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Earthquake-triggered fire domino scenarios (E-FDSs) arise frequently from the interaction between earthquakes
and chemical installations, resulting in catastrophic multi-hazard coupling events. The complicated mutually
amplified phenomena between natural disasters and chemical accidents significantly aggravates the escalation of
domino accidents, which has posed great challenges for modeling and preventing E-FDSs. Under this impetus,
this work proposes an advanced type-2 fuzzy probabilistic methodology to obtain the time-dependent failure
probability of steel cylindrical tanks (SCTs) subjected to the earthquake-fire sequence. To cope with the limited
prior knowledge on E-FDSs, a basic universal is established to describe the fire resistance attenuation caused by
the seismic damage. The coupling failure criterion of SCTs is formulated by a type-2 fuzzy time-dependent limit
state equation. A credibility-based stochastic simulation algorithm is developed for the hybrid uncertainty
analysis (combining ambiguity and stochasticity). The proposed methodology is validated by case studies of a
5000 m® fixed roof tank. Compared to the existing accident probability model, the proposed methodology can
not only capture the fire resistance attenuation caused by the seismic damage but also provide a dynamic
estimation of tank failure probability with respect to the fire exposure time. The proposed methodology can
effectively and dynamically capture the accident evolution process, which in turn helps mitigate and prevent the
spatiotemporal propagation of domino effects.

1. Introduction

The modern chemical industrial park (CIP) is usually congested with
various accident-prone high-risk industrial activities (Bai et al., 2023;
Tamascelli et al., 2023; Theofanous, 1981). Due to the flammable,
explosive, and toxic characteristics of hazardous chemicals, various
cascade, interactional or compound chemical accidents occur
frequently, resulting in catastrophic multi-hazard coupling scenarios
(Jones et al., 2023; Landucci et al., 2009; Men et al., 2020). As one of the
core tasks of process safety and risk management, a lot of efforts have
been made to evaluate the probabilistic fragility of hazardous installa-
tion units under extreme circumstances (Chen and Reniers, 2020; Men
et al., 2023c¢).

In the early stages of process safety research, scholars have recog-
nized potential hazards coming from technological accidents such as

fires and explosions (Cozzani et al., 2005; Cozzani and Reniers, 2013;
Cozzani et al., 2009; Schwartz, 1904). The escalation vectors (thermal
radiation, blast waves, and fragments) generated by these technological
hazards may impose severe damage on adjacent units, of which the
propagation of technological hazards between hazardous installation
units is well-known as domino effects (Chen et al., 2020; Cozzani et al.,
2005; Cozzani and Reniers, 2013). The systemic definition of domino
accidents was provided by (Cozzani et al., 2005), i.e. “an accident in
which a primary event propagates to nearby equipment, triggering one or
more secondary events resulting in overall sequences more severe than those
of the primary event.” In general, a domino accident can be characterized
by three pivotal features: 1) a primary accident; 2) an escalation vector;
3) one or more secondary accidents (Chen et al., 2020; Men et al.,
2023b). According to the definition of domino accidents, the core of
domino accident analysis is to estimate the domino escalation
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Table 1

Probit models for domino escalation probability (ttf: time to failure (s); I: radi-
ation intensity (kW e m~2); V: Vessel volume (m?); P;: peak static overpressure
on the target equipment (kPa)) (Cozzani et al., 2005).

Escalation Probit Model

Vector

Equipment Type

Fire Radiation Atmospheric vertical

cylindrical vessel

Y =12.54 — 1.847In; (ttf) Iny (ttf)
—1.128In(I) — 2.667 x 1075V +9.877

Pressurized Y =12.54 — 1.847In,(ttf)Ina(ttf) = —
horizontal 0.947In(I) + 8.835V0032
cylindrical vessels
Explosion Atmospheric Y = — 18.96 — 2.44In(P;)
Overpressure Pressurized Y = — 42.44 + 4.33In(P;)
Elongated Y = —28.07 + 3.16In(P;)
Auxiliary Y = —17.79 + 2.18In(P;)

probability. As shown in Table 1, the Probit model is widely used for
calculating domino escalation probability (Khakzad et al., 2018; Men
etal., 2022b; Xu et al., 2023). A primary accident usually escalates when
the escalation vector causes the failure of other equipment units (Chen
et al., 2020). Based on historical accident statistics, the Probit model
provides the probabilistic mapping relationship between the physical
damage of equipment units and the intensity of escalation vectors,
which is referred to “equipment fragility” (Casson Moreno et al., 2022;
Chen et al., 2020).

In addition to the technological hazards accompanying the tradi-
tional chemical process, catastrophic cascading events may also arise
from the interaction between natural hazards and hazardous installation
units, leading to the so-called Na-tech events (technological hazards
triggered by natural hazards) (Misuri and Cozzani, 2021; Showalter and
Myers, 1994). Thus, the damage of equipment units exposed to natural
hazards has received increasing attention in recent years as well (Men
etal., 2023a; Taghizadeh et al., 2023). Generalized fragility curves were
obtained from the historical accident observation data (Cozzani and
Salzano, 2004; D’Amico and Buratti, 2018; Huang et al., 2022) or the
analytical and numerical approximations (Jia et al., 2017; Mayorga
et al., 2019; Yang et al., 2020).

