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ARTICLE INFO ABSTRACT

Keywords: In the framework of climate change, the hazard caused by wildfires approaching the anthropic settlements is

Wildfire ) raising an increasing concern. Fatalities and relevant damage to properties were recently caused by wildfires

E‘tfrfice Fire affecting the Wildland-Urban and Wildland-Industrial Interfaces. Industrial sites storing large quantities of
atec!

hazardous materials are vulnerable to interface fires, which have the potential to trigger specific cascading
events such as Natech scenarios followed by domino effects. The present study aims at providing a methodology
for the quantitative assessment of the vulnerability of industrial sites exposed to wildfires. The approach provides
a novel framework for the identification and quantification of all the chains of failures that may occur due to
wildfires or interface fires approaching industrial sites. The methodology accounts for the thermal radiation from
fires in both primary Natech scenarios and cascading scenarios triggered by domino effects. The dynamic features
of interface fires and the synergistic effects of multiple fires are also taken into account. The results of a case
study demonstrated the importance of considering the dynamic behavior of wildfire, which strongly affects the
vulnerability of industrial structures. The results also evidence the importance of emergency management and
first response on the overall vulnerability figures.

Cascading events

Domino effect

Dynamic Vulnerability Assessment
Risk Assessment

Several areas all over the world have experienced more intense and
longer droughts in recent years, and the likelihood of such events is
foreseen to increase year by year due to climate change [16]. According
to Jolly et al. [19], fire weather seasons have lengthened by about 19 %
between 1979 and 2013, further increasing wildfire risk and severity,
influencing fire regimes and promoting the conditions for the ignition
and the rapid spread of forest fires [20-22]. An increase in both the

1. Introduction

The destructive interactions between natural events and industrial
installations have become a matter of growing concern in the last de-
cades [1,2]. Severe accidents may arise when natural hazards impact on

installations where large amounts of hazardous substances are stored, as
in the case of chemical and oil & gas facilities [3-6]. Technological
accidents caused by the action of natural events are usually referred to as
Natech accidents [7,8]. According to previous studies, around 5% of the
events recorded in industrial accident databases are triggered by natural
disasters [9,10]. This figure is probably even higher nowadays, as the
number of Natech accidents reported in more recent studies is growing
[11-13], and will possibly continue to rise due to the reduction in the
return period of climate-related extreme natural events, as storms and
floods [14,15]. Indeed, climate changes may cause modifications of
extreme weather and climate events in terms of frequency, intensity,
spatial extent, and duration, leading to natural events of unprecedented
severity [16] or to low-intensity natural events, as cold and heat waves,
affecting areas where such events are not usually recorded [17,18].
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number of large fires [23] and the extension of burned areas [24,25]
have been documented over the last decades across the western United
States of America (US) and in other fire-prone areas [26,27]. Data from
the US National Interagency Fire Center [28], highlighting the increase
in the average burned area per fire reported confirm this trend [28].
The expansion of Wildland-Urban Interfaces (WUIs) and Wildfire-
Industrial Interfaces (WIIs) fostered by urban and industrial develop-
ment in rural areas [29,30] increases the likelihood of forest fires
affecting anthropic settlements. Interface fires occurring at WUIs pose
complex challenges concerning the management of fire mitigation and
civil protection [31], due to the possible presence of flammable mate-
rials such as fuel storage units in residential, commercial, or industrial
areas [32-35] representing a relevant source of hazard. Recently,
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Nomenclature

Symbol Definition (Unit of measure)

A First coefficient for the probit variable calculation (-)

B Second coefficient for the probit variable calculation (-)
C Death probability (-)

D, Distance between wildfire and target (m)

de Domino effect (-)

d Damage distance (-)

Ewt Emissive power of the wildfire (kW/m?)

f Simple frequency (1/y)

F Cumulated frequency (1/y)

Fufoi View factor from the wildfire to the generic i-th target (-)
HI Hazard index (-)

H, Height of trees (considering forest as vegetation) (m)

i Index for generic target (-)

IR Incident radiation from the j-th tank fire to the generic i-th

target (kW,/m?)

IRwfi Incident radiation from the wildfire to the generic i-th
target (kW,/m?)

j Index for generic emitter (-)

k Index for generic branch/scenario (-)

L Lethality (-)

Le Flame length (m)

LHI Layout hazard index (-)

LSIR Local-specific individual risk (1/y)
MVT Most vulnerable target (-)

N Number of fatalities (-)

nr Number of targets (-)

P Probability of the branch/combined scenario (-)

ps Failure probability of the equipment item (-)

P¢ Overall failure probability (-)

PLL Potential life loss (1/y)

S Status vector (-)

SD Safety distances between vegetation and targets (m)

SEI Synergistic effect index (-)

t Time (s)

TD Thermal dose (kJ/m?)

TD¢ Critical thermal dose (kJ/m?)

T Flame black body temperature (K)

TR Overall thermal radiation received by a target (kW/m?)

ttf Time to failure (s)

twf Maximum exposure time to wildfire (s)

UHI Unit hazard index (-)

\Y% Volume of the tank (m®)

We Fire-front width (m)

wf Wildfire (-)

X Generic adverse dose for probit variable calculation (-)

Y Probit variable (-)

o Coefficient in thermal dose calculation (1.128 in the present
study) (-)

B Parameter (O for protected tanks, 1 otherwise) (-)

5 Parameter (1 for active fires, 1 otherwise) (-)

Y Parameter (1 for reference intervention time, 2 for delayed
intervention time) (-)

0 Flame tilt angle (rad)

Ta Atmospheric transmissivity (-)

attention has expanded to WII fires, with a focus on oil refineries and
chemical plants, in which fire events (including wildfires) may trigger
domino scenarios [36-39] with severe consequences on people and as-
sets. The provision of clearance areas from vegetation is usually adopted
as a protection measure to prevent the fire from affecting industrial
installations [40-44]. However, a recent study by Ricci et al. [45] evi-
denced that the safety distances prescribed by international standards
and national regulations may not be sufficient to provide adequate
protection against equipment damage and accident escalation in case of
severe wildfires, highlighting the need for tools enabling a systematic
assessment of the risk of Natech events triggered by wildfires.

A general framework for the quantitative risk assessment of Natech
events was proposed by Cozzani et al. [46] and was successfully applied
to the analysis of accident scenarios induced by earthquakes, floods, and
lightning [47-49]. Recently, Khakzad et al. [50,51] exploited Bayesian
networks to develop an approach for the quantitative assessment of the
risk of Natech events caused by wildfires in oil facilities, addressing
critical aspects such as the revenue loss due to operational shutdown.
Other authors focused on the analysis of the resilience of electrical
power lines [52] and road traffic networks in case of wildfires [53].
However, a method addressing the quantitative vulnerability and risk
assessment of industrial sites to the specific cascading accidents poten-
tially triggered by wildfires or interface fires is still lacking.

Wildfire potential impact on process and storage equipment items
mainly occurs due to thermal radiation, as the presence of prescribed
clearance areas should avoid flame engulfment [54,55]. However, at-
mospheric storage tanks have a high structural vulnerability to fire ra-
diation [56] and are among the equipment items that are most likely to
be exposed to an approaching wildfire or interface fire front, since they
are usually installed in the external areas of industrial sites. Thus,
assessing the vulnerability of this category of storage units to radiation
from forest fire front is relevant to evaluate the likelihood of Natech
scenarios involving tank farms caused by interface fires or wildfires.

