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Abstract

One of the main triggering causes of industrial accidents is associated
with the occurrence of natural events, like earthquakes, floods, tsunamis,
hurricanes, or lightning storms. These phenomena can lead to structural
damage to the industrial facilities causing the release of hazardous
substances contained within them, initiating a chain of unpredictable
cascading effects, potentially involving pool fire, blasts, or dispersion of toxic
cloud. The study of the effects of the impact of natural phenomena on
industrial facilities is the evaluation of the NaTech risk assessment. The term
NaTech has been coined to describe such natural-hazard-triggered
technological accidents.

The thesis presents a multi-hazard NaTech risk assessment for a
petrochemical plant of an anchored storage tank farm exposed to
earthquakes and tsunamis. This hypothetical waterfront liquefied petroleum
gas tank farm is situated at a coastal Italian site supposed as case study.

Advanced probabilistic seismic hazard analysis and tsunami fragility
functions for anchored storage tanks are developed, in this thesis, to
contribute to a risk assessment that is not always easy to carry out. These
two contributions are added to existing literature about probabilistic tsunami
hazard analysis and seismic fragility curves, in order to integrate the hazard
and vulnerability results for seismic and tsunami action and to provide the
rates of the tank failure, where failure is intended as structural damage able
to cause release of contents.

The results of the work of the thesis can be used to perform loss and
consequence analysis looking at a wider context of multi-risk that takes into
consideration the interaction between two natural phenomena.

Keywords: NaTech, risk, earthquake, tsunami, storage tank.



Sintesi in lingua italiana

Una delle principali cause scatenanti di incidenti industriali & associata
all'occorrenza di eventi naturali, come terremoti, inondazioni, tsunami,
uragani o tempeste di fulmini. Questi fenomeni possono causare danni
strutturali agli impianti industriali, con conseguente rilascio di sostanze
pericolose contenute al loro interno e I'inizio di una catena di effetti a cascata
imprevedibili, che possono innescare incendi, esplosioni o dispersione di nubi
tossiche. Lo studio degli effetti dell'impatto dei fenomeni naturali sugli impianti
industriali  I'analisi del rischio NaTech. Il termine NaTech e stato coniato per
descrivere tali incidenti tecnologici innescati da eventi naturali.

La tesi presenta una valutazione multi-hazard del rischio NaTech per un
impianto petrolchimico, costituito da un parco di serbatoi di stoccaggio
ancorati, esposto a terremoti e tsunami. Questo ipotetico impianto di serbatoi
di gas liquefatto di petrolio situato sulla costa italiana & stato preso come caso
studio.

In questa tesi, sono state sviluppate avanzate analisi probabilistiche di
pericolosita sismica e funzioni di fragilita tsunami per serbatoi ancorati, per
contribuire a una valutazione del rischio che non &€ sempre facile da eseguire.
Questi due contributi si aggiungono a studi di letteratura esistente di analisi
probabilistiche di pericolosita tsunami e curve di fragilita sismica, al fine di
integrare i risultati di pericolosita e di vulnerabilita per sisma e tsunami per
ricavare il tasso di fallimento dei serbatoi, dove per fallimento si intende |l
danno strutturale in grado di causare il rilascio dei contenuti.

| risultati del lavoro di tesi possono essere utilizzati per eseguire analisi
delle perdite e delle conseguenze guardando a un contesto piu ampio di
multi-rischio che tiene conto dell'interazione tra due fenomeni naturali.

Parole chiavi: NaTech, risk, earthquake, tsunami, storage tank.



Contents

ADSIIACT ..o i
Sintesiin lingua italiana..............ciiiiiie e iv
ACKNOWIEAGEMENTS ... e iX
LiSt Of ACTONYMS .. Xi
LiSt Of FIQUIES ..o Xiii
LiSt Of TADIES .ovveeieeeeee e XViii
List Of SYMDBDOIS ..ccoiiiiiiiiiiii XXI
[T o o LU o3 1o o I 1

1 Probabilistic seismic and tsunami hazard analysis: application for

a petrochemical plant ..........ccoooiiiiii s 5

1.1 Seismic sources and ground motion prediction equation for

(18] oo [0 Lot u o] o T - LB || £ P 10
1.1.1  Finite fault modelling for crustal seismicity .................... 13
1.1.2  Subduction interface modelling ...........cccoeeeeeeeiiiiiiininnnnn. 18
1.1.3 Evaluation of occurrence rates of earthquakes ............. 21
1.1.4  Ground motion prediction equation for subduction zone.26

1.2 Probabilistic seismic hazard analysiS.........ccccoocoeviiiiiiiiiniennnn, 29
00720 R Y/ 11 g To o (o] [0 | V28N 30
1.2.2 Hazard ReSUIS.......ccoiiiiiicie e 33
1.2.3  VerfiCatiON.......uiiiie e 34

1.3 Available probabilistic tsunami hazard analysis results............ 37
1.3.1 Tsunami intensity measures definitions................c........ 38



1.3.2 Propagation tsunami modelling..............cccoevvvvvviennnnenn. 39
1.3.3 Hazard reSUS. . ..o 42
1.4 Models for conditional tsunami hazard..........c.ccocoviieiiinniennen, 46

1.4.1 Joint probability density function of momentum flux and
velocity given tsunami height. ..., 46

2 Tsunami fragility for anchored floating-roof atmospheric tanks.53

2.1 Methodology.......coooviiiiiiiie e 56
2.1.1 Equivalent static loads...........cccceeviiiiiiiiiiiiiii e, 57
2.1.2  Failure MOUES ........uuiiieieeiieeeiie e 58
2.1.3 Design of archetype tanks .............cccccevvviiiiiiiiieeieeeeenns 61

2.2 Numerical models and structural analysis..............cccevvvvvvvnnnnn. 64
2.2.1 FEM model and non-linearities ..........cccccvvvvviiiiieeennnnnnns 64
2.2.2 Results and diSCUSSION .........cccvvvviiiiiiiiiiiiiiiiiiiiiieeeeeeee 67

2.3 Derivation of fragility functions..............ccccvvvviiiii e, 71
2.3.1 Treatment of uncertainties on the demand parameters 71
2.3.2 Treatment of uncertainties on the capacities ................ 72
2.3.3  Parametric modelS........ccccccviviiiiiiiiiiiiiieeee 76
2.3 4 RESUIS ..t 79

3 NaTech multi-hazard risk assessment........cccccccvvvveviiiiiiiiiieeeeennn. 85

3.1 Multi-hazard risk assessment methodology .............ccceevvvvnnnn. 88
311 Case StUAY....ccuvuiieiie e 88
3.1.2 Probabilistic multi-hazard analysis..........cccccccvvveeeeennnnn. 90
3.1.3 Fragility functionS..........cccouiiiiiiiiiii e 91
3.1.4 Structural failure rate .........cccoooveeiiiiiiiiii 95

3.2 Results of multi-hazard risk analysis .........cccccccevviiiiiiiiiiiinnnn. 97
3.2.1 Results of hazard and vulnerability analysis.................. 97

3.2.2 Results of structural failure rates .........ooeveeeeviiieieenen... 98



3.2.3 Comparison of tsunami failure rates with the literature

results 99
3.3 Cascading effeCtS ........uuuviiiiiiiiiieieeee e 102
3.3.1 Simultaneous failure framework .............ccccccveiinnennn. 102
3.3.2 RESUIS oo, 105
7 O 0T o o 1U 1] Lo o 1= PP 109

5 Appendix A: Design of anchored atmospheric storage tanks . 113

B WINA GCHON. e 113

5.1.1 Evaluation of external pressions acting on the circular
cylinders 114

5.1.2 RESUIS oo 117
5.2 SEISMIC ACHON.....cceiiiieiiiiiiie e e 119
5.2.1 Evaluation of seismic action with EN1998-4:2006....... 119
5.2.2 Evaluation of seismic action with EN1998-4:2023....... 121
5.2.3 Height of convective wave............cccccccvvvviviiiiiinnninnnnn. 123
5.2.4 Pseudo-acceleration Spectrum ............cccceevvvvvvviieeeennn. 124
525 RESUIS oo 125
5.3 Actions on the tanks and limit state verifications.................... 128
5.3.1 Load combinations. ..........cccovvreiiiiiiiiieeeeeeeeeiie e 128
5.3.2  VerificationsS........ccoooviiiiiiiii 130
5.3.3  Buckling limit state............ccccvvvviiiiiiiiiiiieeeeeeee 131
5.4 Design of minimum shell wall and base plate thicknesses.....135
541 Baseplate .....ccoooiiiiiiiiiii e, 135
542 Shelldesign.......cccooiiiiiii 135
5.4.3 Annular bottom plate ...........cccccoviiiiii 137
5.4.4 Design of anchor bolts.............cccviiiiiiiiiie e, 139
5.5 Static nonlinear elastic analysis with finite element model.....141
5.5.1 Description of finite element model ..............ccccceeee. 141

vii



5.5.2  Static nonlinear elastic analysis
553 RESUIS ..o
Bibliography

Author’s publications



Acknowledgements

The author’s work has been carried out in the framework of the PRIN
2017 (Progetti di Rilevante Interesse Nazionale) project “Multi-risk
assessment of the interactions among natural hazards and
technological scenarios involving the release of hazardous
substances - codice: 2017CEYPS8 CUP: E64119000800005”.

| would like to express my gratitude to the scientific committee, Prof.
Raffaele Landolfo and Prof. Gaetano Festa, for the careful and scrupulous
evaluation of my PhD journey.

| would like to express my gratitude to the reviewers of this thesis,
Prof. Katsuichiro Goda (Western University, Canada), Dr. Raffaele De Risi
(University of Bristol), and Dr. Kostantinos Bakalis (University of
Birmingham) for their valuable comments that helped me to improve the
quality of my thesis.







List of Acronyms

C
cdf
CS

FEM
GMPE
IS
NaTech
pdf
PGA
PSHA
PTHA
QRA
RV
UHS

Capacity parameter

Cumulative density function

Crustal Seismicity

Demand parameter

Finite Element Model

Ground Motion Prediction Equation
Interface subduction Seismicity
Natural Technological accident
Probability density function

Peak Ground Acceleration
Probabilistic Seismic Hazard Analysis
Probabilistic Tsunami Hazard Analysis
Quantitative Risk Assessment
Random Variable

Uniform Hazard Spectrum






List of Figures

Figure 1.1: Discretization of the crustal sources and tectonic regions of the

Mediterran@an ArCa. .........cccuuuuuuiiieeeeeeeeiiiiie e e e e e e e eetiia e e e e eeeeeens 11
Figure 1.2: Tsunamigenic sources for crustal and subduction earthquakes
at the target site of Milazzo (Sicily, Italy). ........ceeiiiiiiiiiiinn. 12
Figure 1.3: a) Tectonic regions inside of the area of interest for PSHA. b)
Crustal seismic sources considered for PSHA. ............cceevvvvvnnnnnn. 13
Figure 1.4: a) Movement between hanging wall and foot wall. b) Finite fault
[0S0 0 0T 1 PR 14
Figure 1.5: a) pdf of residuals of rupture area; b) pdf of residuals of rupture
length. ... 16
Figure 1.6: Rupture area for different magnitude for a) normal and thrust
faults and b) for strike-slip faults..............ccccoooiis 18
Figure 1.7: a) Calabrian Arc. b) 3D representation of the Calabrian Arc.
...................................................................................................... 20
Figure 1.8: Discretization of the interface subduction slab. ................... 21

Figure 1.9: Activity rates for crustal seismicity for a) cyan region and b)
yellow region. Activity rates for subduction seismicity for c) cyan
region and d) Yellow region. .........cccccvviiiiiiiiiieeeeeeee 24

Figure 1.10: a) Activity rates of seismic zones. b) Gutenberg-Richter
FelatioNSNIPS. ..o 25

Figure 1.11: a) Attenuation of the PGA with the Rrup. Median spectra for
interface earthquakes at b) Rrup = 50km and c) Rrup = 200km.
...................................................................................................... 28

Figure 1.12: Probability mass function of focal mechanism for a) seismic
source at north-west and b) seismic source south-east respect to the
5] (= 32

Figure 1.13: a) Seismic hazard curves. b) Comparison between crustal
hazard curves considering two different GMPE. ................ccceeee. 34



Figure 1.14: a) Comparison between hazard curves obtained with different
crustal seismicity source models. b) Uniform hazard spectra. c)

Percentage ratio of hazard curves of panel a)...............ccceevvvvnnnnnn. 36
Figure 1.15: lllustration of the tsunami parameters [35]. .........cccccccuvennee 38
Figure 1.16: Domain of the grid used for tsunami simulations. .............. 40

Figure 1.17: Time history of the tsunami height a) with coseismic
displacement, and b) without coseismic displacement. ................. 40

Figure 1.18: a) 95 inland control points in which the simulations are saved.
Time histories in which is recorded: b) the highest tsunami height; c)
the highest momentum flux; and d) the highest tsunami velocity...42

Figure 1.19: a) Inland points in which the simulations are saved. b) Mean
tsunami hazard curve between 100 curves obtained with different
[ T0T 0 [= £ 44

Figure 1.20: Hazard maps: a) for maximum tsunami height; b) for
maximum momentum flux. Probability maps: c¢) for maximum
tsunami height; d) for maximum momentum flux (Reproduction of the
maps of article of Volpe et al. 2019 [12]). ...cevvvrriiriiiiieieeeeeeeeenn, 45

Figure 1.21: a) Histogram of the maximum tsunami height. b) Histogram
of velocity at the instant time of maximum tsunami height. c)
Histogram of the maximum momentum flux. ............cccoooeinnns 48

Figure 1.22: a) regression curve of the mean of the logarithm of the
velocity at the instant time of the maximum height given a maximum
tsunami height value. b) Linear regression curve of the standard
deviation of the logarithm of the velocity at the time of maximum
height given height value. c) Nonlinear regression curve of the mean
of the logarithm of the maximum momentum flux given a height
value. d) Linear regression curve of the standard deviation of the
logarithm of the maximum momentum flux given height value. .....49

Figure 1.23: a) Linea regression curve of the correlation coefficient
between the velocity at the time of tsunami height and the maximum
momentum flux, given height value. b) Joint probability density
function of the maximum momentum flux and the velocity at the time
of the tsunami height, conditional to maximum tsunami height......50



Figure 2.1: a) equivalent static tsunami load and schematic representation
of possible failure modes considered: b) shell buckling, c) the shear
failure of the anchors, and d) the tensile rupture of the anchors. .. 57

Figure 2.2: Scheme of floating-roof anchored atmospheric storage tank.
...................................................................................................... 63

Figure 2.3: FEM models of archetypes tanks. ...........cccoovvveveeiiiininnnnen. 64

Figure 2.4: a) Uplift of the base plate of intermediate tank. b) Membrane
circumferential stresses along the shell wall of squat tank............ 67

Figure 2.5: Maximum circumferential compressive stress in the shell wall
for different levels of tsunami heights and levels of liquid content for
SIENAET TANK. .. ..uuiiiiiiiiiiiiiiiiii e 68

Figure 2.6: Tensile force of two anchors in the slender tank, for some
values of tsunami height and velocity, in condition of: a) empty tank;
D) fUIl. 70

Figure 2.7: Conditional distribution of a) logarithm of tsunami velocity at
the time of maximum height and b) logarithm of maximum
MOMENTUM FIUX......ooiiiiiii e 71

Figure 2.8: Nonlinear regression curve of the mean of the logarithm of the
height given maximum momentum fluX. .............ccccccvviiiiiiiiiininennn, 74

Figure 2.9: Parameters of Weibull cdf at varying of the filling levels, for
intermediate tank. In the first row, the scale parameter “a” for failure
mechanism: a) shell buckling; b) tension of anchor bolts; c) shear of
anchor bolts. In the second row, the shape parameter “b” defined for:
d) shell buckling; d) tension of the anchor bolts; e) shear of the
ANCNON DOIS....coviiiiiiiiiiiiiie e 78

Figure 2.10: Validation of the fit model, for intermediate tank, for: a) shell
buckling; b) tension failure of anchor bolts; and c) shear failure of the
=L o3 o] g o To 1 7S 79

Figure 2.11: Fragility curves at varying of the filling level for: a) slender
tank; b) intermediate tank; c) squat tank. d) Grade of submersion of
the tank with probability of failure of fifty percent at varying of filling
[EVEL. .. 80



Figure 2.12: Fragility curves for individual failure mode. Fragilities for filling
level of 10% for a) slender, b) intermediate, c) squat tanks. Fragilities
for filling level of 50% for d) slender, e) intermediate, f) squat tank.
Fragilities for filling level of 90% for g) slender, h) intermediate, i)
SQUAL TANKS. ..o 82

Figure 3.1: a) Bathymetry. b) Selected tanks for the case study............ 90

Figure 3.2: a) Examined area for PSHA. b) Hazard map in terms of height,
for the tanks of the case Study...........cccooeeiiii, 91

Figure 3.3: a) Seismic hazard curve. b) Tsunami hazard curves for the
taNKS INSIAE MAP. ...ccoiieiieeee e 97

Figure 3.4: a) Seismic fragility functions. b) Tsunami fragility functions. 98

Figure 3.5: Tsunami hazard curves in terms of a) maximum tsunami
height, and b) maximum momentum flux [12].............ccccevvvvnnnnnnn. 100

Figure 3.6: a) Failure rates of exactly k tanks out of n. b) Failure rates of

Figure 5.1: Wind pressure acting on the circumference of all tanks.....118
Figure 5.2: Wind pressure shape along the circumferences of three

archetype tanks. ............uuuuiiiiiiiiiiii 118
Figure 5.3: Elastic pseudo-acceleration spectra for the site of Milazzo
(M) ..ot 124
Figure 5.4:a) Anchorage system. b) Structural scheme. ..................... 140

Figure 5.5: a) Mesh of shell wall. b) Mesh of annular and base plate. .142
Figure 5.6: Springs in series that simulate the behaviour of the anchor bolt.

Figure 5.7: Shell element forces in a) circumferential direction and in b)
meridional direction, for the load combination 1.3-G1+ 1.5
Qklwind + 1.35 - Qk2liquid...................ccoovvvvvriiiiiiieiiieiinnn, 145






List of Tables

Table 1.1: Angles used for PSHA [11]. ..o 15
Table 1.2: Regression coefficients of surface rupture area [20]. ............ 16
Table 1.3: Regression coefficients of subsurface rupture length [20].....16
Table 1.4: Period-independent subduction model coefficients [23]........ 27
Table 1.5: Coefficients for median PGA (units of g) subduction GMPE

[ pToTo L= I 22 | T 28
Table 1.6: Regression COeffiCientsS. .........ccvvveeeiiiiiiiiiiiie e 50
Table 2.1: Geometrical characteristics of archetypes tanks. .................. 62
Table 2.2: Scale and shape parameters of Weibull cdf for all tank

geometries and failure mechanisms. ..........cccccceeeiiiiiiiiiiicceee e, 78
Table 3.1: Geometrical features of the tanks of the case study. ............ 90

Table 3.2: Median pu and standard deviation 3 of log-normal distributions
for different filling level conditions [43].........ccooooiiii, 93

Table 3.3: Structural failure rates for seismic and tsunami action for
different configuration of filling levels. ...........ccccccoiiiiiiiiiiiins 99

Table 3.4: Geometry features of selected tanks from database of Basco
and Salzano (2016) and corresponding log-normal distribution
parameters of fragility function [45]...........ccccvviiiiiiiii i, 100

Table 3.5: Comparison between tsunami failure rates evaluated with
fragility function of Basco and Salzano (2016) [45] and analytical
fragility of Chapter 2. ......oooevieiieeee e 101

Table 3.6: To the left: matrix of the ID combinations of k failed tanks out of
n total tanks. To the right: matrix of the ID combination of n-k not
failed tanks out of n total tanks. .......ooveieii e 105

Table 5.1: Typical values for the pressure distribution for circular cylinders
for different Reynolds numbers..........cccccceeeiiie e 116

Table 5.2: Peak velocity for three archetype tanks. .........cccccooeeeeiinnnnnn. 117



Table 5.3: Reynolds number for three archetype tanks. ...................... 118
Table 5.4: Parameters for the dynamic characterization of equivalent two

degree of freedom system [56]..........cceevvieeiiiiiiiiiiiiii e, 120
Table 5.5: Dimensionless parameters and participation factors for

impulsive and convective Masses [87]. ...cccovveeevvvevivviiiiiiieeeeeeennnns 123
Table 5.6: Parameters that define the seismic action [90]. .................. 124
Table 5.7: Geometry of three archetype tanks..........cccccccceeeiiiieeeinnnnn, 125
Table 5.8: Masses and heights of two degree of freedom system....... 125
Table 5.9: Evaluation of shear and moments at the base of the tank with

EUrocode 8-4:2006.........cccovvieiiuiiiiieeeeeeeeeeeien e 126
Table 5.10: Evaluation of pseudo-spectral acceleration for impulsive and

CONVECTIVE MASSES. ..ceiveiiiiiiieeeeeeeeeeiiiis e e e e e e e e eeaain e e e e e e e eeeeeannnnes 126
Table 5.11: Evaluation of shear and moments at the base of the tank with

EUrocode 8-4:2023.......ccoo i 126
Table 5.12: Freeboard distance for three archetype tanks. ................. 127
Table 5.13: Combination coefficient [91] ..., 129
Table 5.14: Partial safety factors [91]. .......covvvvieiiiiiiiiiiiie e, 129
Table 5.15: Load combinations used for the design. ..................ooee. 130
Table 5.16: Partial factors for resistances [57].......cccccvvvvviieiiieeeeeeennnnn, 131
Table 5.17: Annular bottom plate thickness [59]..........ccoevveieiiiieee. 137
Table 5.18: Geometrical properties of the three archetype tanks. ....... 144

Table 5.19: Capacity parameters. ........ccooeeeeeeieieeeeeee e 144






List of Symbols

hf ,max

Do)

Maximum height of the liquid content
Height of the liquid content
Maximum tsunami height of the time-history

Tsunami height

Percentage of the submersion of the storage tank with the

50% of probability of failure

Nominal cross-sectional area of the anchor bolt
Hydrodynamic coefficient

Tensile force of anchor bolt

Bolt elongation length

Moment magnitude

Tensile concrete cone breakout strength
Hydrostatic pressure of the liquid content
Tsunami hydrodynamic pressure

Tsunami hydrostatic pressure

Self-weight of the liquid content

Distance of the site from the hypocentre
Joyner-Boore distance

The closest distance of the site from the rupture
Matrix of the of ID combinations of not failed storage tanks

Shear velocity wave



Vis Shear anchor strength

Zpot Bottom part of the rupture surface

Zior Upper part of the rupture surface

dg Diameter of the anchor bolt

fek Characteristic compressive cylinder strength of concrete
fub Ultimate tensile steel strength

ig Spacing between anchors

Mfinax Maximum momentum flux of the time-history

ng Number of the anchor bolt

tap Thickness of the annular base plate

thp Thickness of the base plate

tw Thickness of the shell wall

% Flow velocity in correspondence of the maximum tsunami
height

Vi, max Maximum flow velocity of the time-history

Vy Flow velocity

Wap Width of the annular base plate

a. Coefficient that considers the uncertainty between the

tested and designed tensile concrete breakout strength

a, Coefficient that considered the uncertainty between the
tested and designed shear strength of the anchor bolt

Qg Coefficient that considers the geometrical imperfections
and the fabrication quality

Pr Density of the liquid content

Pw Density of the sea water



Og,c
UB,cr

Ue,max
shell wall

Ogp

)

BF

FM
mechanism

H
L
Mf
R
RM

Compressive circumferential buckling stress threshold
Compressive circumferential critical buckling stress

Peak average compressive circumferential stress of the

Compressive circumferential stress of shell wall
Percentage of the submersion of the storage tank
Percentage of the filling level

Rupture area

Buffer zone

Diameter of the storage tank

Failure

Model for assessing the probability to observe a given focal

Height of the storage tank
Length along the strike
Momentum flux

Radius of the storage tank

Model for assessing the occurrence of the earthquakes

inside a given tectonic region

Reg
S
Sa(T)

Tr

Tectonic region

Archimede’s force

Spectral acceleration

Period of vibration of the structure
Return period

Matrix of the of ID combinations of failed storage tanks



w Length along the dip

ZM Model for assessing the probability to observe seismic
events inside a seismic zone of a given tectonic region

dip Dip angle

im Intensity measure

rake Rake angle

strike Strike angle

zone Seismic zone

0 Focal mechanism vector









Introduction

True happiness lies in
completing the work using your brain
and your abilities.

Soichiro Honda

The work of this thesis is focused on developing computational tools
that can find application in Quantitative Risk Assessment (QRA) for
industrial plants. The objective of QRA is to evaluate the likelihood and
severity of potential natural hazards that could cause an industrial accident
with harm to people, industrial facilities, or the environment. Thus, QRA is
linked with NaTech risk assessment, which is the main focus of the thesis.
The acronym NaTech stands for Technological accident due to Natural
event; following a natural event, like earthquake-induced ground shaking,
flood, tsunami, hurricane or lightning storm, an industrial unit could
experience a technological accident in the form of structural damage or a
detachment of pipelines. Such technological accidents can lead to a
release of contents that can become the triggering cause of a potential
industrial accident. In fact, release of contents could be the main cause of
a blast, pool fire, or dispersion of toxic clouds, with the possibility to cause
further technological accidents to other industrial units, thus provoking a
series of unpredictable cascading effects.

NaTech risk assessment has the aim to quantify the risk by defining the
probability that a natural event could be cause of a technological accident
that leads to the loss of contents of the industrial unit. These results can
then be included in QRA to evaluate the probability of various
consequences and the potential impact of those consequences. Risk
assessment typically combines methodologies from different disciplines to
obtain a probabilistic description of potential future losses. In this specific
case, the interdisciplinary nature of the approach includes the geophysical
aspect of earthquake recurrence and the evaluation of hazard at the site
of interest, structural engineering for the study of the behaviour of the
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facilities subjected to the consequences of the natural events and
chemical engineering for the evaluation of the consequence analysis.

This thesis elaborates a NaTech risk analysis for a hypothetical
petrochemical plant comprised of anchored atmospheric storage tanks
focusing mainly on the first two components of the risk: the hazard and the
vulnerability. Under this point of view, the thesis is organized in two
branches, carrying out the hazard and vulnerability analysis for two natural
events that could be cause of technological accidents to storage tanks,
which are: the earthquakes and the tsunamis. This study was conceived
in a multi-hazard context in which the tsunamis are triggered by the same
seismic sources that cause ground shaking at the site of interest.
Regarding earthquakes, probabilistic seismic hazard analysis is
performed for a site subjected to the ground shaking coming from crustal
and subduction events. This analysis is based on the classical approach
of the hazard integral, with particular focus on the source model of crustal
earthquakes represented by a finite fault geometry, accounting for the
uncertainties linked to the orientation and the mechanism of the faults
around the site of interest. The seismic vulnerability of the storage tanks,
on the other hand, has been widely studied in the literature and for this
reason the existing fragility models are used as reference to this risk
assessment. On the other hand, regarding the tsunami part of the multi-
hazard approach, probabilistic tsunami hazard analysis was developed in
literature for the site in which the petrochemical plant is assumed to be
located and adopted for this risk assessment. One of the main original
contributions of this thesis is the evaluation of the tsunami vulnerability of
anchored atmospheric storage tanks. The development of this fragility
analysis takes into account uncertainties on both the action and resistance
sides. More specifically, the structural response of tanks under tsunami
action is the result of interaction of different potential damage modes that
could lead to content release. Such structural damage can be triggered by
different aspects of the tsunami loads, such as hydrostatic and
hydrodynamic or buoyant forces, that scale differently with possible
tsunami intensity measures, such as wave height, velocity or flux energy.
For this reason, the study of the vulnerability cannot be separated from
the study of the hazard at the site of interest, as one may be required to
investigate the correlation between the different tsunami intensity
measures observed during inundation scenarios. On the resistance side,
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uncertainties, on the fabrication process of the shell wall and the tension
and shear resistance of anchorage system, are taken into consideration.