Steel cylindrical tanks (SCTs) are one of the pivotal equipment units
in the chemical process industry. SCTs are widely utilized for the storage
of various flammable, explosive, and toxic hazardous materials (Djelo-
sevic and Tepic, 2019; Men et al., 2023a; Men et al., 2022b). Thus,
studies concerning the fragility analysis of SCTs have been developed
extensively (Huang et al., 2023; Men et al., 2023a). Several advanced
uncertainty analysis methodologies have been adopted to evaluate the
failure probability of SCTs under extreme circumstances. These meth-
odologies include probit regression (Cozzani and Salzano, 2004; Fab-
brocino et al., 2005; Zhou et al., 2021), Monte-Carlo simulation
(Mayorga et al.,, 2019; Saha et al., 2016; Wang et al., 2023), and
Bayesian analysis (Berahman and Behnamfar, 2009; Caprinozzi et al.,
2020; D’Amico and Buratti, 2018). However, these studies can only
estimate the damage caused by a single hazard, rather than considering
the coupling effects of multiple hazards.

In reality, the evolution of any hazard is not isolated and static
(Hillier et al., 2020). In the past decade, a number of scholars have
gradually realized the limitations of single hazard studies (Men et al.,
2023b; Wang et al., 2020a). This has driven the development of
multi-hazard related research. (Chen et al., 2021) proposed a maximum
plastic strain criterion-based limit state equation to model tank damage
caused by the coupling effects of fire heat radiation and blast fragments.
(Ding et al., 2022) developed a Logistic regression-based fragility model
for SCTs exposed to fire heat radiation and explosion overpressure. (Li
et al., 2022) developed a numerical analytical method to analyze the
structural response of SCTs exposed to synergistic blast and fire loads.
On this basis, a Probit-based fragility model was proposed to estimate
the failure probability of SCTs exposed to simultaneous fire and explo-
sion (Li et al, 2023). (Qin et al., 2020) developed a Bayesian
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network-based fragility model to capture the dominant failure modes of
SCTs in hurricanes-rainfalls-floods coupling scenarios. (Huang et al.,
2022) proposed the limit state equation of SCTs exposed to floods and
hurricanes, a Monte Carlo simulation-based was proposed to estimate
the coupling failure probability.

Existing studies concerning the fragility analysis of SCTs exposed to
the sequential loadings of earthquake and fire are limited. The strong
ground motion caused by an earthquake may rapidly lead to a series of
massive fires in chemical tank farms. More alarmingly, the thermal ra-
diation and the flame impingement generated by fires can also cause
damage to adjacent hazardous installation units, of which domino ef-
fects are easily triggered. The earthquake-triggered fire domino scenario
(E-FDS) is one of the typical multi-hazard coupling events. The mutually
amplified phenomena in E-FDSs are significant, as the seismic damage
can affect the fire resistance of SCTs. Moreover, the existing uncertainty
analysis methodologies require sufficient and reliable prior knowledge
to obtain generalized probability mapping relations (Mannering and
Bhat, 2014; Men et al., 2023a). Estimating the earthquake-triggered fire
domino escalation probability is a complex task, as the relevant prior
knowledge is limited by the scale and size of the experiments and sim-
ulations. For the existing uncertainty analysis methodologies, the
limited prior knowledge is not sufficient to support the further quanti-
tative analysis of earthquake-fire coupling domino accident probability
(Fu and Sayed, 2023; Mannering and Bhat, 2014; Men and Zhao, 2023).
In addition, static probabilistic model is difficult to capture the
time-dependent earthquake-triggered fire domino escalation probability
under dynamic extreme circumstances (Huang et al., 2023; Men et al.,
2023c).

In this promotion, a hybrid uncertainty analysis methodology that
combines both ambiguity and stochasticity is proposed to solve the
research gaps mentioned above. A basic universal is established to ex-
press the knowledge about the coupling failure mechanism of SCTs in E-
FDSs, which is the fundamental qualitative description of the fire
resistance attenuation caused by seismic damage. According to the basic
universal, the failure criterion of SCTs exposed to the earthquake-fire
sequence is formulated by type-2 fuzzy time-dependent limit state
equation, of which uncertainties are modeled by type-2 fuzzy variables.
Compared with regular fuzzy variables, the probability distribution
functions of type-2 fuzzy variables are also fuzzy, which provides
additional degrees of freedom for modeling uncertainties (Men et al.,
2022a; Men et al., 2019). Finally, a credibility-based stochastic simu-
lation algorithm is developed for the failure probability estimation in
fuzzy probability space.

The contribution of this work mainly has four aspects. (1) The time-
dependent evolution of earthquake-fire coupling fragility is revealed; (2)
An advanced uncertainty analysis methodology is proposed to cope with
the limited prior knowledge, achieving a hybrid analysis that combines
ambiguity and stochasticity. (3) A type-2 fuzzy time-dependent limit
state equation and a credibility-based stochastic simulation algorithm
are proposed for dynamic failure probability estimation. Compared to
the existing domino escalation probability model, the proposed meth-
odology yields time-dependent coupling failure probability curves,
enabling the explainable dynamic failure interval analysis of seismic
damaged tanks under fire conditions. (4) A basic type-2 fuzzy universal
is established to describe the fire resistance attenuation caused by the
seismic damage. Compared to conventional single-hazard fragility
analysis methods, the proposed methodology can effectively capture the
mutually amplified phenomena between chemical accidents and natural
disasters.

