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INTRODUCTION

In a world that has a continuous need of petrochemicals, an important role is
played by refineries. Once discovered, drilled and brought to the earth’s surface,
crude oil is transported to a refinery by pipeline, ship or both. At the refinery, it
is treated and converted into consumer and industrial products. A petroleum
refinery is a complex assembly of individual process plants interconnected with
piping and tanks.

Storage Process Equipment Torches and flares Pipelines
A Tanks C
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NATECH EVENTS

Several accidents occurred in the last decades in industrial sites have evidenced that
naturals phenomena may cause severe damages to equipment items, resulting in losses of
containment, thus in multiple and extended releases of hazardous substances.
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Past accidents analysis evidences that structural damage to the
equipment directly struck by lightning is the more frequent cause of
loss of containments accidents, but generally seismic events produces
severe consequence because increases the likelihood of multiple and
simultaneous failures of industrial components.
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PETROCHEMICAL PLANTS

Typlcal layout ofa Petroleum Refme y

@ HIGHWAY
N
TANKS \
S ,’. et "‘
RAILWAY
o TANKS N ‘Q,
' ~f N
PROCESS EQUIPMENT
OFFICE AREA

A probabilistic risk assessment of process plants under seismic Loading — Fabrizio Paolacci

Petroleum and Refinery Conference — 1-3 June 2017 - Osaka




PETROCHEMICAL PLANTS

STRUCTURAL CLASSIFICATION OF PLANT COMPONENTS

Structural typology Critical equipment

Typical seismic observed damages

Other possible damages

Slim vessels Columns e Leakage of fluid in flanged Overturning
Reactors joints
Chimney ¢ Yielding of anchor bars
Torch
Above-ground Big broad tanks with Failure of wall-bottom plate Uplifting
squat equipment fixed and floating welding
roof Elephant foot buckling
Diamond buckling of tank wall
Settlements of ground
Impact of floating roof to tank
wall. Overtopping
Torch fire

Squat equipment
placed on short
columns

Spherical tanks

Process Furnaces

Cryogenic tanks

Collapse of structure due to
shear failure of columns

Collapse of structure due to
shear failure of columns
Collapse of the chimney
Detachment of internal pipes
Detachment of the internal
refractory material

Collapse of structure due to
shear failure of columns

Leakage from pipes;

Increase of temperature
of Furnace wall

Piping systems and Steel or R.C. frames

support structure

Collapse for excessive stresses

Damages to supported
equipment (pipes,
tanks,..)

Paolacci F., Giannini R., De Angelis M., (2013), Seismic response mitigation of chemical plant components by passive
control systems, Journal of Loss Prevention in Process Industries, Volume 26, Issue 5, Pages 879-948 Special
Issue: Process Safety and Globalization - DOI:10.1016/j.jlp.2013.03.003.
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NATECH EVENTS: Earthquakes

The Kocaeli earthquake caused significant structural damages to the Tupras refinery itself
and associated tank farm with crude oil and product jetties and triggered multiple fires in
the refinery’s naphtha tank farms.

Kocaeli earthquake (Turkey) -17 August 1999 - Magnitudes 7.4 Tupras refinery

- The majority of the floating roof
tanks (30 out of 45) were
damaged;

- 250.000 m3? crude oil and
100.000 m3 oil product having
been exposed to the atmosphere
and partially pouring out of the
tanks;

- Evacuation order was issued by
the crisis centre for a zone of 5
km around the refinery;

- Considerable oil pollution
occurred during the incident;

- Total damage is estimated to be
around USS 350 million.

.

Lession from the past: Extreme vulnerability of the tank farm, importance of the domino effect,

damaging of the services and security systems.
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NATECH EVENTS: Seismic behaviour of plant components

SLIM VESSELS

Typical Seismic Damages
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NATECH EVENTS: Seismic behaviour of plant components
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NATECH EVENTS: Seismic behaviour of plant components

ABOVE-GROUND STORAGE TANKS
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NATECH EVENTS: Seismic behaviour of plant components
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NATECH EVENTS: Seismic behaviour of plant components
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NATECH EVENTS: WHAT ABOUT RISK?

« Quantitative Risk Assessment (QRA) is an established method
utilized for the calculation of risk in process plants based on
the logic of consequence analysis described, for instance, in
the "Purple Book”.

« This intrinsically probabilistic method has been thought for
classical accident conditions in which the damage event
and the relevant consequences start from a preselected
component and a predefined LOC;

« In presence of Natech events, like earthquakes, a
multisource condition can be caused by multi-damage
conditions (damage in more than one component), which
in turn can generate multiple-chains of events and
consequences,
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NATECH EVENTS: WHAT ABOUT RISK?