The development of these interdisciplinary concepts was possible
thanks to the collaboration both with the geophysics experts, though the
group of Istituto Nazionale di Geofisica e Vulcanologia (INGV) with Prof.
Jacopo Selva and Manuela Volpe; and the research group of chemical
engineering under the guidance of Professors Valerio Cozzani and
Ernesto Salzano of Alma Mater Studiorum — University of Bologna.

The contents of the thesis are organized in the following four chapters,
which are summarized below.

Chapter 1 presents seismic and tsunami hazard analysis for the site
hosting the case-study plant. The first section describes the seismic
sources that trigger both ground shaking and tsunami around the site. The
second section presents the results from the probabilistic seismic hazard
analysis. The third section shows the available probabilistic tsunami
hazard analysis results from literature. The fourth section uses the tsunami
hazard results to derive conditional tsunami hazard models which, in turn,
are helpful to the development of tsunami vulnerability analysis.

Chapter 2 develops tsunami vulnerability analysis, deriving fragility
functions for anchored atmospheric storage tanks with floating roof. The
first section describes the methodology to obtain the fragility functions,
while the finite element model adopted the structural analysis is presented
in the second section. The third section shows the results of structural
analysis and describes the parametric model used to represent the fragility
functions.

Chapter 3 introduces a series of case studies for the evaluation of
NaTech risk assessment, which are developed starting from the results
presented in the previous chapters. The first section summarizes the
methodology of risk assessment. The second section shows the results of
case studies. The third section shows an example of cascading effects
with the contemporary failure of multiple tanks and introduces a framework
to perform a multi-risk losses analysis.

Chapter 4 summarizes the main findings obtained in the thesis work.
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Lastly, the Appendix contains a more detailed account of the design of
the archetype anchored tanks, using European and American standards.









Chapter 1

Probabilistic seismic and
tsunami hazard analysis:
application for a petrochemical
plant

| am a slow walker, but |
never walk back.

Abraham Lincoln

Multi-hazard risk analysis considers systems that can be
threatened by more than one natural hazard, such as coastal
infrastructure in seismically active regions, that can be subjected to both
earthquakes and tsunamis. Past works on this topic have examined multi-
hazard modelling for earthquakes and tsunamis assuming different
connotations [1]. Examples are De Risi and Goda [2] that developed a
multi-hazard methodology for evaluating seismic and tsunami hazards
simultaneously, and Maeda et al. [3] that provided methods for carrying
out seismic- and tsunami-wave propagation simulations to model
cascading hazards. More often than not, in multi-hazard analyses, single
hazards are considered separately, even though the natural processes
can be linked rather than independent [4—-6] and hazard interactions may
produce effects that are not captured with single-hazard analysis.
Furthermore, several authors adopt differing approaches to multi-hazard
analysis, under the labels of cascading hazards [7], hazard interaction [8]
or compound hazard [9]. In other words, multi-hazard analysis is used for
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the risk assessment considering the simultaneous or sequential
occurrence of multiple hazards at the site of interest. Rather than
analysing each hazard individually, multi-hazard analysis should ideally
take into account the interactions and combined effects of various natural
events. This approach allows a more accurate assessment of risk
management and mitigation. The hazard analysis quantifies how much a
site of interest (e.g., construction site) is threatened by a natural
phenomenon, evaluating, with probabilistic approaches, the rate of events
whose intensity exceeds a certain threshold. Measures of the intensity of
a natural event are physical quantities that characterizes the event itself.
For instance, one (widely known) ground motion intensity measure is the
peak ground acceleration (PGA), or the wave height or velocity for
tsunamis. The use of probabilistic approaches leads to evaluating the right
compromise between the accuracy and precision of the hazard results and
the practical feasibility [10]. A natural event has an intrinsic aleatory
nature, considering that it is unknown when and where happens, with
which intensity and from which scenario is triggered. An accurate
modelling of the phenomenon can, for this reason, require computational
problems.

In this chapter, probabilistic tsunami and seismic hazard analysis
are developed for a site located near the Thyrrenean coast of Sicily, where
a hypothetical petrochemical plant is assumed. In this thesis, the concept
of multi-hazard is more akin to, previously mentioned, cascading hazard,
because the case is investigated where ground shaking and tsunamis may
be triggered by the same seismic events.

The tsunamis are natural events that have a lower occurrence than
to other natural events [11], but are phenomena that may lead to massive
damage, with large economic losses especially to the building located
near the coast, but also losses of human life. Tsunami does not happen
alone but is always triggered by another natural event. Historical tsunami
database of NOAA 2016 [12] shows that most of tsunami events are
triggered by seismic events; while other sources of tsunami waves can be
volcanic eruptions, submarine landslides, atmospheric disturbances, or
asteroid impacts. Marine earthquakes can cause sudden deformations of
the seafloor with subsequent displacement of the water column above.
During the earthquake (coseismic period), the vertical displacement of the
water column gives rise to a tsunami, which is directly linked to the vertical



7 Probabilistic _seismic__and _tsunami
hazard analysis: application for a petrochemical plant

displacement of the sea floor. In some cases, also the horizontal
displacement component can contribute to the tsunami generation, in
particular, this is true for the subduction zones [11]. Large earthquake
magnitudes generally produce large coseismic deformations that trigger
large tsunamis. Examples of historical devastating tsunami triggered by
earthquakes are Sanriku (Japan) 1896 with moment magnitude (M,,)
equal to M,, = 8.3, and Sumatra (Indonesia) 2004 with M,, = 9.1. These
two earthquakes caused 27122 and 227899 victims respectively. The
events at Southern Chile 1960 (M,, = 9.5) and Tohoku (Japan) 2011
(M,, =9.1), instead, caused thousands of destroyed buildings, with the
Tohoku earthquake also providing damage at nuclear power plant of
Fukushima. Historical catalogue shows that significant tsunami events are
particularly expected in active subduction zones while are less likely to
occur in crustal seismogenic regions as the Mediterranean Sea [2]. In this
area, in the last one hundred years, there were observed one hundred
tsunami events and sixty-four of these were triggered by a seismic event
(see tsunami database [12]).

Results from the probabilistic seismic hazard analysis (PSHA) are
the hazard curves or the hazard maps, among others. The hazard curves
show the rates of earthquakes causing exceedance of selected intensity
measure thresholds. The hazard maps collect the intensity measure
values that, at each site (among some of interest) taken individually, have
the same exceedance rate. For what will be discussed in this chapter,
conditional tsunami hazard has to be mentioned too. Conditional hazard
can be used to build, at one site, the distribution of an intensity measure,
conditional to a specific value of another intensity measure at the same
(or even different; [13,14]) site. From the seismic hazard site, the PSHA
[15] is developed using simplifications that make the hazard assessment
realistically feasible, for example, adopting empirical ground motion
prediction equations (GMPE) instead of an explicit numerical simulation.
In other cases, however, these simplifications can lead to inaccurate
hazard estimates and the aleatory uncertainty of the phenomenon is
considered by running Monte Carlo simulations.

On the other hand, tsunami hazard analysis relying on probabilistic
approach was object of discussion of numerous past studies. Geist et al.
(2006) [16] explain that there are several issues pertaining to the
evaluation of tsunami hazard. First, there is a recognized difficulty in
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developing attenuation relationships based on empirical data, because
historical records are available only for particular locations. The
identification of a well-defined area where to evaluate the hazard is also
tackling, because seismic sources that may trigger relevant tsunami can
be located at distances several times far from the site of interest. Lastly,
tsunami measurements are limited. In lack of empirical data, several
authors, as Sgrensen et al. (2012) [17] proposed a probabilistic tsunami
hazard analysis (PTHA) based on the simulation of earthquake catalogues
that trigger tsunamis. For each event in the catalogue, the hazard is
evaluated as combination of the effects of all tsunami propagation
scenarios at the site of interest. Similarly to PSHA, tsunami hazard
assessment relies on the knowledge of source parameters, recurrence
rates and their uncertainties. The most straightforward approach is that of
Ward (2002) [18] that highlights the substantial difference between PTHA
and PSHA regarding the characterization of intensity measures in an
event with specific features. More specifically, within PTHA, the
displacement of the water column is evaluated at the source, first and then
the propagation up to coastal site is determined by means of numerical
simulations. In the case of PSHA, the ground shaking at site of interest is
probabilistically characterized, via GMPESs, conditional on the features of
the earthquake, such as magnitude and site-source distance, to say the
least.

The object of this chapter is to carry out a multi-hazard analysis,
combining PSHA and PTHA results, for the site of Milazzo in north-Sicily,
found on the Thyrrenean coast. This site is taken as a case study because
Lorito etal. (2015) [10], before, and Selva et al. (2016) [19], then, formulate
an explicit numerical model based on the development of an event tree
that quantifies the aleatory and epistemic uncertainties of seismic sources
in this area taken as case study. In more detail, the PSHA is carried out
considering the source model of Selva et al. (2016) [19]; while for PTHA,
the available literature hazard results from Volpe et al. (2019) [20] are used
as a basis to develop conditional hazard models that will be adopted to
derive tsunami fragility curves, discussed in Chapter 2. Thus, this chapter
is structured as follows: first paragraph describes the seismic sources
used within PSHA and PTHA; in the second paragraph, PSHA is
discussed in detail, while the PTHA is briefly recalled in third paragraph;
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section four introduces conditional hazard and illustrates the correlation
models used within such an analysis.
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1.1 Seismic sources and ground motion prediction
equation for subduction faults

This section deals with the characterization of the seismic sources
of the Mediterranean area, based on the model of Selva et al. (2016) [19],
which is used in the hazard analysis presented in the following of the
chapter. As mentioned above, this model is shared by PSHA and PTHA.
In fact, this study considerers only tsunamis triggered by earthquakes, and
it is assumed that earthquakes and tsunamis occur from the same seismic
sources, which are faults. The system of faults in the Mediterranean Area
consists of crustal faults and two subduction faults, Calabrian and Hellenic
Arc. The tsunamis can be triggered by both seismicity classes. The source
models of both classes are defined by grids. The crustal source model is
based on a regular grid that covers the whole Mediterranean Area, while
the subduction source model on a grid that covers only the part of the
subduction considered seismically active. The crustal domain is shown in
Figure 1.1 and is characterized by cells of 25 km x 25 km of area, and their
centres are the epicentres of crustal earthquakes. The system of faults in
the Mediterranean Area is the result of the interaction of tectonic
movements of African, Eurasian, and Aegean plates. In more detalil,
African oceanic crust pushes beneath the continental crust of European
Plate forming the subduction fault of Calabrian Arc, and beneath the
Aegean Plate giving rise to Hellenic Arc. This general understanding
allowed Selva et al. (2016) [19] to divide the whole Mediterranean Area in
homogenous tectonic regions, thus identifying zones where the faults
have likely the same behaviour in terms of orientation and movement. The
boundaries of tectonic regions are shown in Figure 1.1 and are based on
geological and tectonic information stemming from various maps and
databases, including the Geological Map of Europe [21], CRUST 1.0 [22]
and EPCRUST [23].
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Figure 1.1: Discretization of the crustal sources and tectonic regions of the Mediterranean
area.

The tectonic regions are classified into subduction and crustal
zones. Types of crustal regions are oceanic and continental crust; that can
be stable or active. The active zones are classified according to
predominant tectonic regime such as extensional, contractional or strike-
slip. For each region, the seismicity is defined by the European-
Mediterranean Earthquake Catalogue (EMEC), which contains
information about epicentral location, depth, and magnitude of events from
1000 to 2006 [24,25]. In crustal regions, only crustal earthquakes can
occur, while in subduction regions, seismic events can occur both on the
subduction surface (interface or intraslab events) and on the crust. In
addition, it is assumed that the events for both seismicity classes occur
with a stochastic homogeneous Poisson process, thus, the frequency of
the seismic events can be evaluated keeping separated the contributions
of two seismicity classes.

Inside the Mediterranean Area, a characterization (done by Selva
et al. (2016) [19]) of the faults that trigger tsunamis, in terms of geometry,
kinematics, and activity rates, is based on the work of Basili et al. (2013)
[26] that study the importance of the selection of the tsunamigenic faults
and their possible impact onto hazard analysis results. The results of work
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of Basili et al. (2013) [26] are stored in the European Database of
Seismogenic Faults (EDSF) [27].

The tsunami and seismic hazard analysis is performed for the site
of Milazzo (ME) in Southern Italy. The location of this site is shown in
Figure 1.2 with a triangle. For the hazard analysis, between all sources of
the crustal domain, only ones that trigger a tsunami at the site of interest
are taken into account and are shown in Figure 1.2 with orange circles. In
addition, the depicted blue circles represent the epicentres of subduction
earthquakes of the Calabrian Arc. The subduction earthquakes of the
Hellenic Arc do not trigger tsunami at the site of interest.
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Figure 1.2: Tsunamigenic sources for crustal and subduction earthquakes at the target
site of Milazzo (Sicily, Italy).

While the tsunami hazard analysis is developed using seismic
sources from the entire Mediterranean area, the seismic hazard analysis
is performed only considering sources within a 100 km radius around the
site of interest. The choice to select an area of 100 km around the site
depends on the effects of site-source distance. In fact, if a source is very
far from the site, an earthquake could not cause damage and to have
negligible impact at the site. Contrary, a tsunami coming from a far source
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may provoke significant effects to the site of interest, as damage to the
structures. For these reasons, the PSHA considers a limited area around
the site of interest where it is deemed suitable to consider the impact of
ground shaking, while the assessment of the tsunami hazard takes into
account both effects of far and near field, meaning tsunami coming from
far and near seismic sources to site of interest.

Figure 1.3-a) shows a zoom of the area of interest for the PSHA
highlighting the tectonic regions that fall inside this area. Six are the
tectonic regions inside of this area and, in figure, each area is defined by
an identifier name and the corresponding tectonic regime. Figure 1.3-b)
shows, instead, the cells of the crustal domain contained inside the area
of interest for the PSHA, and each cell belongs to a tectonic region,
identified with different colours. In addition, it is observed that this area
also contains a part of the subduction zone of the Calabrian Arc.
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Figure 1.3: a) Tectonic regions inside of the area of interest for PSHA. b) Crustal seismic
sources considered for PSHA.

1.1.1 Finite fault modelling for crustal seismicity

The source model used for the crustal earthquakes is based on the
finite fault geometry. The fault modelling considers that the rupture
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happens along a plane having a defined orientation in space. Along fault
plane, a rectangular area identifies the rupture. As an example, one finite
fault model is shown in Figure 1.4. Here, the fault rupture is completely
defined by means of three angles that define the focal mechanism of an
earthquake: the dip angle (dip) that represents the slope of the fault plane
respect to the horizontal plane; the strike angle (strike), indicating the
exact orientation of the fault trace measured clockwise from the North; and
the rake angle (rake), that defines the movement of two sides of the fault.
An example of the meaning of rake angle is represented in Figure 1.4-a)
that shows the foot wall of the fault, and the vector u identifies the relative
movement of the hanging wall. Figure 1.4-b) shows the extent of rupture
that is characterized by the following geometry: the length along the dip,
W; the length along the strike, L; and two depths from the ground level,
the upper part of the rupture surface, Z;,,., and the bottom part, Z,,.. Shear
dislocation is assumed to propagate bilaterally in all directions from the
hypocentre, which is therefore placed at the centroid of the rectangular
rupture surface. The size of the rupture area is evaluated using the scaling
empirical relationship of Wells and Coppersmith (1994) [28], which gives
the median value conditional on magnitude and rake. It should be noted
that this scaling relationship is only applied only to crustal events.

Foot Wall

u

Figure 1.4: a) Movement between hanging wall and foot wall. b) Finite fault geometry.

For the hazard assessment object of this chapter, only 4 rake
values are considered, that is, —90°, 0°, 90°, 180°. Rake angles of 0° and
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180° imply that the hanging wall moves horizontally to the strike direction
and in this case the fault style is strike-slip; for rake = 90° the hanging wall
moves from the bottom to top and is a thrust fault; vice versa when the
hanging wall moves from the top to bottom, the fault is normal and rake =
—-90°.

Table 1.1 shows the values of rake, dip and strike used for this
case study. The values of the angles in table are the bin centres of width
of 45°, 20° and 90° respectively for strike, dip and rake. These intervals
are used to assess the probability of occurrence of focal mechanisms. In
fact, for each strike , dip and rake combination, a probability of
occurrence is given. Some combinations are excluded in the evaluation of
the probability of occurrence because considered unlikely faulting
mechanisms. In detail, for strike-slip faults, the dip can be only equal to
70° and 90°. For dip equal to 90°, only strike values of 22.5°, 67.5°,
112.5°, and 157.5° are allowed. For thrust and normal faults, dip equal to
10° and 70° are excluded, respectively. Thus, the number of combinations
considered in the analysis is 72.

Table 1.1: Angles used for PSHA [19].

rake[’] |-90 [0 |90 |180
dip[] |10 [30 |50 |70 |90
strike [°] | 22.5 | 67.5 | 112.5 | 157.5 | 202.5 | 247.5 | 292.5 | 337.5

The model of Wells & Coppersmith (1994) is based on least-
squares method. For this study, the regression of M,, and base-10
logarithm of surface rupture area (A) and subsurface rupture length (L)
(corresponding to length along the strike) are used for the PSHA. Table
1.2 e Table 1.3 show the regression laws with the corresponding
regression coefficients indicated with symbols a and b, and the standard
deviations of the base-10 logarithm of the dependent variables o;,4, (a)

and a;,4,,1), depending on the fault style.
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Table 1.2: Regression coefficients of surface rupture area [28].

Equation Faultstyle | a b | Glog,,(4)
Strike-Slip | -3.42 [ 0.90 | 0.22
Reverse |-3.99 | 0.98 0.26
Normal |-2.87(0.82| 0.22
Unknown | -3.49 091 | 0.24

log,0(A) =a+b-M,

Table 1.3: Regression coefficients of subsurface rupture length [28].

Equation Faultstyle | a b | Giog,)

Strike-Slip | -2.57 | 0.62 | 0.15
Reverse |-2.42 1058 | 0.16
Normal |-1.88|0.50| 0.17

Unknown | -2.44 |1 0.59| 0.16

log,o(L) =a+b-M,

In these tables, 4 is expressed in km? and L in km. The residuals
have low standard deviations. Using least-squares regression analyses,
the probability density functions (pdf) of the residuals have lognormal
distributions. An example of pdf of residuals of two parameters, f(A) and
f (L), is shown in Figure 1.5 for a M,, = 7 and thrust fault style.
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Figure 1.5: a) pdf of residuals of rupture area; b) pdf of residuals of rupture length.

According to the model, an estimated median and mean rupture
area of 741.31km? and 886.80 km?, respectively, are associated with a
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magnitude M,, = 7.0 earthquake; under the same magnitude, the median
rupture length is 43.65 km, whereas the mean is 46.72 km. In the hazard
analysis, the uncertainty affecting rupture’s dimensions was not accounted
for, since a sensitivity study showed that its effect on the final results could
be neglected.

As pertaining to Z;, , some assumptions were considered,
depending on the style of faulting and magnitude. The rectangles shown
in Figure 1.6 represent ruptures for different magnitudes. More
specifically, panel a) refers to normal and thrust fault and panel b) to strike-
slip fault. For both normal and thrust cases, the rupture corresponding to
the largest magnitude considered for the PSHA has Z,,,, = 0 m, implying
that the trace of the fault is located on the ground plane. All rupture areas
have own barycentre coinciding with the barycentre of the greatest rupture
area, and, in addition, all the ruptures are coplanar. For the strike-slip
faults, instead, the assumption is that all rupture areas have Z;,, = 0 m,
and in this case, the barycentre depth of all ruptures varies with the
magnitude, in particular low magnitude implies shallow earthquake.

This type of source model is used to give information about the spatial
distribution of the seismic event. However, in literature (e.g. [29]), this
approach is adopted only for events of low and intermediate magnitude,
as for magnitude values greater than 7, such rupture simulations may not
be suitable. In these cases, it is preferable to consider multi-segment fault
geometries where ruptures should be modelled spanning contiguous parts
of each segment. Since information about the complex fault system of the
area of the interest is not available, the source model based on the rupture
simulations is adapted also to events with higher magnitude values out of
necessity.
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Figure 1.6: Rupture area for different magnitude for a) normal and thrust faults and b) for
strike-slip faults.

1.1.2 Subduction interface modelling

Seismic events on the subduction fault can occur both on the
interface and on the intraslab zone. The interface belongs to the
uppermost part of subduction having low angle of sliding, while intraslab
part is characterized by very high sliding, such as subduction fault reaches
very high depths. On the interface, earthquakes can occur causing very
large rupture widths. Because generally subduction boundaries are long,
the combination of large widths and lengths allows to active very large
ruptures. Indeed, earthquakes with high magnitude are associated with
interface events. On the other hand, intraslab events occur at very high
depths and the energy released by the earthquakes is strongly attenuated
before arriving at the surface [30].

The subduction fault considered for PSHA is the Calabrian Arc,
shown in Figure 1.7. Panel a) shows the extension on map of Calabrian
Arc, while panel b) represents a 3D-reproduction of whole subduction
zone. In each panel, the depth is represented via colour bar. The
information derived from figure are taken from EDSF [27] and INGV
(personal communication). On map, the subduction interface is shown
from red lines not very dense, and the intraslab zone is depicted with the
lines with other colours though very close lines. More specifically, the
subduction interface extends from 10 km to 40 km of depth, while the
intraslab zone reaches 440 km of depth. In addition, a value of modulus of
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rigidity equal to 30 GPa is assumed, while considering the slip uniform
over the rupture area [19]. This uniform slip value is the mean slip value
from the scaling law of Strasser et al. (2010) [31].

For the hazard assessment, only the subduction interface is
modelled, while subduction intraslab zone is not taken into account. The
subduction interface is, typically, characterized by two parts, the
nucleation and propagation zone. The nucleation zone is the part of the
interface considered seismically active, where the hypocentres of the
earthquakes are located. The propagation zone, instead, is the remaining
part of the interface in which is expected the propagation of the rupture
surfaces of the earthquakes that happen inside the nucleation zone. In this
zone, no earthquakes happen. Three zones in which the subduction is
divided are depicted in Figure 1.7-a). For sake of clarity, the interface is
enclosed in a polygon distinguishing the two parts: the nucleation and the
propagation zones.

The source model used in the hazard assessment for the
subduction interface is based on a slab model with a certain sliding with
respect to the horizontal plane that covers only the nucleation zone. The
propagation zone is not modelled. This slab is shown in Figure 1.7-b)
though a polygon (the black one). This polygon is discretized into a
rectangular mesh in which the centres of each cell are hypocentres of
hypothetical subduction interface earthquakes. Each hypocentre can
trigger an earthquake with different values of magnitude. It is clear that
earthquakes that happen near to the boundary of the nucleation zone or
earthquakes with high magnitude, may trigger rupture surfaces that cannot
be contained completely inside the nucleation zone but should necessarily
interest also the propagation zone. The source model does not take into
consideration these cases because the rupture areas are not modelled.
This limitation of the model, which considers only the hypocentres, leads
to an approximation on the hazard results. Specific scaling law
relationships for subduction earthquakes could be, Strasser et al. (2010)
[31], Thingbaijam et al. [32], Goda et al. [33].
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Figure 1.7: a) Calabrian Arc. b) 3D representation of the Calabrian Arc.

Figure 1.8 shows the projection on the horizontal plane of the
nucleation zone, in cartesian coordinates for giving an order of magnitude
of the extent of this part of the subduction interface. The centres of the
cells of the mesh, reported in figure with a 'x’ marker, are the epicentres
of potential earthquakes. It is noted that some cells of the mesh belong to
two tectonic regions considered for the PSHA, in particular, 37 cells belong
to Calabria (active region) region, called for brevity cyan region and 23
cells to the Calabrian Arc (subduction) region, called yellow region. This
discretization of the nucleation zone is arbitrary and serves only for the
evaluation of the seismic hazard. A denser discretization is provided for
the tsunami hazard assessment. This implies that the number of
hypocentres, or equivalently of cells, that trigger tsunami, as well as
earthquakes, are much more but this difference does not influence the
results of seismic hazard.
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Figure 1.8: Discretization of the interface subduction slab.

1.1.3 Evaluation of occurrence rates of earthquakes

Having defined the source model, the occurrence rate, intended as
the number of earthquakes that in one year occur at a seismic source with
a value of moment magnitude M,, equal to m (within an interval with finite
width centred at m, in fact; i.e., the so-called activity rate), must be defined.
With reference to Figure 1.3-a), the occurrence of crustal earthquakes is
defined for the 6 tectonic regions in the area of interest, distinguished by
different colours in figure, and in particular for the 60 seismic zones,
identified by cells of grid (called, herein, in equations: zone). For the
subduction earthquakes the occurrence rates are evaluated for two
tectonic regions located on the interface. Thus, these seismic zones have
two occurrence rates distinguished between crustal and subduction
earthquakes. The data showed in this section are taken from [19].

The occurrence rate of a seismic zone can be evaluated starting to
the rate of corresponding to tectonic region. Thus, the occurrence rate of
earthquakes of a zone belongs to tectonic region (Reg), is given by
Eq.(1.1)

A(M,, = m,Reg)=A(M = m|Reg)- P[Reg] (1.1)
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that shows the product between the A(M,, = m|Reg), which is the
occurrence rate of earthquakes with M,, = m in the region Reg, and
P[zone, Reg], that is, the probability to observe an earthquake in a zone of
the region Reg. Therefore, the occurrence rate of a region A(M,, =
m, Reg) can be evaluated as sum of occurrence rates of seismic zones in
which the region is divided. Eq.(1.2) expresses this relationship:

A(M,, = m,Reg)= Z A(M,, = m, zone; ,Reg) (1.2)
k=1

Where k = 1, ..., n,,,e5 IS and index that indicates the number of zones of
a given region.