In the present study, an innovative approach to the dynamic quan-
titative vulnerability assessment of atmospheric tank farms in wildfire
scenarios was developed. The methodology takes into account both the
primary Natech accidents directly generated by radiation from the
wildfire and the potential escalation scenarios caused by domino effects.
An original framework is defined for the identification and quantifica-
tion of the cause-consequence chain of the cascading scenarios. A spe-
cific approach is adopted to capture the synergistic effect of multiple
simultaneous fires, also considering the time evolution of the sequence
of events.

Section 2 describes the methodology developed. A case study is
defined in Section 3. Section 4 reports the results of the case study
assessment also addressing the influence on equipment vulnerability of
the intervention time of emergency teams. Section 5 includes a discus-
sion of the results. Finally, in Section 6 the main conclusions of the study
are reported.

2. Methodology

The methodology proposed for the quantitative assessment of the
vulnerability of atmospheric tank farms to Natech scenarios triggered by
fire radiation generated by wildfire is outlined in Fig. 1. The main aim of
the procedure is the calculation of the vulnerability (expressed as the
probability of damage) of the atmospheric tanks exposed to a wildfire of
a given intensity, accounting for both the direct damage of the wildfire
and the secondary scenarios generated by domino effect.

The relevant wildfire features (e.g. radiation intensity, duration, etc.)
are intended as input data for the procedure since the wildfire modeling
is out of the scope of the present methodology. However, a simplified
approach is proposed to obtain conservative preliminary data on wild-
fire intensity, that may be applied in the absence of detailed modeling of
wildfires affecting the site of interest. The data obtained from the
simplified procedure may be used to obtain a preliminary assessment of
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1.1 Input data from the wildfire scenario

1.2 Assessment of the impact vector

3.1 Calculation of consequences of
overall scenarios

3.2 Calculation of vulnerability
indexes

3.3 Calculation of risk indexes
(optional)

Fig. 1. Flowchart of the methodology developed for the quantitative assessment of vulnerability to Natech scenarios triggered by wildfires.

the vulnerability to wildfires, useful to understand the actual relevance
of wildfire hazard on the site and the need to promote more accurate
studies.

Even if the primary aim of the methodology is not the assessment of
risk for the population, in case data are available for wildfire frequency
and intensity, the procedure may be used as well to obtain individual
and societal risk indexes. Since evacuation in the presence of wildfires
may be a controversial issue [57], the assessment of these indexes pro-
vides baseline data, relevant in case evacuation or safe sheltering of the
population and workers are not possible.

The methodology is based on an innovative dynamic event tree
procedure that accounts for the thermal radiation from wildfires and
related cascading scenarios. The methodology can be summarized in
three main parts, as reported in Fig. 1. A detailed description of each step
is provided in the following, highlighting the main features required to
include the specific issues posed by Natech scenarios triggered by
wildfires.

2.1. Natural event characterization

The natural event characterization consists of two steps: the collec-
tion of the input data needed to characterize the wildfire scenario and
the assessment of its impact vector on the relevant targets, as shown in
Fig. 1. More details on each step are reported in the following sections.

2.1.1. Characterization of the wildfire scenario

The application of the methodology requires the following data to be
obtained from the modeling of the wildfire scenario: (i) flame shape, (ii)
flame dimensions, (iii) flame emissive power, and (iv) fire duration.

These parameters may be obtained from detailed site-specific
modeling of the relevant wildfire scenario. Several methods were
developed in the literature for forest fire hazard and risk evaluation
[58], based on the application of statistical and data-mining models [59,
60], machine learning models [61,62] or ensemble models [63,64].
Many software tools are also available to model wildfire behavior, such
as PROMETHEUS [65], SPARK [66], and FARSITE [67]. These allow for
the evaluation of fire propagation throughout vast wildland areas, both
in terms of spreading rate and intensity. Alternatively, a detailed

representation of the wildfire front can be achieved as well using
advanced numerical tools (e.g. the Wildland Urban Interface Fire Dy-
namics Simulator by NIST [68]). However, several factors character-
izing the burning vegetation, the weather conditions, and the
morphological aspects of the territory need to be assessed and provided
as input in order to apply such models. Moreover, such models are not
intended to specifically address the local variations in the vegetation
distribution and wind profile which may affect an interface fire or a
wildfire approaching the edge of the vegetation [33]. These aspects are
particularly relevant when considering wildfires affecting the
wildland-industrial interface, where border effects become important,
and the propagation is strongly affected by site-specific factors [32].
Thus, the detailed characterization of the wildfire hazard event under
analysis can be obtained by the application of these methodologies and
tools.

However, in case a detailed characterization of the wildfire is not
available for the site of concern, simplified approaches may be adopted
to obtain a conservative assessment of the potential wildfire scenario
affecting the site. Simplified methods for wildfire characterization
available in the literature typically use a solid flame model to represent
the fire front and require a limited number of input data [45,69-71]. The
application of such approaches is useful to obtain a preliminary
screening of the relevance of the issue in the site of interest, based on
suitable representation of the reference wildfire scenario.

In the present study, the simplified approach proposed by Ricci et al.
[45] is suggested since it allows to characterize the fire front based on
the vegetation type that surrounds the industrial area. A solid flame
model is used to represent the fire front, as shown in Fig. 2. The fire front
is modeled as a rectangular surface with one side equal to Ly (flame
length) and the other equal to Wy (fire-front width), inclined of a tilt
angle @ to the ground, with emissive power E,y.

The flame shape and dimensions as well as its emissive power are an
input to the model. These parameters are strongly dependent on the type
of vegetation and its surface density, as well as on the weather condi-
tions, which are characterized by seasonal variability and may change
considerably over the lifetime of an industrial plant. Empirical formulas
are available to estimate the geometric characteristics of the flame based
on the heat release rate of the burning vegetation [72]. In the lack of
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Fig. 2. Representation of the flame shape and size. Ls flame length, Wy fire-
front width, D,: distance between wildfire and target, 0: flame tilt angle.

more specific information, the present methodology suggests adopting
the assumptions discussed below, based on wildfire impact assessment
studies available in the literature.

Wildfire maximum flame temperatures in the range 949 + 1457 K
are reported by [73], while in the experiment carried out by Finney and
co-workers [74], temperatures recorded at the edge of spreading and
stationary fires fluctuated from nearly ambient to over 1273 K. Thus, as
suggested by several authors [69,70,75], a flame black body tempera-
ture of 1200 K can be considered, which corresponds to a flame emissive
power of 118 kW/m?.

The fire-front width Wy may be assumed as infinite (the thermal ra-
diation at the distances of interest do not increase significantly for values
wider than 20 m [69]), the value of the tilt angle ¢ is the one that
maximizes the view factor (and therefore the incident radiation on
targets) and the flame length Ly is calculated on the base of type of
vegetation growing in the proximity of the plant boundary using Eq. (1),
where H, is the height of the trees when considering forests [45].

