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Abstract

Keywords

Background and aims: Due to the high amount of flammable materials, the
tank farms are vulnerable to fire-induced domino effects. The present study Domino effects
tries to analyze the vulnerability of the crude oil tanks to domino fires, in one
of the refineries of Iran. The purpose of vulnerability analysis, is to determine
the tanks with the greatest potential to initiate and propagate domino effects, in Graph theory

order to manage the risk of domino fires. Fire protection

Vulnerability analysis

Methods: Graph theory and centrality measures (betweenness and closeness)
were used to model domino scenarios and analyze the vulnerability of tanks
to domino effects. The ALOHA consequence modeling software was used to
model the consequences of the accident scenarios. The R-statistical software
and igraph package were used to model the graph and calculate the centrality
measures.

Results: The possible domino scenarios in the tanks were modeled as a

directed graph, and the tanks were ranked based on the value of betweenness, Received: 2019/09/17
out-closeness and in-closeness of their respective nodes (which represent the Accepted : 2020/07/01
potential for the propagation of domino effects, the potential for initiating

domino effects and potential to be affected by other tanks during domino

effects, respectively). Also, based on the all-closeness measure, Also, based on

all-closeness measure, the most probable sequence of tank involvement in a

domino fire was determined.

Conclusion: The use of the graph theory, allows the graphical modeling
of domino scenarios and the determination of the most vulnerable tanks in
domino scenarios. The results of vulnerability analysis using graph metrics,
can be used in the field of domino effects risk management, and the most
vulnerable tanks can be prioritized to be assigned to protection measures.
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EXTENDED ABSTRACT

INTRODUCTION

Tanks are one of the major hazardous installations
in the processing industry, including refineries, which
are used to store crude oil and various petroleum
products. The presence of multiple tanks containing
large volumes of flammable materials that are adjacent
to each other, makes the tank farms vulnerable to fire-
induced domino effects; therefore, only by analyzing
the accidents related to tanks individually, the risk
management of tanks will not be sufficient, regardless
of the possibility of chain scenarios among tanks. Thus,
the present study tries to analyze the vulnerability of
the tanks to the fire-induced domino effects in one of
the refineries of Iran. The purpose of this vulnerability
analysis is to determine and protect the tanks that have
the greatest impact on the initiation and propagation
of domino scenarios, in order to manage the risk of
these chain accidents. In the present study, the graph
theory model has been used as one of the new graphical
methods to model the domino scenarios between
tanks, and also to analyze their vulnerability. Graph
measures have so far been used in studies related to the
analysis of the vulnerability of the process industries
to domino effects caused by terrorist attacks (1, 2), as
well as accidental failures (3-5).

METHODOLOGY

In the graph model, the hazardous equipment
are considered as graph nodes, and the probability
of accident’s propagation between equipment is also
indicated by the weight of the edges between the
nodes. Modeling of the domino scenarios between
tanks as a directed graph, makes it possible to
analyze the vulnerability of tanks to domino effects,
using the graph measures. Using graph measures,
the vulnerability indices of tanks (that represent
the potential for initiating and propagating the
domino effects) can be quantified, and thus tanks
can be compared with each other, in terms of their
participation in the onset and propagation of the
domino events. The steps to model domino scenarios
and analyze the vulnerability of hazardous equipment
using graph theory are as follows:

1. Identifying the major hazardous equipment as
graph nodes: This case study was conducted on 9 tanks
containing crude oil. In order to model the domino
scenarios in the studied tanks as a graph, 9 nodes
corresponding to each tank were considered.

2. Determining the accident scenario for each of
the hazardous equipment: According to the type of
equipment selected for the study, chemical contents as
well as their physical and operational conditions, the
accident scenario was considered (both as an initial
accident and as a domino-induced accident) for all

tanks, in terms of major release and the pool fire due
to the immediate ignition.

3. Determining the escalation vectors according to
the accident scenario and calculating their severity:
Considering the pool fire as the accident scenario
related to the tanks, the corresponding escalation
vector of the heat radiation was considered. In this
study, ALOHA consequence modeling software was
used to model the outcome of the pool fire scenario
in each of the tanks, and to calculate the intensity of
the escalation vectors in the location of other tanks.
ALOHA software has been used in various studies to
model the consequences of the release of hazardous
materials, including toxic material releases and
various types of fire (6, 7).

4. Comparing the escalation vectors with the
threshold value and determining the probable target
equipment (determining the graph edges): In order to
determine the probable target tanks related to fire in
each tank (which can participate in the formation of
secondary scenarios and escalation of the primary
accident), the values of the escalation vector (here the
thermal radiation), were compared with the threshold
value (15kW/m2); in cases where Q, (the amount of
heat radiation received by tank j, due to a fire in tank i)
was greater than or equal to the threshold value, tank j
was considered the probable target of the fire scenario
in tank i, and this relationship was modeled by drawing
an edge from node i to node j. By determining the
edges at this stage, the graph structure was formed
qualitatively.

5. Calculating the weight of the graph edges: For a
meaningful modeling of the domino scenarios in the
form of a weighted graph, the weight of each edge
was assigned as the ratio of the threshold value to the
corresponding escalation vector value of that edge (3-
5); thus, if the heat radiation value corresponding to
an edge is greater, there is shorter distance between
the two nodes connected by that edge, and the effect
they have on each other during a domino event is
greater as well.

6. Modeling domino scenarios as a graph and
calculating nodes’ centrality measures (vulnerability
indices of the corresponding equipment): R statistical
software and igraph package were used to graphically
model domino scenarios in a graph form. R software
is an open-source statistical programming platform
in which, the igraph packages can be used to generate
graphs and to study their properties. In the previous
steps, graph nodes, edges between nodes, as well as
the weight assigned to each edge were determined.
At this stage, a graph with specified characteristics




was modeled and plotted. Using the functions in the
R software, the centrality measures (betweenness, in-
closeness, out-closeness and all-closeness) for each
node and consequently, the vulnerability indices of
their respective tanks were calculated.

7. Equipment vulnerability analysis based on the
graph measures: According to the graph theory, the
betweenness index of a node, shows how many graph
nodes are in need of this node in order to communicate
faster (with fewer intermediaries). The higher the
betweenness of a node, the more it is able to facilitate
the spread of an effect between other nodes in the
graph. From the perspective of the accident propagation
between tanks, it is also argued that the tank with the
highest betweenness index has the greatest potential
for the propagation of domino effects to all tanks. The
index of in-closeness of a node in the graph, indicates
the speed of access of other nodes to it, and the higher
index for a node, indicates that it can be affected by other
nodes in a shorter time. The higher in-closeness index
of a tank, indicates its high susceptibility to be impacted
by all studied tanks during different domino scenarios.
The node with the highest amount of out-closeness has
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a faster access to other nodes, and can affect them in a
shorter time. Therefore, it can be argued that starting
an accident from a tank with the highest amount of
out-closeness, can cause other tanks to engage more
rapidly and lead to a more severe domino incident. By
definition, the all-closeness index for a node, shows the
extent to which that node has access to other nodes and
the extent to which they are accessible. Thus, this index
can show the capability of a tank to have an impact on
other tanks, and also the susceptibility to be affected
(damaged) by them during domino effects collectively.
It is possible to predict the most probable sequence of
the involved tanks in a chain of accidents, by using this
index (3, 4).

RESULTS

The magnitude of all escalation vectors were
calculated by modeling the defined fire scenario in
each tank, using ALOHA software. Table 1, shows
the intensity of the escalation vectors related to
the fire scenario of each tank at the location of the
target tanks. A graph with 9 nodes and 40 edges was
modeled using the R software, and the weight of each
edge was assigned. Figure 1, shows the graph drawn

Table 1. Amounts of the thermal radiation (kW/m?) caused by fire in tank i at the location of the target tank j.

i ) 1 2 3 4 5 6 7 8 9
1 - 20 - 50 - - - - -
2 17/5 - 85 60 40 16 - - -
3 - 45 - 25 60 69 16 36 -
4 25 34 25 ; 85 - ; 16 ;
5 - 17 34 44 ; 23 - 66 17
6 - ; 35 - 23 ; 88 60 42
7 - - - - - 41 - 25 61
8 - ; 15 - 35 35 25 - 85
9 ; ; - ; ; 16 35 43 ;

Fig. 1. Graph modeling corresponding to domino scenarios in the studied tanks, using R software.
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Fig. 2. Comparison of tanks based on the centrality measures.

in the R software. The target tanks related to the fire
scenario in each tank and possible domino scenarios,
are shown in the plotted graph. The values of the
centrality measures for the graph nodes (tanks) were
calculated using the functions in the R software. As
figure 2 shows, tanks 6, 4, 5, 3, 8,2, 9, 1 and 7 have the
highest values of the betweenness index (susceptibility
to propagation of domino effects), respectively. Tanks
3,5,6,2,8,4,7,1, and 9 have the highest values of the
out-closeness index (susceptibility to trigger severe
domino effects), respectively. Tanks 5, 8, 6, 3, 4, 9, 2,
7 and 1 have the highest values of the in-closeness
(susceptibility to be impacted during different
domino scenarios), respectively. Tanks 3, 5, 2, 6, 4, 8,
1, 7 and 9 have the highest values of the all-closeness
index (potential to trigger severe domino effects and
to be impacted during different domino scenarios
collectively), respectively; thus this arrangement is
the most probable sequential involvement of tanks in
chain fires.

