenance, improper operation, or errors in the design phase will significantly
impact society. For years, risk management has been recognized as the only fundamental way to
improve the safety of infrastructure systems against disasters. This approach focuses on
designing sturdy systems that are able to withstand disasters using preventive and protective
programs. However, recent events such as the COVID-19 pandemic have shown that most
infrastructure systems cannot withstand all possible disruptions. Therefore, attention has shifted
from robust design to resilient design that focuses on preparedness, response, and recovery.
Resilience is an emerging concept whose application has increased significantly in managing
engineering systems. In order to have an effective resilience management, frst, an estimation of
the system resilience should be undertaken. However, a lack of historical data and limited
information are major challenges for system resilience estimation. The main reason is that most
data collection systems are not designed for resilience assessment. Moreover, the available
study dealing with resilience assessment have been used different indices to quantify the
resilience of critical infrastructures including, robustness, recoverability, etc. These indices can
be affected in a complex way by different factors such as operational conditions, protective
practices, the recovery process, logistic process, etc. However, the available resilience studies
are not so detailed regarding identifying and quantifying these influencing factors. Therefore,
this thesis aims to develop and apply a practical methodology to estimate total resilience index
(TRI) based on the combination of expert judgment and fuzzy set theory. By adopting this
methodology, factors influencing resilience can be modeled effectively. The presented
methodology adopts resilience concepts, including reliability, maintainability, organizational
resilience, and PHM system effciency indices to estimate the TRI. This method can emerge the
strengths and weaknesses of system resilience either in technical (hard resilience) or
organizational (soft resilience) areas. It helps managers to recognize those systems’ areas that
are more sensitive and require more attention. Consequently, they can follow a more detailed
assessment and implement improver strategies. To show how the proposed methodology can be
used in real cases, it was applied to the main fan system of Tabas Coal mine. In Tabas coal
mine, the fan house of the mine includes three parallel main fans, called ventilation banks, with
each bank containing two series axial fans. In this study, the type of disruption was defined as
the fans' bearing failure. According to the results, the main fan restorative capacity is weaker
than absorptive and adaptive capacities. Inadequate budgeting and low supportability for the
system are the reasons for this weakness. Among the indicators affecting the reliability and
maintainability indices of the main fan of the mine, the status of the operational conditions
index is more sensitive than others. Moreover, it was found that in the field of personnel related
to the main fan of the mine, not much attention is paid to maintaining and transmitting
experience as well as learning from past experiences. In the field of organizational resilience
index, each of the four generic indicators affecting the organizational resilience index has a
weak condition and the ownership sense index is more critical than the other indicators. In this
thesis, some attempts were made to provide appropriate strategies to improve the status of
identified weaknesses. However, providing more accurate and useful solutions requires more
extensive field investigation. Therefore, to improve the resilience of the main fan, the root
causes of the identified weaknesses through more detailed field studies can be recognized. Then
appropriate strategies can be adopted to improve their condition.

Keywords: Resilience, Ventilation system, Main fan, Parvadeh Tabas coal mine, Critical
infrastructure.
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