In literature several attempts of modifying the classic QRA approach
to account for this important aspect have been formalized, but
without converging toward a unified approach.

« Cozzani V., et al.,, 2005, The assessment of risk caused by domino effect in
quantitative area risk analysis. Journal of Hazardous Materials, 127:14-30.

« Fabbrocino, G., Iervolino, I., Orlando, F, & Salzano, E. (2005). Quantitative risk
analysis of oil storage facilities in seismic areas. Journal of Hazardous Materials,
123(1:3), 61-69.

« Antonioni, G., Spadoni, G. & Cozzani, V., 2007, A methodology for the quantitative
risk assessment of major accidents triggered by seismic events, Journal of
Hazardous Materials, 147(1-2), 48-59.

The main reason is that the above methods try to assess the overall
plant vulnerability due to possible contemporary accident scenarios
caused by the release of hazardous materials but fails to include a

systematic procedure to analyze chain of accidents and are
based on standard data for LOC frequencies
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NATECH EVENTS: WHAT ABOUT RISK?

The problem of the uncertainties propagation, intrinsically
related to domino effects triggered by seismic events, has
been analyzed in the past by using different approaches,
ranging from analytical to numerical formulations.

« Busini V., Marzo E., Callioni A., Rota R., (2011), Definition of a short-cut
methodology for assessing earthquake-related Na-Tech risk, Journal of Hazardous
Materials, Volume 192, Issue 1, 15 August, Pages 329-339.

« Huang Y., Whittaker A.S., Luco N., (2011), A probabilistic seismic risk assessment

procedure for nuclear power plants: (I) Methodology, Nuclear Engineering and
Design, Volume 241, Issue 9, September.

« Alileche N, Olivier D., Estel L., Cozzani V., (2016), Analysis of domino effect in the
process industry using the event tree method, doi:10.1016/j.ssci.2015.12.028

These works often either they are not referred to process

plants under seismic action or they are for seismic action but
referred to different plants like NPP.
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NATECH EVENTS: WHAT ABOUT RISK?

The classical QRA method, described in the Purple book and
utilized for the risk assessment of process plants subjected to
an industrial accident, basically relies on the following steps:

2. Dispersion

Model (LOC) 3. Consequence

S Model (Physical eff) 5. Estim_ation of
economic losses,
.’} \ . > individual fatality

risk contours and

1. Identification societary risk
of the source term 4. vulnerability models curves
(effects on equip.
and people)

Multiple chains lead to Domino Effect
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NATECH EVENTS: WHAT ABOUT RISK?

In case of Natech events, like earthquakes, a multiplicity of chains can
be contemporarily triggered and propagated. Therefore, a series of
random initial scenarios need to be generated and the consequences
analysed, including interactions between chains (Multiple levels).

LEVEL 1

LEVELO

uiey) |ejusapide sdin

2IIIIIIII|
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NATECH EVENTS: WHAT ABOUT RISK?

In case of Natech events, like earthquakes, a multiplicity of chains can
be contemporarily triggered and propagated. Therefore, a series of
random initial scenarios need to be generated and the consequences
analysed, including interactions between chains (Multiple levels).

The probability of a given final scenario can be ideally calculated base on
the following general integral

P,.= |, " P(S| DE) P(DE | C) P(CILOC) P(LOC|DS) P(LS|EDP) P(EDP|IM) dP(IM)
A L ﬂ‘

EC Containment  gtates Intensity
measure
Consequences _ _
Engineerind Demand
Paramaters
Scenario
P( X]Y) is conditional probability of X given Y
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Proposal of a new procedure for QSRA of petrochemical plants

AN

o

Classification of plant equipment and identification of the relevant
limit states and failure modes triggered by earthquake exposure;
Seismic Hazard assessment by PSHA and selection of seismic input;
Derivation of fragility curves of all equipment;

Determination of the initial damage scenario (level 0)
Determination of loss of containment (LOC) events for each
component damaged by the earthquake according to limit states;
Estimation of source terms and physical effects for each seismically
damaged unit (consequences);

. Evaluation of damage propagation (domino effect), which includes

the identification of possible damages caused by the earthquake to
the undamaged units and derivation of consequences for the next
levels (level > 0) until no further units are damaged and the
propagation stops;

. Risk estimation and ranking scenarios.