DISCUSSION

Vulnerability analysis using the graph measures,
not only makes it possible to identify critical tanks
initiating and propagating domino effects, but also
by using the results, helps in the initiation of plans
for the safety management of these accidents. Just as
the removal of the node with the highest betweenness
index from the graph, leads to the greatest

disconnection in the graph structure; the protection
of the tanks with the highest betweenness index, also
leads to the interruption of critical paths of accident
propagation between the tanks. Protecting the tanks
has the greatest impact on other tanks (the tanks with
the highest out-closeness index), and also prevents the
onset of the most severe domino scenarios. In studies
conducted so far, various approaches have been used
to manage the risk of domino effects. A study by
Khakzad et al. (2017) on the optimal allocation of
protection strategies against domino effects, showed
that active protection of critical equipment that
initiate domino effects, and the passive protection of
critical equipment that propagate domino scenarios,
is the most effective way to reduce the vulnerability
of the chemical plants to domino fire accidents (5).
Therefore, the effect of fireproofing (as a passive
protection method) four tanks with the highest
potential for accident propagation (tanks 6, 4, 5, and
3, respectively), and the use of sprinkler system (as an
active protection method) for the four tanks with the
highest potential to trigger domino effects (tanks 3,
5, 6, and 2, respectively) on the vulnerability of crude
oil tanks’ layout, has been investigated. To quantify
the vulnerability of tanks’ layout subject to domino
effects, the graph out-closeness score (average of the
out-closeness scores of nodes) was used. In the case
where there is no protection, the value of graph out-
closeness is 1.32, as Table 2 shows, the protection of

Table 2. The effect of the protection measures on the vulnerability of tanks’ layout (out-closeness score of the graph).

Protected tanks Out-closeness score of the graph
Tank6 0.65
. f‘ Tanké6 and Tank4 0.39
Fireproofing Tanké6, Tank4 and Tank5 0.28
The type of Tank6, Tank4, Tank5 and Tank3 0.18
protection measure Tank3 1.24
Sprinkler system Tank3 and Tank5 1.03
Tank3, Tank5 and Tank6 0.93
Tank3, Tank5, Tanké6 and Tank2 0.91




the most vulnerable tanks, especially fireproofing
the tanks which contributes to the propagation of
domino effects the most, can cause a significant
reduction in the vulnerability of the tanks’ layout to
domino fires.

CONCLUSION

The graph theory model, is an effective approach
for graphical modeling of domino scenarios, and
determining the most vulnerable tanks in terms
of their potential in initiating and propagating
domino effects. The non-probabilistic nature of the
graph model, reduces the size of the calculations for
vulnerability analysis and the duration required to
do so, compared to the probabilistic methods. The
results of the vulnerability analysis using the graph
metrics, can be used in the field of domino effects
risk management, and the most vulnerable tanks can
be prioritized to assign protection measures such as,
active and passive safety barriers. According to the
study, the protection of the most vulnerable tanks
(by fireproofing and using the sprinkler system), can
reduce vulnerability of the tanks’ layout to domino
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effects. However, the cost of implementing protection
measures is also important in choosing the type of
protection measure and the number of selected tanks
to allocate protection measures (prioritized based on
the vulnerability indexes). Given that the protection
measures usually require economic justification due
to limited financial resources, the vulnerability index
of tanks’ layout (closeness score of graph) can be used
in conjunction with other decision-making criteria,
for selecting effective protection strategies (such as
cost of implementation) and achieving the optimal
economic solutions.

ACKNOWLEDGMENT

The authors would like to thank the Shahid
Beheshti University of Medical Sciences for financial
support of the research, and to thank the safety experts
and the HSE officials of the Oil Refining Company for
their cooperation in the conduction of this research.

CONFLICT OF INTEREST
The authors declare that there are no conflict of
interest regarding the publication of this manuscript.

How to cite this article:

Mousa Jabbari, Ahmad Alibabaei, Amir kavousi, Mehrnoosh Rezvanjah. Vulnerability Analysis of The Tanks of
an Oil Refinery to Fire-Induced Domino Effects Based on Graph Theory. Iran Occupational Health. 2021 (01

July);18:14.

*This work is published under CC BY-NC 4.0 licence




bef’ b g 3 Al

S . OIVZD- [ c
http://ioh.iums.ac.ir J{/b/ b

VENVEe s — VA 6,00

\

Cogo
*'Press

(10,5230 5 319> &) Caps S (SOLUIYL 31 (59 oy o (8 N T Jakxd

S5 4 1 bl 3 & > 5 b

Ol R s Ak (S pale olSuild ¢ giayl g Casligg 0aSisly IS giayl g (glad > cublagy it 09,5 )5 Laze oMo sl )| ligioss 350 luaish 35 b (o
) Ol o g (K55, pole oS e 5 (Kb Bigel e one o1l ( SigS (s 3k 05,5 sl i atlily e ren]

Ol Ol (i el (KB pole oSl (sl 5 Celigg 0aSiil ((Ghglsatl 09) il 1wl yul

Ol I g g Sy pole ol ¢ oyl 5 Cubligg 0aSUEID ¢ txtio shasl ) (i )8 (Jgtume ot g ) 10l (ylgndy (g5 po
mehrnoosh.rezvanjah@gmail.com

oJ.,S%

L‘objlgaglf Gilwopdd oy o aimun ol Vb alesjl ail b mlio wre jaeloblste Cluwwl jI (S0 o5l :cj.uz 5 A
oy el 2 JUadl B slge 1 VL po (sgioe daaite (500 3929 458 (o 51,8 03liulyge (9SUsS (85 (slaodygl )b g Pl s

& sl o Capte oalply Bl e Gl (AU Sl ol £585 4 i |) gl il dbgme S0y ©glore
Gl 4k lorj Slogs s oy Jlan! 5l Jaichyo b g 3kt g0y gl & bsyye @l Jilosigay 25 b o 3l S

G s 0 clblis G )35 gmolSty Yy 5l (S 5 (s pdym] il 4y ol ddlllas gz e 4 09 al5u B il e

OOt L 03B s Glegh il 3 il Jelow 5l Ban il wblayy o 5l (U oy ol
sl @l ol Sy e jlatons (glope; wolg> (58 g gjllely Jomily

bl il g (gl (slagy s (53l 00 (sl 35 50 sl sl 5 SIS 4y il adlllas ()35 o) 2 (53
ElbleS &gt ol e 63 Ui yS Jlais] g G slao,S &g axllasdge o3k sl 045 eolizl ik
@y (S Jouiliy) slo o) el ol (50 (6 il (sladilie (oS Al sl Hlord (silo e SIS
Sy il g8y plSin (jle plo J| 6yt Jamsliy cislo s @l (illely Sl (iloke oo (slo s
WAAENY 5y gu )l sloasls oy & (Slopass @l oy plSin ol oty gl Jl 6yl 5 ciloe sl 2 ()I5,8T ity
sl 5ot el sl 00 odlizl il iz slao,S IS (S35 5 GBI S35 oS LSu3F Cuf e i

N3l 3l ey ol pglome (e & e 2 53 Ga 8y B 0 4 ()l @i liee Ao g Sl gl

SR bl I3l daosS cusS po clayasls aplns 5 LS (silofie glys 5 005 edlizl ALOHA soly (sibo s

Gl 8,3 5118 03wl g0 igraph i,

iBee 53 Jeime (glopos; (slagsyliw g 351 00y3)5 Lasuie ey )3 Gy gl 4 bgsye i il 1l &l

swad) bl bl gloo)S oS se slaadlis e olul p ojle bl ok (GiloJse Hhrcas GBI K &g

eesliy (St IS O3 Olgisr (+1V0TF) i pa3ls e VL gl 35 0035 dunlie )30 L

OFote U o plgear (VVEF+) (2)ls (Sad el o 5L )l G35 B s sl s ol s

ook b o dlsisa (VAVAD) (31 (a5 asls iV s oy 5 logenis ol (gjllel iy

O daiee o JS (25 Gasld ol pioned L LIS (s ez ol plSn S0 (b0 5l (6l Jreslly

sl 0493,8 (aseia (glo s slagry> ) il oM 1S Jg8

G s il ol lowmy laslin (SIS siledue Bl SIS a0y, 16 dou

el 51 Jol> gl 035 o ol 3 1, (gl iy lgm (b2 5 (g3laiely Jemsiliy 531 jlme (525 ]

OB oolauls se (slo oy ol Sy S e die s il g0 SIS slagasla Sl eolanul b (g n iy

3 oyl o bl 5 Jlb (el @lge wiile (Bl Lol olanst (sl 3l s 5 9055

ahaslgs (e dsgorme (5 pdymmml (RIS (l5es Glion Geizmen S Cu S e slaals Sl eslitul i S

i asein |y bl Lol gy olansl slaylSal, Gy b ol 515 05,5 anloma |y il ailse (s5lussly