7.5 Grassland fire
Ly=¢ 13 Shrubland fire (€8}
3.5-H, Crown fire

With respect to wildfire duration, it is necessary to evaluate the
maximum duration for which industrial items are exposed to radiation
from the fire. Even if the value is a function of several factors (e.g., slope
of terrain, characteristic of the vegetation, meteorological conditions),
the maximum exposure time might not exceed 15 min when considering
fires at the edge of the vegetation [45,74].

Clearly enough, based on the knowledge of specific characteristics of
the vegetation present in the proximity of the industrial installation
under assessment, different values with respect to those suggested above
can be adopted for the flame shape and dimensions as well as its emis-
sive power and duration [76,77].

2.1.2. Assessment of wildfire impact vector

The second step requires the assessment of the wildfire impact on
targets (Step 1.2 in Fig. 1). As reported previously, the impact vector
considered in the present study is the thermal radiation from wildfires
on industrial installations. Thus, for the generic i-th target, the impact
vector assessment requires the calculation of the incident radiation,
IRz, that is evaluated according to Eq. (2):

[wa—vi = wa 'Fw/'—>i'7a (2)

where E,y is the wildfire emissive power (kW/m?), Fyf_; is the view
factor between the wildfire and the i-th tank (dimensionless), and 7, is
the atmospheric transmissivity (dimensionless), assumed equal to 1 (as
in several previous studies, e.g., see [69-71]). According to the flame
shape considered in the present study (see Fig. 2), the view factor can be
calculated using the model proposed by Mudan [78].

Reliability Engineering and System Safety 243 (2024) 109895
2.2. Dynamic assessment of primary Natech and escalation scenarios

The flowchart of the detailed procedure applied for the dynamic
assessment of primary Natech and escalation scenarios (Step 2 in Fig. 1)
is reported in Fig. 3. The dynamic approach is based on the definition of
the event tree which considers the time-dependent chain of failures due
to thermal radiation from wildfire and fires in atmospheric tanks.

The dynamic event tree is evaluated based on a procedure that re-
quires the definition of three vectors: i) the status vector, S, the elements
of which represent the status of the corresponding target; ii) the thermal
radiation vector, TR, the elements of which represent the thermal ra-
diation on the corresponding target, and iii) the thermal dose vector, TD,
in which each element corresponds to the thermal dose received by the
corresponding target. Each vector includes a total of nr elements rep-
resenting a possible target vessel (i.e., atmospheric tank).

Each element of S represents the status of the i-th target, and it can
assume four alternative values (or states):

Vulnerable: the i-th target is intact and, when exposed to fires, it may
either fail or be protected by emergency teams.

e Protected: emergency teams were able to secure the i-th target before
failure. The “protected” status is permanent. Hence, a protected target
on a given event tree branch cannot change its state along the con-
nected sub-branches.

Failed: the i-th target is failed. This status is associated with the tar-
gets whose failure is not able to trigger a domino effect, e.g., a tank
releasing a non-flammable liquid. Targets in the “failed” status do not
influence the thermal radiation vector TR. As for the “protected”
status, also the “failed” status is permanent.

e On fire: the i-th target fails. This status is associated with the targets
whose failure has the potential to trigger domino effects, e.g., a tank
releasing a flammable liquid. Tanks in the “on fire” status modify the
thermal radiation vector TR.

The procedure also requires the definition of a scalar that represents
the time, ¢, considered starting from the time at which the wildfire ap-
proaches the plant boundary.

In the first iteration of the methodology, starting values of the status
vector S, the thermal dose vector TD, and the current time t should be
assigned. Specifically, each element of S is set to “vulnerable”, while
those of TD are equal to 0. In addition, the current time t is set to 0.

Then, an iterative procedure was developed for the definition and
quantification of the event tree, and the main features of each step are
reported in the following sections. The procedure continues until all
possible chains of failures are considered, based on the dynamic
assessment of wildfire impact and fires from atmospheric equipment
items.

2.2.1. Thermal radiation vector calculation

In order to calculate the thermal radiation on each target, the inci-
dent radiations from the wildfire and each of the pool fires possibly
caused by the failure of an atmospheric tank in the tank farm are
considered in Eq. (3). Regardless of the method used for wildfire char-
acterization (whether detailed or simplified, as discussed in Section
2.1.1), an average value of radiation may be obtained, that may be
considered constant throughout the entire period of exposure to the fire.
As for the pool fires, these are considered for the sake of simplicity the
only credible scenario following the release of flammable substances
from atmospheric tanks. This assumption is also justified by the high
probability of immediate ignition due to the presence of an external fire.
Moreover, the pool fires caused by tank failure are assumed to generate
stationary radiation for a maximum duration corresponding to the time
needed to burn all the tank inventory, estimated considering the burning
rate reported by Mannan [79].
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{

For each “vulnerable” target
calculate the thermal radiation 7R,

{

For each “vulnerable” target
calculate the time to failure rtf;

\}

Identify the
most vulnerable target MV'T'

!

For the MI'T
calculate the failure probability p,

\

For each “vulnerable” target

update the thermal dose 7D,

y

Set the time 7

to the value of #tf,

[

|

\

Lower sub-branch

Upper sub-branch

)

i

For the MV'T
set the status to “protected”

assess the con sequences

For the MV'T

\

yes

Is escalation due to thermal

no

radiation possible?

For the MVT

set the status to “on fire”

For the MVT
set the status to “failed”

l

yes

target remaining?

Is there any “vulnerable”

no
Calculate branch probability P,

J

Are there yes
other incomplete branches?

no

Event tree completed

Fig. 3. Flowchart of the core of methodology for the definition of the event tree considering the dynamic chain of failures due to thermal radiation from wildfire and

fires in atmospheric tanks. S: status vector; TD: thermal dose vector; t: time.

nr
TR; = IR ;-0\ + Z IR;_;-5; 3

=1

where IRyy_.; is the thermal radiation on the i-th target from the wildfire,
IR;_;is the thermal radiation on the i-th target from the j-th item, nris the
total number of tanks considered in the analysis, and § is a parameter set
to 1 if the status of the fire is active, and to 0 otherwise. Clearly enough,
the calculation of the thermal radiation is performed only for tanks in

“yulnerable” status.

2.2.2. Time to failure calculation

The calculation of the time to failure ttf for a generic i-th target tank is
carried out applying the method of Zhou et al. [80]. The method allows
capturing the dynamic and synergistic effect of multiple fires starting
and ending at different times. It is based on the comparison of a thermal
dose TD; [81] to a critical thermal dose TDc,; required to induce the
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failure of the tank. The thermal dose received by the i-th target, TD;, and
the related critical thermal dose, TD,;, are defined as follows:

o)

D, = / TR -dv &)

n
TDc; = exp( — 2.667-107°-V +9.877) 5)

where TR; is the overall value of the thermal radiation received by the
target (calculated according to Eq. (3) in the present approach), 7 is time,
t; and t5 are the initial and final values of the time interval of interest, a
is a constant (equal to 1.128 for atmospheric tanks in the present
approach), and V is the volume of the tank. It is worth mentioning that
the values of a and TDc,; are derived from the correlations developed by
Landucci et al. [37].