NIVERS]
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Proposal of a procedure for QSRA of petrochemical plants

Identification of DECISION MAKING ANALYSIS
components and LS

Risk Estimation
Fragility Curves

Damage propagation
" and domino effect

»I»

Generation of initial
Damage scenario
(level 0)

LOC conditions

Source Terms and
physical effects
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 1: Identification of pant components

F. Paolacci, R. Giannini, M. De Angelis, (2013), Seismic response mitigation of chemical plant components by

passive control systems, Journal of Loss Prevention in Process Industries, VVolume 26, Issue 5, Pages 879-948

Special Issue: Process Safety and Globalization - DOI1:10.1016/j.jlp.2013.03.003.
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Structural typology Critical equipment Typical seismic observed damages  Other possible damages
Slim vessels Columns o Leakage of fluid in flanged Overturning
Reactors joints
Chimney e Yielding of anchor bars
Torch
Above-ground Big broad tanks with ~ Failure of wall-bottom plate Uplifting
squat equipment tixed and floating welding
roof Elephant foot buckling
Diamond buckling of tank wall
Settlements of ground
Impact of floating roof to tank
wall. Overtopping
Torch fire
Squat equipment Spherical tanks Collapse of structure due to
placed on short shear failure of columns
columns
Process Furnaces Collapse of structure due to Leakage from pipes;

Cryogenic tanks

shear failure of columns
Collapse of the chimney
Detachment of internal pipes
Detachment of the internal
refractory material

Collapse of structure due to
shear failure of columns

Increase of temperature
of Furnace wall

Piping systems and
support structure

Steel or R.C. frames

Collapse for excessive stresses

Damages to supported
equipment (pipes,
tanks,..)

PONTOON
HATCH

PONTOON

DRAIN

External Floating Roof Tank, single skin roof with pontoons
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 2: Seismic Hazard
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 3: Fragility Curves evaluation

For the purpose, only the damages connected to the leakage of the content
are considered fundamentals based on which fragility curves can be built.

Un anochored t an k s A nc hored t ank s
Limit Engineering Damage Limit Engineering Damage
State Demand Parameter Measure State Demand Parameter Measure
(LS) (EDP) (DM) (LS) (EDP) (DM)

Elephant Foot Meridional Buckling limit . L
Buckling Stress o, Serp Elephan'g Foot Meridional Buckling limit

Buckling Stress o, Cgrp
Hoop Stress Buckling limit
Shell fracture PR
on oe Shell fracture Hoop Stress Buckling limit
Oy O
- Total
Sliding Feiging = LW
siing ~ 1 Base Shear Max Vertical
Overturning Overturning Moment Overturn!nq Roof Damage dlspla_cement of Free-board height
Moment limit liquid
Base plate Max local strain Strain limit
fracture

Max Vertical

Roof Damage Free-board height

displacement of liquid
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 3: Fragility Curves evaluation

Mg

=
(ss]
T

S
(s3]
T

S

F’[D'EDP > LS| Sa(Ti)]
~

o
n
T

INPUT DATA

Shell-base connection fatigue | |
— — — Elephant's foot buckling

y Elephant's foot buckling |
Rd — — — Roof sloshing damage
1 2 3 4 5
S.(T) (9
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 4: Damage scenarios at level 0

For each component: possibles damage typology are randomly generated,
damage typologies are considered independently each other and if more
damages occurs , conservatively, is considered the more unfavorable.

FRAGILITY - CLOUD ANALYSIS : MERIDIONAL STRESS
T T T T T T T

For each equipment and
for each limit state, a
number 0 £ n £ 1 is
randomly generated by
using a uniform
probability function.

For the desired LS and

P(D>C/PGA)
5 o

IM (PGA) the equipment
is considered damaged
if:

(=)=

n > Pi
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 5: Determination of LOC events

Several accidents occurred in the last decades evidenced that the impact of
seismic events in industrial plants may trigger accidental scenarios involving
the release of relevant quantities of hazardous substances.

Ej LEVEL 0 : STARTING SCENARIO Ej DAMAGE-LOSSES CORRELATION
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 5: Determination of LOC events

IThe criteria to estimate risk level of an industrial facility are
based on the type of stored material and on the quantity of
material release connected to the type and level of

damage

! Procedure concerns the evaluation of the corresponding
LOC conditions. In principle, LS and LOC shall be considered
both as random variables. Consequently, the determination
of the probability of occurrence of a LOC condition given a
certain LS would be necessary. However, in the procedure,
this relationship will be considered deterministic.
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 5: Determination of LOC events

In principle, LS and LOC shall be considered both as random variables.
Consequently, the determination of the probability of occurrence of a LOC
condition given a certain LS would be necessary. However, in what follows,
this relationship will be considered deterministic.