The rest of this paper is stated as follows. Some preliminaries about.

thermal response analysis and fuzzy possibility theory are stated in
Section 2. The multi-hazard coupling dynamic fragility analysis meth-
odology is proposed in Section 3. The methodology demonstration is
stated in Section 4. At last, conclusions are drawn in Section 5. This
paper includes an additional Appendix. The descriptions of related
parameters, the theoretical proof, and some illustrations are available in
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Fig. 1. Typical earthquake-triggered fire domino scenarios. (a) Massive fires at the TUPRAS Izmit refinery caused by 1999 Kocaeli earthquake (Girgin, 2011); (b)

Tanks collapsed due to fires (Scawthorn and Johnson, 2000).
the Appendix.
2. Preliminaries

To facilitate model construction, some preliminaries about
earthquake-triggered fire domino scenarios, thermal response analysis
(Jiaetal., 2017; Mannan, 2012; Morgan J. Hurley et al., 2016) and fuzzy
possibility theory (Liu and Liu, 2010; Men et al., 2022a; Qin et al., 2011;
Zadeh, 1975) are stated in this section.

2.1. Earthquake-triggered fire domino scenarios

2.1.1. Historical accident analysis

Due to the flammable, explosive and toxic characteristics of various
hazardous chemicals, CIPs can be regarded as typical accident-prone
high-risk areas. Large-scale earthquakes can easily trigger a series of
loss of containment (LOC) events in CIPs, causing massive fires (Misuri
and Cozzani, 2021; Misuri et al., 2023). Statistical analysis of 79
earthquake-triggered Natech events (Krausmann et al., 2011) indicates
that pipelines and storage tanks are particularly vulnerable to earth-
quake excitation. The release of hazardous materials can be observed in
73% of tank-related scenarios, with an ignition probability as high as
0.76, far exceeding the counterpart in technological accident scenarios.
Statistical analysis results indicate that the most frequent technological
hazards triggered by earthquakes are fires and hazardous materials
release (without ignition).

More severely, the thermal radiation and the flame impingement
generated by fires also caused severe damage to adjacent tanks, trig-
gering subsequent domino accidents. Historical accidents indicate that
E-FDSs are one of the most prone and dangerous multi-hazard coupling
events in CIPs (Men et al., 2023b; Ricci et al., 2021). On August 17,
1999, a 7.4-magnitude earthquake occurred in Kocaeli, Turkey. As
shown in Fig. 1, the earthquake triggered massive fires at the naphtha
tank farm within the TUPRAS Izmit refinery, which started with four
naphtha storage tanks. Then, fires spread through an open ditch to the
tank farm located south towards the processing units, and two more
naphtha tanks were engulfed by the flames and burned completely. As
reported by (Cozzani et al., 2006), common fire types in chemical in-
dustries are pool fire, jet fire, fireball and flash fire. The escalation of fire
domino accidents is mainly caused by thermal radiation and flame
impingement.

2.1.2. Earthquake-fire coupling effects analysis

For the past few years, many scholars (Krishnan et al., 2023; Lou and
Wang, 2022; Lou et al., 2023a; b) have gradually focused on the
post-earthquake fire performance of various types of engineering
structures. (Wang et al., 2020b) carried out a two-stage damage exper-
iment procedure to investigate the post-earthquake fire performance of
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square concrete-filled steel tube columns. They found that the fire
resistance of specimens is significantly affected by the degree of seismic
damage. The more serious seismic damage results in less fire resistance
time of concrete-filled steel tube columns. (Calayir et al., 2022) inves-
tigated the post-earthquake fire performance of fire door sets through an
experimental cyclic and fire test program. Experimental results indicate
that the fire resistance of post-earthquake damaged fire doors decreases
by 70%. (Lou and Wang, 2022) designed a two-stage test procedure to
investigate the mechanical properties of Q235 steel in post-earthquake
fire scenarios. Experimental results indicate that the elastic modulus
of Q235 specimens is obviously affected by the degree of seismic
damage.

In fire scenarios, the tank shell temperature gradually increases due
to the influence of flame impingement or thermal radiation. At the same
time, the tank shell undergoes thermal expansion and the radial size of
the tank wall increases. However, there are local high-temperature areas
on the tank shell, and the thermal expansion is non-uniform, resulting in
thermal stress inside the tank shell (Li et al., 2019; Liu et al., 2021).
Under the combined action of thermal stress and thermal expansion, the
radial displacement of the tank shell exhibits nonlinear characteristics,
and sudden changes or cracks occur at a certain moment.

Geometric deformation caused by seismic damage alters the surface
characteristics of its tank shell, thereby affecting the radiation absorp-
tion capacity of the shell surface. Distorted or displaced sections of the
tank shell may be more exposed to direct flame contact, leading to
localized hotspots and increased temperature gradients. The combina-
tion of thinning of the tank shell and the altered heat distribution can
result in higher and more rapid temperature increases in the damaged
regions compared to the undamaged sections of the tank. The temper-
ature distribution of the deformed tank shell is more diffuse and non-
uniform, which intensifies the generation of thermal stress inside the
tank shell. Moreover, the seismic damage results in the generation of
residual stress inside the storage tank. These residual stresses can affect
the load-carrying capacity and deformation behavior of the tank under
fire conditions.