Cgu/o.l.“uuﬁ)/)féﬁuo ué)w
Sl 2 Sy las 2udo

WAM BIVE il fu b

:lio ool s slciw! ogus
Mousa Jabbari, Ahmad Alibabaei, Amir kavousi, Mehrnoosh Rezvanjah. Vulnerability Analysis of The Tanks of
an Oil Refinery to Fire-Induced Domino Effects Based on Graph Theory. Iran Occupational Health. 2021 (01
July);18:14.

il 438 55 3900 CC BY-NC 4.0 b sl ST aw s 3940 & alliio ¢yl plibassl™

Iran Occupational Health. 2021 (01 July);18: 14. 14



http://ioh.iums.ac.ir

s (g lool8aa W 51 (G (3l (5 pdyame Sl

@Yl e Ggime (e 3929 [ railais 513
0SS Oyglee o (el LB 1,aST) }..Q.Joj.lol:’m olge
._mosa ‘JM.:‘)S‘ ‘) 6‘0).a..>u) Lngﬁ")L“"’“ 6535 JL@.&>‘
QY/\C) 4&]UQ.A~>)9A 6“’)':?-7.‘3} c;.>19> )5‘ o
Ol 51(V0) Wloaisolou!l adgl 5 > S 51 o (ausyo
)LJ ool ezl o5 5 oYL Ceal 5l slo o
A Golslely Jule (gy5unl 3o, alsdS Gole>
V7)) Conl 00 3, law b Sloyuzeiy ol as o
Sl dbgze o (g 5l &> S gs8s nlpl
5500 e Wilgs ge (el LB olge sgixe 3l
429 b oojle 09l 1) dsgere JS g 03,5 1550 55,
&> £989 YL Jouily g alnds wolg> )L{I 4
yol> asllao ¢ 285 (g 5lwo 3 Oluewli jo (slo s
LY P R VR E N SOR CYSVOW) R WES 2
S )‘ Gwl.: ‘_g‘oﬁ.?d)' &0‘3} &9.39 O Cons )9“5
‘L:.M:ﬁ: o.\.wé\.;)‘)‘ ;,Q.v:u wLw‘ » Lg‘o)..pu) UQ‘P d..>
Sad b gslailel,y 5o suele blie &l acgome b
el plo «(F) el Jlazxl glo pomsy Solsm 4y o
3habls> 4 olull ),_, S rdcaw! Jd=s Gua
oS g 950 50 1) 80 G S Gt a5 Sl G5
L alisee (3B il winles slo oy (slogy liw
Sleogas (i3 g9 ez gouste Jolge 4 azg5
G5l E CamBae ] 6 IS Ll b g sgiore Slge
Sl Jensly lls (o g Sl plo les o (35
Golg (6,5 IS jo a8l e il Jglate
YL sl llo (5l dan it (lo o
adgldiol> S 485 5 o (lo oy Sols> (5 5laslel
@mojuuﬁu@wngw1qu1)o
3 ean &5 Jb 0 04d o slo oy slags L )'LéT
Al I8 95 waiols 5 xS (GYU il 5l oyl
31y 6yt Ol (gl alol> (>0 aS 90,09
Aled oo YL il e Lolg> >0 095 O jglxe
Sole oo, Sug, e a4 Salxl Cladllas o
Gilwanss YNV V) Ll gla iy, dle )
(YA-YF LF V) S8LS sla g, 9 (YY-TY)
oy Solg> Sy 2L 9 g3l oo jslateas
waxgi bla g, 5l plas o as" wlaid 3 1 3 oolaswls g0

doddo

b 5 Sy 4TS ol & sloyenty Sl
2S04 e axly SO o adgl dol> G 485 gy
adgl diol> ol aS” glaigSas t0gd o ldaxly Koo o
lag )l 518 (Sowzmn s 4 (M) wb oo 805
&l ol pl gl 595665 i jlas ‘dlo/:gaj Solg>
S Shg 2 S g 00m K0Sy JeSo LI a5 o
SrnS Jo ol () Wlesges aST o1 51 o>
Slo s g )l Lol Slasuin 3l dlol> ' 8l
asile) adgl diols G slo puooy ol S (b -l
b g0 G yS jalme slaazlg s (3500 S5 )0 8 >
15,5 o VL 2ok 5 435 Sl 5510l g
Eyoreyd Dly> 0255 IS sladaly o5 lasSa,
Doy (A) s a2lgz adgl dol> sladely 5l sasas
Lsg oniiolmyl (So50 Syl s 4 Ygare dol>
o SISl pl a5 saign o 489 A adsl o>
3 Jle (gl g o ool Tagais o >Mao!
S ol 5l b »gs.’.)‘)"" EErES Gy Sl )90
A Gl cowl Coge wilgs oo a5 Conl ayais lo
(V+) o9l afsl> (518 g ol slaols

W o lis andS Golg> jlel a5 jsbyles
5 Godmin mld oo 9SG (Sloyumiy ole>
LgLa:)L?v_é.':‘ JL..c 6‘)—.’ .(\\) ..\3‘0.)9.3 L;..\.._;‘):s (::L,..o
SesSeSe 5 mbe 55 (gilwe eSS Ly Jlsie
WAl Sl Al PO S e 4 e VAT Ll jo
18 Sy 5l degocme s 3926 5 45 FO -
3 @0 ol Yoo b pslus 1o puoren
Sl 5 Al iy 35 Slge (s5lue S Ly
T 5 aelonl Jobo 4 b, 45 0l (A > £939 4 i
YY) cildS sl slovas Jlo & jlis 79,20
@ Ol e s ,9nS U1 5o oy Sols ale
Ol o as 0,8 o LU VYAV Jlu o STl sl adol>
(eorla iy Shedoml 9l S il Sy o3
Vo5l G oo 43S 5 jobme 02ly (Slng 4 e
3 S endgyn dol> (VYY) 0l faezxe,n L&
& Gloyosy @olem 5l (6,550 aigad 35 VWA 0l
adlas 3.l ((VF) ol jouS 2l o aiuwgn £48s
Sloogas gy aiej ;o (V1) olSen 5 Tl
i S5l 3 Sl aLsdS Glo oy Sole>
Slopiy Dol (5 yme )3 el 5 (Sl plo

4 Pool Fire
5 Vulnerability
6 Reniers

\4

1 Propagation
2 Escalation Vector
3 Darbra



adlllas ol 52,8 alowl GIS sla s L 5l aolizl
O 2 4 bgrpe Bl gl el (55l oo sl
SRl 5l ol 4 by wass slayloy aculxe
Omizas - oolatwl (YY) ALOHA wels (5le Jowe
o5 of lapasls avloe g 15 55le o sl
1,8 eolaiwls 9o YY) igraph aies 4 (YY) R 6}01
shose $lel (omgidalip Lo SR l38le 8 )5
35 4 lgs oo o1y igraph ats jleslatul b g col
ey bl clasis adlhe 5 cilixe gl S
s 5l ol mls 5l eolizal b asllas oyl 4o
acgaze & ] SRalS gla Sl g pndyco]
S o3 T el s elazs Gk 5l e
Emy 3,590 (5o 025 (Slgy L 00iRO by 5 5 514 ]

85l E s

I OP9)

sl o ol 5 B1S ey i 2l aalllae 5
O3S sbolRig W 51 (o 3l s o] Jelos
solazl 3, 51 2 (o pmy ole> £48g 4
Oy Jlazizl g o ,8 LB j0 axlllans g0 oy 5le o
Sl Hloy5e slarleS & g lag] oyl dSol>
o S50 Sl yi2my (Slagy L Gialed b Guges 130l
Sleasls arle Bo5b 5l 5l 6 iyl (SIS
3,518 Caacke LT blize gloe 5 P38 50
Sl a5l 6 50, S o a phicwss jslaiea
4 1l (30 s pdocaml Julow g (slopamiy Sools>
SIS slaazlis 4y by po cyjlad 9 8IS 4 )15 8 yas
‘.ulu)f)l)s ooLé.'Z.ub)yo Lg).,..\.:wi J.:.l;u 30 aS
Jraiiay addllas plxl Jolyo o 2090 00 a3l
035 oo ol

S5 4 L
3 S50 (V) 50 55 52 o2l 15
5l glacgazme g VIV, v, o v E o )55l glacgaze
Al dlF ST e cusl E=le e e oS
Slaws b plp B1L,S G Voslasl g () T slao,5 olaws b
2lgi oo BT SO slapleS .l (M) o] slayls
)05 55 95 Car b focuzr b K & goi
BT G0 aisd ooy lis waisS po Jate ;0SS
@ wlgon b soue polie I lasgeme logyjs