DS/LOC Matrix for anchored tanks

Damage Engineering Damage State LOC1 LOC2 LOC3
State Demand Threshold Continuous Continuous Instantaneous
(DS) Parameter (LS) release from a release from a full release of

(EDP) 10mm hole bore of the pipe full content
Elephant Foot Meridional Buckling limit No Yes No

Buckling Stress G OErR

Diamond o T
Shape HOO]; Stress Buckling limit Yes No No

buckling H CE

... Total _

Sliding Base Shear Fitiging = PW No Yes No

] ) Overturning Overturning
Overtumning Moment Moment limit No No Yes
Base plate Max local strain Strain limit No No No

fracture

Max vertical Free-board

Roof Damage displacement of height No No No

liquid
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 6: Physical Effects

Example of -

Event Tree for -
YER[ P=91%

Storage Tanks

. .
&

Pool Fire Bleve and Fire Ball Jet Fire Vapour Cloud

Explosion
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 6: Physical Effects

Modelling source terms and dispersion

After having definied the loss of containment events for a single
event, the source terms and the dispersion in the environmental
have to be calculate.

Outflow and spray release Pool evaporation Vapor cloud dispersion
PO Q o ™ the Continuous Source
7 1
‘"v
T [
b
gy =0 v __
v ; Ell e pat AClr.y:!
i — Wind Direction.
\_..’/ 777 7777
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 6: Physical Effects

Modelling source terms and dispersion

From an instantaneous or continuous release very different
consequence can be developed.

Heat flux from fires

l ,, l

Pool Fire Jet Fire Fireball
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 6: Physical Effects

Modelling source terms and dispersion

From an instantaneous or continuous release very different
consequence can be developed.

Explosion

= <ROMA A probabilistic risk assessment of process plants under seismic Loading — Fabrizio Paolacci
EAETRE Petroleum and Refinery Conference — 1-3 June 2017 - Osaka




A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 6: Physical Effects

Modelling source terms and dispersion

From an instantaneous or continuous release very different
consequence can be developed.

Toxic exposure

Pollution of the air and soil

==ROMA
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 7: Damage propagation and domino effect

Logical sequence of domino effect : for each seismically damaged unit, the
procedure includes the damage evaluation in the remaining undamaged

units.

LEVEL 0 : STARTING SCENARIO

LEVEL 1 : DOMINO EFFECT

Thermal radiation
>
Overpressure
Tank 1,4 Tank 2,3,5,6

Possible effects on target units :

Tank 1: Thermal radiation Target: Sum of

-9 Thermal radiations

Tank 4: Thermal radiation

Tank 1: Thermal radiation

_é Target: Worse effect

Tank 4: Overpressure

Tank 1: Overpressure
_9 Target: Worse effect

Tank 4: Overpressure

ZIIIIIIll

|||||
"g.:
=8
M=
s »>
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 7: Damage propagation and domino effect

Logical sequence of domino effect : for each seismically damaged unit, the
procedure includes the damage evaluation in the remaining undamaged
units.

LEVEL 1 : DOMINO EFFECT LEVEL 2 : DOMINO EFFECT
Thermal radiation
(if checked;
Tank 1,4 Tank 5,6
i Thermal radiation i
Tank 2,3 Tank 5,6
Effects on target units : Target: Sum of Thermal radiations
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 7: Damage propagation and domino effect

For each seismically damaged unit, after the quantification of the physical
effects (pressure, thermal radiation, etc..) due to a LOC event, the procedure
includes the damage evaluation in the remaining undamaged units.

Thermal radiation | '/ os ol
> 57 i Thermal radiation
T —>

Probit
Probability

Overpressure
: | “ | TARGET
SOURCE lnz‘(D) 22 23 24 UNIT
UNIT
Probabilistic target damage
Level O on weakened structures Level 1

(Probit models)

P =05 [1 + erf(Pi/% 5)] erf(x) = \/% Jxe—tzdt
0




A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 7: Damage propagation and domino effect

The proposed procedure allows three different types of seismic analysis of
the plant: scenario, fragility and risk analysis .

e The first approach defines the seismic scenario corresponding to the
occurrence of an earthquake with a given magnitude M at a given
distance D from the site with soil conditions S (e.g., the most likely event
producing a given value of the Intensity Measure (IM) at the site,
obtained by a deaggregation analysis); therefore, the outcomes are
conditioned to the occurrence of the selected earthquake.

e Differently, the fragility approach consists in calculating the probability
of occurrence of damage scenarios and consequence for a given set of
IMs. This approach can be adopted to investigate the behaviour of the
plant to increasing seismic intensities.