The coupling effects between earthquake and fire lead to significant
mutually amplified phenomena (Men et al., 2023b). The prior-acting
seismic damage can have an impact on the load-carrying capacity,
deformation behavior, and temperature distribution of SCTs under fire
conditions, resulting in significant fire resistance attenuation of
post-earthquake damaged SCTs (Girgin, 2011; Lou and Wang, 2022;
Men et al., 2023a; Men et al., 2022b). As a result, the earthquake-fire
coupling effects can significantly aggravate the escalation of domino
accidents, leading to a non-linear risk superposition process. However,
existing studies (Antonioni et al., 2007; Chen et al., 2023; Cozzani et al.,
2014; Huang et al., 2020; Men et al., 2022b; Zeng et al., 2022) still adopt
the traditional Probit model to model the evolution process of E-FDSs,
ignoring the earthquake-fire coupling effects. Risk analysis results may
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be underestimated without full consideration of the fire resistance
attenuation caused by seismic damage, potentially leading to inadequate
prevention & mitigation strategies. To the best of our knowledge, this is
the first work on earthquake-fire coupling fragility analysis of SCTs.

2.2. Thermal response analysis

The historical fire accidents in CIPs demonstrate that the high-
intensity heat load caused by fires may impose severe structural dam-
age on cylindrical steel tanks. The potential failure modes mainly
include bucking, cracking or rupture of containment, which may be
caused by the decreased tensile strength of the tank wall, the increased
internal pressure, the generated high local thermal stress, or the melting
of the nonmetallic parts (Jia et al., 2017). Research on the thermal
response behavior of SCT exposed to fires has received considerable
attention in recent years. In this section, the pool-fire model (Mannan,
2012; Morgan J. Hurley et al., 2016) is first introduced. On this basis, a
lumped temperature model (Jia et al., 2017) is given to model the
temperature rise trend of the tank shell under the influence of flame
impingement and thermal radiation, respectively. Due to the light-
weight and generalization characteristics, the lumped temperature
model can easily be introduced into the QRA framework.

2.2.1. Pool-fire Model

An empirical pool-fire model (Mannan, 2012; Morgan J. Hurley
et al., 2016) is provided to calculate the flame height and the thermal
radiation intensity. The flame height can be calculated as follows :

Process Safety and Environmental Protection 183 (2024) 274-292
the surface radiative heat flux of a cylindrical pool fire flame, W e m~2;
F;, is the view factor of a solid flame model; 7, is the atmospheric
transmissivity. p, is the partial pressure of steam, N e m~2; H,, is the
relative air humidity; T, = 293K is the air temperature.

2.2.2. Lumped temperature model

Suppose that one side of the tank shell with infinite length and width
is exposed to a stable fire directly. The increase in tank shell temperature
is caused by the fire impingement. According to the lumped temperature
model (Jia et al., 2017), the time-varying average temperature of the
tank shell T can be formulated by the following differential equation.

a7 4
Pphv—— = (a, - — (evoT; —aye, 3
CupP @ (a,‘efar;‘ swﬂf) <8w6r? Q€ oTa> 3
where c,, is the specific heat of the tank shell, J.kg~1-K™!; p,, is the

density of the tank material, kg-m3; h,, is the thickness of the tank shell,
m; a, is the radiant surface absorptivity of the tank shell; ¢ is the radiant
surface emissivity of the fire; 6 = 5.67 x 1078W-m~2.K~* is the Boltz-
mann constant; Ty is the temperature of the fire, K; &, is the emissivity of
the tank shell; &, = 0.9 is the emissivity of air.

Formally, following the general form of the ordinary differential
equation, the above Eq. (3) can be re-written as:

dT,

= C\ T+ Co# @
dr h
. Ay, (7T4+llwé'.10'T2
where C; = _Eszg and C, = ”7,1 are two constants.
Pl Cupyli

Assuming that the increase in tank shell temperature is caused by the
fire thermal radiation, the lumped temperature model can be re-

0.61
=2 ——=——| Dy €y
» /gDpf formulated as follows.
. . . .e . dT 4 4
where Hyy is the flame height (windless condition), m; mg is the com- cwph— o = (1000a,,I — &,0T?) — (e,0T} — a,€,0T3) 5)
bustion rate of flammable liquid, kgem=2 es7!; D, is the oil pool o ]
diameter, m; p, = 1.2kge m~3 is the air density; g = 9.8m e s is the Similarly, the above Eq. (5) can be re-written as:
gravitational acceleration. dr, . )
The solid flame model has been widely used to calculate the thermal T GT +G
radiation intensity of pool fires (Jia et al., 2017). The thermal radiation
intensity can be calculated as follows (Mannan, 2012; Morgan J. Hurley where C3 = W is a constant.
et al., 2016). i
1(xpt) = EpFoty (2—1)
Ey = 140e01200 20(1 _ efn.m)pf) (2-2)
Fo=(F+ F2)0'5 (2-3)
T - 1 T 1 Ar
(dICtdl’l xr — x \/1% arctan ; 1 E) (2—4)
h — 2x; — 1A h c— 1
F, = arctan ) arctan /z — — —arctan (2-5)
/ VA x+1B x 1

h = 2H,¢ /Dy (2-6)
% = (2% + Dyr) /Dy (2-7)
A= (6 + 1)+ 12 (2-8)
(x — 1> + 1 (2-9)
7, = 2.02(pawxpf)’°"’g 2-10)
= 101325H ¢

B, =

5

T (2-11)

where I(x,) is the thermal radiation intensity at distance x,; from the
flame, W e m~2; Xpr is the distance between the flame and target, m; Eyf is
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Suppose that the initial value of the vertical plate T(t = 0) = T,, the
Runge-Kutta method (Zwillinger, 1992) can be used to obtain the
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Fig. 2. The flowchart of the proposed methodology.