4 Safety Barriers

5 Centrality Measures
6 Order

7 Size

Oes g )b (owge

colro g blye 5l sl yley Cosgasme g anlllas Ciun
o3l (SBLS slatsy - diiws 13,55 p 355 (atse
¥) GBS 9 (YOLYF) aslis Jow (YA-YF) ' oy s 4
Cozlr wilgse Lo slatyg, b anslie jo Y
oz Slo iy Slag L silw oo sl 1) (oomlie
S3lotnd slagdy, -aiiS wal 3 5VL il e Solg>
5 loyezdy Dols> Js s Wiilgico (974 55
ol 5 3l Jte SlSe 55 1, o i
Lulpd o logas o gog pole) Ghe) nl Cudgazs
ol anlllae 1o (F) Casl oo bolis ol jagas ons
51 8 ST o) o5 lyzedy B Jae
Oze 5 (53 (e (slo i lag L (g5l S
GLS Sy nlos oolittel layT (s iyl ko
L)" o aS el VLQL)LQS 9 rl.ﬁo)f )‘ ‘5‘459.0.790 )‘QCA.Q.‘?
Joe 005l e Juais )f‘“‘\g" alyos g0 ples
bo,S Slyear (3l0) jeelojboline g SIS
S8 (o5 il g Wgd oo w8F L o SIS
Ol slapleS (59 bawgi 1 Sliad Gl o>
g\l (gilwJoe (1) 0gd o 0ols Lis bao S
gz ST S Ojgon b Gl Gl
ol 5l ookl L o5 015 o a3 |, el oy
Slogzsy oly ply 55 (i Gpdyaa] SIS
oolanl b Koo bedy 0,5 18 Ldodigas 1o 0490
] gloadlye plgice SIS sloazls |
(Sl iy lgor S 5 551 o) 355
&8 e e S551, 03 &5k cnl 3l S =l ‘{
3aSS boglojuony wolgs s g 5l o gyl
lalllae o et GBS slaasls coges duslie
o sl mlio spdican] Jlos 4 by
595 O ez Sl 8 eabolnl (slo pon s olg> 4y
oolaiwls jae (O-Y) Solay slacusls yuizes (V)
aais gl dnlre 4 jls pac Lailad 3103
oolaztnl b (glo oz s edlgm (g 5lw Joe ainl,d 0 diol>
sasd balyl yo (o ) gy cnl 08315 4l
Slagul s plicun] adllas coeal @ a5 b

D3lg> £y 4 Sl (S il Germes (Sl
Owxd Baal yols asllas (5> 5l 20U (lo pu;
oS 5 ]y bty iy sl e
L yeaS ollaoVl 5l (e Glo oy wolg>

1 Bayesian Network
2 Nodes
3 Edges




s (g lool8aa W 51 (G (3l (5 pdyame Sl

ol 098 se ool Gl € (V) oles b g ol

L owgdgo ools Hlas € (v) olad b as” IS S

3§ s SSas5i ot 53 aple g ) bich o
1

CC_Out(Vi) = ﬁ (Y)
. . 1
Ce—in(vi)= Z,dji v)

g gn ks T g ¥ loles 5l aslitl L 45 Lao 5
e 2 Sle &g 4 5 BT (6l (Seop el
)“ oolazu! L. (CC_OM(G)) a_él)f ‘_g‘fg cs‘?)l‘& é;of

(Y) el domlone L5 F alslen

_ zilec—out(Vi) )

Cc—out(G)
n

5 SIS Sppods (sl pmiy S0l (il Jhe a3
Jweloybloe Sl o] ol

Dol syl Jelos gy A o0l 52
L Slopms; @olys a4 s gl ¥ (g 5lwo u5-3
0318 7 2% Al pedval> o O g0y BI )T 4y Jlas sl ool
90 s

Ol e jreeloybloe Sligani e il 4l
S5 sloo,s

51 oslizl b (gloyeiy eolym (g5loon sl a5
S5075) ot seolo bolne Dlieas (yand (31,5 e,k
Jul BB olesd dlge 51 VL e st
Sl 45 gilwo i o5le nile loeisl LB L
) lopzmiy Solym a4 paston Sad b g gjlalel,
5 G (07) cal GBS lao,S s (s
aS aitws ganl s sl Golg> o 5 Jglate lxail
Ao 1) gloony slogs )l sln] Coild Solg> oyl
Sinldaz g b oaio )5 axrlb go8g 4 e wiilg 0 g
O3 ol 1 5 i a8 Splonil lalllas ol
Sl o2 Pk 9 L S Gjloe 4 g, e LaelSan VL,
axlllas gl LYV ¥9) Gl 00y (55m 55T £33 5] ol
SIS el Sl e (e A 9, R 53590
anlllans yg0 yjle 28,8 plmil 9t claolSisVl

ol aigdoals Cud BT sl LSTL o 5 51 Sy
ol G=(VEW,W)) & )50 {‘%’)59 SIS &5
O3 sl lon i 5 AW s Wy ()] )3 a5 098 oo 03l
S50 s kS g o S s oal ools plais]
Sllisw o5 4V 05 | 'S SO oy IS
PV 4 g o STV Sl aS el oy leS g e 5 5
Sk iz Ol (nl yo 0,5 ye 5l 4S5 sy 05,5 oo
el \ARYRY 5l eiS e S0 g 9194‘5.0
05 5 OlF e JSe e Gle oS 5l o &S
Vi 05 3l e (2 FolisS Jobo b 2l Vg V) o alold
Dgdbeedly plasd=dvv) O jgoa g sl Voo S 4
O29 4 Ll S lastiv cwyp jehisdy (gousie
o3l CuiS o o asls oyl le jo a5 Wloowl
0L il ghaie Jlan T (K005 5 Tt slaas L
9 95 g0 00l Lii C (V) & g0 V.0 5 gl i
aS Cowl Slads dlawy e [ Slo ) dolee lul
SIS 50 5500 6loeyS (oo s G y50lsS po 05 ()]
O ol oaims lis djk(vi) aolro (pl 190,35 o0 13
.(iijik) 4.2.25(5,0 eV, o; )‘ aS Cond A 3Vj Lgl.(bo)f
Wl Vy gV sloe S d.l.iol_é odipd L djk RUET NS
b oS o yome V0 5ILT aS el (38,5 L5 55 g
Bl 0,5 o blul ) aoles 5l a8 o len . 15
Wlgioe 0)ls (Vb S Jlaiie S SIS 5l (005 (035
SLS 50 G5 (NS 5 5 YLl a4,
N djk(vi)
Cb(vi)= zj,k ik M)

Slasin owyp ey )3 K Jolate asls

Gl Seop Lels cad Suop Lesls lals
@ olgse LoleS Cuz 8,5 Ll o Ll o8 S
e T )5 (a0 5 Tl (Suo el g
Slaws &ygos V08 slp ()1 (Soop palio S
oS 31313 slae S S8 4 oy 6l oY slapls
gd g 0ol LIS C | (V) slai b g 00,5 co iy 5V,
slawi b plyv 0 )3 ol J3ls (Sop asls uxes
SIS sloe 5 500 51V 0 4 sy sl oY slopls

1 Walk

2 Path

3 Betweenness
4 Closeness

5 In-Closeness
6 Out-Closeness



O 2 By S b lp azmog> Colue iSTa
D a8 )5 I s abgy e Jlg Wb ol 4y 4z g L

Ssliw 0 domgi b il sloy) oy Lot g alo o
oalbazd 5 jlas o aiol> £gi wlal pal> o ol jo
03,5 (atie abgye wals Hlop g9 3l sl
2 0 asl> g48g 5l Jols wais sy ojlasl e
@ azg Lol dnbre (i ple Jome )3 (55
Gol> sgyliw Olgieas 550l o (5 050
&l s o JBlie 085 )18 e & Lo e
Sl Jow sl andllas cpl jo.(V4) ol a5 oy o
5 OB Sl Sepp e 5l B ol el
OaBe ;500 oy wauis gla s Sud dcwlxe
59,5 eolaiwl ALOHA wsly (s5leJow l58le 5 5l
3ot sladwly silwJoe sl ALOHA jf5sls 5
Elgil g som Slgo i alax caalo olsee slge iula,
Cewlazd S 118 oolaiwl 050 alizee Olllas jo 5 >
LFV-va.v.9)

g ailis] Jlade b iy lo s duglio o, lg> al> o

(S5 sloylas) o] Sas Ofjpoi i

ol> £485 Sl jo aS b atise al>ye ol o

G5 IS8 50 K00 3l 51 SplaS 35,0 50 4yl
wles oS L diol> 8L a5 4 gl slag L
O g Jleixl Bue Sligen ol gl oS
e b dgd o Sle agais sl s Lawgs LT aS |
Wb Bos s (65,18 e o waid Hlopy Sul
yebato cplasiauil bl asous astzdj)l.\.b’.o)’ljskf)ﬁ
Al o ;045 (5, o pienis x| o) auaid lo s polde
30 150985 duolie ailiw] jlade b o dwle 3
Sy oy 45‘5‘{)19 a3 )|¢5.o) Qij aS (53,lg90
Sobua b 5,5 (WS o 28l j01 (55 48 32 > £489
3B 69k JleixlBanj O g ailiw] jlade
G o 5 Oy geody absl ) cpl g o aid 5 1A o 55
b leS i baso S (gl Jawj 0,5 aio S 5l LS
A S S ety IS Ll e 0l 3
aliw] Jlade anlllas pl jo a5 ol pY asS ol S8
Sl Gy Ban S yaeadl pile lp wais
aids Vol e oleyose lp VO KW/m? L il
O SO 500 leds (V1) cnloas a8 5 a5 o
VO KW/ L (gglune b 5 in (555],2 Sals S5 e

Iran Occupational Health. 2021 (01 July);18: 14.