Two terms of Eqg. (1.1) are evaluated following the approach of
Selva et al. (2016) [19] based on an event tree. The event tree explores
the aleatory uncertainty going to investigate alternative implementations
but also the epistemic uncertainty giving to each alternative a weight. The
alternatives are the branches of the event tree, while their weights identify
the probabilities to be the best model. In this context, the set of
implementations is mutually exclusive and collectively exhaustive. In more
detail, 192 models are used for evaluating A(M,, = m|Reg), indicated with
symbol RM, and 16 models for the assessment of P[zone, Reg], indicated
as ZM. Then, a probability, or equivalently a weight, is associated with
each model: P[RM] and P[ZM]. In addition, the same event tree with the
same models is built considering seismic events that happen at different
depths, in particular 5 km, 10 km, 15 km. These three depths are named
in the following buffer zones (BF), with the same probability P[BF] to be
the more likely depth of seismic event. Lastly, this speech can be
summarized in Eq.(1.3) and Eq.(1.4).

A(M,, = m|Reg) =ZZ ,, = m| BE, RM; Reg)- P[BF,]- P[RM,] (1.3)
3

P[zone,Reg] ZZP[Zone Reg | BF, ZM/]-P[BFZ].P[ZM/] (1.4)
z=1 j=1
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Where A(M,, = m|BF,RM, Reg) is the occurrence rate of earthquakes with
M = m occurred in the tectonic region Reg at a depth BF, evaluated with
model RM; and P[zone, Reg|BF,ZM] is the probability that an earthquake
could occur in a zone of the tectonic region Reg, located at a depth BF,
evaluated with the model ZM.

This procedure can apply to each region, both for the rates
associated with crustal seismicity (CS) and interface seismicity (15). Figure
1.9 shows, an example of activity rates evaluated for different threshold of
magnitude for the cyan and yellow regions. As discussed above, these
regions are characterized by two seismicity classes: CS and IS. The figure
shows in top row the occurrence rates of CS; while the bottom row, the
occurrence rates of IS, for the case of cyan region in the first column and
yellow region in the second one. The panels a) and b) show the rate of
occurrence for CS, 1°5(M,, = m,Reg), illustrated by black line, while
coloured lines are the occurrence rates of the zones of the corresponding
region. Panels c) and d) show the rate of occurrence for IS ,
AS(M,, = m,Reg). Here, the rates of occurrence of the individual zones
are not depicted because depending on the discretization of the slab
model of the subduction zone, in particular, it is possible to assume that
the rate is uniformly distributed between all cells of the discretization. It
can be seen that CS rate is for the cyan region (panel a), at M,, = 5 equal
to 1072 event per year, while for the yellow region (panel b), at the same
magnitude, the rate is equal to 10~*. Both regions have a drop for M,, =
7.9, meaning that earthquakes with that magnitude are rare. On the other
hand, the seismic activity on IS leads to events with magnitude larger than
8, up to 9.4 where rates of 4 - 107 and 4 - 1078 are shown for cyan (panel
c) and yellow (panel d) region, respectively. Regarding to the rates of the
CS zones, the zones enumerated as 4 and 5, in figure panel a), for the
cyan region, have the highest rate with the distance of 25 km and 50 km
respectively to the site. For the yellow region, instead, all zones have the
same rate, in fact, the curves are all overlapped.
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Figure 1.9: Activity rates for crustal seismicity for a) cyan region and b) yellow region.
Activity rates for subduction seismicity for c) cyan region and d) yellow region.

To have an overall view of the rates of occurrence of whole area of
interest for the PSHA. Figure 1.10-a) illustrates the magnitude-frequency
plot for all tectonic regions for both CS and IS classes. The colours in
figure correspond to the colour used to represent the tectonic regions of
Figure 1.3. The figure shows that the crustal tectonic region with the
greatest rate of occurrence at varying of magnitude is the Northern Africa
region (red line), while the lowest curves are blue and vyellow,
corresponding to Tyrrhenian Sea (stable oceanic) region and Calabrian
Arc region, respectively. Almost all curves have a change of slope after
M,, = 7.4, highlighting the low frequency of events with magnitude greater
than of this threshold. Some regions as yellow and cyan region present at
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M,, = 8 a drop that led to rate values very low. Lasty, the part of the
subduction interface of cyan region has the greatest rates of occurrence.

The knowledge of the rates of occurrence permits to obtain the rate
of the earthquakes with magnitude M greater than or equal to minimum
magnitude my,;, , v = A(M,, = my,in, Reg), Which is needed to PSHA.
Figure 1.10-b) shows curves built on the base of curves of panel a), using
a data fit model. The slope of these curves is another important parameter
for PSHA, used, in particular, for the determination of the probability
density function of the magnitude. Different alternative models can be
used for fitting the activity rates derived from earthquake catalogues, but
for the aims of this study, the Gutenberg-Richter relationship is chosen.
Eq.(1.5) shows the linear relationship between magnitude and logarithm
to the base 10 of the number of the earthquakes per year with magnitude
greater than or equal to a particular value:

l0gy0[ A(M,, = m|Reg)|=log,o[ A(M,, > my, |Reg)]|-b-(m—my,) (1.5)

In this expression, the slope of the curves is indicated with b value.
In the figure, the lines are truncated up to maximum magnitude allowed
for the tectonic region, thus, up to 8 for crustal regions and up to 9.4 for
subduction regions. In figure, the subduction zones are depicted with
dotted lines.

a) b)
0 0
10 ' ! ! ! i ! 10 b-valus
f i Green region 118

——Blue region 1.03
——Violet region 1.05
Cyan region 1.09
20 2 Yellow region 1.09 |4

——Red region 1.14
Cyan region-IS = 0

.81
Yellow region-IS  0.81

Figure 1.10: a) Activity rates of seismic zones. b) Gutenberg-Richter relationships.
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1.1.4 Ground motion prediction equation for subduction zone.

The chosen ground motion prediction model for subduction zone of
Calabrian Arc is Abrahamson et al. (2016) [34]. This model is developed
with a global dataset of earthquakes in subduction zones. Applicability of
this model to this case study was derived from work of Beauval et al.
(2012) [35]. Beauval et al. (2012) compare different ground motion
prediction models, based on both regional and global datasets, to identify
which model provides the best fit to earthquakes that happen on the
subduction zone with magnitude greater than or equal to 6. For the
different subduction regions tested, as Japan, Taiwan and Greece, it was
demonstrated that Abrahamson et al. (2016) is the model that in all cases
provides best fit to interface datasets. The functional form of the model for
interface subduction events is given by Eq. (1.6) and returns the median
value of a pseudo-spectral acceleration.

In the following, the values of parameters of functional form are
defined considering the data of case study. Thus, to the aim to evaluate
the seismic hazard at Milazzo, the functional form is expressed in terms of
PGA.

In(PGA)=6,+86,- A6'1+[6?2+¢93 ( -7. 8)]~In(Rrup +C4.699'(M—6))+
+0s - Rpyp + 1, ( )+fFABA(Rrup)+fSITE(‘DGA1000’V530)

mag

(1.6)

Where [n is the natural logarithm, PGAis the spectral acceleration in units
of g, Ry is the closest distance to the rupture area, Vg3, is the shear
wave velocity in the uppermost 30 m of soil column, PGA;, iS the median
PGA value evaluated with Eq. (1.6) considering V530 = 1000 m/s. The
model for magnitude scaling is given by Eq. (1.7):

6, | M, 78+AC +6. 10 M for M, <7.8+AC
f (MW)= 4[ 1] 13" ) 1

mag

O [ M, —(7.8+AC,)|+6,5-(10-M,)" for M, >7.8+AC
(1.7)

Where AC; represents the epistemic uncertainty and depends on the
period (T). The epistemic uncertainty is not taken into account herein and
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the AC; assumes value equal to 0.2 for T = 0s corresponding to PGA.
fFABA(Rmp) is the model for forearc or backarc scaling. For Milazzo,

frasa(Rrup) is given by Eq. (1.8) considering the backarc site.

frap4 (Rmp):(915+(916,|n|:maX(]ZrL(1)p’100):| (1.8)

Finally, the model for site response scaling is given by Eq.(1.9):

*

* n
912-In[;5 j—b-ln(PGAlOOO+c)+b~ln{PGA1000+c-[VS J } for Veso <V,

lin lin

012~|n(V5 j+b~n-ln(V5J for Vegg 2V,

in L.9)

f,

site

(PGAlooo ) V53o) =

lin

Where Vs is given by Eq. (1.10):
Ve =Vzg for Vg <1000m/s (1.10)

The near-surface ground condition for Milazzo is assumed as a deep
deposit of medium dense sand with Vi3 = 270 m/s. While there are
parameters that are independent from the period and are shown in Table

1.4:

Table 1.4: Period-independent subduction model coefficients [34].

Coefficient | Value over all periods

n 1.18
b 1.88
63 0.1
64 0.9
6s 0

6 0.4
Cs 10

And other parameters period-dependent, that for PGA value are reported
in Table 1.5.
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Table 1.5: Coefficients for median PGA (units of g) subduction GMPE model [34].

T [s] 6. 6: 6s 612 613 615 6165 | Viin [m/s] b
0 |4.2203 | -1.35|-0.0012 | 0.98 | -0.0135 | 0.9996 | -1 865.1 | -1.186

Figure 1.11 shows an example some results derived from GMPE
model for the site of interest located in backarc region with Vg3 =
270 m/s. Panel a) shows PGA value with the distance R,,,,, panels b) and
c) the pseudo-acceleration spectra for two distances, 50 km and 200 km
respectively, considering, in all panels, three M,, of 7, 8 and 9.

R, 550km

. Ry, 7200km|

rup'

My=7

0.1

0 — -
10 50 100 150 200 250 300
leikm] T [s] T [s]

Figure 1.11: a) Attenuation of the PGA with the R,,,,. Median spectra for interface
earthquakes at b) R, = 50km and ¢) R, = 200km.

Panel a) shows the attenuation of PGA values with distance of site
from the closest point of rupture plane. M,, of 7 and 8 have PGA values
almost equal to 0.65 g, while for M,, = 6, a PGA value of about 0.35 g is
read. The PGA values is under 0.1 g for distances greater than 200 km for
all magnitude considered. For distances of greater than 300 km the PGA
values tend to 0.

The GMPE model of Abrahamson et al. (2016) [34] uses as site-
source distance, the closest distance of the site to rupture plane R,.,,. This

guantity cannot be evaluated for the subduction source model used for the
hazard assessment, because the ruptures are not modelled. Thus,
hypocentral distance Ry,, is chosen as source-site distance providing

approximations of hazard results.
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1.2 Probabilistic seismic hazard analysis

Probabilistic seismic hazard analysis is performed to evaluate the
number of earthquakes that in one year have cause exceedance of certain
ground motion intensity measure threshold. Such number is also called
rate of exceedance and obtained via the so-called hazard integral [36].
The results of hazard analysis are usually provided in terms of hazard
curves, which associate different threshold values to the exceedance rate
with the exceedance rate. In general, the PSHA is based on five steps
[37]:

1- Identification of seismic sources and selection of an intensity
measure.

2- Characterization of the seismicity parameters (magnitudes and rate
of earthquakes) for each source.

3- Characterization of all rupture scenarios for identifying the source-
to-site distances.

4- Selection of a GMPE.

5- Combination of uncertainties on earthquake magnitude, location,
and ground motion intensity, using the total probability theorem.

For this case study, the PGA is chosen as seismic intensity
measure of interest, while the definition of the rate of occurrence on the
sources was addressed previously. In addition, the occurrence of
earthquakes in time is assumed to follow a homogeneous Poisson
process [19] and, for this reason, the seismic hazard at the site of interest
can be written as the sum of the rates of exceedance pertaining to the two
seismicity classes, that is Eq.(1.11):

Apga = zg,a + /11’,; (1.11)

Where 157, is the exceedance rate for CS and A, is the
exceedance rate for IS.



30 Probabilistic seismic hazard analysis

1.2.1 Methodology

The exceedance rate for crustal earthquakes is expressed by
Eq.(1.12):

Nzones

Aoy = Z vi® - P[PGA > pgal) (1.12)
k=1

The exceedance rate for CS is the sum of the exceedance rates of all
seismic zones (Nyones)- Vi° = A(M,, = m, Reg) is the rate of earthquakes
with M,, = m,,;, considering only the contribution of CS for all zones and
P[PGA > pgal] is the probability that PGA threshold is exceeded at the site
in one generic (that is, with unknown features) event. To evaluate this
probability, it needs to consider the seismic source model adopted that in
this case, is the rupture of the faults. The rupture can be seen as a
container that enclose information on the earthquake-rupture scenario
[38]. For the finite fault geometry model, the information that concerns the
rupture are the extension, the orientation, and fault movement. These
features allow the characterization of the ruptures. The identification of the
fault permits easily to define the magnitude and the source-site distance
that enter in the GMPE. Lasty, the Eqg.(1.12) can be expressed taking into
consideration the source model through the Eq.(1.13):

- v,fS.I IIP[(PGA>pga)k|r/B,m,6]-f(R/BIMW’9)k (s 1 1,8) - fo . (8)- iy, 1 (m)-dlryg - - c®
[¢]

(1.13)

in which 0 is the vector of focal mechanism that contains the three angles
strike, dip, and rake; while ;5 is the Joyner-Boore distance value, the
closest distance of the site from horizontal projection of the fault in surface.
P[PGA > pgalr;s,m, 6] provided by a GMPE, is the probability of
exceedance of the threshold pga given magnitude, Joyner-Boore distance
and the focal mechanism and this probability is obtained through the
GMPE. fz 1m0 (775|m, ) is the conditional probability density function of
R;z given M, and @; fo(0) and fy (m) are the marginal pdf of focal
mechanism and magnitude, respectively. The choice to consider the



31 Probabilistic _seismic__and _tsunami
hazard analysis: application for a petrochemical plant

Joyner-Boore distance depends on the selected GMPE that in this case is
that of Akkar and Bommer (2010) [39].

The evaluation of fz . 1u,,e(775]m, 8) can be done with a model that
takes into consideration the variability of the r;z given m and 6. The
uncertainty associated with source-to-site distance is linked implicitly to
the variability on the extension of the rupture area. In fact, the regression
model of Wells & Coppersmith (1994) provides a lognormal distribution of
the rupture area for given magnitude and rake angle. But, in this context,
the uncertainty on the distances of site to source is neglected because
only the median value of the distribution of the rupture areas is considered.
Thus, for given magnitude and focal mechanism the distance site-source
is completely determined.

The model used for the determination of the pdf of the magnitude,
fu,, (m), is based on double-truncated exponential distribution, described
by Eq.(1.14):

ﬂ 6’ m mmln)

N e—ﬁ(mmax_mmin) ’

fMW (m)=
1

Myin < M < My (1.14)

where g = [n(10) - b. Lastly, the marginal pdf of the focal mechanisms can
be treated as a discrete function. In fact, for each seismic zone are
individuated 72 combinations of strike, dip and rake as discussed in
previous paragraph. So, the pdf can be approximated with a probability
mass function considering 72 vectors 0 for given region, as Eq.(1.15):

72 8 3
Ifg(e)-dB ZZZP o, | FM,, BF,|-P[FM,]- P[BF,] (L.15)
(©]

=1 /=1 z=1

In the equation, P[0|FM,BF]| assumes the meaning of probability to
observe inside a seismic source, a focal mechanism 0, to a buffer zone
BF, evaluated with a model FM; P[FM] is the weight associated with the
model.

To make more clear the Eq.(1.15), the Figure 1.12 shows the
probability mass functions of focal mechanisms of two seismic zones, one
located north-west respect to the site in panel a), and the other one to
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south-east in panel b). On the y-axis is depicted the P[0] =
¥8 Y3 , P[@|FM,, BE,] - P[FM,] - P[BFE,] that is the probability to observe a
given focal mechanism in a seismic zone. In this way, it is possible to
investigate the aleatory variability of the focal mechanisms in areas around
the site. Panel a) shows that in some zones the fault mechanism is well-
known, in fact, in this example a probability of about 50% is associated
with the triplet @ = (rake = 90°,dip = 30°, strike = 247.5°). On the other
hand, panel b) shows that also if there is a peak corresponding to about
15% of probability for 6 = (rake = —90°,dip = 70°, strike = 202.5°) but
there are other combinations with comparable probability as the case of
0 = (rake = 0°,dip = 70°,strike = 202.5°) . But looking at all
combinations, the information that comes out, is that it is more probable
that the style of fault in this zone could be normal rather than strike-slip.
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Figure 1.12: Probability mass function of focal mechanism for a) seismic source at north-
west and b) seismic source south-east respect to the site.

On the side of interface seismicity, the exceedance rate can be
determined through the Eq.(1.16) as:

s _
Apga =

2
:Zv,’f- j f P[(PGA>pga)k |rhyp,m]-thyp'k(rhyp)-fMW'k(m)-drhyp -dm
k=1 Riyp My

(1.16)
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Where k =1 is referred to the cyan region and k = 2 to yellow
region, that are the only two tectonic regions that contain the subduction
fault.vf® is the corresponding rate of earthquakes with M,, > m,,;,. The
double integral on the hypocentral distances Ry,,, and the magnitudes
M,,, concerns the product of the exceedance probability of the threshold
pga conditioned a certain hypocentral distance r;,,, and magnitude m,
P[PGA > pgal|ryy,, m], and the product of marginal pdf of hypocentral
distance f, . (thyy) and magnitude fy, (m) . P[PGA > pgalry,,, m]
derives from a ground motion model, that in this case is Abrahamson et
al. (2016) [34]. Such model considers as source-site distance the distance
of the site to the shortest point of the rupture surface. However, the
ruptures are not conceived in the source model of the subduction. Only
the hypocentral distances are allowed, and this is a limit of the source
model. fy, (m) is evaluated, also in this case, with doubled truncated
exponential distribution, but the difference with CS is that the interval of
magnitude is from 5 to 9.4. Lastly, thyp(rhyp) is distributed as uniform

random variable.

1.2.2 Hazard Results

The results of the PSHA are given in panel a) of Figure 1.13, where
the black curve is that accounting for all contributions, while those in dark
grey and light grey represent the contribution of the crustal and subduction
interface hazard, respectively. The intercept to the ordinate of the overall
hazard curve corresponds to the rate of earthquakes with PGA > 0.01g
and is equal to A(PGA > 0.01g) = 0.18 yr~1, which is comparable to that
found considering only CS, being it A°(PGA > 0.01g) = 0.17 yr~! while,
the contribution for IS is A’S(PGA > 0.01g) = 0.01yr~', an order of
magnitude less than CS. Conversely, looking at PGA > 0.4 g, the IS
hazard curve returns exceedance rate values larger than CS, that is, the
seismic hazard is governed by IS seismicity for high levels of PGA. Since
the contribution of CS is more influential rather than IS, the hazard for CS
is compared with GMPE of Bindi et al. (2011) [40], calibrated with a dataset
of earthquakes occurred only in Italy, while the Akkar and Bommer (2010)
GMPE [39] is referred to earthquakes in Europe and Middle East. The
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comparison is allowed because both GMPEs predict the geometric mean
of the horizontal components of pseudo-spectral accelerations. Panel b)
of Figure 1.13 shows that Bindi et al. (2011) [40] underestimates the
hazard for PGA < 1.5 g.

Crustal Seismicity
1071 Akkar, Bommer 2010
Bindi et. al 2011

P
S
EN

1075 | i : 165 ! ‘ e |
0.01 005 0.1 05 1 R 0.01 005 01 05 1 2 3

pga [d] pga[d]

Figure 1.13: a) Seismic hazard curves. b) Comparison between crustal hazard curves
considering two different GMPE.

1.2.3 Verification

For the aims of this thesis, the results of hazard analysis are
reported herein only in terms of PGA, but for sake of completeness, the
hazard at the site of interest is evaluated also considering some pseudo-
spectral accelerations Sa(T). As a result, Figure 1.14-b) shows the uniform
hazard spectrum (UHS) with exceedance return period (Tr) equal to Tr =
475 yr. In this figure, the UHS from analysis is depicted with the black
continuous line and is compared with the (elastic) spectrum that the Italian
Code or NTC18 [41] provides for structural design, indicated with dashed
line. The comparison shows that the spectrum from NTC18 always
underestimates the Sa(T) for all T, presenting a PGA value of about 0.2 g
against 0.4 g of UHS from analysis, and a peak of 0.4 g against 0.9 g
respectively; instead, the differences between two spectrums become less
significant with T > 1.5 s. The high Sa(T) values of UHS from analysis
depend mainly on part regarding to crustal seismicity, in fact decomposing
the USH for seismicity class, as done in figure, it is appreciable that for
0s < T < 1.5 s the pseudo-spectral accelerations of CS represent about
80% of the overall one. In addition, the pseudo-spectral accelerations
seem, for IS, to be quite similar to those ones of the UHS from NTC18.



35 Probabilistic _seismic__and _tsunami
hazard analysis: application for a petrochemical plant

Before reaching the results showed in previous section, some
PSHA under simplified assumptions were performed for testing the
definitive results. The verification process is focused only on the part of
crustal seismicity, because the adopted source model contains a lot of
uncertainties. The goal of the verifications is to ensure the absence of
programmatic errors in the implemented codes. The verification strategy
is to start to easy source models and then to complicate the models,
adding uncertainties. The results discussed in the previous section are
compared to those provided by dedicated software. A first simplified
analysis does not model the finite fault but assumes that the seismic
source is represented only by a point that corresponds to the epicentre of
the earthquake. This hazard analysis uses the same GMPE of final model,
that is [39]. The assumption of point source permits to calculate only the
epicentral distance, while the model of Akkar and Bommer (2010) [39]
considers only the Joyner-Boore distance. For this reason, the conversion
relationship of Montaldo et al. (2005) [42] is used for converting the
epicentral distance in Joyner-Boore distance. The hazard curve obtained
with Matlab code algorithm was compared with the hazard curve derived
from REASSESS software [43] and is reported as light grey line in Figure
1.14-a). A second source model used for verification consists in modelling
the finite fault geometry considering as focal mechanism the mode of the
probability mass function of each seismic zone. Also in this case, the
hazard curve was obtained via Matlab code algorithm and compared with
the results from the OpenQuake software [44]. The result is the grey line
in panel b). The figure shows the curves evaluated with Matlab codes.

The curves derived from verifications are compared with the final
hazard curve, which is the black line in panel a). This comparison becomes
more explanatory in panel c) where the percentage ratio between the
exceedance rates of one of two simplified analysis, 2*, and 253, is
evaluated. Panel c) provides the information that final hazard curve returns
rates that are in the middle between the two simplified analysis, in
particular the assumption of point sources underestimates the hazard, vice
versa the mode of the focal mechanisms overestimates the hazard to the
site. In quantitative terms, the ratio maintains under of 20% for values of
PGA < 0.2 g for point sources and PGA < 0.7 g for the mode of focal
mechanisms; instead, both ratios reach about of 60% for PGA =3 g. In
this last case, the 60% indicates that 1* = (1 £ 0.6) - 153,.
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Figure 1.14: a) Comparison between hazard curves obtained with different crustal
seismicity source models. b) Uniform hazard spectra. c) Percentage ratio of hazard curves
of panel a).
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1.3 Available probabilistic tsunami hazard analysis
results

This paragraph describes, briefly, the general procedure for
probabilistic tsunami hazard analysis based on site-specific inundation
scenarios. The objective of the paragraph is to have a general overview of
PTHA data available for performing conditional tsunami hazard analysis,
that will be discussed in Paragraph 1.4. PTHA was already developed for
the site of Milazzo by Volpe et al. (2019) [20]. In the following, the main
input data and results are recalled, which are available thanks to a
collaboration between University of Naples, Federico I, and the group of
INGV of Rome.

The general PTHA procedure can be summarized in four steps.
Step (1) is focused on the definition of the seismic sources triggering the
tsunami inundation scenarios. Step (2) provides the propagation tsunami
scenarios for each individual seismic source of step (1) up to a given
offshore isobath. Step (3) relies on a filtering procedure for selecting a
subset of relevant scenarios to reduce computational effort preserving,
however, the accuracy of the results. Lastly, in step (4), the hazard curves
are computed as the result of an ensemble modelling, which is considering
both aleatory and epistemic uncertainties. The step (1) was described in
section 1.1, regarding the seismic sources, and in section 1.2, dealing with
aleatory variability and the epistemic uncertainty of sources. For step (2),
offshore tsunami amplitude triggered by the seismic sources of step (1)
are evaluated on 11 offshore points along the coast of the Milazzo on the
50 m isobath. Actually, to save computational time, propagation scenarios
from step (1) are not individually simulated but are obtained by linear
combination of pre-calculated tsunami waveforms produced by Gaussian-
shaped unitary sources [45]. In step (3), a filtering procedure is developed
to reduce the number of scenarios to consider in the analysis. The filters
consist in removing scenarios with offshore tsunami amplitude and
occurrence probability below a certain threshold. This filtering procedure
allows one to treat separately the far- and near- field scenarios, applying
different thresholds for two cases. Inundation simulations from step (3) are
performed with the Tsunami-HySEA code, exploiting the nested grid
algorithm. The results of the step (3) are time histories of tsunami height
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and velocity at each point of a high-resolution grid that covers both on-
and off-shore points. At step (4), the time histories are used for obtaining
the hazard curves or inundation maps that define the tsunami hazard at
site of interest.

1.3.1 Tsunami intensity measures definitions

Tsunami intensity measures used for describing the propagation
tsunami model for PTHA and the tsunami fragility functions are the
offshore tsunami amplitude, the inundation depth, the flow velocity, and
the momentum flux. These quantities are defined in ASCE7-16 [46] and
are also briefly introduced in this section.

Offshore tsunami amplitude and inundation depth are depicted in
Figure 1.15. The offshore tsunami amplitude is the maximum considered
tsunami amplitude relative to the reference sea level, measured where the
undisturbed water depth is 100 m; while, the inundation depth is the depth
of tsunami water level, including relative sea level change, with respect to
the grade plane at the structure. In this thesis, the term tsunami height h,,,
is used interchangeably to indicate both of these terms, that is,
representing offshore tsunami amplitude when dealing with tsunami height
on offshore points, or inundation depth when dealing with inland locations.

Structure of interestz

Offshore Inundation —
tsunami— —Reference depth
amplitude sea level &

Ground elevation

T N . . LLb | SR S

100 m depth

N

Distance from |
shoreline

Y
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Figure 1.15: Illustration of the tsunami parameters [46].

Horizontal distance of the inundation limit |

The others selected intensity measures are the tsunami velocity v,,,
that is the flow velocity at the location of the point considered, and the
momentum flux, mf, that is a measure of the energy of flux per unit of area
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[46], but, herein, is normalized to the density of the sea water, p,,, and
defined by the Eq. (1.17):

mf =h, v’ (1.17)

1.3.2 Propagation tsunami modelling

The objective of this section is to analyse the time histories of
tsunami height and velocity from the study of Volpe et al. (2019) [20]
coming from tsunami propagation scenarios. Tsunami propagation
scenarios are obtained though simulations of wave propagation triggered
by seismic sources. In this case study, each seismic source of Figure 1.2
triggers several tsunami propagation scenarios for a total number of
1'701'341 . Between all these simulations, only 1154 pass the filter
procedure and, thus, are analysed for the tsunami hazard assessment. In
detail, there are 613 far-field and 464 near-field wave propagation
scenarios for crustal sources; while for the subduction zone of Calabrian
Arc, there are 13 simulations far-field and 56 near-field; lastly, 8 far-field
scenarios from the subduction zone of Hellenic Arc can be found. Each
scenario produces a time history of tsunami height and velocity of 8 h
(hours) on 56°000 points of the refined grid with resolution of 0.00625
arcmin (about 11 m), that covers the entire area of the petrochemical plant
of Milazzo. Figure 1.16 shows the domain of this grid used for tsunami
simulations.