Thus, the time to failure of the i-th target is evaluated according to
the following equation:

TD¢,; — TD;
L. [ TR.dt

fi—t Ji

if; =1+ (6)

The ttf; refers to the time elapsed between the moment in which the
wildfire approaches the plant boundary and the failure of the tank.
Noteworthy, Eq. (6) considers the average thermal radiation received by
the i-th target in the time interval between t and its time to failure, ttf;,
thus accounting for the variation in the thermal radiation that occurs
when a fire ends.

2.2.3. Identification of the most vulnerable target and calculation of its
failure probability

The target that features the lowest time to failure is identified as the
most vulnerable target MVT. Following the approach proposed in
several studies available in the literature [37,80,82,83], the calculation
of the failure probability ps of the MVT is carried out using a probit
model:

Y = A+ BIn(X) (7)

where Y is the probit variable, A and B are coefficients, and X represents
the adverse dose impacting the target. In the case of fire-induced domino
effects, Landucci et al. [37] proposed to estimate the probit value based
on the time to failure (i.e., posing X = ttf in Eq. (7)) and to derive the
parameters A and B comparing the ttf with the characteristic times
required for the intervention of emergency teams. Landucci et al. [37]
also proposed general reference values for the probit coefficients,
calculated assuming a 10% probability of successful mitigation within 5
min since the beginning of the fire and a 90% probability after 20 min.
However, it is important to remark that these reference probabilities of
successful mitigation were proposed considering the case of a tank
exposed to a single fire in a conventional accident scenario. During
wildfires and wildfire-induced accidents, several factors such as the
harsh conditions caused by smoke, the need to contrast different
simultaneous fire fronts, and the possible shortage of firefighting ma-
terials may hamper the emergency response, lowering the probability of
successful mitigation and/or delaying the time after fire start at which
successful mitigation actions are deployed. Landucci et al. [84] devel-
oped an approach to consider the influence of a harsh environment on
the delay of first response and mitigation actions. In order to assess the
importance of such factors, an additional set of reference values was
introduced to account for possible delays in the intervention time. In
accordance with the approach suggested by Bucelli et al. [85], the harsh
conditions caused by the wildfire were considered to delay the response
time, thus modifying the coefficient in Eq. (7). In the present study, for
exemplification purposes, the harsh environment generated by the
wildfire was considered to double the response time. Thus, a factor y
equal to 2 was applied to the reference time values proposed by [37], not
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modifying the probability of successful mitigation corresponding to the
two extremes of the interval. Table 1 shows the probit coefficients ob-
tained considering the modification in the intervention time.

2.2.4. Update of the thermal dose and of the time step

The time to failure corresponding to the most vulnerable target ttfyyr
is used in Eq. (8) to update each element of the thermal dose vector TD
corresponding to tanks in the “vulnerable” status:

ttfuvr
Dy (tfovr) = TDi(1) + /

t

TR"-dt (8

where TD; (ttfyyr) and TD; (t) are respectively the updated and the
previous value of the thermal dose for the i-th target, TR; is the thermal
radiation received by the i-th tank in the time interval between t and
ttfmyr, and a is a constant (as defined in Section 2.2.2). Once the thermal
dose vector is updated, the time t is updated as well, setting it equal to

ttfmvr-

2.2.5. Development of sub-branches

The lower sub-branch (see Fig. 3) takes into account the case in
which the most vulnerable target does not fail, i.e., the case in which the
intervention of emergency teams is effective. Thus, the element of the
status vector related to the MVT should be set to “protected”.

Contrarily, the upper sub-branch (see Fig. 3) considers the case in
which the intervention of the emergency teams is not effective, and a
failure of the MVT occurs. Thus, the consequences related to MVT failure
should be assessed. This is done applying the well-established literature
models for the calculation of pool fire thermal radiation following at-
mospheric tank failure [79,86,87]. Given the failure of the MVT, the
possibility of escalation to other equipment items due to thermal radi-
ation should be considered. If the escalation is not possible (i.e., the final
outcome of the MVT does not lead to a stationary fire scenario), the
status of the MVT is set to “failed”. Otherwise, the status is set to “on fire”.
In all cases, a new iteration of the procedure is performed if other targets
in “vulnerable” status are present.

2.2.6. Branch probability calculation and event tree completion

When no more targets in “vulnerable” status are present in a branch,
the probability of occurrence of the given k-th branch Py can be assessed
according to Eq. (9):

ny

Py = H(l —prix+Bix- (2prix—1)) 9)

i=1

where py; « is the failure probability of the i-th target in the k-th branch
calculated according to Section 2.2.3 and p; x is a factor equal to 0 when
the status of the i-th target in the k-th branch is “protected”, 1 otherwise.
Clearly, each branch derived from the procedure represents a combined
scenario in which a given number of tanks fail. Once the calculation of
the probability of occurrence of a branch is completed, the procedure
continues analyzing other branches. When the analysis of all branches is
completed, the procedure ends.

Table 1

Modification considered for the parameters used in the calculation of the probit
variable in Eq. (7) in order to take into account harsh environmental conditions
generated by the wildfire.

Parameters y=1 y=2
Lower reference value for the intervention time [min] 5 10
Upper reference value for the intervention time [min] 20 40
Coefficient A in Eq. (7) 9.257 10.539

Coefficient B in Eq. (7) -1.849 -1.849
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2.3. Vulnerability and risk assessment

2.3.1. Vulnerability assessment

Once all possible scenarios are generated, the assessment of the
consequence of the overall scenarios is performed (Step 3.1 in Fig. 1).
The overall death probability of each k-th combined scenario is calcu-
lated applying the approach proposed by Cozzani and co-workers
[46-48,88-901]:

G —min<Z§,~C,~,1> (10)
i=1

where Cy is the death probability in the position of interest calculated for
the overall scenario k, C; is the death probability in the same position
associated with the i-th equipment item, and §; assumes a value of 1 if the
corresponding fire is ongoing, 0 otherwise. The death probability related
to each failed piece of equipment, C;, can be estimated by applying a
human vulnerability model to the radiation intensity [79,91]. In the
present approach, the probit model for fatalities caused by radiation
reported in the TNO green book [92] was used.

Three vulnerability indexes were defined and assessed to support the
analysis of results (Step 3.2 in Fig. 1). The first is the overall failure
probability Py; of the i-th tank considering all the branches in which the
item fails, calculated according to Eq. (11):

g
Pri = ZPk'ﬂi.k an
P

where Py is the probability of occurrence of the k-th branch calculated
according to Eq. (9) and p; « is a factor equal to 0 when the status of the i-
th target in the k-th branch is “protected”, 1 otherwise.

The second index (Synergistic Effect Index SEI;) accounts for the
increase in the failure probability of the i-th tank due to the synergistic
effect of the wildfire and the domino effect together compared to
considering the two triggers separately, and it is evaluated as follows:

Py — max (P}, P

SEI; =
Pf‘i

(12)

where Py; is the overall failure probability of the i-th tank calculated
applying the methodology developed in the present study, P}”{ is the
overall failure probability of the i-th tank considering the wildfire only,
and P‘f‘f is the overall failure probability of the i-th tank considering the
domino effect only.