(59,90 AJJUa.c)é Gw))JCA.’?uu)l;m &Lodl.’> Al JS.«J

A Comd g 009 Holid aiw lils § S el g4 )
Slahjl (e wlitie (ggiome (yjl00) 095 yglme oyl
cow b gleils cais o950 6 5YL e
)| u)L""-" 9 0d oals QL""“ \ c)Lo...'f.v JS.“J 30 e
VE/EY oy5bee glas | Sloais (6,135 0,Lles AL Y 0 lad
YYIV 36w sles g 3o DA JIOF 5bxe Jhad (i
Sl jehaedas .ail oo ol 5 le ax 0 YO/F I
Oygody axlllass g il 5o slo s slogs lw
NP N EUSTIE NN I

G S sl Lol saplin Guedd jpgo 4l
uolo yolee g
od Lol Ol g5 a4y azgi b als o ol jo
Lilyd Grges 5 plewd Shgioe @alllas sl
4 byrpe aisle gl dag] Glles 5 (K58
r2)50 D)0 £ 4 425 L ond ) (ateiie g
‘(r:L"> ) L@Q‘ Ty vE ‘S!La.o.a.«-d oole 9 (JJMD
Olyear o g adsl (s )b Glyieas o) ol (592 5L
Ol &yg0d (e aes (sl (YL il e (g2 L
2 60 By Fl e gyl & sl g 'S5
Shbee Lulyd 5 (b sl Golal ool aid 57 L
2lr ok S &jg0h sox Ll caslllans 5o Jore
el e y8 oo Slob g S sl p e VIO L
bople fso slos cyie Ve b ply ol s s (5 505l
6‘)&9.1.; u»)b’s(JLw oLoL’,.l)Sﬁ)f) ol)ftsb't.u 4\.?-)&\‘:\“
15 TSl ] 9 ZYA b ply e Cushs, C
boply o 0 ded o9 p (i ol i85 1S
o o> 45 (nl & 4z g b eizmen 05 2 8 A
Ehew b8 sl aSayie Ve e Gl i (3l
Verr bl e 5o sl S ley 4 bs e
o Gley Jome (YA w435 )l ) pie e
33,5 (28 (g2, (30 (35 S5 ko i)

1 Major Release
2 Immediate Ignition




s (g lool8aa W 51 (G (3l (5 pdyame Sl

S5 slo jaxls

T e
Sy90 o,S 5l Sopm b jblite Oligas (s pducun]
oadallyl iy el 4y azg b8 S 18 Lo o
sl glao S a5 joboles Coi a>ls ol
WS o Wyl BIF o 1) ahauly s YL coas
Iy oS lise o 5 s s YL s o Slgas
Q& Glopon Aol SO L adgl olas ) SO S o
Coin als cplply weuls salys oasl s b,
Glag lew b S )0 s S ool sasmo lis
Sl axly) SV caio hls a9 Sonl slo paas
O o> xS ol ouldS i (eaims b s
B oy el o 5 wales bl Ko Dlyues
Soke ool g asge plis S5 glae 57 Koo
Sloyuzmiy Solg> sl 5 (g3lailel) jo spo SO oLl
Ll s jo adgl dol> g8y o ey o]
a e 5RT (Gl axl) YL (2 )l (S0
WA dlg> degesme S )0 (60l (lo iy dlol>
0,5 S SN S ok o 3l (Sooy el
slog b (> 6)’-")“[-’ 2l e SO ekl
I Sop als aes oo lis B slo e
Sz Syl B g Sole om0 5
Ols el O yp0s 1y (slo ey slagy liw plSin lag]
0,5 (S ngs@ oali ol leolazwl b AR o
(0-Y) Sg9 .m|9.>'- ¢5i> Lg‘o).gd)'

Ladl

Wby ilodse 5l Jols mls e ol o
33l 5 ooliianl b asauss (sl o drsline g lagy i
oy (gl Joe LS pizrad Ceslonts 1| ALOHA
ooliiul b &y 35 e lo asLis dlns 3| ol s
sladlge pulul » (5B g oas S &I R 1dls 5 )
iloods sl 0ol (5 iy

S

59 ol 5 &y (S92l s3leJow b

)|

b oS cdl,e aids Vol 5ot loyoae &lp |,
5 098 slaeld (o Beiul B ,> S Bas s lgied
03,5 YL A5 po (90 )l (6 5 ISl g0 095

S5 slaples (g denles iy alo o

@ Cd oo boles Sl gz szawwul S
el BLF Joe (Sl (o085 g3l gloyuziy Golg>
B Joe ;0 09290 lales wl asaF aS [ob Lo
A Ol e o gl caimo L
aS Cewl g3V ¢ g0 O jgoas abaly ol ols Lis 6l
oS SlaisFas sl plazsl o leS 4 (goe Elasie
Shlce wais e lop ojlal b goue Slasin ()
P 039 BG5S )3 axil b e lapleS
bugi a5 (6lo)S 95 (o S Aol p OeS SG sl
el 80,1 CVS Wi o e ;5055 45 oS )]
@ Cal 0,5 90 ol o s el coumo i
gl loline g oo (g5lw Joe gl bl (en
ObS 2 (s oy ST S B s sl
S lade & (YO kW/m?) il ke Cand O g0
ool plais! s o1 Jblie (5, aiaid) wais
Sl EaaiS Gog Foke e Snla (0°F) wl
55 oo yeS alols satasslis (LS Ky b bl
20l Gt 53U 5 oS G bawgs onisds Jato 0,8
el oy ol oo o S0aSs

Spgots Sl slog ) liw (il Juto i Al
slo 2z i) oo 5y S 1o slo s L dslxo 5 6,5
(Blice Oligzs (e cnenn]
ST siledae ly s ol e
@oLel 58le 5 51 BLS B s (sloyeass slagy L
Lie SO R 5816 000 5 oolaswl igraph aiu, g R
Sloslawl b oyl 5o a8 sl 5biyie (5 o] (o giaal
o Sigasdlas g 81,5 adgs 4y olg5 oigraph i
slalks 1S slao,S L3 >l ol o
4 oddodls plaizl iy izmes g oS ol
VP E V] IS IR R VIS SO I N PN S [P WYY
o5 5 00 (6 5k o coald i Slasin b 81T
R l58le 5 50 05290 milgs 3l oolaiwl b s t050 )5
SO s oS e sl axLi igraph aiu
S sy IS (K5 5 ol Kooy s
Sl (3 6 pdscam] loddlge 4zl )s g oo 5



Sl Rt e 5 a1 K08 3e A
PO B> Sl & b e ais slals
lplo aes oo lis Gl Bas (3l (6253 s
Jgaz 3 VOKW/M? 5| iy 5| qanss ol Lo

Slowys I el

slogy,lew b jBleze SIS sjlo o I Jol> als
Cof e slogarls deilxe 5 e 0 (Shopz;
loo,5
039 S35 lapleS 5 Baw ()3l e 5l g
Hade Cad O jgodr Wl 53 a5 G568 les S
dwlore S o] bl s lo p a auais il
F oV oo)led o3 a5 ol diges loreas 00,5
wiwd Voojlads 350 50 B > (g9 ks B (5le
o;)luw&,,ug(\é\’)\’e;m\ o;)‘uwuj.’
3 yleS ol 59 0,5 POV} (\>f) f oS 4

OHen 9 s bz (owge

sl yls p ads ALOHA jf53ls 5 5l eolainl b 35w 12
Y oo,leds JSKo 0 diged (gl - 0000 )5 dcwlee Suuis
ALOHA I53ls 5 5l oolazwl b & o Lo (350 4o 33 >
MARPLOT l53la 5 5l oslizial b g oy3,5 _aseiw
Cewloas d.».'am u)l:u ‘_,’.il.o.!l.‘> ALD (S9y ¢ {¥Y)
oadeie waidd wliwl jlade Lelul p s 4l oyl
L53)|)'> v W} QT o) FLy |) Ls'oojdam 9 Cemloas
Ao e sl el VO kW/m* 5| iy b0
0,les ()30t a0 so LS Y o)leds S AT jaboyles
O3 3 G Sl Jleix] Bas e VO
LgT)|).'> s )L\.'o'.a as 6‘43;4.3 e O o)La.»i’:
O 4 ) (nljl Cend 5 Su05 pe (8L
KW/ FFKW/m® AYKW/m? b ol s 5 40 o,lacs
4 .cwl YYKW/m? 4 £ kW/m® Y¥kW/m* ff m’

2 G Gl 4 baye Bas ile cul § uen

200

100

meters

0 f—t - —p

200 100 1] 100 200 300
meters

| greater than 15 kW/(sq m)

o33l 3 3l ooliil L a5 (s aibissl jlaio ulol 1) O o5l (3500 po (g 5l 3oy 41 bgye Bap (3 g jlas 4ol ¥ JSS
«eslonis _aseie MARPLOT , ALOHA

JBae (55 658 e 01 e 58 B g5y 5l A6 KW/ 5> wtnds polio ) Jgor

3 A \4 2 o i ¥ Y \ J1
- - _ Y. _ \

\# f- - AD - VYD Y

v$ \$ £4 e Yo - £0 - Y

\$ - - Ab A vf A £

\Y 44 - Yy £f \ai VY - o
£y §e AA - Yy Yo - - I3
£ Yo - \a - - v
AD - Yo vo Yo \0 - - A
fY Yo \$ - - q