More specifically, the time histories of the tsunami height are corrected for
a coseismic coastal displacement value [20], that is the vertical
displacement of the seafloor due to seismic event. The value of the
coseismic displacement can be both positive and negative, indicating the
coastal uplift or subsidence, respectively. Figure 1.17 shows an example
of a time history of the tsunami height with and without the coseismic
displacement.
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Figure 1.17: Time history of the tsunami height a) with coseismic displacement, and b)
without coseismic displacement.

Saving such a number of time histories is computationally
demanding and, therefore, only the maximum height (hy, nq,) and the
maximum momentum flux (mf,,.,) of time histories are stored for each
point of the refined grid. The maximum momentum flux is equal to
Mfmax = (hy * V3 ) max, that it is different from the product of h,, ;.4 and of
the square of maximum tsunami velocity v2 ..., because these two
physical quantities may not occur at the same time instances. The
momentum flux is derived, thus, from the time-histories of height and
velocity.

Some time-histories of tsunami height and velocity are, however,
saved only for 95 inland points located strategically at the edges of the
storage tanks, for a total of 109,630 histories. Some of these simulations
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show wave height constant during all time history and for this reason are
removed from the analysis because imply that there has been no wave
propagation. At the end, the number of simulations analysed is 55,686.
Figure 1.18-a) shows the 95 control points in which the simulations are
saved. Observed coseismic values for near-field scenarios are about three
meters of subsidence for earthquakes of moment magnitude of about 7.

From this database, a subset of three simulations is extracted to
show the non-contemporaneity of the maximum momentum flux and the
maximum height, and to give an order of magnitude of the maximum
values of height, velocity and momentum flux simulated for this case
study. Three selected time-histories are those ones containing the highest
recorded tsunami height (panel b), the highest recorded momentum flux
(panel c) and that with highest recorded tsunami velocity (panel d). In
panel b), the highest height recorded is equal to 6.9 m; the velocity at this
time instances Uw(hw,max) is 1.5 m/s while the maximum velocity v, ;ax
of all this simulation is 3.4 m/s, corresponding to a tsunami height equal
to 0.2 m; lastly, the maximum momentum flux of this simulation is equal to
15.4 m3/s?. The maximum momentum flux is recorded 70 s before the
maximum height and 30 s after the maximum velocity, corresponding to
an intermediate time instance between maximum height and maximum
velocity. Conversely, in panel d), the maximum tsunami velocity recorded
among all scenario simulations is equal to 6.5 m/s and in this case, the
maximum velocity occurs at the same time instance of the maximum
momentum flux recorded during all the same time history. On the other
hand, the maximum height of this record is equal to 4.13 m and occurs at
velocity of 0.25 m/s, after the peak of velocity. In panel a) and d), it is
evident that the maximum height and the maximum velocity do not happen
contemporary, in particular, great velocities correspond at low heights and
vice versa. The maximum value of the momentum flux or equivalently the
energy recorded for all simulations is about 90 m3/s?2.

These three tsunami intensity measures give an indication about
the tsunami pressures acting on the tanks, because the tsunami height is
proportional to the tsunami hydrostatic pressure component, P, the
velocity to the tsunami hydrodynamic pressure component, P,,,; and the
momentum flux is proportional to the hydrodynamic pressure resultant. B,
is a triangular load that varies linearly with the tsunami heigh with
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maximum value at the base of the tank and P,,, is a uniform load along
the height. Eqg.(1.18) shows how to evaluate two tsunami pressure
components:

P (Z2)=py-&-(h,—2)
1 ) (1.18)
£ :E'Cd'pw'vw

Wi

Where p,, is the sea water density equal to 1.2 t/m3, g is the gravity
acceleration and C; is the hydrodynamic coefficient depending on the
shape of the structure [46]. Z can assume values between 0 m and h,,,
with the Z = 0 m on the ground level. The values of two tsunami pressure
components are labelled on the right y-axis of panels b) and d).
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Figure 1.18: a) 95 inland control points in which the simulations are saved. Time histories
in which is recorded: b) the highest tsunami height; c) the highest momentum flux; and d)
the highest tsunami velocity.

1.3.3 Hazard results

The results of a PTHA are the hazard curves that give the
exceedance rates, intended as number of tsunami events that on average
in one year cause at the site of interest the exceedance of a certain
threshold of tsunami intensity measure, varying the threshold. The
selected intensity measure for this hazard analysis is the maximum
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tsunami height H,, 4, With a corresponding threshold value indicated
with the symbols h,, qx. The hazard curves used herein are the mean
curves of an ensemble modelling those accounts for both the epistemic
uncertainty given from several alternative implementations and the
aleatory variability that is contained inside the seismic source models (see
paragraph 1.1). Figure 1.19 shows an example the ensemble modelling
for 1 point of 95 inland control points (red marker), considering the hazard
curves in terms of maximum height. For this point, 100 hazard curves are
obtained using 100 alternative models, considering each one equally
probable. The value of the exceedance rate, fixed a certain threshold and
a model, is evaluated as the sum of the rates of occurrence of seismic
sources that trigger an inundation scenario with height greater than the
threshold. Thus, the mean value of rate of exceedance is the mean of
exceedance rates of all models. Eq. (1.19) summarized in symbols the
evaluation of exceedance rate:

M hodels Asim
( i T,i J

l(Hw,max > hw,max) = ;:1 (1-19)

models

Where i = 1,2, ..ng,, and j = 1,2, ..., Nyoae1s @re two indexes that run,
respectively, on the number of simulations ng;,, = 1154 and the number of
models n,,,4e1s = 100. vy is the rate of occurrence of tsunami on a seismic
source and [ is an indicator function which assumes the value of 1 if the
height of a generic simulation is greater than the threshold and 0
otherwise. In this way, all the seismic sources both far- and near- field are
considered for the analysis.
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Figure 1.19: a) Inland points in which the simulations are saved. b) Mean tsunami hazard
curve between 100 curves obtained with different models.

To have an ensemble view of the hazard of the geographical area
of interest, Figure 1.20 shows the hazard maps and the probability maps
for the two tsunami intensity measures. More in detail, the hazard maps in
panels a) and b) provide the value of the intensity measure with return
period Tr = 200000 yr corresponding to an exceedance rate of
A(Hymax > hwmax) = 51076 yr~1. Panel c) maps the probability that in
a reference period, At, of 50 yr there is at least a tsunami having
maximum height during inundation greater than 2 m, while panel d)
displays the probability that, in 50 yr, at least one tsunami has maximum
momentum flux during the inundation greater than 30 m3/s?. This
probability is evaluated assuming that the events occur following a
homogeneous Poisson process. In all panels of the figure, there is a black
line that represents the shore and three streak lines that are the quays for
handling of boats or ships. Panel a) shows that the greatest tsunami
heights are recorded near to the coast with value up to 3.5 m, while the
propagation decreases almost rapidly within a few feet. In panel b), the
map highlights an enhanced current vorticity inside the docks. The panel
c) shows that the probabilities to exceed a tsunami height of 2 m in
50 yr is the order of 1 - 1073 in proximity of quays and between them, while
panel d) reveals the exceedance probability of a maximum momentum flux
of 30 m3/s? in 50 yr is of order of magnitude of 10~* at the sea near the
coast and the quays, while for the inland points, near the tanks the
probabilities tend to the zero.
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Figure 1.20: Hazard maps: a) for maximum tsunami height; b) for maximum momentum
flux. Probability maps: ¢) for maximum tsunami height; d) for maximum momentum flux
(Reproduction of the maps of article of Volpe et al. 2019 [20]).
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1.4 Models for conditional tsunami hazard

The tsunami hazard at the site of interest can be expressed under
different intensity measures. Each intensity measure is representative of
different effects on the structures, for instance the tsunami height is a
measure of the intensity of the hydrostatic pressure on the storage tanks
that leads to elastic buckling of the shell, or the momentum flux is a
quantity proportional to the hydrodynamic pressure that can provoke
sliding or the overturning of the tank. Thus, the estimation of the structural
performance of a tank under tsunami action is a complex phenomenon
that depends on the contemporaneity of all actions on the structure. Thus,
it seems appropriate to develop conditional hazard, which allows one to
derive the distribution of a secondary intensity measure conditional to the
occurrence of the primary intensity measure. In more detail, in this
paragraph, this concept is expressed in terms of joint probability density
function JPDF of maximum momentum flux and velocity at the instant of
maximum height & = v,,(hy,max) conditional on the occurrence of
maximum height.

1.4.1 Joint probability density function of momentum flux and
velocity given tsunami height.

The objective of this section is to model the joint distribution of the
maximum moment flux and the maximum velocity at the maximum height
conditional to the maximum height, that is, fyg,,...71H, mae WHiCh can be

obtained from Eq.(1.20):

fMFmaxﬂ”w,max (mfmax V| bw,max ) =

(1.20)
f

V|Hw,ma><

= MFaV Hyy e (mfmax |[7’bw,max)' (17 | bw,max)

Where fuyr 171, 1S the conditional pdf of ME,,, given ¥ and hy, max,
while fy ., is the marginal pdf of the ¥ conditional to h,, yqy-
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Assuming that momentum flux and velocity are jointly lognormal,
conditional to hy, . allows one to derive fyr pu ., because it is

defined by two parameters, that is, conditional mean Ly (m f,,q.0 1),k max
and the standard deviation gy, mf,,..)11n@)hmax @S Ed- (1.21):

OIn( ity Ny .
ﬂln(mfmax)“n(ﬁ)vhw,max :'uln(mfmax)mwmax tp - - (In (V)_ﬂln(';)mwvmax)
Oy m

2

O-In(mfmax)||n(r7)xhw,max - O-In(mfmax)V’w,max ' 1_’0
(1.21)

Where tinmfmaeoiiwmee @9 Ommfmedhwme: &F€ the mean and the

standard deviation of logarithm of the momentum flux given tsunami
height; i)y mer ANA On@)hyme, @€ the mean and the standard

deviation of fyy,, ...; and p is the correlation coefficient between the
momentum flux and the velocity given by Eq. .

_ €OV (In(%, ), 10 (1610 ) | By )

O ) max ~ CIN( i Wy max

(1.22)

where the symbol CcoV () indicates the covariance.

These parameters are evaluated through regression analysis. To
do so, one should look at Figure 1.21. In panel a) and b), the histograms
of the hy, 4, and ¥ of all tsunami simulations are shown. The heights are
collected in bin with width of 0.1 m and more than the 60% of simulations
is concentred towards to the heights less than 2 m, only few simulations
reach peaks of tsunami height up to 7 m. For the 7, instead, the maximum
recorded value is 4 m/s but a 80% of the records returns velocity values
less than 1 m/s. Panel c) shows, instead, the frequency of the simulations
for the mf;,,, that varies with bin width of 1 m3/s2. In this case, more than
the 50% of the simulations have mf,,,, in the first bin. The choice to use
7 and not maximum velocity of the time history is based on the observation
that in the tsunami simulations, the maximum velocity is not contemporary
to the maximum tsunami height (as discussed in section 1.3.2). Thus, in
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the view vulnerability analysis of the tanks, to use the maximum of both
intensity measures would result an unlikely scenario.
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Figure 1.21: a) Histogram of the maximum tsunami height. b) Histogram of velocity at the
instant time of maximum tsunami height. ¢) Histogram of the maximum momentum flux.

From these histograms it is possible to carry out the regression
models that allow to derive the conditional mean and the standard
deviation needed for computing fur, 7.1, o

For each bin of Figure 1.21-a), the mean and the standard deviation
of the velocity and the momentum flux are evaluated for the simulations
that fall inside a given interval of height, and the results are reported in
Figure 1.22 in the four panels with the circular markers. In each panel, it
is found the best-fitting curve. Focusing on the standard deviations, the
data are located on a line enough horizontal, thus with the good
approximation, it can be assumed that the standard deviations are
constant with the tsunami height, with values: oy,()n,, e, = 0-9 m/s and

— 3 2
Uln(mfmax)|hw,max =1m /S :
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Figure 1.22: a) regression curve of the mean of the logarithm of the velocity at the instant
time of the maximum height given a maximum tsunami height value. b) Linear regression
curve of the standard deviation of the logarithm of the velocity at the time of maximum
height given height value. c) Nonlinear regression curve of the mean of the logarithm of
the maximum momentum flux given a height value. d) Linear regression curve of the
standard deviation of the logarithm of the maximum momentum flux given height value.

The means are estimated with a non-linear fitting model. These
functions are expressed by Eq.(1.23) and (1.24):

Fin( iy moe = @1 1N (B max )+ By (1.23)

Hin(mfg Wy e = @210 (B max )+ B (1.24)

where a;,a,, B, B, are the regression coefficients reported in Table 1.6.
In Figure 1.22-a) and c), the values on the y-axis are the means of random
variables independent and identically distributed with same dispersion. In
Figure 1.23-a), a linear fit is applied, instead, to the correlation coefficient,
for finding a relationship with maximum tsunami height. The equation is
expressed in (1.25):

p=a-h +b (1.25)

W, max

where a and b are regression coefficients in Table 1.6.
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Table 1.6: Regression coefficients.

a, a; B1 B2 a b
0.2830 | 1.9613 | -0.9084 | -0.2644 | -0.0618 | 0.5883
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Figure 1.23: a) Linea regression curve of the correlation coefficient between the velocity at
the time of tsunami height and the maximum momentum flux, given height value. b) Joint
probability density function of the maximum momentum flux and the velocity at the time of
the tsunami height, conditional to maximum tsunami height.

Both for Figure 1.22 and Figure 1.23-a), the fitted models are valid
for the simulation data of this case study. Lastly, the bivariate Gaussian
model on which the conditional hazard model is based, is shown in Figure
1.23-b). Here, an example is depicted considering a threshold height of
3m.









Chapter

Tsunami fragility for anchored
floating-roof atmospheric tanks.

Courage isn’t having the
strength to go on. It is going on when
you don’t have strength.

Napoleone Bonaparte

One of the major issues in QRA [47] in the process industry are
cases of natural events, such as landslides, hurricanes, tsunami, floods or
earthquakes, triggering extensive industrial accidents [48]. The main
feature of such accidents is that damage sustained by the industrial
equipment (e.g., structural damage to storage tanks or rupture of
connecting pipelines) can cause the release of hazardous substances into
the environment, that is so-called NaTech events. This loss of containment
may cause a series of cascading effects such as chain fires, blasts, and
dispersion of toxic clouds, with potential loss of human life [49].

Analytical procedures for NaTech QRA require a probabilistic
description of hazard at the site of interest, vulnerability models for the
industrial components, exposure information and an evaluation of the
possible consequences of accident scenarios that could be triggered by
NaTech events [47,50]. The focus of this chapter is to evaluate the
vulnerability of anchored floating-roof atmospheric storage tanks impacted
by tsunami waves. This is motivated considering the incentives for
industrial facilities to be located in coastal zones, due to better access to
maritime transportation, and the vulnerability of atmospheric storage tanks
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against content release following damage to the structure and connections
induced from external pressure and drag forces during flood-like events
[51-53].

The present study comes in continuation of past works that studied
the seismic vulnerability of such tanks [54,55], and aims to cover additional
failure mechanisms, levels of tank contents and sources of uncertainty
with respect to previous similar works [56]. More specifically, finite element
models of various cylindrical storage tanks are developed, in the spirit of
past works that dealt with seismic vulnerability via numerical models,
[57,58] and are subjected to a simplified representation of tsunami-
induced actions, with the objective of deriving fragility functions pertaining
to a loss-of-containment limit state. These models consider the response
of the anchorage system to tsunami-induced drag and buoyant forces,
stresses due to potential loss of contact of the base plate with the
foundation and stability issues of the shell walls due to external pressures
from inundation.

Another crucial point for the derivation of the fragility curves
concerns the performance-based engineering methods for tsunami. The
tsunami is a dynamic action, thus, the behaviour, or similarly the
performance, of the structure is well-captured if the inundation time-history
is applied to it. But dynamic analyses are not always easy to implement.
For this reason, existing literature studies (e.g. [59—-61]) have developed
performance-based engineering methods in which tsunami load is
modelled as quasi-static action. In this way, nonlinear static (pushover)
analyses have been applied for structures. Such research studies are
influenced from ASCE7-16 [46] that distinguishes the tsunami action into
the hydrostatic and hydrodynamic component. Particularly important is the
modelling of the hydrodynamic force. Foster at al. (2017) [62] have
demonstrated that hydrodynamic drag force on the overall structure and
individual structural components can be safely modelled as static actions
because these forces are typically of long duration. In addition, several
authors have focused their studies on pushover analysis for tsunami
loading. Macabuag et al. (2014) [63] compare the structural response of a
concrete resisting frame under tsunami loadings assessed with different
code-based, including the ASCE7-16 [46]. In this work, the tsunami
inundation depth is assumed constant, increasing monotonically the flow
velocity. This approach is called in literature constant-depth pushover.



Attary et al. (2017) [64] perform pushover analysis using a random set of
tsunami inundation depths and flow velocities values using the
expressions in FEMA [65]. Starting to these studies, Petrone et al (2017)
[59] have developed tsunami fragility curves using two types of structural
analysis: the tsunami time-history analysis, and the variable-depth
pushover. Time-history analysis is based on the application to the
structure of the time-history of the inundation depth and the time-history of
the two components of the flow velocity. Variable-depth pushover analysis
allows to apply to the structure lateral forces that increase monotonically
varying both the inundation depth and flow velocity. More specifically, for
each inundation depth level, the corresponding flow velocity is evaluated
assuming a constant Froude number. The structural performance is
expressed in terms of tsunami base shear versus total drift. The results of
this work show that the engineering demand parameters and collapse
fragility curves obtained via variable-depth pushover analysis and the
time-history analysis are in good accordance. However, the variable-depth
pushover analysis presents a particular limitation because the analysis is
implemented in load-control and for this reason is not able to capture the
degrading portion of the pushover. This limitation is overcome by Baiguera
et al. (2019) [61] that implements a variable-depth pushover analysis in
displacement control, in which the displacement increases monotonically
and at each step of the analysis, the corresponding tsunami force is
evaluated. A subsequent study of Baiguera et al. (2021) [60] has applied
this methodology to buildings located in zones with high tsunami impact,
following the ASCE 7-16 [46] provisions, demonstrating the advantages to
adopt the pushover analysis approach for design of these structures.

This chapter is structured with the following steps: the presentation
of the chosen methodology; the modelling assumptions for the tsunami-
induced loads on the tanks; the structural behaviour and the selected
failure mechanisms. Additionally, the geometry and some detailing
information of the case-study tanks are reported. Subsequently, the
numerical models of these structures are described in some detail, with a
focus on sources of non-linear behaviour built into said models. Finally,
the results of the analyses and the procedure employed to develop fragility
functions from said results are presented. The chapter concludes with a
brief discussion of these results and some final remarks.



56 Tsunami fraqility for anchored floating-roof atmospheric tanks.

2.1 Methodology

The present study uses detailed numerical models of three
archetypal floating-roof atmospheric storage tanks, together with a
simplified representation of tsunami-induced loads on these structures.
These tanks have been designed for the purposes of this investigation
according to European codes [66—69], with a focus on the thickness of the
cylindrical shell, the width and thickness of the annular foundation plate
and the anchors. Numerical structural analysis, employing the finite
element method, is used to determine if at least one of three possible
failure mechanisms can be activated for given tsunami loading and
quantity of liquid content present in the tank. The three failure mechanisms
considered are buckling of the cylindrical shell wall due to compressive
circumferential stresses, induced by the tsunami external pressure
overcoming the internal hydrostatic pressure of the vessel, shear failure of
the anchors due to lateral hydrodynamic forces exerted by the tsunami
and axial tension failure of the anchors due to buoyant forces. These three
mechanisms are schematically illustrated in Figure 2.1, where the forces
acting on a patrtially filled tank under tsunami inundation are also shown.
It is assumed that activation of any of these failure mechanisms will likely
cause leakage due to rupture of connections with piping systems, so that
the occurrence of at least one tantamount to reaching a loss-of-contents
limit state. The uncertainties in structural properties considered in the
fragility derivation include the axial and shear resistance of the anchors,
and the level of geometric fabrication imperfections of the tank shell that
drives stability. Uncertainty in the tsunami-induced equivalent static loads
is also taken into account, as will be elaborated in the following.
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Figure 2.1: a) equivalent static tsunami load and schematic representation of possible
failure modes considered: b) shell buckling, c) the shear failure of the anchors, and d) the
tensile rupture of the anchors.

2.1.1 Equivalent static loads

A simplified taken on the effect of tsunami inundation on structures,
in terms of loads, consists in separating these effects into a hydrostatic
and a hydrodynamic component. In this context, each component can be
represented by an equivalent static load, as suggested by various works
[70], which is also the approach adopted by a number of normative
documents on structural actions for design [46,65]. Furthermore, the same
simplified approach has been adopted in the past in the context of
atmospheric tank risk analysis against flooding [53] and tsunami and the
same path is followed in the present study as well.

More specifically, the hydrostatic component consists of an external
lateral pressure, B,.(Z), and a corresponding buoyant pressure S =
P,s(Z = 0 m), from Eq.(2.1):
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PWS(Z):pW'g'(hW_Z) (21)

where p,, is the mass density of the inundating water, g is the acceleration
of gravity, Z the distance from the inundation surface and h, the
corresponding depth. In this case, a value of p,, = 1.2 t/m?3 is assumed,
corresponding to seawater with sedimentary content according to [65]. On
the other hand, the hydrodynamic component is represented by a uniform
lateral load along the direction of flow, whose value is provided by Eq.
(2.2):
1 2
Pwd:E'Cd'pw'VW (22)

Where C, is the drag coefficient, which depends on the obstacle’s (tank)
geometry, taken here as two [65], and v, is the average particle velocity
of the wave normal to the structure. Finally, the internal liquid provides on
the tank wall a hydrostatic action, P¢, given by Eg. (2.3) and on the base
plate a dead weight load Q¢ = Pr(Z = 0 m).

Fr(Z2)=pr & (B —Z) (2.3)

where p, is the mass density of the contained liquid, taken as 0.81 t/m?,

which corresponds to an average value for flammable substances typical
of the petrochemical industry, and h¢ is content liquid height.

2.1.2 Failure modes

As mentioned earlier, the failure modes taken into account for the
fragility analysis of the tanks, that is shell buckling under compressive
circumferential stresses, shear failure of the anchorage system and uplift
due to failure of the anchors against tensile load, all potentially lead to
displacements that are too large for the pipe-to-tank connections to
accommodate. For this reason, it is assumed that exceedance of each
tank’s capacity (C) against any of these failure mechanisms by tsunami-
induced demand (D), will lead to a rupture of one or more pipe connections
and consequent loss of content.
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Some textbook analytical formulations (e.g., [71]) lead to evaluate
the critical load at which the shell begins to buckle, but under simplified
assumptions as the small deformation or without to consider the
interaction between hydrostatic and hydrodynamic tsunami pressures. So,
given the complexity of wave propagation phenomenon and the
nonlinearity response of the tank at the external loads, the present study,
uses an FEM model to calculate demand and adopts the Eurocode 3 part
1-6 [67] procedure for evaluating the capacity of the steel cylindrical shell
against buckling, where said capacity is expressed in terms of the design
circumferential compressive stress leading to instability,og ¢, as per Eq.
(2.4):

Ooc =9 O¢ cr (2.4)

where gy ., is the critical circumferential compressive stress calculated
according to [67] and agy is a coefficient that accounts for geometric
imperfections and depends on fabrication quality. This approach can be
justified by the fact that cylindrical tanks subjected to tsunami- or flood-
induced external pressure are expected to reach instability under stresses
in the elastic range, unlike the seismic case where buckling is often
observed in locations where plastic strains have been developed. In more
detail, Bakalis and Karamanos (2021) [72] have observed that during the
uplift of an unanchored storage tank, due to the seismic action, two regions
at the base of the shell wall exceed the yield limit of the steel material,
while the remaining part presents low levels of stresses and deformations.
The yielding of the steel is observed near the connection zone between
the base plate and the shell wall at the uplifted side, and the lower course
of the shell wall at the compression side. Thus, the tank’s capacity to
withstand buckling depends not only on the shell slenderness, but also on
the geometric imperfections that are mainly concentrated at the locations
where curved steel plates are welded together to form the cylindrical shell.
In the present chapter, uncertainty in fabrication quality is taken into
account by arbitrarily assuming that ag is a normal random variable (RV)
with a mean of 0.65, which would correspond to high fabrication quality
according to Eurocode 3-1-6 [67] (an arbitrary value taken as mean value
between ay =0.75 and ag = 0.50 , that are the two values aq
corresponding to excellent and normal fabrication quality, respectively)
and standard deviation of 0.125.
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Regarding the shear and axial bearing capacity of the anchorage
system, consisting of steel anchor bolts embedded in the concrete of the
foundation raft, recourse was made to literature recommendations [73],
which are based on experimental data, that link capacity to the nominal
design strength and also provide a measure of its dispersion. More
specifically, for the axial bearing capacity two failure mechanisms are
considered: steel rupture of the anchor bolts and concrete cone breakout.
The tensile capacity associated with concrete cone breakout, N, , is given
by a semi-empirical formulation based on experimental data [74], where
the failure load for headed stud fastening systems can be calculated as:

0.5
N, =a, '(16.8 s OSJ-LES £ (2.5)
mm-
where f is the concrete characteristic compressive strength, Lg the
embedment length, both expressed in using units of N and mm, and «, is
a Normal RV with mean 0.99 and standard deviation 0.178. Only values of
a. > 0 are allowed because tensile steel strength cannot be negative. For
the tensile strength of the anchor bolt itself, a deterministic value was
considered, calculated using the mean ultimate stress. An experimentally
calibrated semi-empirical model was also used for the anchors’ shear

capacity, V, s [75]:

Vu,s =oay 'As 'fub (26)
where A, is the nominal cross-sectional area of an anchor bolt, f,;, the
bolt’s ultimate tensile stress and «a,, is another normal RV with mean 0.68
and coefficient of variation of 0.35.

In addition to failure criterions discussed above, sloshing phenomena of
the stored contents are not taken into account, for two main reasons,
because the behaviour of the tank is examined considering the tsunami
action applied quasi-statically, and also because the tanks of the case
study are equipped with floating roof that reduces drastically the
movement of the liquid mass at the top. Another failure criterion not
investigated is the failure of the welding connection.
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2.1.3 Design of archetype tanks

Floating-roof atmospheric storage tanks, whose main scope is the
storage of highly flammable liquids such as gasoil, fuel, or combustible
oils, are generally designed according to the provisions for steel thin-shell
structures. The main structure consists of a cylindrical shell supported by
a base plate and featuring a floating plane roof that can adapt to the level
of the liquid content. The primary objective of adopting a floating roof
solution is to avoid gas accumulation under the roof, from the evaporation
of the liquid contents, that may pose a blast hazard. Another objective is
the prevention of gas leakage from the roof-shell junction, thanks to the
roof’s flexible sealing joint. These tanks can be closed-off by a fixed roof
or just rely on the floating roof whose motion beyond the top is impeded
by a stiffening ring beam. The base plate consists of a thicker annular
plate, which extends beyond the outer face of the vertical shell to
accommodate anchor bolts installation and possible local uplift. Extension
of the base plate acts as a simple bearing plate where are located the
anchor bolts that fix the structure to the foundation.