Tank Shell Thickness 0.01m

Tank Height 17.82m

Tank Diameter 20m

Fig. 3. Illustration of the 5000 m® fixed roof steel cylindrical tank.

temperature time curve of the tank shell.

2.3. Fuzzy possibility theory

In this section, some basic preliminaries about fuzzy possibility
theory are stated to support the construction of multi-hazard coupling
fragility analysis framework. To be specific, several crucial concepts in
possibility space, regular fuzzy variable (R-FV), and type 2 fuzzy variable
(T2-FV) are recalled. Related parameters are described in Appendix. A,
Table. A. 1.

2.3.1. Possibility space

The triplet (I',.27, Pos) is said to be a possibility space (Liu and Liu,
2010), of which I' is denoted as the universe, .2/ is the power set of I', and
Pos is a possibility measure. For a specific problem, I” can be regarded a
non-empty set containing generic elements y € I', which should include
all potential elements that might be involve (Qin et al., 2011). As the
power set of I, .2/ is a complete union of subsets of I". A possibility
measure Pos is regarded as a set function Pos : .«7/—|0, 1] that satisfies the
following constraints (7—9) (Liu and Liu, 2010; Men et al., 2019).

Pos(@) =0 @)

Pos(I') =1 ®
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For any subclass {A;|i € I} of .«/,

Pos(UiciA;) = Sup,,Ai, Vi € 1,34,/ 9

According to the possibility measure Pos(A), the necessity measure
Nec(A) and credibility measure Cr(A) can be obtained as follows (Li,
2013):

Nec(A) = 1 — Pos(A°) (10)

Cr(A) == (14 Pos(A) — Pos(A°)) an

N —

where A € ./ is an element of .«/, A° is the complementary set of A.

2.3.2. Regular fuzzy variable

Suppose that the triplet (I',.o7, Pos) is a possibility space. A fuzzy vector
E=(&,¢&,...,&y) is regarded as a m-dimension measurable map
£: r-N", of which R™ is a m-dimension real number space. For VX =
(x1,X2, ..., %) € R™, we have (Liu and Liu, 2010):

{rergy) <X}={rel&) <x,.-ur) Sxn} €S

When m =1 and h = [0,1], £ is denoted as a R-FV. The probability
distribution function (PDF) of the R-FV is defined as follows (Liu and Liu,
2010):

He(x) = Pos({y € I'lé(y) = x}),x € [0,1]

Let a,b,c,d € [0,1] with a < b < ¢ < d. A trapezoidal R-FV, denoted
as ¢ = (a,b, c,d) is formulated by the following PDF:

12

13

x—a .
mﬂf x € [a,b]
Lif xe(b,c)
He(x) = Pos{& = x} = dex 14)
et x € (c,d)
0, otherwise

If b =c, then ¢ is denoted as a triangular R-FV. Other common forms
include the discrete R-FV, the Gaussian R-FV, and the like (Liu and Liu,
2010; Men et al., 2019; Qin et al., 2011; Zadeh, 1975).

2.3.3. Type 2 fuzzy variable

The exact PDF required by a R-FV is usually difficult to determine,
since it depends on the data sources used and the assumptions made
(Kundu et al., 2019; Men et al., 2019). To model the engineering
application scenarios with more unknown information, type-2 fuzzy
theory was proposed by (Zadeh, 1975), then (Liu and Liu, 2010) further
extended the type-2 fuzzy theory to the fuzzy probability space. The
T2-FV plays the same role in fuzzy possibility theory as a stochastic
variable does in probability theory. The possibility of a T2-FV takes on a
real number is an R-FV, which provides additional degrees of freedom
for modeling uncertainties (Kundu et al., 2019; Men et al., 2019).

The triplet (I, .o/, Pos) is said to be a fuzzy probability space, of which
Pos is a fuzzy possibility measure. Suppose that .7([0,1]) is the collection
of all R-FVs on [0, 1]. Pos is regarded as a set function Pos : ./ —.%([0, 1])
that satisfies the following two constraints (Liu and Liu, 2010; Men et al.,
2019).