Iran Occupational Health. 2021 (01 July);18: 14. WY




s (g lool8aa W 51 (G (3l (5 pdyame Sl

AL ke (B Sl S ) gV Y ALF Y F
o O3 b 316y 8 Joily) (ASs (Sos s
oyleds e caiiud 1595 s ((Glo e slogs liw
i e a1V Y F AN ELY
ilely Jeailt) ()b (Sup atls s
FFX DY ol 3 aiins (Glojuzs ) Sole>
o5 Pl lade S sl S 4 Y A A
5 O3 (nl o0 ey saiis jlo 5 JS'
Dlg> (gslalely sl il 3l 00 5 pds o]
ol 58y plSd (il nlo 5l sy sl 9 lo i

A olgi O g0y

ololp adllhes 0 Gile gl cnl 5o

ozl gl Blize sloe)S oS gloasls
oge a5 jeblen ol (ganad, ((S905 9 Cud
Sade cp i Ll £ o led (5 dos oo ylid )
coi & ol g el CIYYR) Coy sl
P i 2 VLY 50 F ojled 5l
B, a s bl 5l anlllaed sge 35 4 oylo
sholass ax aS wes oo i 0,F S G Ll
oy 1) %0053 b iz o b5 ) e 5 slae 5
P05 G S 4z e waiels 0 cnl 4 (S
Cslad S 13 65 o Gle p0 0,8 T (grm il
2l O PSS 38 e 50 S 2U195
OiBre Gl dol> i il Hlaie 5lols BT glee S
Bt U R
S a3 0 YL IS (350 45 098 o0 Yo
Sbogs Ll (55 Jomnsliy (5 e SIS (7 (y5500)
halye 2 50 gioe ol ST nlplo el (glo oz
Sl e 23,5 B> s Slopy oyl So

O3 53 leyemy Glag lw b JBliie SIS (5le e ¥ J5
R 15810 5 51 soliul b anlllass g0

(VO+0+=+/Y) g (VOFY=+/VD) & jq0d ol @
FrgoS AL OlS G iy men 40l b
23,5 glodaa R I3l i sl eolisal b osd ppni oS
polasl ab &S a4zl b gilhs 5 oS 2 09 5
Iy R 1816 5 10 oulipm 5 GBI Y o,leds S0 8L
G Sl 4 boyye Baa )b ams oo plis
SIS o Jeizs lojezsy sbagylw 5 (35 2 00
SIS Giledse 5l g Sl S0, BB sdbpen
LSS glooS gl oS gloasls nolis
2,5 dnalone R8I 5 )0 95290 @lss 1 eolan
u.ul...u‘ 5 u)l’“ \ o)Lo...'f: )‘09&3 ) .(Y o)l.o.ﬁ: Jgd.‘>)
adlzs) bl bl slae S oS e glaasls
Soged Bllas ailosds dnlie S0 b (g il
AT AXDFF oyl il ciy 4 ) ojlad
Jeily) Covn GaSle e (p i SIS Y )
A D o lads oy3re i ((glo oz ) Solg> o i

(o35) o5 51 S o (sl oadapulns oS 5o sloasls ¥ Jgu

R S K el Sl (oo aPls S a3l D e

\ \ “IVA-0 )
VIFYEY YAaras V/-aFf BN \
VIYES VIYES VIFArY SIYVFY ¥
VYave VIYAYY V¥ary <10 f
VOFYE VIOF VYA YY) 0
VYAV VIOVA- VIFOIA YevE 5
<JA8AD V- SAN V-V-a ¥
VYTYY VTAYE VISAYA SNEeY A
WSLL <120A AAR <1 VYA 3

AR




—t
[ >4

—

—

CauS yo laarls jyolis
. .

u)_?u: a)L.o....:

Oes g )b (owge

S (Sop mls

ooy s

Lol bls slo 5 oS e sloiasls polie solul 5 ol anslie ) loses

4 St (g s S s Ll ()5 (S0 ylade
S9) Slgiee §ymS plojae )3 5308 Koo slae F
3,5 okl iz Glgiee plply 00,13 ST lag)]
ooy lade o 3YL glils i 5l B ggyd &S
Algige syt g b (¥ ojleds 1350) ()15
el a jome g ol (y3le plo ol 50550 ge
Ole o $o00,leds 00,8 (5 Sasals glo o dlol>
Joily (i @bl ¥ oojled (5 a5 i
gl Bllas .l glo iy @ole> (g5luslel,
G Se g8y ¥ USS o eads (gl Joe (glo s
2 4l B> g8y warge Wlioe ¥ ()35 ;o ads
o eed A 390 A gV F DT Y o el il
g% Bus (3l wilg g0 55 3lre (nl 5 S e
i S YL Caleds |y diol> g 0050 Slie
Ol 05 Sl IS (Seop s ci o ol
S Sy i g oS b a0, ol (g w
ol Sz e 41383 oo LS plgi g0 | Lo
@ Oy Sl ol (B8 Jleisl Wl oo (oS Ls
sl ol (B8 Jlaio eizman 5 ()l ple
ol 4 azrg bhaas Glas (IS Spgoar ] ol e ol
G 2 i &8 x5 Jlial JIg ol oo ( JY ol
YAAFET DN o,lods )5 &0y slo
bl 2 O o, 4 a4z ) oS s Vs
OV Jlogad o S (oo a3y
sloasls 5l eslinel b spdycaml Juloo
5 Sl Sl o plubid Il ke SIS
WS oo w08 1) Slo gy o> odms S
ol o e sl Gl o0 Ol b ) s So e L 4
0,5 Bi> a5 458 Lo 0,5 (53 ,dnli i S0l oyl
2 e &y SIS Sl iy (a3l 0 YL 1l

Q2le Jupd ySen a0 YL B ) wol> 5 S
olas ¥ Sl jo ouds (gilw Jae Bl S as ol e 0,8
60 ‘Y sY OJlAA:J u)l?m)‘k_i’).m)d dJ)? 6939«)@«)‘5&
o £ i 45 Gy50)0 K0 g 5l iasd ol o
O3 4 ol (S carge Wlgioe 03,5 5 >
9> 4 gy po Bas (g3l g0 ez O jgody sl s
Ll 0 o)leds i5me 1 loged Billas caisled Sl |
WY QVA R PIVA) I ES KO VRS TRRC I KV-PIUR S 00
Yl u)l.?m) f 9‘” 4? ‘/\ o)Lo...i'.o u)l?bo u...:f‘\.a U—‘)‘U’“"ﬁ
o o (Sop pasle il 1y Bl (Siop
53 $loo,S s S Sol BS 450
Hlas 0,5 o slp el cpl og SYL g cwl
Lo,S plo 5l Wlg oo 505 Hlojide ;o a5 dos
Sy 50 B> 8y ¥ SS wazrgiboopdn B30
O o,les oy 350 d.»‘ysao (dloﬁzd)’ Slog b alawlga
MQ}WooﬁﬁbO}wﬁcﬁqﬂb.a}u;tﬂ)
38553 Ban 1) B ol o y5e Alsi oo Logitinss 4
Py Bk 5l ) o)led (35 Jle jeboasaams
B8 b o 1, 0 e Wlgh o V(35 4 dlol>
ol e Jd3lo (Soop el og SYL Law
@ by o @olg> 51 T YL (6 56 oasmaylias
Ope ) Slogad 4 azgi bl axdllans jg0 oy 550 plos
Lf?')l’" Gi.o); u"'L“’ Slade u.a).’Yl.a shls ¥ ool
Voo o1 ) ep 2ls i Y s F
Ao sl &S (a5 als aslllaes jge (55

¥




s (g lool8aa W 51 (G (3l (5 pdyame Sl

JNoged Cwlad S8 s 850 il Aegoe
oA shl o Sy ilegas SEY
¥ ojlods (3l i 5 a) diol> (8,8 Jeily
Ol o3l asgaze 6 pdyaml (2alS 5 1, (V5 0
OiBe &5 Canl ol 28 gl e (pl jo 0w o
o, Slee glils &l dlge l colanwl b jlais ge
5 SdsSnyy Sl eaSy ile wsil) YL
a5 Sl (a8 Wloas s § seome (oSl sl e
SIS Jko yo (bl pladl el 3B 28,8 ka5 5 (sl
P Doe gy odl§ ,mas O &S Sl 00 g=3C
S8l o 353 jolme e 51, (G b e 4k
Coos 4y SleS e S0 leas (FY,FF) wuS o5
(525 S5 w5 BT Jaa 53 o JBlite o5
5l asdlaes g0 (y35 A dsgere  pdyam] iSLe
S0 ke (50le) SIS ) (Saop el
Cewloalds solaul (U)b“’ lJaLm LgLﬁ'zso)f Ls?)b"
Silodr b b aasoe LT lages a5 joblen
ol (8 slaxinl oo St sl 0% Sz
S VY 1 o3l aegazme (g el plgi o0
olS YA 4 (5l g2y bl pladl ma oS
Sl S el s 51 ooliinl 36 ¥ lages Lol
D3lg> (glslely Jonily o 5 i slils o7 ez
2L g7 B oled (e i @) oy
adee plad il dsgeme Splycen] RalS
Jas 5o bilis o3l ol b 3,5 b s ol
odNghable gl aiais a5 Cunl ol 5,8 8IS
Gl a3 B lie a4 IS el 4 ez (335 ]
a&ﬂ%w);wo aS Cewl }55 L m‘}l FVY ., F9) duL’GA
lop)] iledoe jo (bli> lagius " cio 5l
O Y logei aS e ylan . Cawl oals o8 dsy0 ) 0
st ¢ Sty s e ez e L aso e
0195 50 A ool e 45 (gl s Lolg> (g 5laslel
SaalS /Y W VY 1 oy sle dcgemxe (6 sl
logas o3l 5 sl 5 cblis ol sl ol
Wi oo oaimd b 1S S il il mas
lo oy Bl a4y Capd (3500 de gazms (6 pdys]
asp Jopll ras oS 2 BB Gl 4,
Aladl gg5 Sl o 5 bli> gla S, g 5luoslyy
raalie ulul ) o3l jlolass az aS pl 5 abbla>
ol Cosal Pl 65,8 13 Cudgl e (Gl
Sl e Casgame s & Ysane &Sl 4 425 |