For the purposes of this study, three archetype storage tanks are
designed according to European standards. Each tank is chosen to
represent a different height-to-base radius ratio. Equivalent static wind and
seismic actions for the design are calculated according to the Eurocodes,
[68,76] for a reference coastal site in northern Sicily (Italy) as a plausible
site for an oil refinery. Given that the archetype tanks are presumed to
operate under atmospheric pressure, their cylindrical steel shell wall, base
plate and anchorage system are designed in accordance with the
provisions of Eurocode 3 [66,67,69]. For the preliminary design phase, the
recommendations of the widely used American Petroleum Institute
standards (API) [77] were also followed, regarding the width of the external
annular base plate and minimum thicknesses of the cylindrical steel shell
wall and base plates. Another consideration was to design the annular
base plate with thickness inferior to that of the vertical shell, so as to lead
potential yielding under seismic conditions away from the wall base and
towards the base plate [78]

Some schematic drawings of a typical tank are shown Figure 2.2,
including horizontal and transverse sections along with the configuration
near the anchor bolts. These drawings also help define the geometry
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parameters used herein, that is the thicknesses of the cylindrical shell near
the base, t,,, the base plate, t,,, and the annular plate, t,,, the width of
the annular plate, wg,,, and the anchor bolt diameter, dg, number, ng,
spacing iz, and embedment depth in the concrete foundation raft, L.
Following the indications of the standards above, three tanks with different
slenderness ratio are considered. In this context, the slenderness is
defined by the ratio between the maximum height of liquid content, hf 4.,
and the radius of tank, R. It also was assumed a freeboard of 1 m for all
tanks, so that hs . = H—1m, where H is the height of tank. The
slenderness values are reported in Table 2.1.

Moreover, the tanks are designed with a steel of class S355, while
the anchor bolts with a steel of resistance class of 8.8. For the design of
tanks with diameter D < 60 m, according to [77], it is allowable that the
thickness of the shell is uniform along all height. Table 2.1 also reports the
geometrical features of tanks analysed for this study, that are the
outcomes of nonlinear elastic analyses of FEM models, that will be
described in next section, using the combinations of actions of Eurocode
0 [79] and also indications about seismic action of Eurocode 8-1 [80]. The
seismic parameters used for obtaining the pseudo-acceleration spectra, in
\a return period of Tr =475yr, it is considered a peak ground
acceleration calculated on the rock of 0.1607 g. In addition, the solil is
classified to be of C category according to Eurocode 8-1 [80].

Table 2.1: Geometrical characteristics of archetypes tanks.

Tank H R himax/R tw top tap Wap ds ne iB Ls
[m] | [m] [] [mm] | [mm] | [mm] | [m] | [mm] | [] | [mm] | [mm]
Slender 11 5 2 20 8 10 1 27 12 | 2640 | 216

Intermediate | 13 | 12 1 25 15 20 1.8 30 45 | 1750 | 240
Squat 15 | 28 0.5 30 20 25 2 39 120 | 1470 | 312
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Figure 2.2: Scheme of floating-roof anchored atmospheric storage tank.
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2.2 Numerical models and structural analysis

2.2.1 FEM model and non-linearities

The three archetype tanks are modelled using four-node finite
elements available in the software SAP2000 v.23.0.0 [81], that combine
plate bending and membrane action formulations. The finite element mesh
discretization is increased towards the base of the cylindrical shell,
adapting to the expected concentration of bending-induced stresses, as
shown in Figure 2.3. The presence of a stiffening ring beam along the rim
of the tank is modelled by means of a kinematic constraint of the top nodes
that conserves the undeformed circular shape.

In such cylindrical tanks, the boundary conditions in the vicinity of
the annular plate can be affected by localized uplift under certain loading
conditions. For example, past works have analysed the behaviour of the
partial uplifting of the base plate for cylindrical tanks subjected to internal
hydrodynamic pressures induced by seismic actions [82,83]. In that case,
base uplift was also accompanied by material non-linearity, mainly due to
yielding of the annular plate. In the case at hand, the yielding of the base
plate is not considered because the exceedance of this stress does not
provide the rupture, but a large inelastic deformation that may lead to high
repair costs [84]. The contact of the base circular and annular plates with
the foundation mat was modelled via unilateral compression-only Winkler
springs [57] corresponding to a coefficient of subgrade reaction of
50 N/cm3, while material non-linearity for the tank steel was not included
in the model.

56m

Figure 2.3: FEM models of archetypes tanks.
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On the other hand, consistent with the design assumption of no
preloading of the anchor bolts, their axial behaviour was modelled via
tension-only bilinear yielding springs. Shear behaviour of the anchor bolts
in the model was assumed linear elastic; given that friction forces between
base plate and foundation mat were not included in the model, the
consideration of possible failure mechanisms involving bolt shear was
relegated to the post-processing of analysis results. The elastic stiffness
of the anchor bolts under axial force was calculated according to
Eurocodes 3-1-8 [69] while for shearing stiffness no information is
available inside the citated Eurocode. For this reason, the shear stiffness
was evaluated, in approximate way, modelling an individual anchor as
fixed at the bottom and free to translate but not to rotate at the top, when
it is subjected to a horizontal force at the top (more details are given in
Appendix).

Figure 2.4-a) shows the gradual uplift response of the intermediate
tank’s base plate, as the tsunami height increases from 2.7 m to 2.8 m,
while flow velocity is fixed at 1 m/s and the tank is filled up to one-third of
its maximum storage capacity. The figure helps appreciate the fact that,
depending on each tank’s filling level, buoyant forces from the tsunami can
lead to an almost complete loss of contact of the base plate to the
foundation. For these cases, it was necessary to include large-
displacement geometric non-linearity in the analysis, in order for the model
to account for the stiffening effect of membrane forces generated in the
deflected base plate, avoiding unrealistic deflections predicted by plate
bending theory. Generally, the base plate is not designed to resist vertical
actions directed upward. For this reason, when the buoyant force exceeds
the self-weight of the tank and the liquid content, the base plate loses
contact with the foundation mat. The anchors are the only components of
the tank-system that react to buoyant force, reducing the floatation
probability. The failure of the base plate may be associated with the
exceedance of the yielding tension stress of the steel, but in this case,
large plastic deformations may be observed, but likely without leading to
the loss of contents. The behaviour of the bottom plate under the buoyant
force is also studied by Mia et al. (2023) [84]. They show that the
exceedance of the yielding stress depends on the thickness and the
diameter of the base plate. An adequate thickness prevents the spillage
of the stored contents. In addition, anchored tanks with small diameters



66 Tsunami fraqility for anchored floating-roof atmospheric tanks.

have a low probability of floatation, because the resultant of buoyant force
Is proportional to area of the base plate, thus, likely the anchors are able
to resist to this resultant force. On the contrary, anchored tanks with large
diameters manifest shell buckling before of the yielding of the base plate.
For these reasons, the failure of the base plate is not taken into
consideration in the analysis but is considered in the design of the
thicknesses as shown in Appendix.

Figure 2.4-b) shows the values of the membrane compressive
circumferential stresses gy at the nodes of the shell elements of wall,
along the direction of flow, fixing the velocity and the external height of the
tsunami. Two cases examined in figure refer to the squat tank with filling
levels of 3 m and 5 m, respectively, one lower than and the other equal to
the 5 m of external tsunami height. In both cases, Archimedes’ force is
greater than the self-weight of the tank, because otherwise the hydrostatic
pressure of the internal liquid develops circumferential stresses putting in
tension the whole structure. The results of nonlinear elastic analyses in
large displacements show a concentration of compressive circumferential
stresses (negatives values in figure) in the zone around of 3 m from the
base of the tank, for both cases. This seems to highlight that the influence
of filling level has an effect only on the modulus of stresses, that reduce
themselves increasing internal liquid, but the zone where the shell
buckling can happen, remains the same. Another consideration can be
done around the connection zone between base plate and base of the
wall. In this area, it is observed a relevant concentration of compressive
circumferential stresses. This disturbance could depend on from the fact
that the material non-linearity of the shell elements does not take into
considerations and for this reason the redistribution the stresses during
the steps of the nonlinear analyses does not allow. But this effect due to
modelling problem is not relevant for the scope of this chapter, because
the shell buckling could never occur near the base of the shell wall.
Another cause of this effect could be an insufficient discretization of the
mesh that does not catch well the real behaviour at the base. In this
connection, the reliability of the mesh was verified through validation
analyses comparing the circumferential stresses outcoming from linear
elastic analyses, of the only shell walls of the tanks examined with the
analytical solutions of bending theory, considering as boundary condition
the tanks fixed at the base [85].
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Figure 2.4: a) Uplift of the base plate of intermediate tank. b) Membrane circumferential
stresses along the shell wall of squat tank.

2.2.2 Results and discussion

For each archetype tank, a series of analyses were carried out
varying the tank’s content level and the tsunami height and velocity. More
specifically, the liquid content levels cover the entire allowable range,
starting from a minimum filling level of one metre and going up to each
tank’s hf mqx, at 1.0 m increments. Tsunami height values are taken to
vary from a lowest-considered value of 1 m up to each tank’s full height,
again at one-metre increments. In addition to these levels, also 0.5 m of
filling is considered. Finally, water velocities considered ranged from zero
to5 m/s, at 1 m/s increments. For the slender tank alone, velocity was
considered up to 10 m/s, in order to better map the development of tensile
forces imposed on the anchors. The upper limits of these intervals were
chosen after examining a series of inundation scenarios, as discussed in
the next section.

The static nonlinear analysis is distinguished into two steps. Initially
the tank is loaded with the self-weight and hydrostatic pressure of the filling
level; then hydrostatic and hydrodynamic pressures of the tsunami are
applied. The tsunami action on the tank is applied considering the same
height level across the circumference. In detail, the hydrostatic pressure
acts in radial direction towards the centre with an equal intensity for each
direction across the circumference, while the hydrodynamic pressure has
direction and verse of the flow and an intensity that varies with the cosine
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of the angle between flow and radial direction. The main results that were
extracted from each run for post-processing were the peak average
circumferential compressive stress in the cylindrical shell wall, oy =
min(og(Z = 1m)) and the tensile forces at the anchor bolts F.. An
example is shown in Figure 2.5 , where the results in terms of gy are
plotted for five filling levels of the slender archetype tank, for various
tsunami heights, for a velocity of 1 m/s. The variation of oy versus the
velocity does not relevant, for this reason it is chosen to focus on the
variation with the tsunami height. The results of the nonlinear elastic
analyses in large displacements show a trend ascendent and linear for
fixed filling level. Fixing a generic value of tsunami height, the greatest
circumferential stress is associated with the case of tank almost empty,
while the cases in which the gg___is null, mean that the shell wall is put
into tension by hydrostatic action of liquid content and the tsunami wave
effects can be neglected.
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Figure 2.5: Maximum circumferential compressive stress in the shell wall for different
levels of tsunami heights and levels of liquid content for slender tank.

Figure 2.6 shows the tensile force of two anchors in the slender
tank, varying the tsunami velocity for five levels of tsunami height and for
two filling levels of 1 m and 9 m, respectively in panel a) and b). The black
points on the circumferences indicate the positions of the anchor
examined in two panels and the arrows the direction of the flow. The
objective of figure is to investigate the effect of interaction between
buoyant force and hydrodynamic pressure, in more detail between the
uplift and the overturning moment, for the cases of tank almost empty, in
panel a), and full, in panel b). The choice to examine two anchors in figure
is justified from the fact that it is unnecessary to show the tension of the
anchor located in upward direction because for fixed tsunami height,
increasing the velocity, this anchor would carry on increasing its level of
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tension, not providing any helpful information on the response of the tank.
Conversely for the anchor located in leeward direction, in Figure 2.6-a),
where for a low level of filling, it shows a decrease of tension when the
velocity increases. What happens it is that at the beginning, for velocity
values equal to zero, all anchors are in tension for all selected tsunami
heights. In these cases, only the presence of the Archimedes’ force acts
on the tank because the hydrostatic actions are self-balanced. This means
that the base plate losses completely the contact with the foundation mat
and only the anchors react to the buoyant force. As well as the velocity
increase, the hydrodynamic pressure induces a rotation of the tank with
subsequently decrease of the tension inside the anchor to the leeward,
this implies that the base plate approaches to the foundation mat. For
values of velocities greater than 6 m/s it is observed that the tension is
null, this means that the base plate is in contact with the foundation putting
itself in compression and discharging the anchor. In Figure 2.6-b), it is
analysed the behaviour of the anchor located in orthogonal direction to the
flow when the tank is completely full. Contrary to the case of tank almost
empty, where for all selected tsunami levels the Archimedes’ force was
greater than self-weight, now this condition is verified only for 8 m and
9 m, and this it is evident looking at F; values do not null for velocity equal
to zero. Focusing only on 8 m and 9 m of tsunami height, it is observed
that up to velocities of 2 m/s the tank results completely uplifted to the
ground and all anchors are in tension; with velocities greater than 2 m/s
some anchors begin to decrease their tension level, leading the opposite
part to the flow direction of the tank to be in contact with the foundation.
For 4 m/s e 5 m/s, the tank is supported on the foundation mat for half
part of the base plate, corresponding to its semi-circumference, and for
this reason that in figure it reads a tension force equal to zero. Then for
velocities greater than 5 m/s the selected anchor returns to being in
tension, but, from this point on, the part of base plate in contact is always
the same and increases only the values of tension in the anchors. The
failure of the anchors with the subsequently redistribution of the forces is
not covered from FEM model, but only in post-process it is taken into
account of this for the fragility calculations.
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Figure 2.6: Tensile force of two anchors in the slender tank, for some values of tsunami
height and velocity, in condition of: a) empty tank; b) full.
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2.3 Derivation of fragility functions

2.3.1 Treatment of uncertainties on the demand parameters

Static nonlinear analysis on the tanks has the scope to study of the
behaviour of the structures under different heights and velocities of
tsunami, having fixed the internal filling level. On the other hand, to derive
the fragility functions, it needs to analyse the scenarios of tsunami height
and velocity that can occur at the site of interest and to select the scenarios
that presumably can lead to the structural damage of the tank. This
evaluation can be done only analysing the simulations of the wave
propagation at the site of interest. As discussed in Section 1.3.2, the
maximum tsunami height happens almost never at the same time the
maximum tsunami velocity, thus, to consider the maximum of both two
demand parameters, is a condition very disadvantageous and unlikely.
The conditions most realistic are ones in which the velocity is evaluated in
correspondence of maximum tsunami height. Thus, regression analysis
was done under these assumptions.

The uncertainties on the demand parameters are given to the
distribution of residuals the of the logarithm of the ¥ and the mf,, 4., Iin
Figure 2.7. For each value of h,, ,,4,, the behaviour of the tank is analysed
for values of velocities and momentum flux obtained from the residual
distributions.
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Figure 2.7: Conditional distribution of a) logarithm of tsunami velocity at the time of
maximum height and b) logarithm of maximum momentum flux.

The fragility curves are expressed in this context as probability of
failure. The failure, F, is intended as a structural damage that involves into
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release of hazardous substances, when the tank is subjected to a certain
level of maximum tsunami height h,, .4, and a fixed percentage of internal
liquid level, ¥. The probability of failure is calculated according to Eq.
(2.7):

PI:F| w,max ! \P:IZ

=[ [ PLE 1t B V] Lo, (P 1P B, (7 B ) 9)- i)
V MFyax

2.7)

in which fMFmale,HW,max(mfmaxlﬁ'hw,max) is the conditional probability
density function of momentum flux given the velocity at the time instance
of maximum height and the maximum height; f7 ;. (|hy,max) is the
conditional probability density function of velocity at time instance of
maximum height given the maximum height. These quantities are
obtained in conditional hazard of Section 1.4. Lastly,
P[F|%, Mfinax hwmax ¥] is the conditional probability of exceeding of a
particular damage state capacity given an event of a particular velocity,
momentum flux and height, when the tank is filled up to a certain level.
The evaluation of the failure and the corresponding probability is
discussed in the next section.

2.3.2 Treatment of uncertainties on the capacities

Objective  of this Section is the calculation of
P[F|%, Mfinax hwmax ¥] - In Section 2.1.2, it was discussed of failure
mechanisms at which a generic anchored atmospheric liquid storage tank
with floating roof may be subjected during tsunami impact. Thus, the
probability to observe at least one failure mechanism is equal to Eq. (2.8)

P[F1V, i By s P ] =1 H1 PLF 1V, My By oo, V]) (2.8)

where i = 1,2,3 indicates the failure mechanism activated, in particular i =
1 is the shell buckling; i = 2 is the tension failure of the anchor bolts; and
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i = 3 the sliding of the tank after the shear rupture of the anchors.
P[Fi|%, Mfimaxs hw,max, ] is the probability of failure associated with one
out of three mechanisms. The product indicates the stochastic
independence between mechanisms.

In more detail, a failure criterion is associated at each mechanism.
For the shell buckling, the criterion regards the uncertainty associated with
fabrication process, in particular from the Eq.(2.4), it is possible to identify
the capacity and to evaluate the probability of failure for shell buckling as
showed in Eq.(2.9):

Oy
Ch 1 - —max_ 0 65
Play< - |V, mty o, By axs ¥ | = @ Co.er (2.9)
O 0.125

where gy is the maximum compressive circumferential stress along the
middle plane of shell wall under a certain tsunami action and internal filling
condition. This probability is evaluated as a standard normal cumulative
distribution with mean and standard deviation defined in Section 2.1.2.

The probabilities regarding the failures of shear and tension of
anchor bolts are assessed by Monte-Carlo simulations.

The shear failure occurs when the tank slides under lateral actions
induced by the tsunami causing the shear rupture of the anchors. These
lateral tsunami actions are due primarily to hydrodynamic forces that are
proportional to the momentum flux. Thus, the shear failure is conditioned
by maximum momentum flux acting on the tank and by the corresponding
tsunami height that on average occurs. The mean of the logarithm of
tsunami height in correspondence of maximum momentum flux,
Hin(h,)mfma, 1S derived from time histories through a regression analysis

and the results are plotted in Figure 2.8, while the equation of the
regression curve is expressed by (2.10).
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Figure 2.8: Nonlinear regression curve of the mean of the logarithm of the height given
maximum momentum flux.

Hin( by, by =0.3456-In(mf;,, )—0.4138 (2.10)

The objective of the regression analysis is to quantify the
Archimedes’ force acting on the tank at varying of the momentum flux and
to investigate its behaviour. Two different conditions can occur. The first
one regards the case of the Archimedes’ force greater than self-weight.
Here, the base plate is completely lifted off the foundation mat and only
the anchors can resist at the lateral actions. The other one regards the
Archimedes’ force when is less than or equal to self-weight. In this case,
the base plate is totally or partially in contact with the foundation mat and
the lateral tsunami action is opposed by both the anchors but also by
friction developed between the concrete of the foundation and the steel of
base plate.

Focusing on the first case, each anchor is loaded with a shear equal
to the hydrodynamic force resultant uniformly distributed throughout all
anchors. This simple way to distribute the shear is on the safe side
because from analysis with FEM model, it results that the shear forces in
each anchor are negligible, especially for tanks for large diameters.
Instead, on the side of shear capacities, the shear resistances of all
anchors are assumed stochastically independent and identically
distributed. This means that the shear resistances of each anchor are
different from each other, and their values are randomly extracted from
same probability density function of ay,, defined in Section 2.1.2. At this
point, the shears of anchors are compared with the corresponding
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resistances to evaluate how many of these are failed. The failure of only
some anchors involves in a redistribution of forces in uniform manner on
the remaining and a revaluation of demand over capacity ratios that allows
to identify the possible failure of other anchors. The iterations stop when
or all anchors fail or resist. This is the outcome of one simulation inserted
in Monte-Carlo method. In the first case, the simulation implies failure,
otherwise no. Thus, the probability of failure is evaluated as the ratio
between the number of failed simulations and the total number of
simulations.

For the case in which the Archimedes’ force is less than or equal to
self-weight, the friction force should be considered. From
phenomenological point of view, it happens that up to certain levels of
momentum flux, the anchored tank does not move, the anchor
deformations are nulls and shear forces are completely absorbed from the
friction. But as soon as the momentum flux increases and the available
friction resistance is exceeded, the tank begins to slide, and the anchors
are required to engage in bearing. The contact between the anchors and
the base plate provides large deformations and consequently an increase
of shear demand in the anchors that load themselves up to reach the
ultimate shear capacity corresponding to steel rupture. The load-
displacement behaviour of an individual anchor to the shear also includes
failure mechanisms of the concrete [86], but in this thesis are not
investigated. In addition, the anchor-base plate-foundation interaction is
not conceived in the FEM model, and the friction is considered in post-
process as a force to subtract at the shear of the anchors. In each
simulation, the value of friction coefficient is extracted from a RV variable
normally distributed with mean 0,5 and coefficient of variation of 0,3 [87].

Lastly, the tension failure of the anchors happens if all anchors
exceed at least one resistance between the concrete cone breakout
and/or the tension steel rupture. Also in this case, it proceeds with Monte-
Carlo simulations consisting in the progressive failure of the anchors, as
well as explained for the shear case. The differences with the previous
case are that the friction force does not contribute to the equilibrium of the
vertical forces and the redistribution of the forces due to the failed anchors
happens in proportional way. This last assumption takes into consideration
the fact that the anchors are not subjected only to tension, but also to a
bending moment caused by the hydrodynamic pressure. In these
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conditions, it develops a neutral axis that divides the base plate into two
parts, one compressive and the other one tensile, but since the effect of
the hydrodynamic action does not make relevant changes to the depth of
the neutral axis, this can be considered fix, in way that the stress increases
proportionally after the failure of some anchors during the steps of a
simulation. At the instance time in which at least one anchor fails, all the
anchors are all in tension, thus, the neutral axis is outside the cross
section. This because anchor failure is not so much due to the overturning
moment, but rather to the buoyant force.

The definition of multiple random variables allows to discuss about the
intracomponent and  intercomponent  correlations [88]. The
intracomponent correlation refers to the stochastic dependency among the
two capacity parameters for a single anchor. The intercomponent
correlation, instead, presents the spatial dependency of the single
capacity parameter among all anchors. From the results of the
simulations, it is observed that, for an individual anchor, the tension failure
is governed by the concrete cone breakout, while the shear failure is due
to the shear rupture of the steel. For this reason, tension and shear
strength of an individual anchor are assumed uncorrelated because the
tension failure happens mostly on the concrete side. Thus, the
intracomponent correlation between two strengths is not considered. On
the other hand, the intercomponent correlation is taken into account only
for the shear steel strength. For the tension steel strength, all anchors
have the same strength value equal to the mean ultimate stress. For the
shear steel strength, the probability of shear failure of the anchors is
evaluated considering both all anchors with the mean value of the shear
strength but also with strength values for each anchor extracted randomly
from the same distribution. The results show that is not great differences
for the two cases, thus, the second case is chosen for the fragility analysis.

2.3.3 Parametric models

The fragility curves obtained from nonlinear elastic analysis are,
then, adapted to a parametric model. The parametric model that to
describe the best fit model for all failure mechanisms, is the Weibull
cumulative density function (cdf), defined through two dimensionless



77 Derivation of fraqility functions

parameters: the percentage of the filling level W = h/hs o, and the
percentage of the submersion of the tank, ® = h,, /h¢ 1mq,. The definition
of the percentage of submersion is based on the assumption that the
allowable maximum tsunami height level is the maximum filling level.
Eq.(2.11) shows the probability of failure with Weibull distribution for each
failure mechanism, P[F;|®, V¥ ].

( ) jbi(ll‘)
P[F|®,¥]=1-¢ ‘" (2.11)
The subscript i =1,2,3 is used, always, to distinguish the failure
mechanisms, in particular, with i = 1 is indicated the shell buckling, i = 2
the tensile failure of the anchors and i = 3 the sliding after their shear
failure. a;(W) and b;(¥ ) are the Weibull scale and shape parameters,
respectively. These two parameters are calibrated for filling level and for
each failure mechanism. Figure 2.9 shows the trend of the two parameters
at varying of filling level, for the three failure mechanisms, taking as
example the intermediate tank. The figure is structured in way that the first
row shows the values of a while the second one, values of b; instead, each
column is referred to a failure mechanism. From the figure results that for
shell buckling, both parameters have linear trend; while for the tension
failure criterion, a is linear function while b is a parabolic function; lastly,
for the shear failure criterion, both parameters are defined by a bilinear
function. The equations of the parameters of the Weibull cdf with the filling
level, are shown in Table 2.2 for all tanks geometries.
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a) Shell Buckling b) Tension failure of anchor bolts c) Shear failure of anchor bolts
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Figure 2.9: Parameters of Weibull cdf at varying of the filling levels, for intermediate tank.
In the first row, the scale parameter “a” for failure mechanism: a) shell buckling; b)
tension of anchor bolts; c) shear of anchor bolts. In the second row, the shape parameter
“b” defined for: d) shell buckling; d) tension of the anchor bolts; e) shear of the anchor
bolts.

Table 2.2: Scale and shape parameters of Weibull cdf for all tank geometries and failure
mechanisms.

Shell Tensile failure of .
Tank . Shear failure of anchor bolts
buckling anchor bolts
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The results of the fit are shown in Figure 2.10, for the case of
intermediate tank when is half full.
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Figure 2.10: Validation of the fit model, for intermediate tank, for: a) shell buckling; b)
tension failure of anchor bolts; and c) shear failure of the anchor bolts.

The parametric fragility functions that taken into consideration the
interaction of all three failure mechanisms is obtained as Eq. (2.12)

P[F|(D,‘P]:1—li[(1—P[Fi|d),‘P]) (2.12)

i=1
2.3.4 Results

Figure 2.11 shows the fragility curves for slender (panel a),
intermediate (panel b) and squat (panel c) tank given filling level ¥,
obtained from Eg. (2.12). The abscissa axis shows the percentage of
submerged tank, while the percentage on each curve is referred to a given
filling level.
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Figure 2.11: Fragility curves at varying of the filling level for: a) slender tank; b)
intermediate tank; c) squat tank. d) Grade of submersion of the tank with probability of
failure of fifty percent at varying of filling level.

Looking at an individual tank, the curves move to the right as the
filling level increases. The meaning of this trend is explained in Figure
2.11-d), that showed an example the influence of the degree of filling on
the vulnerability of the tanks. The panel d) shows the value of percentage
of the submersion that has a probability of failure of the 50%, @, s), with
the filling level. The markers in figure indicate the filling levels considered
in the other panels up to the 90%. The trend makes clear that the
probability of failure of 50% is reached more rapidly for almost empty tank
rather than for almost full tank. In quantitative terms, it is observed that for
filling level of 10%, the probability of failure of 50% is reached for a grade
of submersion of 40% for slender tank; 22% for the intermediate tank; and
18% for the squat tank. Conversely, a full tank needs of a tsunami wave
that exceeds at least about the seventy percent of total height for all tanks
to obtain a probability of failure of 50%. Particular case is the completely
full slender tank that leads to that probability of failure of 50% when the
tank is completely inundated. This last consideration may be an expected
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result, because increasing the filling level, the hydrostatic action and the
self-weight of the liquid content counteract the hydrodynamic and
hydrostatic tsunami actions avoiding any type of failure mode. In
additional, the panel d), shows that the three lines referred to three tanks
are quite parallels and the lowest one is that of the squat tank. This means
that for all filling levels, the fraction of submerged tank that leads to the
probability of failure of 50% of the squat tank is always the lowest and for
this reason results to be the most vulnerable.