The last one (Hazard Index HI;) represents the relevance of the i-th
tank on the overall consequences. The unit hazard index UH]I, is calcu-
lated as the product of the overall failure probability Py; of the i-th tank
and the related damage distance d;. The layout hazard index LHI is
defined as the sum of the UHI; of all the tanks present in the layout.
Eventually, the Hazard Index of the i-th tank is calculated as a function of
the layout hazard index considering the exclusion of the i-th tank as
follows:

_ LHI — LHI,

HI;
LHI
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where LHI is the layout hazard index of the entire configuration, and
LHI; represents the layout hazard index excluding the i-th tank. Note-
worthy, the overall failure probability of each tank remaining in the
layout should be updated accordingly. A threshold value of 7 kW/m?
was considered in the calculation of the damage distances accounting for
effects on humans, as widely adopted in the literature [93-95].
Besides the calculation of vulnerability indexes, the extension of
zones potentially affected by the wildfire events may be determined by
calculating “lethality maps”. Lethality maps are contour plots in which
curves related to a given death probability are reported. These maps
allow the identification of the areas of the site most affected by
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technological scenarios triggered by wildfire events. Given the similar-
ities in the physical effects on human health, the contribution of wildfire
is also considered. The value of the lethality L (overall death probability
in a given position at a given time) is calculated considering the death
probability deriving from each scenario (Cy) and the conditional prob-
ability of the scenario given the wildfire (Py):

L=>Y P:C a4
k=1

2.3.2. Risk assessment

Vulnerability indexes may be used to calculate individual and soci-
etal risk maps (Step 3.3 of the methodology, see Fig. 1). As discussed
above, the detailed modeling of wildfires is out of the scope of the
present approach. However, it should be highlighted that a few meth-
odologies are available in the literature for the quantitative assessment
of the likelihood of wildfires (e.g., see Gao et al. [96]; Guyette et al. [97];
Thompson et al. [98]). Thus, starting from the output of such models it is
possible to combine wildfire expected frequencies to lethality maps to
obtain specific risk figures: the location-specific individual risk (LSIR)
and the societal risk. The LSIR maps provide the probability of death of
unprotected individuals exposed to the risk in each position of the site of
concern, thus it allows identifying the more critical areas in the site [99].
If the distribution of workers and resident population before or after
evacuation is known, the cumulative frequency (F) versus the overall
number of fatalities (N) F/N societal risk curve may be calculated as well
[79,91,99], together with other indices supporting a more concise pre-
sentation of societal risk figures such as the Potential Life Loss (PLL)
[88-90,100-102]:

PLL =" f(N)-N 15)
N

3. Case Study

A case study was defined to demonstrate the application of the
proposed methodology and the results that may be obtained. The case
study consists of a storage area where 17 atmospheric tanks are present.
The main features of the equipment items are reported in Table 2. The
layout considered in the case study is shown in Fig. 4.

A forest faces the northern border of the storage site (green area in
Fig. 4). The average height of vegetation H, is assumed to be equal to 10
m. Distances between the vegetation and each tank D, are reported in
Table 3. The table also reports the separation distances (center to edge)
among tanks.

The simplified approach suggested in Section 2.1.1 was applied to
obtain a preliminary characterization of the wildfire. Thus, the wildfire
is modeled as reported in Fig. 2, and the following input parameters
were considered for the wildfire: a flame black body temperature of
1200 K, a flame length equal to 3.5 times the height of the vegetation (i.
e., 35 m), an infinite value of the fire-front width, the flame tilt angle 6
that maximizes the incident radiation based on the separation distance

Table 2
Features of the equipment items considered in the case study.
Parameters T1-T3, T12-T17 T4-T8 T9-T11
Type Atmospheric Atmospheric Atmospheric
tank tank tank
Nominal volume [m®] 9975 9161 12367
Diameter [m] 42 36 54
Height [m] 7.2 9 5.4
Filling level [-] 0.75 0.75 0.75
Substance Gasoline Gasoline Crude oil
Physical state Liquid Liquid Liquid
Operating pressure 1.01 1.01 1.01
[bar]
Inventory [ton] 5612 5153 8812
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Fig. 4. Layout considered in the case study. The green area in the figure rep-
resents the forest front.

from vegetation and tanks, and a maximum duration of the wildfire
scenario equal to 15 min.

It is important to remark that the case study complies with the safety
distances from vegetation prescribed by the Health and Safety Executive
[43] and by other national regulations [40-42,44]. However, tanks T1
to T6 have distances lower than the conservative safety distances SD
specific for wildfires suggested by Ricci et al. [45] and reported in
Table 3. Differently, tanks from T7 to T17 have a distance from the
vegetation higher than the specific conservative values calculated by the
approach of Ricci et al. [45]. Thus, the integrity of these items cannot be
compromised considering only the wildfire event, since their time to
failure is higher than the maximum duration of the wildfire. Thus,
possible failure in the case of a wildfire scenario is only due to domino
effects from nearby tanks.

Given the features of the tanks present in the layout of the case study
and the flammable substances contained, the catastrophic rupture of the
target followed by an immediate ignition leading to a pool fire is

Table 3
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considered in the analysis. Well-established literature models were
applied to perform the consequence analysis of each scenario [79,86,
87]. For the sake of simplicity, a single set of meteorological conditions
was considered in the analysis of the case study: a uniform wind dis-
tribution and neutral atmospheric stability (wind speed at 5 m/s, Pas-
quill class D) [86,99].

Fig. 5 reports the consequence assessment for the three types of tanks
present in the layout (i.e., the incident radiation from the pool fire center
as a function of the distance). The figure also reports the incident radi-
ation from the wildfire calculated according to Eq. (2). Based on the
distances reported in Table 3 and on the consequence assessment of each
scenario present in Fig. 5, the incident radiation received by each tank is
calculated.

The dynamic approach introduced in the present study is evaluated
with respect to conventional static methodologies proposed in the
literature for the evaluation of Natech scenarios and domino effects
[46-48,90]. The importance of delays in the deployment of mitigation
actions is also assessed. The comparison was carried out considering the
following cases:

e Case 0 (Conventional methodology with reference intervention

times). The assessment is performed according to the original

methodology proposed by Cozzani et al. [46] assuming 5 and 20 min
as the lower and upper values for the intervention time (i.e., y = 1, in

Table 1)

Case 1 (Present methodology with reference intervention times).

The assessment is performed according to the dynamic methodology

developed in the present study assuming y = 1 in Table 1.

e Case 2 (Present methodology with delayed intervention times). The
evaluation is performed according to the dynamic methodology
developed in the present study considering a delay in the emergency
intervention. A delay factor y equal to 2 is assumed to evaluate the
probit variable (see Section 2.2.3 and Table 1).

In order to provide a more complete demonstration of the potential
application of the methodology, individual and societal risk indexes
were calculated for the case-study. A realistic value for the time of return
of wildfires was used in the assessment of the case study, derived from
the data obtained by Guyette et al. [97] for the Willamette Valley site
(Oregon, USA). The predicted Mean Fire Interval in the area is around 6
years. Thus, a wildfire frequency fi,r of 1.67010! was assumed. A uni-
form population density of 100 people/ha and a presence probability of
60 % were assumed for societal risk calculations.