* Finally, the third approach consists in a complete risk analysis of the
plant.
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 7: Damage propagation and domino effect: Scenario

If a scenario or a fragility analysis is selected, the probability of occurrence of
a given damage scenario, conditioned, respectively, to the seismic scenario or
a given value of the IM (e.g. PGA) can be calculated with the relation
P[S|IPGA], where N is the number of simulations and I is the indicator

function of the event i for a damage d .
N
> 1(d)
P[S | PGA] ==
N
Similarly, the expected cost L reads where Cij
(dj ) indicates the reparing/substitution cost of N
the j-th unit of the plant that, at the i-th 2.2..G (4,)
sampling, is subjected C|L|PGA]|="= N
to the damage dj ; the second summation is
extended to all damaged elements
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 7: Damage propagation and domino effect: Scenario

If a scenario or a fragility analysis is selected, the probability of
occurrence of a given damage scenario, conditioned, respectively, to
the seismic scenario or a given value of the IM (e.g. PGA) can be
calculated with the relation P[S|PGA], where N is the number of
simulations and I (d) is the indicator function of the event i for a

damage d .

N
2.1(d)
Similarly, the expected cost L reads P[S|PG4]=* ~

where Cij (dj ) indicates the
reparing/substitution cost of the j-th unit LY Probability of a scenario -

of the plant that, at the i-th sampling, is

subjected .
to the damage dj ; the second >2..6 (d,)
summation is extended to all damaged C[L| PG4 =+
elements N

Economic losses
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 7: Damage propagation and domino effect: Risk

When the risk analysis option is selected, the Magnitude (m) of the
seismic event and the distance (R) of the site form the epicenter or
the fault are randomly sampled. The PGA is then determined by using
a proper seismic attenuation relationship.

The Magnitude is sampled by using the Gutemberg-Richetr law

The distance is sampled from a uniform distribution fuction p=dA/A
The seismic activity is sampled by assuming a uniform annual rate
of occurence

To improve the efficiency of MCS the importance sampling
technique is used

N W = — By —ﬂmm.
ZI (d )wﬁ.wmwﬂf € —e€
i=1 E_ﬁm _ E}_ﬁ"’nnx
p — = 1-'1-" f— M 1' = — I,.-"r ..
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A NEW METHODOLOGY FOR SEISMIC RISK ASSESSMENT

Step 7: Damage propagation and domino effect: Risk

When the risk analysis option is selected, the Magnitude (m) of the
seismic event and the distance (R) of the site form the epicenter or
the fault are randomly sampled. The PGA is then determined by using
a proper seismic attenuation relationship.

The Magnitude is sampled by using the Gutemberg-Richetr law

The distance is sampled from a uniform distribution fuction p=dA/A
The seismic activity is sampled by assuming a uniform annual rate
of occurence

To improve the efficiency of MCS the importance sampling
technique is used
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FLOW-CHART OF THE PROPOSED METHOD
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PRIAMUS SOFTWARE

PRIAMUS was developed in MATLAB environment, which allows to
define a quantitative probabilistic seismic risk analysis of
petrochemicals plants with economic and domino effect evaluation.

BE -
r-Storags tanik farm PRI MUS . =ROM
A a ———— A
Number of tanks 1 . E E
P ilistic Risk with Monte carlo simulation of process plants Under Seismic loading YIS = = RE
Tank Label - PRIAMUS = = I
Select v Actions
Location
Select e Plant... Heat Protection Event Tree Run! Load Project Save Project | Plot Results ‘
Geometry
Select ~
Control Panel
Content
Select v 600 600 mic Damage
Economic Value
Select ~ 550 550 Scenarios Statistics ‘
T Fragility Curves 500 @ @.4 500 @ @ Select Scenario
3 -3
@-‘\ @'2 @-1 @'2 PGA (g) Tank combination number
450 450
rPlant information Select pga « N 1
Obstructed surface Select " 400 3 S 3
Plot Domino Effect
350 350
p information
1 1
Air Properties Select ~ 300 @ 300 @ Domina Level 1
) g
Wind Conditions Select ~ 250 250 Scenarios
rAnalysis information 200 200 Select Scenario

ANALISYS TYPE RISK v

950 1000 1050 1100 1150 1200 1250 1300 950 1000 1050 1100 1150 1200 1250 1300 D :

[J Random Attenuation Law

Reference Period 1 years Plot

M Sail Type um
PGA ~ B ~ g ~ Domino Level 2
SCENARIO Scenarios
Selact combination
Magnitudo 7 Distance (km) 2 Tank combination number
-
FRAGILITY
Plot
IM min IM max deltalM
Final Damage Scenarios
1300 EA
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PRIAMUS SOFTWARE FOR QSRA

Architecture of the software

DE S

rStorage tank farm
Number of tanks 1
Tank Label

Select

Location
Select

Geometry Seloct

Content Select

Economic Value
Select

Actions

Typology Fragility Curves

rPlant

Obstructed surface Select

“Tank information” - This section is dedicated to the definition of the
characteristics of the storage tank farm: number of tanks, locations,
geometries, typology of content, economic value. The software allows
the input of the data through prompt or excel files.