The trend of fragility curves is influenced also by the failure modes.
Figure 2.12 shows some examples of fragility curves for three tanks, for
different filling levels, highlighting the influence of the failure modes. In
detail, the rows show the different filling levels, and the columns are
referred to three geometries. Each panel shows a dotted curve that is the
overall fragility function considering the interaction of all failure
mechanisms, while the dark grey curve is fragility curve built considering
only the failure mechanism of the shell buckling; the grey curve is referred
to only tension failure of the anchors; and the light grey curve corresponds
only to the shear failure of the anchors. For low levels of filling level, the
fragility curves seem to be governed from only one mechanism that is
dominant on the others, in particular, it is observed the mechanism that
controls the failure for the slender is the tension of the anchors, panel a);
while, for the squat tank, the dominant failure mode is the shell buckling,
panel c). In these panels, it is seen as the overall curve (dashed line) is
almost completely overlapped to the curve of the predominant
mechanism. Conversely, the intermediate tank presents more than one
mechanism that governs the overall fragility curves for low liquid levels. In
more detail, the panel b) and e) show the trend that it is common to all
curves of the intermediate tank up to 50% of filling where for P[F|®,¥] <
0.2 the fragility is what it would have if it were considered only the shell
buckling, while for P[F|®,¥] > 0.2 the curve carries on with an trend
identified from fragility of only resistance mechanisms in tension. On the
other hand, for high filling levels, the interaction of all mechanisms is not
negligible, for this reason, the failure modes cannot be treated separately,
as shown in panel g), h), and i). Focusing on the failure mechanism, it is
observed that squat tanks are subjected to the shell buckling; contrary,
slender tanks are affected by the tension failure of the anchors, while the
intermediate tanks have an intermediate behaviour between two previous
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cases. The shear failure of the anchor bolts, instead, is negligible because
the anchorage system is adequately designed to resist to the seismic and
wind design actions.
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Figure 2.12: Fragility curves for individual failure mode. Fragilities for filling level of 10%
for a) slender, b) intermediate, c) squat tanks. Fragilities for filling level of 50% for d)
slender, e) intermediate, f) squat tank. Fragilities for filling level of 90% for g) slender, h)
intermediate, i) squat tanks.









Chapter

NaTech multi-hazard risk
assessment

E buona regola, quando ci si

trova di fronte a un problema da
risolvere, chiarirne prima di tutto i
termini e poi decidere quale strategia
sia piu adeguata alla sua soluzione.

Rita-Levi Montalcini

Natural phenomena can have a strong impact on industrial plants
endangering the environment and human life. A natural event may be the
cause of technological accidents leading to the dispersion in the
environment of toxic or highly flammable substances. In the industrial field,
technological accidents due to natural events are called NaTech events
[89] and can be associated with structural damage at the industrial unit or
to the detachment of pipelines. Following a NaTech event, content release
may provoke explosions, pool fire or toxic dispersions that trigger a series
of cascading effects leading to an escalation of unpredictable accidents.

In this thesis, risk assessment is evaluated as the mean annual
frequency of industrial accidents that may lead to potential fatalities after
a natural event [90]. QRA were developed in literature [89,91] to provide
information about the spatial and temporal distributions of potential
fatalities as exposition of thermal radiation, concentration of toxic
substances, explosions due to overpressures. QRA procedure allows to
evaluate the consequences of a NaTech event in terms of human and
economic losses, simulating escalation scenarios [92].
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The state-of-the-art presents QRA developed considering the
hazard related to only one natural event. Examples are the works of [93]
on floods or [94,95] on the earthquakes. Other works, instead, as [58],
evaluate the risk as the exceedance probability of a damage limit state at
which the industrial unit is prone during the specific natural event, in a
certain return period, at the site of interest.

The novelty of this study is to carry out a multi-hazard risk analysis
for NaTech scenarios, focusing on cascading hazard of tsunamis triggered
by earthquakes. Several authors discuss of multi-risk assessment due to
cascading hazard, e.g. [96,97]. Other authors, instead, propose
methodologies of multi-risk to take into account the link between different
hazards, e.g. [98-101]. Three are the main points of the multi-risk
framework: the joint probability of hazards, time-variant multi-hazard
dependent vulnerability, and combination of losses from different hazards
in a coherent manner [102].

Tsunamis have a low probability of occurrence but high impact in
terms of structural damage and thus in terms of economic losses
[103,104]. In this context, the risk can be analysed under different aspects:
or considering two natural events separately, or the interaction between
them. Herein, it will talk about of seismic risk when an earthquake occurs
near the site without to trigger tsunami; and tsunami risk when an
earthquake from a far source triggers tsunami that leads to damage at site.

The consolidated procedure to evaluate the risk starts with the
identification of the hazard at the site of interest, and the vulnerability of
the structures taken into consideration. These steps of risk analysis should
be followed for each hazard, considered separately, to obtain the mean
annual frequency of events that cause the release of content after
structural damage. To have a complete view of the multi-risk, also
consequences analysis should be developed, including simulations of the
dispersion of the hazardous substances in the industrial area with the
corresponding cascading effects, but this falls outside from the scope of
this study. Then, also an expected losses analysis could be carried out,
following the approaches to existing literature, e.g. [102,105-107] . In this
way, the risk analysis is complete and allows to take decisions if the risk
can be tolerated or if measures of risk reduction are required.[90]
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The object of this chapter is to perform a risk analysis for a tank
farm of 12 tanks supposed all squat, located along the coast of Milazzo.
Thus, this chapter is structured as follows: first paragraph describes risk
analysis methodology; in the second paragraph, the risk results are
presented considering two natural events separately, while third
paragraph discusses of contemporary failure of tanks; lastly, fourth
paragraph shows a framework on the evaluation of the losses considering
the interaction of two natural events; some conclusive remarks are finally
given in section five.
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3.1 Multi-hazard risk assessment methodology

The multi-risk analysis is performed for a case study of hypothetical
oil refinery of only anchored atmospheric storage tanks when are
subjected to ground shaking and/or to tsunami impact. The framework to
follow for the risk analysis focuses on two main points: the knowledge of
the hazard of the site of interest and the vulnerability of the structures
examined. The seismic and tsunami hazard analyses are based on
probabilistic approaches providing as results the hazard curves that
express the variation of selected intensity measure (im) versus the
exceedance rate, that is mean annual number of events that exceed a
defined threshold im . The structural vulnerability, instead, aims to
investigate the response of the tank to different levels of im following also
in this case a probabilistic approach. The results of the vulnerability
analysis are the fragility curves that express the probability of failure of
structure to reach or exceed a specific level of damage under different
levels of im. In this context, the failure is intended as the structural damage
or the detachment of the pipeline causing the release of liquid content.
The multi-risk analysis ends with the assessment of the structural failure
rate intended as the mean annual number of events that cause the failure
of the tank. The failure rate is obtained as integral of the hazard and the
vulnerability.

3.1.1 Case study

Multi-hazard risk analysis is performed for the case study of a group
of 6 tanks installed at Milazzo, at the North-East tip of Sicily (Italy), located
to the Thyrrenean coast. The position on map of the petrochemical plant
is shown in Figure 3.1-a) with a triangle. Panel a) shows the map of the
bathymetry in terms of mean depth of sea level around the site of interest
(data from [108]). The map shows that near the coast where the site is
located, the bathymetry has depths up to 1000 m. The bathymetry allows
to have information on the propagation effects of the tsunami wave, in
terms of height and velocity. In addition, also the seabed features
influence the wave propagation so much that earthquakes with magnitude
relatively small could trigger abnormal tsunamis [109]. The oil refineries
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are exposed to tsunami hazard because, typically, are built at few steps
from the shore. In fact, panel b) shows the position of the system of 6
storage tanks taken into consideration for the risk analysis. It can be seen
that they are very close to the shore, in fact, the tank with an identifier
number (ID) “1” is located at a distance to the shore of 100 m, and the tank
number 2 has a distance of 200 m, while the distance between them is
about 20 m. The other tanks from the 4 to 6 number have about the same
distance from the shore of 200 m, while the distance between them is
about 10 m. All the plant is characterised by a sea level altitude and a site
condition with a shear wave velocity assumed equal to 270 m/s .
Generally, each tank is inside of catch basin, useful to collect the liquid
that leaking from a damaged tank. This is practical solution to reduce the
risk of industrial accident. All examined tanks are cylindrical steel shell
structures, anchored at the base and resting on concrete foundation mat.
This support condition is generally recommended in seismic zones. In
addition, these tanks are equipped of a floating roof that moves along the
height of shell following the filling level. One of the functions of the floating
roof is to limit the movement of the liquid mass at the top avoiding sloshing
phenomenon that may cause spillage of liquid in the connection between
the roof and the shell; the other main feature is not to accumulate the gas
under the roof that could be cause of explosions. The liquid contents
typically are highly flammable substances as gasoil or fuel oil. The
selected tanks have the same geometry, shown in Table 3.1. Thus, all
tanks have almost the same dynamic response under seismic and tsunami
action.



90 Multi-hazard risk assessment methodology

b)

— O[m]
-500 200m] 0] J\
558904 o g
4000 |© CC® @-’qgn %0
O
{-1500 © O
12000 O o O

a) 7
”' o '
y - & o~
G

-2500

Ne
-3000 "etto @)

-3500

Figure 3.1: a) Bathymetry. b) Selected tanks for the case study.

Table 3.1: Geometrical features of the tanks of the case study.

. : Thickness Thickness No. Diameter of
Height | Diameter
wall base plate anchors anchors
16m 55m 30 mm 20 mm 120 39 mm

3.1.2 Probabilistic multi-hazard analysis

The PSHA and PTHA are developed as discussed in the Chapter
1. For clarity, here, it is briefly summarized the main characteristics of the
hazard analyses for the examined case study.

PSHA is performed for a circular area of 100 km of radius from the
site of interest, as shown in Figure 3.1-a). The earthquakes that occur in
this area are both crustal and subduction. The part of the subduction that
is inside the area of interest is the interface of the Calabrian Arc and it is
depicted in figure as a dotted polygon. The intensity measure selected for
the seismic hazard analysis is the peak ground acceleration PGA, thus the
hazard curve is expressed in terms of the exceedance rate at varying pga
threshold, 4,4, = A(PGA > pga). The hazard curve of the site is obtained
by adding the exceedance rates of the two seismicity classes, this
because the earthquakes occur both on the earth’s crust and subduction
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interface with a homogeneous stochastic Poisson process. Source models
adopted for two seismicity classes are widely discussed in Chapter 1.

PTHA is taken from literature data of Volpe et al. 2019 [20]. This
analysis is based on simulations of inundation scenarios of far- and near-
field sources. Each simulation provides different registrations of tsunami
height and velocity in each point of a refined grid. Figure 3.2-b) shown both
onshore and offshore grid points, around the petrochemical plant. The
figure shows the hazard map of the maximum height observed at return
average period of Tr = 300°000 yr. It is noteworthy that the grid does not
cover the tanks far from the coast because of the influence of the tsunami
is attenuated. The intensity measure chosen to carry out the PTHA is the
maximum tsunami height, h,,,,.,. Thus, the tsunami hazard curves are
expressed in terms of the exceedance rate of maximum tsunami height
An,, = A(Hymax > hwmax) at varying of threshold hyyyqy-
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Figure 3.2: a) Examined area for PSHA. b) Hazard map in terms of height, for the tanks of
the case study.

3.1.3 Fragility functions

The selected case study for risk analysis involves a vulnerability
analysis for anchored atmospheric storage tanks subjected to both ground
shaking and tsunami.
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The dynamic response of the tank under tsunami action is different
from ground shaking but, in both cases, depends mainly on the boundary
conditions at the base and of dynamic behaviour of the liquid content. In
fact, for the effect of the lateral accelerations due to an earthquake, a part
of the liquid mass at the bottom of the tank responds with an impulsive
motion, translating rigidly with the shell wall, while the other part in
proximity of the free surface and in contact with the shell wall, in addition
to translate laterally, moves upwards creating convective motions [110].
For the tsunami action, instead, the liquid mass does not move
dynamically and responds with a hydrostatic pressure along the shell wall
of the tank, in opposition to the external pressures [111]. These two
different types of behaviour could take to several forms of damage.
Typically, under seismic action, the shell wall can experience large
meridional compressive stresses at the base causing large plastic
deformations called elephant foot buckling, while in the upper zone, the
convective motions can trigger sloshing phenomena provoking damage to
the roof with consequent spillage of internal liquid. In addition, the base
shear resulting by ground shaking could overcome the friction action,
forcing the tank to slide. In this case, the failure of the tank is governed by
possible detachment of the pipelines, and if the tank is anchored at the
base, it is observed also the shear failure of the anchor bolts [112]. On the
other hand, the tsunami acts along the shell wall with a hydrostatic
pressure that triggers circumferential compressive stresses that may lead
to elastic buckling of the shell wall, and with a hydrodynamic pressure that
may induce sliding and/or overturning of the tank. The shell buckling is the
most likely possible failure criterion that was observed from the analysis
of past accidents triggered by floods events [51], that can be considered
like tsunami inundation, with the consequence to lead to the structural
collapse with instantaneous release of all liquid content. Another failure
criterion regards to flotation of the tank due to Archimedes’ force that acts
on the base plate and is in opposite with the self-weight of the tank and
the liquid content. This criterion becomes a concern when the tank is
empty [65]. In this case, the anchorage system is put in tension, while the
effect of the hydrodynamic force takes shear and moment. Thus, the
anchorage system at the base is fundamental to reduce the occurrence of
many of these failure phenomena helping the tank to resist better at the
external actions, even if this constructive detail takes to an increase of the
costs of facility.
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To each structural failure mentioned above may be associated with
a release of substances, that is the key issue for performing an QRA.
Hence, the fragility functions are expressed in terms of structural damage
that cause release of contents. The seismic fragility model adopted in this
study is based on the literature work of Salzano, lervolino and Fabbrocino
2003 [54]. The seismic fragility functions are obtained on the base of
observation of past accidents and express the probability of failure given
a certain threshold of pga. These empirical fragility functions are obtained
from a dataset containing 532 observations of damage post-industrial
accidents. A subset of these data provides information for this case study,
in particular fragility functions are developed for anchored atmospheric
storage tanks; for two filling levels, specifically, greater than 50% and near
full; considering the cases in which the structural damage triggers rapid
loss of content. No information is given on the influence of the slenderness
ratio on the fragility functions; thus, the curves can be used for tanks with
different geometries. The seismic fragility model is characterized by a log-
normal cumulative density function (cdf) with median (¢) and standard
deviation (B) reported in Table 3.2. From historical analysis of seismic
damage on storage tanks, catastrophic failures occur with a grade of filling
level greater than of 50% , because fundamentally the damage is
associated with movement of liquid mass, thus, in condition of almost
empty tank, it can be assumed that the fragility model returns nulls
probabilities of failure at varying of pga thresholds.

Table 3.2: Median (u) and standard deviation (B8) of log-normal distributions for different
filling level conditions [54].

Filling condition | u p
Near full 1.25 | 0.65
Half full 3.72 | 0.8

Empty (assumed) | 0 0

The choice to use seismic empirical fragility curves does not allow
to carry out evaluations about the optimal seismic intensity measure. The
intensity measure assessment depends strongly on the available
information coming from examined database. In this case, the fragility
curves adopted were developed considering the observed damage to
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storage tanks during occurred major earthquakes from 1993 to 1995 [113].
Detailed information was not always available, especially for the oldest
events, about the heights, diameters, wall thickness and fluid levels at the
time of the earthquake, and this aspect does not allow to evaluate the
vibration period of the structures. Another discussion point concerns the
documentation about the seismological and geological aspects of the
earthquakes. For many events of this database, or only values of PGA are
available, or macroseismic intensity observations are used for
reconstructing shaking distributions, always in terms of PGA, in the
absence of instrumentally recorded data.

Of course, the use of an intensity measure closest to the dynamic
of the system could be much more suitable to describe the behaviour of
the structure under seismic action, but this discussion can be done only
for fragility curves developed analytically. In fact, from the work of Luco
and Cornell [114], the optimal intensity measure allows to have a structural
response independent from seismological parameters as, for example,
magnitude and distance. According to Bakalis at al. [58], the PGA value
or the spectral acceleration at the impulsive period, are two reasonable
choices because typically the impulsive period is relatively short. On the
other hand, the convective response can only be captured in
correspondence of convective spectral acceleration that is referred to a
long period, sometimes also greater than 4s. This can be view in
Appendix where the seismic design is developed.

Tsunami fragility functions, instead, are widely discussed in
Chapter 2 and briefly recalled here. The tsunami fragility functions are
derived from analytical models based on static nonlinear elastic analysis
on finite element models. These models take into account the interaction
of failure criterions mentioned above developing parametric models
distinguished for each failure mechanism based all on Weibull distribution.
Both effects of the velocity and height of wave are investigated. In fact,
these fragility models consider the tsunami load acting on the tank as a
guasi-static pressure, so to distinguish the contribution of the hydrostatic
component from the hydrodynamic one, following the approach of ASCE
7-16 [46]. The fragility curves are developed choosing as intensity
measure the maximum tsunami height and, as well as the seismic case,
are obtained for given filling level.
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Since, the filling level is unknown when an earthquake or a tsunami
hit a storage tank, for this reason, can be treated as a RV. The assumption
is that the filling level is expressed by a uniform RV. In more detail, Eq.
(3.1) expresses the fragility function independent from the filling level for
the seismic case.

3

P[F|pga]=ZP[F|PGA=pga,‘P=(,u1-]-P[‘P=1,y1.] (3.1)
=1

Where i = 1,2,3, indicating three cases of filling considered for seismic
fragilities, in particular i = 1 is the case of empty tank; i = 2 is half full
tank; and i = 3 is the near full tank. ¥ is the value of the percentage of
filling level; and P[¥ = y] is the probability to have a filling level ¥ equal
to ¢, uniformly distributed. P[F|PGA = pga,¥ = ] is the probability of
failure conditioned to filling level, obtained from Salzano, lervolino and
Fabbrocino 2003 [54].

For tsunami case, the equation that describes the independence of
the probability of failure from the filling level is Eq. (3.2).

100%
PIFI0]= [ PLFI®Y]-£y (v)-dy (3.2)
10%

This equation is expressed through an integral because the fragility curves
are derived from analytical solutions. The lowest limit of the integral is set
on 10% because a minimum operative filling level should always be
guarantee. The tank is never completely empty. P[F|®,¥] is the
probability of failure conditioned to filling level, evaluated as Eq. (2.12) and
fw (@) is the uniform probability density function of the filling levels.

3.1.4 Structural failure rate

The risk is evaluated in terms of structural failure rate A, that is the
mean annual number of events that lead to the structural damage followed
by release of contents. Failure rate is defined as the integral of the product
between the fragility curve P[F|im], and the absolute value of the
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differential of the hazard curve |d4;,,|. This integral is expresses by Eq.
(3.3):

Ar = IP[F|im]-|dllm| (3.3)

—00

The structural failure rate evaluated in this way is referred at
individual tank supposed isolated.
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3.2 Results of multi-hazard risk analysis

3.2.1 Results of hazard and vulnerability analysis

Figure 3.3 shows the results of probabilistic hazard analysis for the
seismic and tsunami cases. For the seismic case, panel a), only one curve
defines the hazard to the site of interest, instead, for tsunami case, panel
b), the hazard changes point by point. Each tsunami hazard curve is
signed by a number that indicates the corresponding tank inside the map
in panel b). The grid points corresponding to hazard curves are chosen as
the nearest point to tanks side sea front. These points are depicted in
figure with red square markers. As expected, the closest tanks to the coast
exhibit exceedance rates greater than of these ones further away; and
tanks located behind other tanks are shielded by these ones and
presenting exceedance rates smaller than those ones in front. It can be
concluded that the most exposed tanks to tsunami action are those ones
the closest to the coast.

Comparing the seismic and tsunami occurrence rates, it is
observed that A(PGA > 0 g) = 2- 1071 yr~1 is some orders of magnitude
greater than the greatest tsunami occurrence rate, that is equal to
AHymax > 0m) =1-10"* yr—1,
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Figure 3.3: a) Seismic hazard curve. b) Tsunami hazard curves for the tanks inside map.

Figure 3.4 shows the fragility curves for the seismic case in panel
a) and for tsunami case in panel b). Both panels depict with dotted lines
the fragility curves conditioned by a certain filling level, while the
continuous lines are fragility curves with a filling level assumed as a
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uniform RV. For the sake of comparison, the figure shows the tsunami
fragilities only for the filling levels considered for the seismic case, but
these can be derived for any degree of filling because are obtained
following an analytical approach.

The results of vulnerability analysis show that the behaviour of a
tank under seismic action is completely different from the behaviour under
tsunami action. As discussed in previous sections, the influence of the
filling level is a crucial aspect in the evaluation of the fragility functions.
Indeed, seismic fragility functions (panel a) show that the probability of
failure for given pga value, is greater for the case of near full tank rather
than half full or almost empty case. On the other hand, the behaviour under
tsunami action is completely the contrary. Tsunami fragility curves in panel
b) show that an almost empty tank has a probability of failure greater than
full tank, for given percentage of submersion.
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Figure 3.4: a) Seismic fragility functions. b) Tsunami fragility functions.

3.2.2 Results of structural failure rates

In this section, structural failure rate is evaluated for each tank of
case study considering separately the seismic and tsunami action. Risk
analysis is carried out considering different configurations of degree of
filling, in particular focusing on the cases of almost near and half full;
uniform distribution of filling level; and only for tsunami, the case of almost
empty tank, because this condition for the seismic case provides null
failure rates. Table 3.3 shows the numerical values of seismic (1) and
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tsunami (4, 1) failure rates for the 6 tanks considered for the analysis. The

seismic failure rates are the same for all tanks because the seismic hazard
is the same for all points of the area of interest.

The results of this risk analysis confirm what was discussed in the
section of the fragility functions. The influence of the filling level on the risk
moves in opposite direction for two natural events, in particular, the failure
rate increases with the filling level for the seismic case, vice versa, for
tsunami. It is observed that for this specific site, for fixed filling level, the
seismic failure rates are some orders of magnitude greater than the
corresponding tsunami failure rates. An explanation of this result can be
linked to the hazard at the site, with the seismic hazard predominant on
the tsunami hazard. The influence of the hazard at the site has an impact
also on the tsunami failure rates of different tanks. More in detail, the tanks
near the coast have a tsunami failure rate greater than of tanks far from
the coast.

Table 3.3: Structural failure rates for seismic and tsunami action for different configuration
of filling levels.

Aps [yr™] A [yr~1]

ID . .

Near full | Half full digtr:iIL?thrign Near full | Half full ‘;'rrn"&? dig{:;;?;{gﬂ
1 3.93E-10 | 3.26E-09 | 2.85E-06 | 2.20E-07
2 1.20E-10 | 9.77E-10 | 1.16E-06 | 7.93E-07
3 233E-10 | 1.77E-09 | 1.75E-06 | 1.46E-07

5.45E-04 | 6.82E-05 | 1.70E-04
4 1.08E-10 | 8.87E-10 | 1.03E-06 | 7.34E-08
5 3.67E-11 | 3.15E-10 | 3.97E-07 | 2.48E-08
6 1.66E-11 | 1.62E-10 | 1.97E-07 | 7.08E-08

3.2.3 Comparison of tsunami failure rates with the literature results

The object of this section is to compare the tsunami failure rates
derived from analytical fragility functions obtained from Chapter 2 with the
tsunami failure rates evaluated with the tsunami fragility function of
literature work of Basco and Salzano (2016) [56] expressed in terms of
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maximum momentum flux. This comparison is possible thanks to the
results of the work of Volpe et al. (2019) [20] that provide hazard curves
both maximum tsunami height and maximum momentum flux.

As case study, three archetype tanks of Chapter 2 are taken into
consideration, assuming them located at position of the tank shown in the
top right corner of the panel a) of Figure 3.5. The hazard curves
considered for the risk assessment are shown in Figure 3.5, in particular,
panel a) shows the tsunami exceedance rates in terms of maximum
tsunami height and panel b) in terms of maximum momentum flux A,,.
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Figure 3.5: Tsunami hazard curves in terms of a) maximum tsunami height, and b)
maximum momentum flux [20].

Basco and Salzano (2016) [56] evaluate the tsunami fragility
functions for 115 tanks with different geometries. Three of these tanks are
chosen with similar geometry to the archetypes. Fragility models are
based on log-normal cumulative density functions. Table 3.4 shows the
geometries, the median value wo4mr,,,) and standard deviation

Olog(MFn,,) Of the logarithm of the momentum flux of selected tanks.

Table 3.4: Geometry features of selected tanks from database of Basco and Salzano (2016)
and corresponding log-normal distribution parameters of fragility function [56]

D H ty o
[m] [m] [mm] Hiog(MFomay) log(MFax)
10.5 9 8.4 2.60 0.48
24 12.6 12.5 3.00 0.50

48 7.20 12.5 2.30 0.50
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The tsunami failure rates derived from Basco and Salzano (2016)
At Basco @nd from parametric model of Section 2.3.3 are given in Table 3.5.
The results show that the tsunami failure rates do not present large
differences.

Table 3.5: Comparison between tsunami failure rates evaluated with fragility function of
Basco and Salzano (2016) [56] and analytical fragility of Chapter 2.

Af,Basco Af,T
yr™1] yr1]
Slender 6.79-107 2.17-107
Intermediate 3.12:107 4.00-107
Squat 1.14-10°6 8.09-107
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3.3 Cascading effects

Another aspect to take into account in NaTech risk assessment is
the possibility to evaluate the domino effect due to the release of content.
The loss of content may be cause of an explosion, pool fire, or delayed
explosions of a vapour cloud. The industrial accidents of a unit may trigger
further accidents at another unit, and so on, triggering cascading effects.
A measure of evaluation of the escalation of these NaTech events can be
in terms of number of victims at following of cascading effects or the
probability that a unit j can loss content due to an event at the initiating unit
i [89]. The probability of loss of containment of the unit j is dependent from
the distance to the initiating unit i. The evaluation of the dispersion or
propagation of the NaTech event are treated for the QRA that falls outside
from the scope of this thesis. The objective of this section, instead, is to
provide tools to carry out the loss analysis due to the domino effects. Thus,
risk assessment for simultaneous failure of a group of the tanks will be
discussed.