Pos(@) =0 (15)

Pos(UicsAr) = Sup,.,Pos <A,-> Vi€ l,3ACy (16)

If i~ (1) =1, then Pos is a regular fuzzy possibility measure. A type 2

Pos(I")
fuzzy vector € = (El s ...,Em) is regarded as a m-dimension measurable
map & : T'->N™, of which %™ is a m-dimension real number space. For V
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X = (x1,X2, ..., Xm) € N™, we have (Liu and Liu, 2010):

[rerm=x}={rertm s ..&m<mpes  an

When m = 1, £ is denoted as a T2-FV. The secondary PDF of a T2-FV
isamap N—.%([0,1]), which is defined as follows (Li, 2013; Liu and Liu,
2010; Qin et al., 2011):

i) = ﬁos{y erfEy) =x },x e R (18)

The type-2 PDF of a T2-FV ﬁz(x, @) is regarded as the transformation

of Pos from the universe I to the space i, i.e.h x J,—[0,1] (Li, 2013; Liu
and Liu, 2010; Qin et al., 2011).

;Nt;(x, @) = Pos{ﬁz(x) =¢ },JXC[Q 1], (x, ) € N x J, 19

where Pos is the possibility measure induced by the distribution of ﬁg(x),

Jy = {(/} €0, 1]|;7E(x7 @) > x} is the primary membership of x.

3. Methodology

The flowchart of the proposed methodology is shown in Fig. 2, which
consists of four main steps.

Step. 1 Basic Universal Establishment: A basic universal is estab-
lished to express the knowledge about the coupling failure mechanism of
SCTs in E-FDSs, which is the fundamental qualitative description of the
fire resistance attenuation caused by seismic damage; Step. 2 Prior-
acting Seismic Damage Analysis: Five seismic damage states of SCTs
exposed to the ground motion caused by earthquakes are identified;
Step. 3 Earthquake-fire Coupling Failure Criterion: A type-2 fuzzy
time-dependent limit state equation is proposed to formulate the
coupling failure criterion of SCTs subjected to the earthquake-fire
sequence. The fire resistance attenuation caused by different seismic
damage states is quantified by T2-FVs; Step. 4 Credibility-based Sto-
chastic Simulation: Due to the fuzziness in probability distribution
function, the type-2 fuzzy time-dependent limit state equation cannot be
adopted for failure probability estimation directly (Liu and Liu, 2010;
Men et al., 2022a; Qin et al., 2011). Following the critical value-based
type reduction operation (CV-TR), T2-FVs are transformed into their
corresponding R-FVs. After type reduction, the generalized credibility
measure (Kundu et al., 2019; Li, 2013; Qin et al., 2011) is adopted to
convert the type-2 fuzzy time-dependent limit state equation to its
equivalent deterministic form. Finally, the dynamic failure probability
estimation can be obtained by the stochastic simulation procedure.

3.1. Basic universal establishment

E-FDSs are one of the typical vicious cascading events associated
with significant mutually amplified phenomena (Men et al., 2023b; Ricci
et al., 2021). As mentioned in Section 2.1 , numerical accident in-
vestigations (Girgin, 2011; Krausmann et al., 2011; Scawthorn and
Johnson, 2000), simulations (Alasiri et al., 2021; Talebi et al., 2018;
Vitorino et al., 2020) and experiments (Calayir et al., 2022; Lou and
Wang, 2022; Wang et al., 2020b) were developed to investigate the
post-earthquake fire performance of various engineering structures. The
knowledge extracted from previous studies has provided strong evi-
dence that the first-acting seismic excitation can weaken the ability of
hazard-affected objects to resist subsequent fires. One of the toughest
challenges in earthquake-fire coupling fragility analysis is quantifying
the fire resistance attenuation caused by seismic damage. However,
existing research and observations are still not enough to support
parametric modeling. For the existing uncertainty analysis methodolo-
gies, the extracted knowledge is limited which is still not sufficient to
support quantitative earthquake-fire coupling fragility analysis. Thus,
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according to the knowledge extracted from previous studies, a basic
universal is established to qualitatively describe the fire resistance
attenuation caused by the seismic damage, i.e. “With other variables being
the same, the failure probability of the SCT with serious prior-acting seismic
damage is higher than the counterpart with light prior-acting seismic dam-
age.”. The established universal is the core of the subsequent fragility
analysis, which is adopted to guide the formulation of the
post-earthquake fire failure criterion. The failure probability estimation
must be consistent with the basic universal.

3.2. Prior-acting seismic damage analysis

SCTs constitute critical facilities of the chemical process industry. As
mentioned by (Ozdemir et al., 2010), the seismic damage estimation of
SCTs is a highly complex task due to the presence of various nonlinear
behavior mechanisms in the fluid-structure interaction system. These
mechanisms can be triggered simultaneously or independently,
depending on multiple factors, such as seismic intensity, contained
liquid properties and its depth, dimensions of the tank, material prop-
erties and supporting conditions and stiffness of underlying soil medium
(Bakalis and Karamanos, 2021; Housner, 1957; Spritzer and Guzey,
2017).

The impulsive mass caused by seismic excitation may result in the
tank shell buckling (Bakalis and Karamanos, 2021; Spritzer and Guzey,
2017). The elephant foot buckling and diamond-shaped buckling are the
two most prominent buckling modes, as its characteristic elastoplastic
outward bulging is formed as a result of the combined shell tensile hoop
and compressive meridional stress (Bakalis and Karamanos, 2021;
Spritzer and Guzey, 2017). Other potential failure modes include
rupture of junction between tank shell and base, roof damage, tank
support system and foundation failure and breaking of anchor bolts
(Krausmann and Cruz, 2013; Miladi and S. Razzaghi, 2019; Ozdemir
etal., 2010). Sloshing waves caused by the horizontal acceleration of the
convective mass can also impose severe damage to tanks. The
long-period dynamic forces due to the convective wave motion can
damage the roof and cause the spilling of the tank contents.