5 Availability
6 Effectiveness

10

cdible 3,8 oo BLF JLsle s Jladl 5 SonS
b omie 5 S a3 G VL Gl ()3
Dgdse Oile Olee ol (S Sl sl s
SIS L (nfidn &5 (g3l ) cdadlne (pizmon
e cn i s i) Wl ) (e ple
SIS Gl Wlgee ()b Seop als
Jelod - ules (6 15 sl (sl ooy sloga ) bow (2 S
w28 1) el oyl BLE Joe 31 ooliisl b (g 3y nns]
S8 )lie Gliee S551 3l (i Syl 4 0S5 o0
Caslsl 5o loyeiy ol (b 5 £9,8 5 lag)]
b Falool Slalllas o ipS 3 sbli> loldl
el S jolaied Alide slao Sy, (55U
' S35 ilaid 318 solatul )50 (glo iy ol
TSI el 9,09y 3 S5 b (V2 0) o en
Sl slaazly (s sln 1) pasls 5l slasgene
2 5 Slalllas (FY) wiles,s &) gunl b alis o
Slgs Cyag) 053 e g oyl Jolsd s by bLS|
@ Comd gloord mlio Gndicm] 20 Gl
Aoy gL (FO,FF) cslons plosil slo pumeiy Eolg>
Ol gl Jolgp asle IS (el las S0,
Sy S (soge QR Wlgi oo jealo bl (slauly
S5e shm Lol sasl azils glo iy Goly> Sans,
29 Sl La:.x>|5 ‘5.'>‘).|a 4.1.’>).o EY .]oa.gfo prevas L:ao"
olamdl lacysgame b (5,10 po e b 5o Slacls
(S el b Shg, LS )0 098 50 505, (Shiles g
Sloo Olgrear a5 Jladpue g Jlad (ol @lge 5l ool
@l el sl wish oo Sl (Sog38l (e
(S1oy2255 Slog b iS5 g9, il 56
an o oS alls (F9) sl Coenl il
5 sbla> Sleladl agy olais a0 (Y41Y)
I b clli a5 ols olis (glo ez Eoly> il
Sl 5 T b e cbla> 55T Sl Sl
P P5e «slo ez slagy liw saias 8,0 Sl
o g2l malio (6 pdyamnl SalS sl b Sl
o & (0) scwn G ) b Gloyuziy Solg>
s Olprear) (S3leg ol b adllae ol o bls
5 00BN S (o (e (Jld od cbla> g
Cblis by, So o) JSCy el e 5l ooliul
Syl 225 3R Gl 3l (61 (Jbd

1 Cozzani

2 Inherent Safety

3 Active Protection
4 Passive Protection



SIS 2l sy pasls

Yt
Yy
Vo
oA
o
(3
Y
plaSome F oz

s

OHes g o)k (swse

7 oy O gF & e Yob &P 5

oas cblis 3l

53 degazma 5 pdpmml 8IS o (sl b (s00i3 1S Sl il (il Sl LY log00

plasors Vo

O oY o

Pl e Y ofd Y 5w

o Cbslas U)LZA

u)l.?u Ac gono 6)""\"“""""’1 u,...tb'S » 6“’)"""‘) L5L‘°9")L"‘“ ;)Lc] @l):u L))L’M 6‘):‘ )lSw,u.J fveweu )l solatuwl ).,:U Y )'.59.0.'

alllas slaigogame jl Sy a5 canl S5 oL
Lg as w‘ omiwéé\a G{L«.’ » U5Ln.~o S Ja.s‘).u
T plosl el 5z o) Cydgamme &y az g
slgs oo ALOHA j13dle 5 slag99,9 Slsisas 52
é"M) wais sbyloy polie s 4 e
G, Culeiyd 5 WS eadacubxe (5l
ol 00 w058 Jol> il o 3 pdscanl 5l gl
oslo cnyp,S 9 SHp Ll el p e anlas
ooliiwl 3B olg> g0 b (o5le Jow slp (Jlo
Sl S 0‘5365 S5 @L..s a4 olews &l
‘_le°.1.>1 sl v plo Glp 1, wolg> aely
w;).c (_gl.bua.‘>l.m 9 als fnl}u‘ Py NS O ygody
(O3 gpdycuw! cbadie) SIS sleo,S
2,5 dlre Izme D jsot 550 Slag b sl
Oets 6l (Y-\?) oL 5 oIS adlas o
oSl 5l ISl e il pdscasd
Sy huli cov addmbue GIS clasls

(YY) cewlonss oolazw! calizce

oL s solaiblas o5 wie sl  sblas Sleladl
dsgeze Gpdyoal Jlad) SIS (2 (o3
GrS el Sojlme plo LS 0 Wilg e (o3l
szl an e ail) sble> sl Sal, Ol o, g0 yo
o, Sal) 4 (oo w5 05d ad S 5 4 ()]
200,5 golaz8l agy

51 oslizal by (6 pdynm] ol 5l ol gl
um o LibuT oj.;)lf » 05)15 d‘)f (_QLQQDL»
2 OSly sryaebn yo Wisiee (Sl @lse aige
58y pliw -3 5.5 1 3 oolitul 590 15 (5 ladl Lyl
S shpeys bogas (b o Gl lag >~
Sldae Cuglgl )0 cunl oo (3B plas aS sl Coon]
oYL s (3l 65 )18 S 18 G b
Labl Sldes Coglgl jo (slopony wolgs dlow! Jusls
Sloyzi slog liw (52 5g 0 985 5l wilgi s <30 >
adlas gls ojlail B0 ay ST 00,8 (6,5 ol
OS5 Sy 9. 30,5 hgalz aS ols HLas (Y VA) ol S
I S 2l ke (n S b (plaass
AFA) cenl o > labl angy S,

\#




s (g lool8aa W 51 (G (3l (5 pdyame Sl

made domino effects. Reliability Engineering & System
Safety. 2018.

3. Khakzad N, Reniers G, Abbassi R, Khan F. Vulnerability
analysis of process plants subject to domino effects.
Reliability Engineering & System Safety. 2016;154:127-
36.

4. Khakzad N, Reniers G. Using graph theory to analyze
the vulnerability of process plants in the context of
cascading effects. Reliability Engineering & System
Safety. 2015;143:63-73.

5. Khakzad N, Landucci G, Reniers G. Application of
Graph Theory to Cost-Effective Fire Protection of
Chemical Plants During Domino Effects. Risk analysis.
2017;37(9):1652-67.

6. Jabbari M, Kavousi A. Consequence Analysis of
Flammable Chemical Releases from a pipeline. The
Fourth International Conference on Computational
Sciences and Optimization (CSO 2011). Kunming and
Lijiang, Yunnan, China, April 15-19, 2011.

7. Jabbari M, Atabi F Ghorbani R. Key airborne
concentrations of chemicals for emergency response
planning in HAZMAT road transportation-margin
of safety or survival. Journal of Loss Prevention in the
Process Industries. 2020:104139.

8. Reniers G, Cozzani V. 3 - Features of Escalation Scenarios.
Domino Effects in the Process Industries. Amsterdam:
Elsevier; 2013. p. 30-42.

9. Necci A, Cozzani V, Spadoni G, Khan E Assessment of
domino effect: State of the art and research Needs.
Reliability Engineering & System Safety. 2015;143:3-18.

10. Cozzani V, Gubinelli G, Antonioni G, Spadoni G, Zanelli
S. The assessment of risk caused by domino effect in
quantitative area risk analysis. Journal of hazardous
Materials. 2005;127(1):14-30.

11. Cozzani V, Gubinelli G, Salzano E. Escalation thresholds
in the assessment of domino accidental events. Journal
of hazardous materials. 2006;129(1):1-21.

12. Khakzad N, Reniers G. Application of Bayesian network
and multi-criteria decision analysis to risk-based design
of chemical plants. Chemical Engineering Transactions.
2016;48:223-8.

13. Abdolhamidzadeh B. Present a model for evaluation
of domino effects second level in process industrials
[Thesis, Phd]. Tehran: Sharif University of Technology;
2010. [Persian].