Air Properties Select

Wind Conditions Select

“"Vulnerability of tanks”- in this section user can define the typology of
each tank (anchored, unanchored or elevated, with fix or floating
roof). For each structural damage typology that causes loss of
containment, user must define the parameters of fragility curves
(medium value and standard deviation).

rAnalysis

[ Random Attenuation Law

M Soil Type um

PGA v B ~ q

SCENARIO

Magnitudo 7 Distance (km)
FRAGILITY

IM min IM max deltal

ANALISYS TYPE RISK ~

Reference Period 1 years

2

“Plant information”- This part is dedicated to the definition of the
vertex of obstructed area, the volume of components inside and the
component maximum height inside the zone for the definition of VCE
effects.

40
20

“Atmospheric information”: the statistics of atmospheric conditions are
entered. Monthly mean value of air humidity, air temperature and wind
velocity are needed. The wind direction is defined in terms of
probability for each month

1000

“Analysis information”: user can choose the typology of seismic
analysis (risk analysis, scenario analysis, analysis for a range of
intensity measure).

==ROMA

O
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PRIAMUS SOFTWARE FOR QSRA

Architecture of the software

e -0 x 4
File Edit Viev Inser Tool Deskte Windo Hel}
 Storage tank farm s - i - e —————— 5 - WA\ W
F NG o e
EEEIRNERY Y P R [ seomey - 0 x
Number of tanks 1 N
Tank name File Edit View Insert Tools Desktop Window Help
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A s &
Tank Label e DEEHL KRN OVLEA- 2| 0E| DO 7
3 TkE 1
4 K4 " N -
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e 1 oi n
g 2 [2 37.9600 14 11.3000 0.2500 338356+ |
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Economic Value Select S o 6 e 412500 15 2 02500 247572 Save and Close
7 ™7 543500 18 15.3000 0.2500 531950
= " o 3 [Ks 65.4000 14 2.9000 0.2500 &
ypology ragility Curves —=—
—— 9 K9 14500 E 21,6000 0.6000 158 v
< >
File Edit View Insert Tools Deskiop Window Help ~
Plant information 5 —
L e "
DEZE&| k| AAONBDEL-|S|(0E|aDd TSR o !
Obstructed surface Select "
Plot Domino Effect
- — Tankname | X(m) | ¥(m) |
1 [ 10289e-03  469.3500 A
v k-2 0967
Air Properties Select 21 ! s Rl Domino Level 1
3 [Tk3 11731es03  484.1200
Wind Conditions Salect » 4 [t 124590+03  489.9000 Recorder and Close P—
5 [TKE 104216403 3795400
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rAnalysis information 7 |7 11530603 3842400 Select Scenario
ANALISYS TYPE Select o 8 [TK8 1.2435e+03 4126000
9 [Tk9 996.3000 264 2800 D 1
Random Attenuation Law 10 [TK-10 SRR Los (H] S i
e |
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[m] X
M Soil Type um
File Edit View Insert Tools Deskiop Window Help ~
Select v Select Select ] ;s " @ 6
D | b RANDRL-|2(0E e
SCENARIO
Tank nan Conten Fluid density (kg/mc) Gas density (kg/me) Liquid viscosity (Pa”s)| Melecular weight (kg/mole) Liquid heat capacity (J/kg"K] Heat of (/Kg)|Air-fuel ratio (%)| A-Antoine coeff. (K, m
Tkt ~ Crugeol A 917 3.5000 0.0075 0.0440 2130 420000 4 ~
Magnituda 5 Distance (km) 20 ] o ChangeRiopeness e |
2 |2 2 |Crudeot 2 917 35000 0.0075 0.0440 2130 420000 4
3 k3 3 |Crudeol 3 917 35000 0.0075 0.0440 2130 420000 4
4 T4 4 |crueol 4 917 35000 0.0075 0.0440 2130 420000 4
FRAGILITY 5 [Tks 5 |Crude ol Close 5 917 35000 0.0075 0.0440 2130 420000 4
M min M max deltalM 6 |Tk6 6 |Crudeol 6 917 35000 0.0075 0.0440 2130 420000 4 ©
7 [T 7 |crueon < >
8 [ & |Crudeol
g Save data
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PRIAMUS SOFTWARE FOR QSRA