Distances (in meters) of each tank from the vegetation (D,) and the other tanks in the layout considered (see Fig. 4). Distances are calculated from the center of the tank
considered to the edge of receptors. Specific safety distances calculated according to Ricci et al. [45] are also reported (SD).

T\T; D, SD T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17
T1 70 169 - 41 67 152 209 267 117 129 195 253 315 193 202 227 263 307 356
T2 132 169 41 - 41 140 200 260 55 75 162 227 295 131 143 175 219 270 325
T3 132 169 67 41 - 78 138 198 78 55 108 169 235 143 131 143 175 219 270
T4 136 166 155 143 81 - 42 102 161 109 57 88 145 203 163 138 135 157 194
T5 136 166 212 203 141 42 - 42 217 161 75 59 96 250 202 162 137 136 158
T6 136 166 270 263 201 102 42 - 274 217 120 70 61 301 248 200 161 137 136
T7 211 166 120 58 81 161 217 274 - 42 149 219 289 58 81 129 184 243 302
T8 211 166 132 78 58 109 161 217 42 - 89 159 229 78 58 82 130 186 245
T9 202 179 189 156 102 48 66 111 140 80 - 43 113 156 102 60 52 85 136
T10 202 179 247 221 163 79 50 61 210 150 43 - 43 221 163 109 64 50 79
T11 202 179 309 289 229 136 87 52 280 220 113 43 - 289 229 170 115 69 49
T12 284 169 193 131 143 200 247 298 55 75 162 227 295 - 41 103 165 227 289
T13 284 169 202 143 131 160 199 245 78 55 108 169 235 41 - 41 103 165 227
T14 284 169 227 175 143 135 159 197 126 79 66 115 176 103 41 - 41 103 165
T15 284 169 263 219 175 132 134 158 181 127 58 70 121 165 103 41 - 41 103
T16 284 169 307 270 219 154 133 134 240 183 91 56 75 227 165 103 41 - 41
T17 284 169 356 325 270 191 155 133 299 242 142 85 55 289 227 165 103 41
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Fig. 5. Incident radiation vs. distance from the wildfire and from the pool fires
following tank failure. Distances are calculated from the center of the pool fires
and from the edge of the vegetation (see Fig. 4).

4. Results
4.1. Application of the developed methodology

The case study defined in Section 3 was used to demonstrate the
applicability of the methodology and to highlight the results that can be
obtained from its implementation.

Table 4 shows the main results obtained from the first iteration of the
methodology, where the only source of thermal radiation is the wildfire.
In the case of tanks where the duration of the wildfire is lower than the
ttf, two values of the thermal radiation are reported in the table (during
and after the wildfire).

As shown in Table 4, T1 was identified as the most vulnerable tank
(MVT), since it features the lowest ttf among all the targets considered.
The failure probability (py) of T1 was calculated by the methodology
defined in Section 2.2.3 and resulted equal to 0.881. The thermal dose
received by the other targets (TD;) was then updated as indicated in
Fig. 3. Clearly, the thermal dose of T1 is equal to its critical value (TD¢).

Then, the time t is set equals to the ttf value of the most vulnerable

Table 4

Main outcomes of the first iteration of the dynamic methodology. The most
vulnerable target is reported in italic. TR;: thermal radiation received by the i-th
target, ttf;: time to failure of the i-th target; TD;: thermal dose of the i-th target
updated at the time to failure of the MVT.

Tank ID S vector TR; [kW/m?] ttf; [ TD; [kJ/m?]
T1 Vulnerable 30.4 316.8 14928
T2 Vulnerable 15.7 666.7 7094
T3 Vulnerable 15.7 666.9 7091
T4 Vulnerable 15.3 705.1 6855
T5 Vulnerable 15.3 704.8 6858
T6 Vulnerable 15.3 704.5 6860
T7 Vulnerable 9.8-0 > 900 4151
T8 Vulnerable 9.8-0 > 900 4151
T9 Vulnerable 10.2-0 > 900 4362
T10 Vulnerable 10.2-0 > 900 4362
T11 Vulnerable 10.2-0 > 900 4362
T12 Vulnerable 7.3-0 > 900 2964
T13 Vulnerable 7.3-0 > 900 2964
T14 Vulnerable 7.3-0 > 900 2964
T15 Vulnerable 7.3-0 > 900 2964
T16 Vulnerable 7.3-0 > 900 2964
T17 Vulnerable 7.3-0 > 900 2964
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target (i.e., T1 with ttf = 316.8 s), and two branches are introduced in
the event tree: the lower branch considers the case in which the tank is
successfully protected, while the upper branch considers its failure.
Since the S vector contains other elements in “vulnerable” status, the
procedure continues with a new iteration, as described in Section 2.2.5.
Table 5 reports the features of the S and TR vectors updated at time
316.8 s (ttfyyr) in the lower and upper branches of the event tree. As
shown in the table, in the lower branch, assuming the successful miti-
gation of the MVT, no update of the intensity of the thermal radiation
values (TR;) is required since the wildfire remains the only radiation
source. Differently, in the upper branch of the event tree, the TR vector
is updated to account for the fire at tank T1. Noteworthy, the end of the
wildfire after 15 min is considered in the time to failure calculation. In
addition, the ttf; of each tank in the vulnerable state is reported in
Table 5, and T2 is identified as the new MVT in both branches. Never-
theless, tank T2 features different time to failure in the two branches,
and therefore failure probabilities also change, being respectively 0.826
in the upper branch and 0.423 in the lower one. After the selection of the
MVT, the TD vector is updated, and the time ¢ is set equal to ttfysyr of the
related branch.

Applying iteratively the procedure reported in Fig. 3 and described in
Section 2.2, all the possible scenarios arising from the wildfire are thus
defined and quantified.

4.2. Failure probability of equipment items

The dynamic methodology developed in the present study was
compared to the static conventional methodology developed by Cozzani
et al. [46] for the quantitative risk assessment of Natech accidents and

Table 5

Updated values of the S, TR, and TD vectors and ttf; for the upper and lower
branches of the event tree after time 316.8 s, corresponding to ttf of tank T1. The
most vulnerable target is reported in italic.

Tank ID S vector TR; [kW/m?] ttf; [s] TD; [kJ/m?]
Upper branch

T1 On fire 30.4 316.8 14928
T2 Vulnerable 98.8 360.9 14928
T3 Vulnerable 27.3 504.6 8929
T4 Vulnerable 16.7 668.5 7907
T5 Vulnerable 15.9 686.6 7858
T6 Vulnerable 15.7 693.8 7841
T7 Vulnerable 12.4-2.6 1266 4907
T8 Vulnerable 119-21 1601 4869
T9 Vulnerable 11.1-0.9 1891 5027
T10 Vulnerable 10.7 - 0.5 3683 5000
T11 Vulnerable 10.5-0.3 6603 4987
T12 Vulnerable 8.1-0.8 8112 3429
T13 Vulnerable 8-0.7 9106 3424
T14 Vulnerable 7.8-0.6 12161 3413
T15 Vulnerable 7.7 -0.4 17825 3402
T16 Vulnerable 7.5-0.3 26653 3394
T17 Vulnerable 7.5-0.2 38984 3389
Lower branch