14. Rad AH. Quantitative Risk Assessment of Domino
Accidents using GIS [Thesis, M.Sc]. Tehran: Sharif
University of Technology; 2011. [Persian].

15. Darbra R, Palacios A, Casal J. Domino effect in chemical
accidents: main features and accident sequences. Journal
of hazardous materials. 2010;183(1):565-73.

16. Abdolhamidzadeh B, Abbasi T, Rashtchian D, Abbasi

v

=

Gilw e lp gredguw Slpl BIF 4l Jose
Ol ple Jodome Glo iy slags b (SIS
Orizmad 9 (35w alex3l) gan] b polio jslo bl
Lg‘oﬁm)uo‘?&ngﬁwabuT&fmm]J@
5 g3llel, Ol ki i1, o5l o ] g s
Oged yastie LQQ‘ """"9" Lg‘o).:_?d)’ LgLQ%)LZ.u u,..»)......f
Jeloss ) ol s 00 5 oo (YLt sla s, L
Wl oo SIS slaasls l eolatul b (g iyl
oolatwls jge (glo yuzy Golem Sy ) S e die o
ezl Glp oile ipdieaml 5 WS )8
o Jld e g b sl milge aile bl Sleladl
sl asls )l oou.‘;,jl L oiomed 35,5 18 Coolsl
degorme S pdycaml Bl Glie Glgiee Co3S e
99,5 drloe | (ieal @lge (g 5lwosly abanlyas 5l
sbla> Sleladl g plaisl b Kol 5 b ool )l
agere Spdyoe| S8 » &> Rl e cble>
o3ld ylis (glo yuzei s olem s Cand axdlland jg0 oy 5500
Slalllas 5o (5l dsgazme (5 pdyam] (Lol aig
355 s Olise Sl ysbas 005 o loiiny T
Silwosly ( Jbo mlie Cusgams 08,5 Lo o L aS
O3B slolawi ax (6l y g sblas loladl 5 coi ax
(Slo ey g liw oaims By g Silel Sl
Oile dsgere g pducel o |y alS (n 5 e
23,5 dales sl

@‘&)Aé 5 s & oo
HSE o )lol [yl gt 5 (sima] (Ll [ 157 5l aliwsgin oo
ozl o plasl o) col e oV oS L

&lw

1. Reniers GL, Audenaert A. Preparing for major terrorist

attacks against chemical clusters: Intelligently planning

protection measures wrt domino effects. Process Safety
and Environmental Protection. 2014;92(6):583-9.

2. Khakzad N, Reniers G. Low-capacity utilization of

process plants: A cost-robust approach to tackle man-



30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

facilities. Industrial & Engineering Chemistry Research.
2018;57(11):3990-4006.
Chen C, Reniers G, Khakzad N. A thorough classification
and discussion of approaches for modeling and
managing domino effects in the process industries.
Safety science. 2020;125:104618.
ALOHA. US Environmental Protection Agency, National
Oceanic and Atmospheric Administration. Available
online at: https://www.epa.gov/cameo/aloha-software.
R Development Core Team. R: A Language and
Environment for Statistical Computing. Vienna, Austria:
R Foundation for Statistical Computing, 2009.

Csardi G, Nepusz T. The igraph software package for
complex network research. InterJournal, Complex
Systems. 2006;1695(5):1-9.

Freeman LC. Centrality in social networks conceptual
clarification. Social networks. 1978;1(3):215-39.
Sadeghi A, Jabbari Gharabagh m, Rezaeian M, Alidoosti
A. Fire and Explosion Risk Assessment in a Combined
Cycle Power Plant. Iranian Journal of Chemistry and
Chemical Engineering (IJCCE). 2020.

Asghari B, Omidvari M. Probability assessment of
chemical liquid release at floating roof storage tank
in the oil refinery by fuzzy fault tree analysis. Iran
Occupational Health. 2018;15(4):8-20. [Persian].
Chang JI, Lin C-C. A study of storage tank accidents.
Journal of loss prevention in the process industries.
2006;19(1):51-9.

FRED, Failure Rate and Event Data for use within Risk
Assessments, HSE 2012.

Atabi F Ghorbani R, Jabbari M. Assessment of safe
distance for five toxic materials commonly in the
accidents of chemical road transportation using
ALOHA and PHAST software and CEI index (Case
Study: Tehran-Qazvin Highway). Iran Occupational
Health. 2017;14(4):42-35. [Persian].

Jabbari M, Sajjadi S, Hossein M, Gholamnia R, editors.
Determination of Airborne Quantity and Consequence
Analysis of 1, 3-Butadiene Release from a Petrochemical
Plant Pipeline. Applied Mechanics and Materials; 2013:
Trans Tech Publ.

Beheshti MH, Hajizadeh R, Mehri A, Borhani Jebeli
M. Modeling the result of hexane leakage from storage
tanks and planning a emergency response programm
in a petrochemical complex. Iran Occupational Health.
2016;13(1):69-79. [Persian].

MARPLOT. US Environmental Protection Agency,
National Oceanic and Atmospheric Administration.
Available

marplot-software.

online at: https://www.epa.gov/cameo/

Cozzani V, Tugnoli A, Salzano E. The development

of an inherent safety approach to the prevention of

17.

18.

19.

Oes g )b (owge

SA. Domino effect in process-industry accidents—An
inventory of past events and identification of some
patterns. Journal of Loss Prevention in the Process
Industries. 2011;24(5):575-93.

Cozzani V, Salzano E. The quantitative assessment of
domino effects caused by overpressure: Part I. Probit
models. Journal of Hazardous Materials. 2004;107(3):67-
80.

Cozzani V, Antonioni G, Spadoni G. Quantitative
assessment of domino scenarios by a GIS-based
software tool. Journal of Loss Prevention in the process
industries. 2006;19(5):463-77.

Antonioni G, Spadoni G, Cozzani V. Application
of domino effect quantitative risk assessment to an
extended industrial area. Journal of Loss Prevention in
the Process Industries. 2009;22(5):614-24.

20. Zhou J, Reniers G. A matrix-based modeling and analysis

21.

approach for fire-induced domino effects. Process Safety
and Environmental Protection. 2018;116:347-53.

Rad A, Abdolhamidzadeh B, Abbasi T, Rashtchian D.
FREEDOM II: An improved methodology to assess
domino effect frequency using simulation techniques.
Safety
2014;92(6):714-22.

Process and Environmental Protection.

22. Abdolhamidzadeh B, Abbasi T, Rashtchian D, Abbasi SA.

23.

24.

A new method for assessing domino effect in chemical
process industry. Journal of hazardous materials.
2010;182(1):416-26.

Zhang L, Landucci G, Reniers G, Khakzad N, Zhou J.
DAMS: A Model to Assess Domino Effects by Using
Agent-Based Modeling and Simulation. Risk analysis.
2018;38(8):1585-600.

Reniers GL, Dullaert W. Knock-on accident prevention
in a chemical cluster. Expert systems with applications.
2008;34(1):42-9.

25.Reniers GL, Dullaert W. DomPrevPlanning: user-friendly

26.

27.

28.

29.

software for planning domino effects prevention. Safety
Science. 2007;45(10):1060-81.

Khakzad N. Application of dynamic Bayesian
network to risk analysis of domino effects in chemical
infrastructures. Reliability Engineering & System Safety.
2015;138:263-72.

Khakzad N, Khan F, Amyotte P, Cozzani V. Domino
effect analysis using Bayesian networks. Risk Analysis.
2013;33(2):292-306.

Khakzad N, Amyotte P, Cozzani V, Reniers G, Pasman
H. How to address model uncertainty in the escalation
of domino effects? Journal of Loss Prevention in the
Process Industries. 2018;54:49-56.

Ji J, Tong Q, Khan F, Dadashzadeh M, Abbassi R. Risk-
based domino effect analysis for fire and explosion
accidents

considering uncertainty in processing

VA




s (g lool8aa W 51 (G (3l (5 pdyame Sl

46.

47.

48.

Khakzad N, Landucci G, Cozzani V, Reniers G, Pasman
H. Cost-effective fire protection of chemical plants
against domino effects. Reliability Engineering & System
Safety. 2018;169:412-21.

Landucci G, Argenti F, Spadoni G, Cozzani V. Domino
effect frequency assessment: The role of safety barriers.
Journal of Loss Prevention in the Process Industries.
2016;44:706-17.

Khakzad N. A graph theoretic approach to optimal
firefighting in oil terminals. Energies. 2018;11(11):3101.

1

44,

45.

domino accidents. Accident Analysis & Prevention.
2009;41(6):1216-27.

Khakzad N, Khan E Amyotte P, Cozzani V. Risk
management of domino effects considering dynamic
consequence analysis. Risk Analysis. 2014;34(6):1128-
38.

Cozzani V, Tugnoli A, Salzano E. Prevention of
domino effect: from active and passive strategies to
inherently safer design. Journal of hazardous materials.
2007;139(2):209-19.



	Vulnerability Analysis of The Tanks of an Oil Refinery to Fire-Induced Domino Effects Based on Graph
	Abstract
	Keywords
	extended abstract
	Introduction  
	Methodology 
	Results
	Discussion
	Conclusion
	Acknowledgment 
	Conflict of interest 