Architecture of the software

DEXR N
rStorage tank farm palog - o x = ] ROM ﬁ
File Edit View Inset Tools Desktop Window Help : M u S = =
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PRIAMUS SOFTWARE FOR QSRA

Architecture of the software

DEXR

Storage tank farm P R I M U S

Number of tanks 1

P ilistic Rlsk with Mente carlo simulation of process plants Under Seismic loading
Tank Label Prompt... =7
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Location Promt .
Plant... Heat Protection Event Tree Run! Load Project Save Project ‘ Plot Results ‘
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Control Panel
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PRIAMUS SOFTWARE FOR QSRA

Architecture of the software

Ba
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PRIAMUS SOFTWARE FOR QSRA

Architecture of the software

DEXR
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47.00 = =
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PRIAMUS SOFTWARE FOR QSRA

Architecture of the software

DE R 2
Storage tank farm P R I ! M u S =ROMA

Number of tanks " = =
Tk Labt Risk with Monte carlo simulation of process plants Under Seismic loading TRIAMIS = =

Select i Actions
Location o~

elect v Plant... Heat Protection Event Tree ‘ Run! Load Project Save Project | Plot Results |
Geometry Soloct

elec v

Tontrol Panel

Content

Select v 600 800 ismic Damage
Economic Value

Select v 550 550 Scenarios ‘ Statistics |

Typology Fragility Curves
“Actions”: H it’ ible:
ctions”: Here It's possible:
(Plant
. lect lot of the plant

Obstructed surface Select Y select a p ot o e an

« define manually a shielding effect between tanks for thermal radiation

. (heat protection)
; « modify the probabilities of occurrence of the physical effects in the
e [ B event tree
3 Rendom Atenuain Low « run analysis, save load project and plot results
1% Soil Type um
SCENARIO Scenarios
Magnitudo 7 Distance (km) 2 Tanl? e
FRAGILITY D !
IM min IM max deltall Plot
Final Damage Scenarios
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PRIAMUS SOFTWARE FOR QSRA: EXAMPLE

SITE : PRIOLO GARGALLO (SR) - ITALY

TANK FARM SELECTED

Priolo Gargallo SR

96010 Priolo Gargallo SR

Foto ' Cerca nelle vicinanze

OSSO

o

SS1T J ==

FEAUTURES OF TANKS

Content : Crude oil

37.96
11.3
14

37.96
11.3
14
345
0.013
0.02
0.008

37.96 41.26 54.86 41.26 54.86 65.4 81.46 81.46 54.86
11.3 12 15.3 12 153 10 21.6 21.6 153
14 15 18 15 18 14 25 25 18
345 345 345 345 345 345 345 345 345
0.013 0.013 0.0185 0.013 0.0185 0.014 0.026 0.026 0.0185
0.02 0.02 0.0295 0.02 0.0295 0.0295 0.04 0.04 0.0295
0.008 0.008 0.008 0.008 0.008 0.008 0.016 0.016 0.008

S|
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PRIAMUS SOFTWARE FOR QSRA: EXAMPLE

FRAGILITY ANALYSIS OF STORAGE TANKS

Tankn.1-2-3 Tank n.9 -10

T T T T T

T T
—Sliding —Sliding -

0.9~ ——Overturning ——Qverturning |4
—Shell failure —Shell failure

081 —EFB —EFB )

0.7 -

0.6

0.5

P(D>C/IPGA)
P(D>C/PGA)

0.4 -

0.3~

0.2

0.1}

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
PGA (9)

S Mean 0.145 0.145 0145  -0254 -0.861 -0.254 -0.861 0228 -2.637 -2.637 -0.861

St. dev. 0.618 0.618 0.618 0.583  0.696 0583 0696 069  0.77 0.77  0.696

Mean 2.205 2.205 2.205 1940 1854 1940 1854 5685 -0.076 -0.076 1.854

St. dev. 0.442 0.442 0.442 0406 0504 0406 0504 0595 0643 0643 0.504

Mean 1.772 1772 1.772 1695  1.873 1695 1873 5566 1369 1369 1.873

St. dev. 0.405 0.405 0.405 0362 0435 0362 0435 0437 0644 0644 0435

Overturnin Mean 0.527 0.527 0.527 0522  0.565 0522 0565 1124 1017 1017 0.565

= St. dev. 0.405 0.405 0.405 0362 0435 0362 0435 0441 0645 0645 0435
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PRIAMUS SOFTWARE FOR QSRA: EXAMPLE