Following the performance-based earthquake engineering frame-
work (D’Amico and Buratti, 2018; Ghosh et al., 2021; Men et al., 2023a),
damaged SCTs are typically classified into five damage states based on
the severity of seismic damage, i.e. (1) No damage (DS;: no damage to
tank structure and accessories), (2) Minor damage (DS5: damage to roof,
minor loss of content, minor shell damage, minor piping damage,
cracked foundation of the tank, no buckling), (3) Moderate damage
(DS3: buckling with no leak or minor loss of contents), (4) Severe
damage (DS,: buckling with major loss of contents, severe damage), (5)
collapsed damage (DSs: total failure, tank structure collapse). There is
currently no unified and reliable structural damage index to quantify the
seismic damage state. In real applications, the corresponding damage
states are usually assigned to damaged tanks according to the qualitative
descriptions of the seismic damage (D’Amico and Buratti, 2018; Men
et al., 2023a; Wang et al., 2023).

Under this impetus, our previous study (Men et al., 2023a) proposed
a hybrid deep belief network-based label distribution learning system to
estimate the seismic damage state probability distribution of SCTs. Ac-
cording to the seismic response analysis, eight seismic damage param-
eters were adopted to characterize the seismic damage, i.e. (1) uplift
force of tank bottom perimeter, (2) force resisting uplift in tank bottom,
(3) force resisting uplift in annular region, (4) anchorage ratio, (5)
maximum longitudinal shell compression stress, (6) hoop tensile stress,
(7) allowable longitudinal shell-membrane compression stress, (8)
sloshing wave height. Driven by a hybrid of post-earthquake damage
data and seismic damage parameters, the proposed methodology can
obtain the probability mapping relationship from physical damage
characteristics to seismic damage states.

In this work, E-FDSs are of special concern, which aims to estimate
the failure probability of post-earthquake damaged SCTs exposed to fire
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with the consideration of the fire resistance attenuation caused by
different seismic damage states. To avoid duplicating efforts from our
previous study (Men et al., 2023a), the seismic damage states of SCTs are
regarded as preconditions of the proposed time-dependent earth-
quake-fire coupling fragility analysis methodology.

3.3. Earthquake-fire coupling failure criterion

The damage to SCTs in fire scenarios is a time-dependent dynamic
process (Cozzani et al., 2005; Lou and Wang, 2022). Therefore, unlike in

ﬁl}m (x) = (G?S' — o min{1 — G7¥ G}, GD%, GP% + 00 min{1 — G7¥, G7*'} )

seismic scenarios, the damage to SCTs in fire scenarios is not subdivided
into distinct damage states, of which only operational and failed states
are considered. In the early stages of domino effects research, the time to
failure ttf is regarded as the failure threshold of SCTs in fire scenarios. As
shown in Table 1, the calculation method ttf was fitted by (Cozzani et al.,
2005) based on historical accident data. The failure of SCTs in fire
scenarios is mainly caused by the decreased tensile strength of the tank
wall, the increased internal pressure, the generated high local thermal
stress, or the melting of the nonmetallic parts (Jia et al., 2017). Thus,
(Jia et al., 2017) pointed out that the failure of SCTs is closely related to
the tank shell temperature. The lumped temperature model was pro-
posed to model the temperature rise trend of the tank shell under the
influence of flame impingement and thermal radiation. The failure of
SCTs requires a certain delay time, as the temperature of tank shell
gradually rises to the critical temperature T, under the fire excitation
(Lou and Wang, 2022). The critical temperature of steel was adopted to
determine the state of SCTs (operational and failed). The critical
temperature-based failure criterion has been widely used in subsequent
studies (Ding et al., 2022; Li et al., 2023; Li et al., 2022; Li et al., 2019;
Liu et al., 2021).

Suppose that t, is the fire exposure time (s), the fire failure criterion
can be formulated by the following time-dependent limit state equation
(Td-LSE):

(T, Tor) = Ter = T (1) (20€)
where T ( ty ) is the temperature of the tank shell with the fire expo-
sure time t;. The value of T; (tys ) can be obtained by solving the
corresponding lumped temperature model (Section 2.2). Z¢(Ts, Ter) >
0 indicates that the SCT is in the operational state; (Ts, Ter) < O in-
dicates that the SCT is in the failed state.