T1 Protected 30.4 316.8 14928
T2 Vulnerable 15.7 666.7 14928
T3 Vulnerable 15.7 666.9 14922
T4 Vulnerable 15.3 705.1 14425
T5 Vulnerable 15.3 704.8 14431
T6 Vulnerable 15.3 704.5 14437
T7 Vulnerable 9.8-0 > 900 8736
T8 Vulnerable 9.8-0 > 900 8736
T9 Vulnerable 10.2-0 > 900 9179
T10 Vulnerable 10.2-0 > 900 9179
T11 Vulnerable 10.2-0 > 900 9179
T12 Vulnerable 7.3-0 > 900 6237
T13 Vulnerable 7.3-0 > 900 6237
T14 Vulnerable 7.3-0 > 900 6237
T15 Vulnerable 7.3-0 > 900 6237
T16 Vulnerable 7.3-0 > 900 6237
T17 Vulnerable 7.3-0 > 900 6237
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Domino events. Fig. 6 reports the overall failure probability of each tank
present in the layout Py; (panel a) and the probability of simultaneous
failure of a given number of items (panel b) according to the three cases
defined in Section 3. A higher Py; is calculated by the static methodology
(Case 0 in Fig. 6-a) than the dynamic methodology (Case 1 in Fig. 6-a)
for tanks that can fail due to the wildfire only (T1 to T6) when the same
intervention time is accounted for the emergency teams. Nevertheless,
according to the dynamic methodology, a higher number of tanks may
be involved in the scenario. Indeed, tanks T12 to T17 may be affected by
the domino effect. On the contrary, these tanks are not involved in the
cascading sequence when the static methodology is considered, since in
the latter only first-order domino effects are considered [46]. Thus, the
simultaneous failure of up to 11 tanks is credible according to the static
methodology (Case 0 in Fig. 6-b), while the dynamic one attributes a
non-negligible probability to the failure of all the equipment items
present in the layout (Case 1 in Fig. 6-b). Overall, Fig. 6 confirms that in
Case 0 the possibility of simultaneous scenarios triggered by the wildfire
is underestimated since the dynamic behavior of the scenario leading to
higher-order domino effects is not considered.

Not surprisingly, the overall failure probability of each tank in-
creases when considering a higher intervention time of the emergency
teams (see the comparison of Case 1 and Case 2 in Fig. 6-a). It is worth
mentioning that, when considering the simultaneous failure of equip-
ment items, the scenario having the highest probability considers the
simultaneous failure of 8 tanks in the case of standard intervention times
(Case 1 in Fig. 6-b). Differently, the scenario having the highest proba-
bility when delays related to emergency teams are taken into account
(Case 2 in Fig. 6-b) considers the simultaneous failure of 16 tanks.
Moreover, besides the increase in the number of equipment items
involved, the maximum probability of the scenario is also higher,

B Case0 HEE Casel
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resulting in more than doubled in the case of delayed intervention times.

4.3. Sensitivity analysis

Fig. 7 shows the results of a sensitivity analysis carried out to eval-
uate the influence of the input parameters used for wildfire character-
ization on the overall failure probability of tanks. The three main
parameters defining a wildfire were included in the analysis: the flame
black body temperature, the maximum exposure time to wildfire, and
the flame length. A variation of the 10% of each parameter was
considered starting from the values used in the case-study (i.e., Ty =
1200 K, ;s =900 s, and L= 3.5 ¢ H,). The standard intervention time of
emergency response is considered in the sensitivity analysis (see y=1 in
Table 1 for more details).

It is clear from Fig. 7 that the flame black body temperature is the
parameter that mostly influences the results, causing a variation in the
overall failure probability of about an order of magnitude. It should be
remarked that the variation in the flame blackbody temperature leads to
a modification of the thermal radiation reaching tanks and therefore of
the time to failure of tanks. As a consequence, equipment items whose
failure can be directly caused by wildfire events depend on the tem-
perature assumed.

The effect of the flame length is much lower than that of the flame
black body temperature. Indeed, an average variation of about 30% in
the overall failure probability of each tank was obtained when consid-
ering a flame length variation of 10% (see Fig. 7b).

The maximum exposure time to the wildfire has the lowest influence
on the overall failure probability, as reported in Fig. 7c. The average
modification of Py; is lower than 3% when considering the exposure
time.
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Fig. 6. Overall failure probability of each tank (a) and probability of simultaneous failure of a given number of items (b) for the three cases defined in Section 3.

10



F. Ricci et al.

Reliability Engineering and System Safety 243 (2024) 109895

T,=1200K WEEE T, =1080K

fyy =900's
L_/’ =35 H‘,

T1 T2 T3 T4 TS T6 T7 T8 T9 T10T11TI2T13T14TI15T16T17

Equipment item

L/‘ =35 1‘1‘

N L -305H,

T, = 1200 K
fy =900 s

Tl T2 T3 T4 TS5 T6 T7 T8 T9 T10TI1 TI2T13T14T15T16T17
Equipment item

a) B 7 -1320K
1
0.8
T 06
<04
0.2
b) L -3854,
I
0.8
T 06
< 0.4
0.2
©) ., -990s
1
0.8
T 06
<04
0.2

ty=900s M ¢, =810s
T, = 1200 K
L, =35 H,

Tl

T2 T3 T4 T5 T6 T7 T8 T9 TI0TII TI12T13TI4T15T16T17

Equipment item

Fig. 7. Results of the sensitivity analysis for the overall failure probabilities of tanks Pg; considering a variation of the 10% on (a) flame black body temperature Ty,

(b) flame length Ly, and (c) maximum exposure time to wildfire t,.

It is worth remarking that for all the three parameters considered, the
higher modifications occur for the tanks that are more far away from the
fire front, and in particular for those whose failure may only be caused
by domino effects.

4.4. Vulnerability indexes

Fig. 8 reports the results obtained for the vulnerability indexes
calculated for the case study: the Synergistic Effect Index, SEI;, and the
Hazard Index, HI; (see Section 2.3). The SEI; accounts for the increase in
the overall failure probability of each tank due to the synergistic effects
of multiple simultaneous fires. The HI; provides a preliminary assess-
ment of the relevance of the consequence of the failure of each tank on
the overall consequences of the fire scenario. Both indexes were calcu-
lated for each tank applying the dynamic methodology (Case 1).

According to Fig. 8-a, the synergistic effect introduced in the present
methodology has a low relevance for tanks that may fail due to the
wildfire only (T1 to T6). On the contrary, the increase in the overall
failure probability for the other tanks is relevant, up to a value near 1 for
those far from the wildfire. Thus, these tanks would have an almost zero
chance of failure due to the wildfire or domino effect alone, synergic
effects being the main responsible for tank failure. Hence, neglecting the
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synergic effects would lead to a relevant underestimation of the
vulnerability.

The Hazard Index HI; (Fig. 8-b) takes into account both the overall
failure probability Py; and the damage distance d; of each tank. Thus, the
higher the value of HI;, the higher the relevance of the i-th tank on the
overall consequences. As can be seen in the figure, tanks featuring a high
SEI; are those with a lower value of the HI;. Clearly, such tanks are those
that fail at the end of the accident chain, thus providing a lower
contribution to the escalation of the accident. Conversely, the tanks that
typically fail early in the accidental chain (for example T1 and T2, as
reported in Table 4 and Table 5) are those with a high value of HI;.