RESULTS

The most likely seismic damage scenarios (Level 0) along with the relevant frequency of
occurrence together with the most likely chain of accidents can be identified.
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Obstructed surface elec i 10 THAD 3060804 01028
@ 123456789 |0|1|2|3|4.15I| 3 | 30198608 04070 I
350 N. of Scenario 5 | TRSTKTTKSTKADTK, 49354005 00083 I
5 | K-S TR meaa S nana | .
1 =0 et e Lol 1 Ta T THA
Air Properties Selact d 300 @‘ 300 n<.n,¢.‘5 ] Dernine effect in1 year: Level 1: Tank K-10 - o | —
o . o B - - |“F‘1s i Edit  View \m:n .TnnI; Desktop Windnw. Help . x| ‘
Dade kA0 LA-E|08 |0 L
-Analysis 200 200 | I
ANALISYS TYPE RISK - 950 1000 1050 1100 1150 1200 1250 1300 850 1000 1050 1100 1150 1200 Scenaria (damaged tanks)| Probability
1 |Home 3.7937e-04 A
[ Randam Attenuation Law 2 \ TS THAE THLT TH.S. 242%8e04
. 3 TRSTRSTKTTHETKAT  2a1s8edd |
Referance Period years 4 TR — :
| { 4 Domino effect in1 year: Level T: Tank TK-3 TK-10Leved 2 Tan.,,  — o X
M Sail Type um
o File Edit View Inset Tools Desktop Window Help el
PGA B v w | = = =
: % SEFEINEEYEE P ALY
SCENARIO 3 "
@, | |Seenario (damaged tanks)| Probability |
Magnituda 7] Distanca (km) 2 B @4 m 11 |TK-| THZ THe3 THeA TR 24226004
o
8060
FRAGILITY o @G
IM min M max deftalld A | E— ‘
1100 a0
1050
1000 500 Final Damage Scenarios
200 850
1300 800
ROEIXI]% A probabilistic risk assessment of process plants under seismic Loading — Fabrizio Paolacci

IVERSITA DEGLI STUDI

Petroleum and Refinery Conference — 1-3 June 2017 - Osaka




PRIAMUS SOFTWARE FOR QSRA: EXAMPLE

RESULTS

The most likely seismic damage scenarios (Level 0) along with the relevant frequency of
occurrence together to the more likely chain of accidents can be identified.

Accidental Chain #2, P=2.37E-04
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CONCLUSIONS

O A new procedure for the Quantitative Risk Analysis of process
plants subjected to NaTech events, in particular seismic loading,
has been presented and discussed.

d The evolution of the domino effect within a process plant struck by
an earthquake has been reproduced assuming that the accident
dynamics may be represented by a sequence of propagation steps,
called “levels”.

O Each propagation level includes a subset of process units directly
damaged by units belonging to the previous levels. The first level
(level 0) characterises the initial damage conditions directly
induced by the seismic action to the single units of the plant.

d Eventual subsequent levels (level > 0), that is the domino effect,
may be generated by material releases (LOC) that follow specific
seismic damage conditions, hererecognized by a new Damage/LOC
matrix. This latter has been specifically proposed for storage
tanks, as the one of the most seismically vulnerable units in
process plants.
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CONCLUSIONS

With respect to other methods the following key aspects characterize
the proposed approach:

O An automatic generation of random initial scenarios based on the
probability of occurrence of seismic damage in the plant
components (fragility curves), is employed;

a A direct association of Damage states (DS) and loss of
containment (LOC) events by proper DS/LOC matrix is proposed;

O An automatic generation of consequences due to LOC events is
performed; this allows the propagation of any number of multiple
accidental chains that is completely independent of the analysed
plant.

O The possibility to adapt the risk output to the needs. For example,
it has been shown how to easily evaluate economic losses or
damage scenarios simply based on a certain number of
simulations.

O The method can be implemented in any computer programming
environment and employed for any type of process plant;
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CONCLUSIONS

d The proposed methodology has been implemented in Matlab™
environment (PRIAMUS) and used for the computation of the
seismic risk of a typical tank farm belonging to a petrochemical
plant ideally located in the south of Italy (Sicily).

O The results demonstrated the flexibility of the software in providing
either the probability of occurrence of a given damage scenario or
the total risk of the tank farm in terms of annual probability of lost
volume or the annual probability of occurrence of critical damage
scenarios.

a It has been shown that the proposed software can also be usefully
employed to estimate the probability of occurrence of specific
damage propagation effects (domino effect).
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Thank you very much for your attention

Questions?
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