3.3.1 Simultaneous failure framework

The probability to observe the loss of content after a natural event
of exactly k tanks on n totals, is expressed through the sum of n Bernoulli
RVs. In fact, the random variable, loss of content, can have only two
realizations: occurred or not occurred. The loss of content, in this context,
represents the failure of the industrial unit. The event, k failed tanks and
n — k not failed tanks, sorted in a specific sequence, has a probability
equal to the product of the probability of failure and not failure associated
with each tank in a specific combination, given the stochastic
independence of random variables.

The sum of n Bernoulli RVs, s-independent, is a Binomial RV if the
parameter probability of failure is common to all tanks [115]. This happens
for the seismic case, under the assumption that similar tanks are clustered
together close enough to preclude variability in the shaking intensity that
they experience in a single event. Therefore, the probability that k tanks
fail simultaneously, P[F,|pgal, is evaluated by Eq.(3.4):
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P[F, |pga]=(2]-(P[F|pga])k -(1—P[F|pga])n7k; k=0,1,2,...,n (3.4)

The failure rate of exactly N =k tanks can be determined by
Eq.(3.5):

~+00
ﬂ“f,S (N =k): IP[Fk |pga]'|d;tpga| (3-5)
0

For the tsunami case, the structural failure rate of exactly N =k
tanks, can be evaluated by Eq. (3.6):

Ar.r (Nzk):VT‘P[Fk |T] (3.6)

where v is the tsunami occurrence rate, that is the mean number of
tsunamis that occur in one year at the site of interest; and P[F,|T] is the
probability of failure of exactly N =k tanks conditional to tsunami
occurrence. This equation is another way to write the failure rate
expressed by Eq. (3.3) and can be also used to evaluate the probability of
failure, given tsunami event, of an individual tank, Ps|r, as Eq.(3.7):

)“f
P == (3.7)
vr

The numerator, A¢r is the tsunami failure rate of an individual tank
evaluated by Eq.(3.3).

P[F,|T] is the sum of n Bernoulli random variables, s-independent, with
parameter Prr that is different tank by tank. Thus, this probability can be
evaluated through Eq. (3.8) as:
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ﬁ(l—Pflr(idS)) for k=0
s=1
(Z) k n-k
PLEATI=ON T [ 2o (i) T [ (1= P (@) | for k=1.2,.0m-1
i=1| j=1 z=1
ﬁpf|T (ids) for k' =n
s=1

(3.8)

where ID = {id,, ..., id,} is the vector containing the identification number
of all tanks as the first column of Table 3.3; and id; with s =1,2,...,n
indicates the elements of the vector ID. Py r(id,) is the probability of
failure of the tank id given event. U is the matrix of the of /D combinations

of failed tanks, with number of rows equal to the number of combinations

given by binomial coefficient, (Z) and number of columns equal to the

number of tanks failed. The generic element of U is u;;, in which the

subscripts i = 1,2, ..., (Z) indicate the row of U; and j = 1,2, ..., k indicates

the column of U. U is the matrix of the of ID combinations of not failed

tanks, with number of rows equal to the number of combinations given by

binomial coefficient, (Z) and number of columns equal to the number of

tanks not failed. The generic element of the matrix U is #;,, in which the
subscript z = 1,2, ..., (n — k) indicates the column of U . Psr(u;;) is the
probability of failure of the tank in the position of the element i, of the
matrix U, given event. Pf|T(ﬁi,z) is the probability of failure of the tank in
the position of the element i, z of the matrix U, given event.

More specifically, Table 3.6 shows an example the matrices U and U for
k=5andn =6.
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Table 3.6: To the left: matrix of the ID combinations of k failed tanks out of n total tanks.
To the right: matrix of the ID combination of (n — k) not failed tanks out of n total tanks.

Uij ID Ui, ID

combinations

combinations

N(Rr[Rr|[Rr|RP|F
wlw(NvINvIN| N
APl W|lWw|W
alajlala|ls|b
olojo|lo|o|u
RNV w|dMlO|o

The rate of contemporary failure of k tanks out of n can be
evaluated considering the occurrence of both events in a small interval
time. This is a simple way to consider the interaction of two events, and it
can be considered a simple application of multi-risk assessment. Thus,
the contemporary failure rate of exactly k tanks out of n at following of
seismic and tsunami actions that happen almost at the same time, As g,

can be evaluated as Eq.(3.9):

Arg(N=k)=2r s (N =k)+Ar 7 (N = k) (3.9)

3.3.2 Results

The rates associated with contemporary failure of exactly k tanks
out of n, for varying k , are shown in Figure 3.6, where panel (a) shows
the structural failure rates considering two natural events separately while
panel (b) shows the results considering the interaction of two events. The
case study taken in consideration is represented by 6 tanks of Figure 3.3.
When k assumes a value of 0 means that no tanks failed, while for k
equal to 6, all tanks are failed. From panel (a), the failure rates due to
earthquakes are some orders of magnitude greater than those due to
tsunami and this difference is more evident when k is increasing. For k
greater than 3, the tsunami failure rates become less than 10712 yr~1
assuming values too low to show on the same plot. This result implies that
the sum of the rates, for the multi-risk analysis shown in panel (b), implies
rates that are like the seismic failure rates. The root cause of this result
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can be associated with a substantial difference of the two hazards at the
site of interest.
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Figure 3.6: a) Failure rates of exactly k tanks out of n. b) Failure rates of exactly k tank out
of n considering the sum of seismic and tsunami failure rates.
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Diego Armando Maradona

The thesis presents a NaTech multi-hazard risk assessment for a
petrochemical plant located in Southern Italy, comprising mainly anchored
atmospheric storage tanks exposed to seismic and tsunami actions. The
risk is measured in terms of structural failure rate, that is the mean annual
number of natural events that cause structural damage at an industrial
liquid storage unit with consequent release of its contents. To carry out
risk assessment, hazard and vulnerability analysis are implemented
considering two natural events separately. More specifically, probabilistic
seismic hazard analysis and tsunami vulnerability of tanks are the main
results of this study, while probabilistic tsunami hazard analysis and
seismic vulnerability of tanks are taken from existing studies in the
literature.

The hazard at the site is expressed in terms of exceedance rate,
that is the mean annual number of events that have an intensity greater
than a certain threshold. The intensity measure chosen for seismic hazard
is the PGA. The PSHA is developed with the classical approach of hazard
integral, taking into consideration uncertainty in finite fault geometry and
also two different seismicity classes: crustal and subduction earthquakes.
Inside the seismic hazard results, it needs to take into considerations of
some limitations of the subduction source model. Specifically, the
subduction rupture scenarios are not simulated, and the seismic events



are modelled only with the corresponding hypocentres. This allows to
consider only the hypocentral distance as site-source distance, while the
Abrahamson’s GMPE is implemented with the closest distance of the site
from the rupture. This limitation, therefore, leads to approximated values
of the exceedance probability given magnitude and distance site-source
of the hazard integral.

PTHA was available in literature for this site considered for the case
study, providing exceedance rates for each point, on- and off-shore, of a
refined grid around the petrochemical plant. That analysis had been
carried out though inundation simulations, providing time histories of
tsunami height and flow velocity. The intensity measure chosen for the
hazard analysis is maximum tsunami height. The hazard results show that
the exceedance rates decrease moving away from the coast. The results
of PTHA are used to develop models of conditional tsunami hazard.
Conditional hazard consists in developing conditional probability density
functions of secondary intensity measures given a value of the primary
intensity. This analysis has allowed to obtain a joint probability density
function of maximum momentum flux and flow velocity, conditional to a
value of maximum height. This result was subsequently used to evaluate
the probability of failure of the storage tanks under tsunami action.

A crucial point in NaTech risk quantification is the evaluation of
vulnerability of industrial facilities. The results of vulnerability analysis are
the fragility curves that express the probability of failure given various
values of an appropriate intensity measure. Failure in this context is
defined as structural damage that leads to content release, which can
correspond to more than one damage mechanism, each with its own
failure criterion. Because each failure criterion is governed by different
hazard parameters, several intensity measures were considered, and
conditional hazard models were used.

The tsunami fragility functions are the main result of this work of
thesis. The probability of failure is evaluated for anchored storage tanks
under tsunami action considering the combined effects of hydrostatic and
hydrodynamic forces that may lead to shell buckling or rupture of the
anchorage system under tension or shear, with consequent of flotation,
sliding or overturning of the tank. In this context, three archetype tanks
with different aspect ratios are designed according to Eurocodes and



modelled with finite element method. Static nonlinear analyses are carried
out for different levels of internal liquid, tsunami height and velocity. The
fragility curves obtained from structural analysis are then fitted with a
parametric model. The results highlight that the fragilities are influenced
by the filling level, which causes the governing failure mechanism for each
tank geometry to vary.

The seismic and tsunami risk quantification is evaluated for a group
of 6 squat tanks located in different positions along the coast. Considering
an individual tank, it is observed that the failure rate for seismic action
increases with the filling level, while the opposite trend is observed for the
tsunami case, in which the failure rate decreases as the tanks are
progressively fuller. Only for the tsunami case, the position of the tanks
influences the failure rates that decrease for tanks far from the coast. In
addition, risk analysis is carried out considering the contemporary failure
of a given number of tanks and it is resulted that the failure rates obtained
for the seismic case are some orders of magnitude greater than of ones
for the tsunami case. This result highlights that for this site, examined for
the case study, the tsunami risk is smaller than that attributed to ground
shaking. An explanation of this result is due to the high difference of the
two hazards for this specific site. The work of thesis gives a contribution
for a more accurate evaluation of the NaTech risk, providing also insights
useful in the context of a multi-hazard QRA for industrial plants.
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Appendix A: Design of
anchored atmospheric storage
tanks

The object of this appendix is to describe the procedures for the
design of the thicknesses of the shell wall and the base plate and the
diameter and number of the anchor bolts for the archetype tanks. The
design is carried out according to European standards, but also following
some requirements of the American standards.

These anchored tanks are designed to resist to wind and seismic
actions. The external actions are applied on finite element models on
which static nonlinear analyses are carried out. Nonlinearity considered
for the design phase is limited to the contact issue at the edge of the
annular plate, while material behaviour remains linear-elastic.

5.1 Wind action.

The reference standards adopted for the evaluation of the wind
action for circular cylinders are:

-Eurocode 1: Actions on structures — General actions — Part 1-4: Wind
actions. (EC1-1-4) [76].

-Norme tecniche per le costruzioni. (NTC2018) [41].

As support of these standards, a document published by the Italian
national research council (consiglio nazionale delle ricerche; CNR)[116],
collects information from the above standards.
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5.1.1 Evaluation of external pressions acting on the circular
cylinders

The aerodynamic behaviour of the structures with circular base is
focused on the height-diameter ratio, H/D, Reynolds number, Re, and the
roughness of the lateral surface, k. The wind pressure acting on the
external surface, can be evaluated according to EC1-1-4 as Eq. (5.1):

We=q,(H) Cpe (5.1)

where q,(H) is the peak velocity pressure evaluated at an altitude of
reference H tank height, and c,, is the external pressure coefficient. The
wind pressure is uniform along the height of the structure.

The peak velocity pressure q,(H) is evaluated according to Eq.
(5.2) and it is expressed in [N /m?]:

qp(H)=[1+7'1V(H)]%'p'V,2n(H) (5.2)

Where p = 1.25 kg/m?3 is the air density; v,, is the mean wind velocity in
[m/s] at height H; and I, is the turbulence intensity. The mean wind
velocity v, is expressed by Eq.(5.3):

Vi (H)=¢.(H)-¢,(H)V, (5.3)

This velocity depends on the roughness factor c,(H); orography factor
c,(H), taken equal to 1 for flat terrain; and the basic wind velocity v, .
Terrain roughness is evaluated with a relationship based on the logarithm
velocity profile, as Eq. (5.4):

H
cr(H)=kr.In(—J for zi, < H < Zjun

Zy (54)

¢, (H)=¢.(Zyin) for H< z,,

Where z, is the roughness length; z,,;, and z,,,, are the height limits; and
k. terrain factor. z,,,, is equal to 200 m, while z,,;,, and z,,;,, are defined
from the Eurocode depending on the terrain category. In the case of
coastal structures where there are not obstacles to the wind the terrain



115 Appendix A: Design of anchored atmospheric storage tanks

category is the ‘0’ with z, = 0.003 m and z,,;, = 1 m. k,- depending on the
roughness length z, calculated using Eq. (5.5):

P 0.07
k, =o.19-£—°j (5.5)
20,11

Where z, ; is the height corresponding to the ‘11’ terrain category equal to
0.05 m. The basic wind velocity v, characterizes the windiness of the area

where is located the structure and depends on the direction of the wind
and season of the year and is evaluated at 10 m above ground of terrain
category I1. Such velocity can be evaluated by Eq.(5.6):

Vb = Cqir *Cseason "Vb,0 (56)
the coefficient of direction of the wind, c,;,-, and the coefficient that takes
into account the season of the year, cs.q450n, Can be assumed equal to 1 in
absence of the statistical investigations. v, is the mean wind velocity
evaluated in an interval time of 10 minutes, at 10 m of height above the
ground. This parameter is given by National annex that in this case is the
NTC18 and depends on the region where the structure is located. For the

Sicily, v, o = 28 m/s.
The turbulence factor I,,(H) is evaluated with Eq.(5.7):

1,(H)= ! for z i, <H <z

cow)wn[j (5.7)

Zy

L(H)=1,(Zmin) for H <z

min
While, the external pressure coefficient c,. for circular cylinders
can be determined from Eq.(5.8):
Cpe =Cpo Via (58)

where ¢, o is the external pressure coefficient assuming the cylinder with

endless length; ¥, is a coefficient that takes into account of the length of
the tank considering the end-effect. The ¢, , varies according to a, the
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clockwise angle between x-axis and the application point on the
circumference of the tank, measured from the direction of the wind. ¢, o is

given by Eq.(5.9):

. /N
Cpo ()= 1_(1_Cp0,min)'smz[

[e]
5 j for 0°<a <ay,
" Amin

— C —C 2 E.M f < <
Cpo ()= Cpo,h _( p0,A pO,min)'COS OF Opin S A S0y
2 & 4~ Cpin
fora, <a <180

(5.9)

Cp0 (a)= €po,h

In this expression, a is expressed in [°]. ain [°] is the angle where the
minimum pressure acts; a,[°] is the angle where the separation of the flux
happens; cyomin IS the minimum coefficient of pressure and ¢, is the
coefficient of the base pressure. Typical values of these parameters are
reported in the EN1991-1-4, and shown herein in Table 5.1, referred to a
given value of the Reynolds number (Re) and for an equivalent roughness
k/D <5-10"*. Where k is the roughness height that for surfaces of
galvanised steel is equal to 0.2 mm.

Table 5.1: Typical values for the pressure distribution for circular cylinders for different
Reynolds numbers.

Re Cp0,min Cpo,h Amin [o] Ay [O]
5-10° —2.2 —0.4 85 135
2-10° —-19 —-0.7 80 120

107 —-1.5 —0.8 75 105

The configuration of the flux is governed by Reynolds number

defined as Eq.(5.10):

_DbviH)
1%

Re

(5.10)
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Where v = 15 - 107®m? /s is the kinematic viscosity of the air; v(H) is the
peak wind velocity at the height H of the tank and defined as Eq.(5.11):

V(H)=1/2'q+fﬂ) (5.11)

Regarding to the end-effect factor, y,,, this is given by Eq.(5.12):

Wi =1 for 0°<a < ay;,
o — Oy
Wi =¥, +(1-y,)-cos Z|=—min |\ fore. <a<a, (5.12)
2\ ay—ani
Vie =V, fora, <a<180°

Where ¢, = 2/3 for structures with ratio H/D < 5.

5.1.2 Results

In this section, the results of the wind design are shown. In Table
5.2, the peak velocity pressure at the reference height corresponding to
the height of the tanks is evaluated.

Table 5.2: Peak velocity for three archetype tanks.

H vy v, (H) q,(H)

Tank | g | WD myst | mys) | P evyme
Slender 10 1.27 35.44 0.12 1.46
Intermediate 13 1.31 28 36.59 0.12 1.54
Squat 16 1.34 37.49 0.12 1.59

While Table 5.3 shows the equivalent roughness and the Reynolds
number. The values of k/D in table are all less than 5-107%, thus, the
values of Table 5.1 can be used to evaluate the external pressure
coefficient. The Reynolds numbers obtained are greater than the 107, that
is the greatest value of Table 5.1. For this reason, for simplicity, the
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evaluation of the external pressure coefficient is derived considering the
values of Table 5.3 corresponding to Re = 107.

Table 5.3: Reynolds number for three archetype tanks.

Tank k/D v(H) [m/s] Re
Slender 0.20-107* 48.37 3.23-107
Intermediate | 0.08-10~* 49.53 7.93-107
Squat 0.04-107* 50.52 1.85-108

Figure 5.1 shows the external pressure at varying of the angle a for
three tanks. The difference between pressure for given a value is not
meaningful.

——Slender

R - = ~Intermediate
X Squat
1
—: 05
Wind dirgction E " 20 \ 40 60 80 100 120 140 160
---;..j» 2 ‘ .
= 05 al’]
2

15
-2

-2.5
Figure 5.1: Wind pressure acting on the circumference of all tanks.
The distribution of the wind pressures along the shell of the tank is
show in Figure 5.2.
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Figure 5.2: Wind pressure shape along the circumferences of three archetype tanks.
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5.2 Seismic action

The design of seismic action is carried out following the prescription
of Eurocode 8-4:2023 [117]. The seismic action derived from this
Eurocode is compared with action evaluated with the previous version of
the same Eurocode 8-4:2006 [68], that provides a simplified procedure for
anchored tanks.

The behaviour of tank under seismic action depends mainly on the
dynamic motion of the liquid content. In fact, for the effect of the lateral
accelerations due to the earthquake, part of the liquid mass near the base
of the tank moves rigidly with the shell wall, called impulsive mass, but at
the same time, the upper part of the mass starts to move vertically giving
rise to convective motions, and is called convective mass. The impulsive
mass increases the inertial mass at the base of the tank, while the
convective mass gives rise to sloshing phenomena that have oscillation
period high, between 2 up to 6-10 seconds [118]. The portion of the
impulsive and convective mass is determined from the ratio between
height of the tank H and the radius R [119], in particular for slender tank
(with 1 < H/R < 3) the impulsive mass can reach also the 80% of the total
liquid mass; contrary for squat tank (with 0.3 < H/R < 1) is predominant
the convective mass. For tanks with 0.3 < H/R < 3 the first impulsive
mode and the first convective mode move about the 85-98% of the total
liquid mass of the entire tank [112]. The classical equivalent mechanic
model used in literature is based on multi-degree of freedom with two
masses attached to with springs and dampers at the shell wall of the tank
that are supposed rigid [112]. The masses are referred to the impulsive
and the convective mass associated with the first mode. The convective
masses associated with higher modes contribute to no more than the 5%
of the total action, thus can be neglected for the evaluation of the seismic
action.

5.2.1 Evaluation of seismic action with EN1998-4:2006

For this analysis the tank is modelled as a two degrees of freedom
system where the bottom mass is the impulsive mass, and the other is the
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convective mass associated with the first mode. The response of the two
masses is combined with the numerical sum.

The first step of the analysis is to determine the period of vibration
of the structure due to the impulsive and convective mass, and are given
by Eq.(5.13):

_ \/;'Hf,max
T . NEL Trmax

B JE 5.13
Fe e
c.-\JR

Where Tin, € Teony are respectively the period of impulsive and
convective mass; Hy 4, is the design liquid height corresponding to the
maximum level of the liquid height; R is the radius of the tank; ¢, is the
wall thickness; p, is the density of the liquid content; E is the Young's
modulus of elasticity of the steel. The coefficient C; and C, are contained
in Eurocode and shown in Table 5.4, for clarity, only the values referred to
this case study:

conv —

Table 5.4: Parameters for the dynamic characterization of equivalent two degree of
freedom system [68].

Hfmax | C; C. mp | Me h; h. h; h¢
R [_] [S/\/ﬁ] m m hf,max hf,max hf,max hf,max
Slender 2.0 6.21 1.48 0.763 | 0.237 | 0.448 | 0.751 | 0.500 | 0.764
Intermediate 1.0 6.36 1.52 0.548 | 0.452 | 0.419 | 0.616 | 0.721 | 0.785
Squat 0.5 7.74 1.74 0.300 | 0.700 | 0.400 | 0.543 | 1.460 | 1.517

In table, m;, m., and m are the impulsive mass, the convective mass, and
the total liquid mass. h; and h, are the heights of the centroid of the
impulsive and convective hydrodynamic wall pressure; h; and h; are the
height of centroid of the impulsive and convective hydrodynamic
pressures on the wall and on the base plate. The values in table allow to
evaluate the total base shear @, the overturning moment above the base
plate M and the overturning moment below the base plate M'. Eq.(5.14)
shows the relationship:
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Q = (mi +m,,., +mroof)'Se (zmp)—l_mc 'Se (Tconv)

(mi 'bi + My 'hwall T Mo rOOf)'SE‘ (Y}mp)+m" .b" ‘Se (T

M
M‘ = (mi bl +my,,, 'hwall +m,,,r 'bmof).‘s'e (Tl'mp)—i_mc bc 'Se (Tconv)
(5.14)

Where m; and m, can be derived from Table 5.4 as fraction of the total
liquid mass; m,,q¢.r is the mass of the tank shell wall, m,.,,¢ is the mass of
the roof. Se(Timp) is the impulsive spectral acceleration obtained from
elastic spectrum corresponding to the ultimate limit state, for a damping of
& =5%, and S.(T,,») is the convective spectral acceleration obtained
with ¢ = 0.5% on elastic spectrum. h;, h., h;, h; are derived from the
Table 5.4, also in this case, as a fraction of the maximum height of the
liquid content; h,,,; and h,,,r are the height of the barycentre of the tank
shell wall and roof. In Eq.(5.14), the moment M is used to design the
thickness of the wall tank, while M’ to design the anchors.

5.2.2 Evaluation of seismic action with EN1998-4:2023

The structural analysis is performed for steel tanks assumed with
linear elastic behaviour. The excitation of the ground shaking can be
treated following a force-based approach and the dynamic effects of the
impulsive and convective masses can be described by equivalent static
pressure distributions applied on the tank shell wall and the bottom plate.
The seismic design actions at the base of the tank are evaluated
distinguishing the case of rigid and flexible tank. The definition of the
stiffness of the tank is done following a tabular approach (in Appendix A
of the Eurocode 8-4:2023) in which the tank is classified rigid or flexible
considering the ratio of the maximum height of the liquid content and the
radius and the ratio between the radius and the thickness of the wall tank.
For the scope of the present study, all examined tanks are considered
rigid. Thus, the relationships for rigid tanks are taken into account, in
particular the seismic design reactions at the base of the tank due to the
impulsive mass are given by Eq.(5.15):
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Fb,fr,b = CF,ir,h 'rir,b -m-S, (Tir,h)
My i =Crw irn Ui H g - Sy (Y;'r,lz) (5.15)
Mg i =Crion i 7R pr- S, Ty

Where F, ;. is the maximum impulsive rigid base shear; My, ;. , and
Mg i, are the maximum rigid impulsive moment just above and below the
base plate, respectively. The difference between two moment is that in
M; i, are added the pressures on the base plate. Cr ;. p, Cyy,ir,n @Nnd
Cu ir,n, are coefficients reported in Table 5.5; I}, ,, is the participation factor
of the impulsive rigid pressure mode, in Table 5.5; m is the total liquid
Mass; Hf mqy iS the maximum height of the filling level; R is the radius of
the tank; pf is the desinsity of the liquid content. T;,. ,, is the first natural
period of the impulsive rigid tank, taken equal to zero if the interaction soil-
structure is neglected; and S, (Tl-r_h) is the ordinate of the design spectrum
evaluated at life safety limit (SLV) with behaviour factor taken equal to 1
and a damping of & = 2% for steel structures.

At the same way, the contributions of the base shear and the
overturning moment due to the convective masse are given by Eq.(5.16):

F'b,f :CF,C 'Fc 'm'Se(TconV)
M, :CMW,C'FC'm'Hf,maX'Se(T

w,c con

MG,C:CM,C'FC'”'R4'pf'Se(T )

conv

) (5.16)

Where F, . is the convective base shear, My, . is the convective moment
just above the base plate and M . is the convective moment at the base
including the base pressure component arising from the first sloshing
mode. Cr., Cyw ., Cu are coefficients, reported in Table 5.5; I, is the
participation factor of the convective pressure component given by Table
5.5. T,.ony 1S the first natural period of convective mode evaluated as
Eq.(5.17) and S.(T.,ny) is the spectral acceleration of horizontal elastic
spectrum at SLV with a damping ratio of the liquid ¢ = 0.5%. If Ty, > 4s
the elastic pseudo-acceleration spectrum can be derived from the elastic
displacement spectrum (as indicated in Eurocode 8-1 [80]).
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2.,,.\F
- £ (5.17)

TconV -
\/1_841.tanh(1'841.bfmax}
R

Where g is the gravity acceleration. Also in this case, the total base
reactions are the sum of impulsive and convective contribution.

Table 5.5: Dimensionless parameters and participation factors for impulsive and
convective masses [117].

Hfmax| Crivn | Cuw,irn | Coirn | Tirn | Cre Cuwe | Cuc T,
R
Slender 2.0 0.7630 | 0.3224 | 1.5273| 1.0 | 0.2355| 0.1762 | 0.7170 | 1.9173

Interm. 1.0 | 0.5478| 0.2214 | 0.3950| 1.0 | 0.4493 | 0.2758 | 0.3523 | 1.6954
Squat 0.5 ]0.2988| 0.1193 | 0.1132| 1.0 | 0.6950 | 0.3752 | 0.2651 | 1.5609

5.2.3 Height of convective wave

Seismic design requires a safety distance between the maximum
level of the liquid content and the upper part of the tank. This freeboard
prevents the over-topping or the spillage of the liquid content when a
convective wave is triggered by the seismic action. The absolute
maximum value of the vertical wave height, d,,,., iS due to the convective
mass of the first mode of vibration and can be evaluated as Eq.(5.18).

S,(T,
d o _0.84.g. JeTeonr) (5.18)
g

Where S, (T,,,,) IS the pseudo-spectral acceleration on elastic spectrum
for a vibration period of T,,,,, and a damping ratio of ¢ = 0.5%.
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5.2.4 Pseudo-acceleration spectrum

The elastic pseudo-acceleration spectrum is determined for the site
of Milazzo (Sicily, Italy) of longitude = 15.27° and latitude = 38.2028°,
for a return period of the seismic action of Tr = 475yr, for three damping
ratio 0.5%, 2% and 5%. The spectrum is obtained using the relationship
inside NTC2018 [41] and the seismic parameters for the site of interest
are taken from the Appendix B of the same code [120]. Under these
assumptions, Table 5.6 shows the useful parameters to build the spectrum
from the Italian Standard.

Table 5.6: Parameters that define the seismic action [120].

a, [g] F, T; | Soil Category S Tg[s] | Tc[s] | Tpls]
0.1607 | 2.5260 | 0.369 C 1.4565 | 0.1795 | 0.5384 | 2.2427

Where a, is the peak ground acceleration on rock; F, is the maximum
amplification factor of the spectrum; T/ reference value for the
determination of the period in correspondence of the horizontal branch; S
is a coefficient that takes into account of the soil category and topography
conditions. Ty is the lower limit of the period of the constant spectral
acceleration branch; T, is the upper limit of the period of the constant
spectral acceleration branch; and Tj, is the value defining the beginning of
the constant displacement response range of the spectrum. Figure 5.3
shows the pseudo-acceleration spectra for the three damping factors.