The HI; provides useful indications to support decision-making con-
cerning the implementation of safety barriers. Indeed, protecting the
tanks with the highest Hazard Index (and therefore excluding them from
the accident chain) results in relevant mitigation of the overall conse-
quences of the accident scenario.

In Fig. 9, the lethality maps for the case study defined in Section 3 are
reported. Lethality maps show the probability of death of an unprotected
individual as a function of the position in the area of interest, given the
initiating event (i.e., the wildfire). The figure reports the maps obtained
considering only the wildfire (Fig. 9-a) and those including primary
Natech and domino effect scenarios. These were considered both
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Fig. 8. Synergistic Effect Index (a) and Hazard Index (b) related to Case 1.

applying the static methodology (Case 0, Fig. 9-b) and the dynamic
approach developed in the present study, considering different inter-
vention times (Case 1, Fig. 9-c, and Case 2, Fig. 9-d). As shown in the
figure, the extension of the areas where the death probability is higher
than 0.1 increases considerably when including the primary Natech
scenario and the related domino effects. According to the dynamic
methodology developed in the present study and considering standard
intervention times (Case 1, Fig. 9-c), the area where the death proba-
bility is higher than 0.1 (10 %) extends to a distance up to 350 m from
the vegetation, around 3 times higher than the distance calculated
considering only the wildfire. When considering a delay in the inter-
vention time (Case 2, Fig. 9-d), the affected area is similar, but the death
probability within the area is higher. Indeed, the area where the death
probability is higher than 0.9 is approximately 1.6 times larger than that
calculated considering standard intervention times. Remarkably, the
area calculated applying the static methodology (Case 0, Fig. 9-b) is
lower than that obtained from the dynamic methodology. Indeed, as
observed in Fig. 6, tanks from T12 to T17 are not considered to be
involved in the accident chain when applying the static methodology.

4.5. Risk indexes

As discussed above, the vulnerability results may be used to calculate
individual and societal risk indexes when of interest. Fig. 10 reports the
Local-Specific Individual Risk plots obtained for the case-study. As
shown in the figure, even if the overall extension of the affected area is
almost the same for both the standard (Case 1, Fig. 10-a) and delayed
intervention time (Case 2, Fig. 10-b), the values of LSIR increase
considerably when the emergency teams intervention is delayed.

Fig. 11 reports the PLL values calculated for all the cases defined in
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Section 3. It can be noted how the PLL value obtained from the dynamic
approach proposed in this study (43 1/y) is higher than the one calcu-
lated with the static methodology available in the literature (37 1/y).
The increase in the PLL becomes more evident when a delay in the
intervention time is considered (87 1/y), confirming the relevance of the
intervention time on risk figures.

5. Discussion

An innovative approach was obtained for the dynamic vulnerability
assessment of industrial tank farms exposed to wildfires. The method-
ology accounts for both the primary Natech scenarios and the possible
escalation caused by domino effects triggered by fires. A dynamic event
tree is introduced to identify the chains of failures considered. Each
chain accounts for the failure of tanks based on their time to failure (ttf)
in a given fire scenario. First-order and higher-order domino effects are
considered in the developed approach. The developed procedure con-
siders the time dependence of the events, which was disregarded in
previous methodologies for Natech vulnerability and risk assessment.
Thus, the methodology is able to capture the dynamic features of the
scenario resulting from the wildfire and the synergistic effect of the
cascading technological scenarios are taken into account. The analysis of
a case study evidenced that neglecting the dynamic features of wildfire
and related technological cascading events may lead to an underesti-
mation of the actual vulnerability of tank farms to Natech events trig-
gered by wildfires and interface fires.

The results obtained also show the importance of the intervention
time on the vulnerability. This confirms the results reported in recent
studies that identified the possible depletion of safety barriers as one of
the most critical aspects in Natech accidents [103-105], since natural
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events may hamper and delay the emergency response [106-109]. As
shown in Fig. 10 and Fig. 11, this may result in a relevant increase in risk
(up to a factor 2 for the case study considered). Hence, an accurate
evaluation of the intervention time is paramount to properly quantify
the vulnerability and risk. It should be remarked that the emergency
intervention times used in the assessment of the case study have a purely
illustrative purpose. In perspective, addressing the detailed assessment
of the time required for the emergency response is crucial to obtain more
accurate vulnerability and risk figures when assessing cascading se-
quences in Natech scenarios [8,106,109,110].

The case study evidences the relevant vulnerability of tank farms to
wildfires. As shown in Figs. 7 and 9, the failure probability of the tanks
considered is high and the lethality obtained in the proximity of the tank
farm reaches values up to above 0.9. These figures are of particular
concern from the perspective of climate change, which increases the
likelihood of severe interface fires and wildfires affecting the vegetation
in the vicinity of industrial sites. Thus, appropriate management of
clearance areas and the revisitation of safety distances for vulnerable

13

elements are key issues to provide adequate protection of industrial sites
from this type of hazard. In this framework, the Hazard Index defined in
the present study may support decision-making concerning the appli-
cation of safety barriers for the protection of critical equipment items.

Although the present version of the methodology is only suitable to
consider escalation caused by thermal radiation, due to the specific
calculation pattern adopted in the generation of the scenarios, the
overall approach may be used to address the vulnerability of more
complex Natech scenarios. In perspective, the methodology can be
extended to include other scenarios which may lead to escalation vectors
such as blast waves and missiles.

A final remark concerns the risk indexes that may be obtained from
the vulnerability maps. Clearly enough, risk figures are relevant only if
workers or the population are not evacuated from the site. Actually,
evacuation procedures, especially in interface fires, may not be always
effective. For instance, during the Black Saturday brushfires in Victoria
(Australia, 2009), 35 out of the 173 fatalities caused by the fire died
while attempting to evacuate [111,112], demonstrating that remaining
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in the area affected by the fire may be safer than striving for a
last-minute evacuation, potentially encountering dangerous conditions
in the process. Whittaker and co-workers analyzed the possible causes
and identified the delays in warning dissemination and in the imple-
mentation of evacuation advice as the main influencing factors [57].
Thus, the risk figures obtained are important to benchmark the risk to
which the population is exposed when evacuation or safe sheltering are
not possible.

6. Conclusions

A dynamic methodology was developed for the vulnerability
assessment of atmospheric tank farms to Natech events triggered by
wildfires and interface fires. The methodology considers the specific
behavior and the intrinsic dynamic features of wildfire events and of the
resulting cascading scenarios. An original approach based on the
description of the temporal evolution of the chain of events triggered by
wildfires is introduced to assess the overall scenarios and to calculate the
vulnerability of the site and of each equipment item considered. The
methodology also considers the synergistic effect of simultaneous fires

14

and cascading sequences. The comparison with previous methodologies
evidences that accounting for the dynamic features is crucial to obtain
sound vulnerability figures for Natech events triggered by wildfires and
interface fires. Moreover, the results remark the importance of ac-
counting for the harsh conditions generated by the wildfire when
assessing emergency response in a chemical site. In perspective, the
developed methodology provides a further tool to support the holistic
assessment of vulnerability and risk generated by Natech scenarios in
the framework of climate change.
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