Tls]

Figure 5.3: Elastic pseudo-acceleration spectra for the site of Milazzo (ME).
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5.2.5 Results

Table 5.7 shows, for convenience, the geometrical properties of
three examined tanks, anticipating the results of the design of the
thickness shell wall that will be discussed in the next sections. The liquid
inside the tanks has density p, = 0.81t/m>. For steel structures, the

Young’s elasticity modulus is E = 210GPa and the density of the material
is 7.85 t/m3.

Table 5.7: Geometry of three archetype tanks.

H[m] | hfpex[m]| R[m] | ¢, [mm]
Slender 11 10 5 20
Intermediate 13 12 12 25
Squat 15 14 28 30

The geometry allows to evaluate the terms of masses and the
heights in Eq.(5.14) for approach of Eurocode 8-4:2006. The results are
summarized in Table 5.8. The properties linked to the roof are neglected.

Table 5.8: Masses and heights of two degree of freedom system.

L m m; mg hwall hi hc h; h::
[¢] [t] [t] [¢] [m] | [m] | [m] | [m] | [m]
Slender 54 631 481 150 5.5 4.5 7.5 5 7.6
Intermediate 192 4379 | 2400 1979 6.5 5.0 7.4 8.6 9.4
Squat 621 | 27871 | 8361 | 19509 7.5 5.6 761|204 | 212

To the aim of qualitative comparisons, the evaluation of the pseudo-
spectral acceleration for T,,,, >4s is obtained, approximately,
considering the relationship of NTC18 of the last branch of the spectrum,
going beyond the validity limit. Table 5.9 shows the values of shear and
moments at the base of the tank, evaluated with Eq. (5.14).
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Table 5.9: Evaluation of shear and moments at the base of the tank with Eurocode 8-

4:2006.

Se(Timp:§ | Se(Teompr € M ,

Tim Tconv ¢ me _e cony Q M
5] | Gs] | =5%) | TO5% |y | BNy

[g] lg] -m]

Slender 0.06 | 3.31 0.35 0.09 1996 9526 10416
Intermediate | 0.10 | 5.27 0.44 0.03 | 11878 62537 101497
Squat 0.21 9.21 0.59 0.01 | 54262 | 315058 | 1064260

On the other hand, Table 5.10 and Table 5.11 briefly summarize the steps
to obtain the shear and the moments at the base of the tank evaluated
with Eurocode 8-4:2023.

Table 5.10: Evaluation of pseudo-spectral acceleration for impulsive and convective
masses.

Tirh | Teony Sr(Tir,hfS( =2%,q = 1) Se(Tconv:§ = 0.5%)
[s] | I[s] [g] lg]

Slender 3.31 0.09
Intermediate | O 525 0.23 0.03
Squat 9.18 0.01

Table 5.11: Evaluation of shear and moments at the base of the tank with Eurocode 8-

4:2023.
Fpirn | Foe | Mwirn | Mgirn | Mwe | Mgc Q M M
[kN] | [kN] [kN [kN [kN [kN [kN] [kN [kN
-m] -m] 'm] | -m] -m] -m]

Slender | 1105 246 | 4671 5577 2024 | 1886 | 1351 6695 7463
Interm. 5507 1142 | 26709 47850 | 9111 10788 | 6649 | 35820 | 58639
Squat 19119 | 3387 | 106867 | 406483 | 27428 | 72506 | 22506 | 134295 | 478988

The differences between two versions of the Eurocodes show that
the Eurocode 8-4:2023 version provides force at the base with values of
about 40% less that the Eurocode 8-4:2006 version currently used.
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Table 5.12 shows the maximum displacement of the convective
wave. Considering the thickness of the floating roof, d,,,, values are
increased all at 1 m, for sake of safety.

Table 5.12: Freeboard distance for three archetype tanks.

dmax [m]
Slender 0.37
Intermediate | 0.35
Squat 0.37
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5.3 Actions on the tanks and limit state verifications

The design of a tank should be developed taking into consideration
characteristic values of the actions on the structure, applying partial safety
factors to these characteristic values [66]. Here, the design is performed
considering wind and seismic actions, evaluating the cases of empty and
full tank. The actions should be combined to verify the tank under
conditions of ultimate limit states (ULS) and serviceability limit states
(SLS).

At ULS, the tank should be verified [66,68]:

-to ensure the global stability and static equilibrium.
-to control inelastic behaviour.

-to control buckling phenomena.

More in detail, for the overall stability, the tank should behave as a
rigid body and should resist to sliding and overturning. Limited amount of
displacement of the tank is tolerable by the pipe system to avoid the
detachment or the loss of contents. The behaviour in plastic field is
restricted to limited portions of the tank, and the ultimate deformations of
the materials are not exceeded. Lastly, the nature and the extent of
buckling phenomena in the shell should be controlled.

At SLS, deformations, deflections or vibrations should not cause
damage to non-structural elements and should not adversely affect the
effective use of the structure [66].

5.3.1 Load combinations.

The combinations of actions used for the design are contained
inside Eurocode 0 [79]:

-fundamental combination (for ULS), for persistent or transient design
situations:

Vo1 G+ Cr + 70, Vo2 Ch, (5.19)

-combination of actions for seismic design situations:
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E+Gy+yy Q1 +¥War Ok (5.20)
-quasi-permanent combination (for SLS):
Gy + Wy, +V22 Uy, (5.21)

In which, G, is the self-weight of the tank; Qx, are the variable actions of

different nature that can act contemporary and in this case are the wind
action and hydrostatic pressure of the internal liquid. The subscript j can
assume the value of 1 meaning the predominant action, while when j = 2
is the non-predominant action. E is the seismic action. ¥,, ¥,,, ¥,, are
combination coefficient and assume values as shown in Table 5.13. Also
in this case, the second value of the subscript distinguishes the
predominant from non-predominant action.

Table 5.13: Combination coefficient [79]

wind | liquid content
Yo, | 0.6 1
Y,i| O 0.8

The values of y for hydrostatic pressure are taken for the [79] from
the “Category E” corresponding to the industrial area. y;, and Yo, are

partial safety factors, with values in Table 5.14, distinguishing the
favourable and unfavourable cases.

Table 5.14: Partial safety factors [79].

Favourable | Unfavourable
Ye, 1 1.3
Yo wind) 0 1.5
Yo, (liquid) 0 1.35

The value of Yo, (tiquid) is taken from Eurocode 3-4-2 [66].
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For the seismic combination, the combination of the effects of three
components of the seismic action should be considered as described in
Eurocode 8-1 [80]. More in detail, for the design, the vertical action is
neglected and since the tank is axisymmetric, it is allowed to consider only
one horizontal component [68]. Therefore, the Eq.(5.20) can be specified
as Eq.(5.22):

E,+03-E, +G) +yy; Oy W22y, (5.22)
Where E, and E,, are the two horizontal components of seismic action.

Finally, the combinations for two limit states considered for the
design are in total 10 and are shown, for sake of simplicity, in Table 5.15.

Table 5.15: Load combinations used for the design.

1) Quasi-permanent G. +0.8- o
combination (SLS): ! Ceiquia
2)Fundamental Gy +1.5-Qr1(ina)
combination

(ULS):

1.3-G; +1.5- Q4 1(wind)

Gy + 1-35'Qk1(1iquid)

1.3-G) +1.35- Qpy1quia)

Gy + 1.5 Qpaing) +1-35 Qo iguia)

1.3:G} +1.5: Qk1(yying) +1-35- ka(liquid)

G, +1.35.Qk2(11.qw.d) +1.5~0.6-Qk1(wind)
1.3-G,+1.35- ka(/,'qu,'d) +1.5:0.6- Cp1(4ying)

3)Seismic combination: E, +0-3'Ey +G, +0'8'Qk1(]1'quid)

5.3.2 Verifications

For steel tanks, the ULS verifications should be done to avoid the
plastic collapse due to exceedance of the yield stress of the steel in the
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shell wall; the inelastic buckling at the base of the shell wall for effect of
seismic action [68]; but also, the elastic buckling of the shell wall due to
excessive circumferential compression. In addition, anchoring systems
should be designed to remain elastic in the seismic design situation.
However, they should also provide with sufficient ductility, so as to avoid
brittle failures [68].

For the verification, the resistances should be divided for partial
safety factors. Table 5.16 shows the partial safety factors used for the
resistance verifications.

Table 5.16: Partial factors for resistances [66].

Resistance of shell wall to plastic limit state | y,,, | 1.0
Resistance of shell wall to stability Yur | 1.1
Resistance of bolted connection Yus | 1.25

To ensure the correct behaviour in operating conditions, a
hydrostatic test is carried out, completely filling the tank of water to verify
the tightness of the welds of the shell wall, and to avoid the loss of content.
In this filling condition, the shell wall should be subjected in each its part
to tensile radial stresses less than maximum allowable hydrostatic test
stress, S;, defined by API650 [77]. This verification is done with actions in
SLS combination.

5.3.3 Buckling limit state

The buckling strength is evaluated as described in Eurocode 3-1-6
[67]. More specifically, the design buckling stresses can be obtained from
Eq.(5.23):
Oy 0 g0 .cr

x,cr

Oypdi =" » Opgpa=— (5.23)
Ym1 Ym1

Where o,rs and ogrq are the design values of meridional and
circumferential stress, respectively; o,. and oy, are the critical
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meridional and circumferential buckling stresses, respectively; and «, and
ay are the meridional and circumferential elastic imperfection reduction
factors, respectively. The buckling strength can be evaluated as Eq.(5.23)
only if the relative shell slenderness of the tank, 4, is greater than the
plastic limit relative slenderness, 4, in fact, in this case, the shell wall has
a behaviour entirely elastic. The value of relative shell slenderness can be
determined as Eq.(5.24):

_ [r _ [r
A= -2 4= |2 (5.24)
Gx,cr G@,cr

While the value of the plastic limit relative slenderness is defined from
Eq.(5.25):

(5.25)

Where g is the plastic range factor equal to 0.6.

The meridional elastic imperfection reduction factor a, can be evaluated
as Eq.(5.26):

o = 0.62 (5.26)

X Aw, 1.44
1+1.91-

w

Where t,, is the thickness of the shell wall and Aw, is the characteristic
imperfection amplitude given by Eq.(5.27):

1 [R
Awy = =ty (5.27)
w

Where R is the radius of the tank and Q is the fabrication quality
parameter, taken equal to 25, assuming a high-quality class.

The circumferential elastic imperfection reduction factor, ay is
taken equal to 0.65, because is specified for a heigh fabrication quality
class.
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The critical stresses depend on the dimensionless length
parameter, w, defined as Eq.(5.28):

H

JR-t,

The meridional critical buckling stress o, can be evaluated by
Eq.(5.29):

=

(5.28)

Gy o =0.605E, -C, %V (5.29)

Where E; is the elastic modulus of the steel; C, is a coefficient depending
on the dimensionless length parameter, and is defined by Eq.(5.30):

c,=1.0 1.7swso.5-t5
¢, =136-193, 207 0<1.7 (5.30)
Q) 0
0.2
C, =max(1+—-[1—2-a)-tl};0.60j a)>0.5~£
n R t,

Where C,,;, is a parameter depending on the boundary conditions, equal to
3 for anchored tanks with roof.

The critical circumferential buckling stress can be evaluated, by
Eq.(5.31):

Gy =0.92-E, (@j(%) zoscﬁs 1.63-?
2 4 w
Oy =0.92-E (C—Z;Sj(%’j C£< 20 (5.31)
0
2
C, R
agcrzEs-(tl) 10.275+2.03-| ~£.—~ @ 1638
' R o t, C, t,

Where Cy is a coefficient that depends on the boundary condition and is
equal to 1.25 for anchored tank with roof; and Cy is external pressure
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buckling factor for short cylinders equal to 1.25 +iz—i3 for anchored
w w
tanks with roof.
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5.4 Design of minimum shell wall and base plate
thicknesses

This section discusses about the choices for the evaluation of the
minimum thicknesses of the shell wall and base plate. The minimums are
the starting point for the structural analyses that will confirm the validity of
the thicknesses under the gravity and seismic loads. If the checks will not
verify, the thicknesses should be increased. The design of the minimum
thicknesses follows the indications of the American Standards Petroleum
Institute (AP1650) [77], that are a useful guide, recognized worldwide. The
American standards are based on the allowable stresses approach and
many relationships inside the code are calibrated on experimental
evidence. For this reason, in addition to these prescriptions, the Eurocode
3-4-2 [66] is adopted for evaluations about the capacity design that the
American Standard does not take into consideration. The approach used
by the Eurocode is performance-based approach, oriented to satisfy the
basic design requirements of different limit states though structural
analysis. The design of the minimum thicknesses is demanded to other
standards that have as example the American standards. For this reason,
the choice to use API650 [77] as reference standard for minimum
thicknesses.

5.4.1 Base plate

The base plate should have a corroded thickness not less than
6 mm. The base plate should be extended for at least 50 mm over the
external weld at the base of the wall.

5.4.2 Shell design

The shell thickness should be taken as the greater between the
thickness obtained from minimum standards, including an addition
thickness for the resistance to the corrosion (uncorroded design shell
thickness), and the thickness derived from hydrostatic test. Typically, the
tanks are designed considering the condition of full filling level. Hydrostatic
test consists in filling the tank of water for 24 hours and it is ensured that
there are not leaks due to discontinuities from the welds, o pinholes.
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Typically, the shell of the tank is divided in plates, called courses,
with a thickness that decrease with the height. The API650 defines the
nominal minimum thickness at varying of the diameter, in particular, for
tanks with diameter less than 36 m, the shell thickness at the lowest
course cannot be less than 6 mm, while for diameter between 36 m and
60 m the minimum nominal diameter is 8 mm. Each plate should be a
width greater than 1800 mm. The American standard provides that for
tanks with diameter less than 61 m the thickness along the height can be
constant, otherwise a variation with the height can be evaluated with a
method called in the standard variable-design-point. In addition to these
methods, under specific assumptions, a linear elastic analysis can be
performed to verify that the circumferential stresses along the shell do not
exceed the allowable stresses defined inside the standard. The tanks
examined in this thesis have diameter less than 61 m, thus can be
designed considering constant the thickness along the height. The
calculation of the thickness is done following the 1-foot method proposed
inside the standard. This method evaluates the shell thickness at 30 cm
above the bottom of each shell course. The required minimum thickness
of shell plates, t,, nin, shall be the greater between the design shell
thickness, t; , and the hydrostatic test shell thickness, t, . These
thicknesses are given by Eq.(5.32):

9-D-(Hy oy —0.3)-
td:490( ;’“ax )Gy e
d
4.9-D-(H max —0.3)

St

(5.32)

L

that are dimensional relationships. More specifically, t; and t, are
expressed in [mm]; D is the diameter of the tank in [m]; Hf 4, maximum
height of the internal liquid in [m]; G = p/p,, is the design specific gravity
of the liquid to be stored; where p,, is the water density; CA is the corrosion
allowance, in [mm]; S; is the allowable stress in design condition, in
[MPa]; and S, is the allowable stress for hydrostatic test condition, in
[MPa]. S; and S, are defined as Eq.(5.33).
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. (2 2
Sy = mln(;fy;g-ftj
3 3 (5.33)
S, :min(z-fy;;-ftj

Where f,, is the yield strength and f; is the tensile strength of the steel.

5.4.3 Annular bottom plate

Typically, the bottom base plate could be equipped with a base ring,
called annular plate, to reinforce the part of the plate under the shell wall
and to satisfy strength requirements. A performance target provided by
Eurocode 3-4-2 [66] is the formation of a plastic hinge in the annular
bottom plate, avoiding alternating plasticity in the weld detail at the bottom
of the shell wall. This requirement can be reached designing the thickness
of the annular plate less than the thickness of the lowest course of the
shell wall. The formation of the plastic hinge on the base plate allows the
development of the membranal behaviour. However, the reduced
thickness could lead to uplift of the outer edge of the annular plate,
activating potential corrosion phenomena.

The thickness of the annular plate, t,, can be evaluated using the
values of Table 5.17. This table can be applied for tanks with Hg 14, G <

23m. Beyond this height an elastic analysis should be made to determine
the annular plate thickness.

Table 5.17: Annular bottom plate thickness [77].

Plate Stress in the first shell course [MPa]
thickness of
first shell <190 < 210 < 220 < 250
course [mm]
ty <19 6 6 7 9
19<t, <25 6 7 10 11
25<t, <32 6 9 12 14
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11 14 17
13 16 19

32 < t, < 40
40 <t, <45

|0

The use of this table can be summarized in the following steps. First
column should be considered for two times, evaluated both considering
design shell thickness and thickness for hydrostatic test design. For each
wall thickness, the maximum stress in the first shell course is evaluated
following Eq.(5.34) for two design cases:

. t;—CA
Design stress= ; Sy
i (5.34)

t
Hydrostatic test stress = (—t] .S,
t

w

The thickness of the annular plate is the greater between the
thicknesses of the two design conditions, read from the table.

The width of the annular plate should be the greater between
600 mm and a minimum width, L,, defined by Eq.(5.35). L, is measured
from inside edge of the shell to the edge of the plate in the remainder of
the bottom, in [mm].

f,
L,=2t,- z (5.35)
2-Y-G-Hp

In which, t, in expressed in [mm]; f, in [MPal; Hp gy in [M]; ¥ =
9.81/1000 is the density factor of the water in [MPa/m].

According to Eurocode 3-4-2 [66], the minimum annular plate
thickness for diameter greater than 12.5 m should be taken as Eq.(5.36).

t,= max(%"+3mm;6mm) (5.36)

with t,, the thickness of the first shell course.
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5.4.4 Design of anchor bolts

The strength and the stiffness of the anchors are designed following
the Eurocode 3-1-8 [69]. According to this standard, the anchors that are
required to act in shear should not have a nominal yield strength, f,,
greater than 640 Mpa. The distribution of anchors along the diameter of
the base plate of the tank is determined following a requirement inside the
API650[77] that provides that the anchor centre-to-centre spacing
measured along the tank circumference at the shell outer diameter shall
not exceed 3 m.

The design tension strength of the anchor bolts is the smaller of the
design tension resistance of the anchor and the design bond resistance of
the concrete on the anchor bolt Eurocode 2-1-1 [121]. But, when the
anchor bolts are provided with a washer plate, the contribution of bond
concrete-steel is negligible, because the tension force is transferred
though the load distributing device. The tension strength of the individual
anchor is given by Eq.(5.37):

0.9-£,-A,

Ym2

Fira = (5.37)

Where f,,;, is the ultimate tensile strength of the anchor; A; is tensile stress
area; yy, Is a partial safety factor equal to 1.25. The shear strength of an
anchor bolt F,, z4 , instead, is given by Eq.(5.38):

0.6-£,,- A,

Fopra = (5.38)

Ym2

Regarding to the stiffness, the axial stiffness of the anchors is
evaluated as Eq.(5.39):

ky =25 G (5.39)

Where E; is the elastic modulus of the steel; L, is the anchor bolt
elongation length, taken equal to the sum of 8 times the diameter of the
anchor, the grout layer, the plate thickness, the washer, and half of the
height of the nut.
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The EC3-1-8 does not provide anything information on the shear
stiffness of the anchors. For this reason, a simplified approach is used to
evaluate the shear stiffness, in particular the anchor is considered fixed at
the bottom in the zone of embedded in the concrete foundation and free
to translate but not to rotate at the top. This scheme simulates the
behaviour of the anchors inside a bearing plate with chairs as shown in
Figure 5.4. With this configuration, the anchor is subjected to deflection
due to bending and shear. The total deflection (4;) of the individual anchor
to lateral loading (P) is expressed as the sum of the contribution due to
bending and the shear and is given by Eq.(5.40) [122]:

PR L10-P -4
12-E.-1 9-G- A,

J (5.40)

Where h is the stand-off distance that for simplicity is assumed equal to
Ly; I is the anchor second moment of inertia; G is the shear modulus of
the anchor.

a) b)
A
P, oo oo
| h
hi |

\V A
I‘b

4=

Figure 5.4:a) Anchorage system. b) Structural scheme.

The relative shear stiffness is obtained from the ratio between P /A,
and is given by Eq.(5.41):

3 -1
k= 2, 104 (5.41)
12-F.1 9G4,
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5.5 Static nonlinear elastic analysis with finite element
model

5.5.1 Description of finite element model

Nonlinear models are generated with SAP2000 v.23.0.0 [81]
software. Three archetypes of tanks with different aspect ratio are
modelled using four-node shell elements. Each model consists in two
parts, a shell wall and a base plate. Contact properties are assigned
among springs under the base plate, in particular, the tank rests on a bed
of springs reacting only on in compression with a coefficient of subgrade
reaction of 50 N/cm3, while at the boundary of the base plate, springs,
uniformly distributed along the circumference, react only on in tension to
simulate the behaviour of the anchor bolts. In this way, the uplift is allowed.
The external lateral forces, instead, are absorbed from the anchorage
system though the shear resistance. On the other hand, the friction
resistance between base plate and foundation mat is not considered in the
finite element model (FEM) but the consideration of possible failure
mechanisms involving bolt shear was relegated to the post-processing of
analysis results. The roof is modelled with a rigid diaphragm at the top of
the tank at the maximum filling level. The structural analysis is performed
considering material nonlinearities in the anchors implementing elastic-
plastic hardening constitutive laws, while the shell wall and the base plate
are considered with a behaviour infinitely elastic. In addition, also
geometric nonlinearities of the deforming tank are considered through
analysis with large displacements.

The quadrangular elements of the mesh have a different ratio
height-base. Figure 5.5 shows the example of the mesh used for the shell
wall, in panel a), and the base and annular plate, in panel b), of the
intermediate tank. The elements have a length of the arc of 0.42m,
subtending an angle of 2°, with a height that varies with the height of the
tank, for the shell wall, and the radius, for the base plate. The shell wall
has a mesh denser close to the base plate for the first 0.5 m with a ratio
height-base of 0.3 than at the top with a ratio of 1.19, while from 0.5 m to
2 m the ratio is 0.60. The base plate, instead, has a fined mesh under the
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shell wall, in particular, the annular plate is more discretized than the
centre of the plate.

a) b)

Figure 5.5: a) Mesh of shell wall. b) Mesh of annular and base plate.

The anchor bolts are modelled as in Figure 5.6, with two springs in
series, where the lowest one has the function to react only in tension,
opening its when is subject to compression; the other spring, instead, has
properties in tension and in shear. In figure, tension and shear laws of the
anchors are shown. In more detail, elastic-plastic hardening law is
implemented in tension, in which, the yielding force is equal to F, = A, -
fyp: the yielding displacement is z, = E, /ky; the ultimate force is Fr = A -
fup; @and the ultimate displacement is assumed equal to z,, = 10 - §,,, with

a plastic stiffness of k, = (Fr — F,)/(z, — z,). On the other hand, the

shear behaviour is assumed infinitely elastic with shear stiffness given by
Eq.(5.41).

S ——

i
1 I B
F, ? b
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z

\ ky 7
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X

Figure 5.6: Springs in series that simulate the behaviour of the anchor bolt.
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5.5.2 Static nonlinear elastic analysis

For the design of the tanks, the static nonlinear elastic analyses are
carried out considering all load combinations of Table 5.15. The aim of
these analyses is to design the thicknesses of the shell wall and the base
plate, and diameter and number of anchor bolts. The structural analysis is
iterative because, initially, is carried out with minimum thicknesses from
Section 5.4, then, if at least one of the verifications is not satisfied, the
analysis is repeated increasing the thicknesses or the diameter or the
number of the anchors. The nonlinear analysis is performed following
steps. Firstly, self-weight of the tank is applied increasing the contact
pressure between the foundation mat and the base plate; then, in case of
full tank, the self-weight and the hydrostatic pressure of the internal liquid
is applied to the tank shell wall. Lastly, gradually external actions are
applied at the tank. The wind action is applied so as described in Section
5.1 and this one could trigger buckling effects on the shell wall. Seismic
action, instead, is modelled considering equivalent static forces of shear
and the bending moment at the base, applied on the centre of the base
plate, to verify the shear and tension resistance of the anchors. The
demand parameters from the structural analysis should be compared with
the relative design resistances.

5.5.3 Results

Tanks considered for the analysis, are built with steel grade S355,
with  minimum vyield strength of 355 MPa , a specific weight of
76.97 kN/m3 . The liquid contained inside all tanks is assumed a
flammable substance of specific weight of 7.94 kN/m3 . The anchor bolts
have a strength class of 8.8 with f,,, = 640 MPa and f,, = 800 MPa.

Table 5.18 shows the final configuration of the designed tanks.
Each tank has a uniform thickness of the shell wall, t,,, along all the height;
the base plate, instead, is stiffened with an annular plate under the shell
wall, with a thickness of value, t,,, with a width defined from value of L,,.
In addition, the base plate has a thickness less than the annular plate, of
value t,,. In the last three rows, the configuration of the anchors is shown,
and for each tank, the number of anchors, the diameter dz and the
spacing between anchors, ig, are defined.
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Table 5.18: Geometrical properties of the three archetype tanks.

Geometry [Slender|intermediate/Squat
R [m] 5 12 27.5
H [m]| 10 13 16
t,  [mm] 20 25 30
tap [mm]| 10 20 25
tbp [mm]| 8 15 20
Lap [m] 1 1.8 2
No. bolts 12 45 120
ds M27 M30 M39
iB [m] | 2.62 1.68 1.44

Table 5.19 shows the design capacity parameters for three tanks.

Table 5.19: Capacity parameters.

Slender | Intermediate | Squat
09 ra [MPa] | 18.05 12.66 9.01
Oxra [MPa] | 144.12 | 57.84 22.21
Frra [kN] | 330.05 |407.23 688.32
Fyra [kN] | 220.03 | 271.49 458.88

An example of results from the nonlinear elastic analysis is depicted
in Figure 5.7, where the forces per unit of thickness acting on the mid-
surface of the shell element are shown for a portion of the shell wall. Panel
a) shows the shell element forces in circumferential direction, F;; and
panel b) in meridional direction, F,,. These forces divided by the thickness
of the shell wall are the circumferential and meridional stresses,
respectively. The figure refers to the load combination: 1.3-G; + 1.5-
Qkiwina) T 1.35 * Qx2iquiay - The maximum value of compressive
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circumferential force is F;; =—-92.18 kN/m that in terms of
circumferential stress becomes oy gy = —3.73 MPa . This value is less
than the corresponding capacity parameters, therefore, the verification of
the shell buckling is satisfied. At the same way, the maximum compression
value of the meridional force is F,, = —134.74 that corresponds to g, g4 =
—5.39 MPa, less than the o, r4. Thus, the verification of the elephant foot
buckling is satisfied.

a)

T

(|
T g B
1 |

1 B
I

Figure 5.7: Shell element forces in a) circumferential direction and in b) meridional
direction, for the load combination 1.3 61 + 1.5 Qg (wina) + 1-35 * Qu2(tiquia)-
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