However, the above time-dependent LSE cannot capture the fire
resistance attenuation caused by seismic damage. On the basis of critical
temperature-based failure criterion and basic universal, the post-
earthquake fire failure criterion can be formulated by the following

type-2 fuzzy Td-LSE ;?pef:
Z s (T TC,,EDS']> =5 T, - (117/) T, (1) (21—1)
G<F R Vo) < =T 1)

L1 2 Yr,

o . =234

0<7~N( (0 )2;9,,2,9,,2) <005 (2173>
P (2174)

~DS,

>p

DS

~DS: ~DS.
>p >p

B s
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where the proposed type-2 fuzzy Td-LSE incorporates two kinds of T2-

FVs EDS‘ and /. EDS‘ is the type 2 fuzzy critical temperature attenuation
coefficient derived from the universal. The fuzzy constraints (21 —2) and
(21 —4) indicate that the more serious the damage state DS; of a SCT, the

lower its critical temperature EDSi T... / is the type 2 fuzzy deviation
coefficient used to represent the temperature estimation deviation of the
lumped temperature model. The fuzziness of the basic universal is rep-
resented by type 2 fuzzy variables. To guarantee the model universality,

/NJDS’ and / are assumed to be Gaussian T2-FVs with the following PDFs:

(22)

H-(x) = (G2 = 6min{l — G3,G>},G1, Gy + O,omin{1 — G5,Go} ) (23)

DS; S
)., X, W%, py, 0%,

DS; _ -~
where G = exp( 2 20r?

(X"f51)2> Gy = ( (=)
7 |, G2 =exXp| =5~z
62 € N; 075, 6P5: 6, 6, , are the uncertainties that EDS‘ , 7 takes the value
of x. The advantage of using Gaussian T2-FVs for fragility analysis is that
it allows for the consideration of a wider range of uncertainties and
provides flexibility in handling the propagation and combination of
uncertainties (Men et al., 2022a; Men et al., 2019; Xu et al., 2023). On
the basis of prior observation extracted from experiments and numerical
simulations, we have ;2% = 0.910, % = 0.779, /2% = 0.672. The
confidence level of the lumped temperature model is assumed to be
95%, thus we have yu, = 0.05.

It is worth mentioning that the fire resistance attenuation caused by
seismic damage is not solely described by type 2 fuzzy variables. The

precondition of /7Dsi is the seismic damage state of SCTs. According to
our previous study (Men et al., 2023a), thirteen critical parameters
affecting the seismic performance of SCTs were involved in the seismic
damage analysis, i.e.,, (1) tank diameter, (2) tank height, (3) roof
thicknesses, (4) shell thicknesses, (5) base thicknesses, (6) annular ring
thicknesses, (7) roof type, (8) steel type, (9) anchorage system, (10)
height of liquid level, (11) density of stored liquid, (12) peak ground
acceleration, (13) soil classification. Moreover, as mentioned in Section
2.1.2, the temperature of the tank shell T ( t; ) is crucial to identify
the failure of SCTs. According to the lumped temperature model (Sec-
tion 2.2.2 ), Ts (ty ) is closely related to the thermal radiation in-
tensity, the temperature of the fire, the surface radiative heat flux of a
cylindrical pool fire flame, the specific heat of the tank shell, the density
of the tank material, the thickness of the tank shell, the radiant surface
absorptivity of the tank shell, the radiant surface emissivity of the fire,
the emissivity of the tank shell, etc. Thus, the established type-2 fuzzy
Td-LSE actually considers the influence of multiple critical parameters.

3.4. Credibility-based stochastic simulation

In this section, a credibility-based stochastic simulation algorithm
(C-SSA) is proposed to analyze the uncertainties in type 2 fuzzy proba-
bility space. The pseudo-code of the proposed C-SSA is shown in Algo-
rithm 1. As mentioned in Section 2.2 , the Runge-Kutta method
(Zwillinger, 1992) is adopted for thermal response analysis, thus,

~] Si ~
T (ty ) can be obtained. The secondary PDFs of ﬂD and / are
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Temperature Rise Curve-Basic Analysis
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Fig. 4. Results of basic analysis, (a) Temperature Rise Curves; (b) Fire Impingement; (c) Thermal Radiation.
Table 2 Table 3

Time-dependent failure probabilities of seismic damaged SCTs exposed to the

Time-dependent failure probabilities of seismic damaged SCTs exposed to the
fire impingement.

thermal radiation.

tef, S Ts(fef) K Failure Probability Ly Ts (fef) K Failure Probability
DS, DS, DS; DS, DS, DS, DS DSs

195  4782+02 0 0 0 7.000e-03 535 4753e+02 0 0 0 6.000e-04

230 5.083e+ 02 0 0 1.600e-03 4.012e-01 655 5.076e+ 02 0 0 6.000e-04  3.898e-01

280  5.495e+02 0 8.800e-03  4.774e01  9.118e-01 820 5461402 0 2000004 4156001  8.826e-01

310 573le+ 02  1.200e-02  4.310e-01  8.770e01  9.908e-01 960 5733e+ 02 2100e-02  4.274e-01  8.794e-01  9.894e-01

335 5.919e+02  6.282e01  9.064e-01  9.916e-01  1.000 1050  5.88le+02  5.168e:01  8.454e:01  9.864e-01  1.000

350 6.029e+02  9.602e-01  9.992e-01  1.000 1.000 1145  6.017e+02  9.260e-01  9.978e-01  1.000 1.000

355 6.065e+02  1.000 1.000 1.000 1.000 1160  6.037e+02  9.880e-01  1.000 1.000 1.000
1165  6.044e+ 02  1.000 1.000 1.000 1.000

formulated by the corresponding random parameter combinations (Hfls",
temperature attenuation coefficients of different prior-acting seismic

0% 675y and (0;2,6r.2,02). The Monte Carlo random simulation method . ) . .
' ! damage states are required to satisfy the constraints (21—2). Given the

under a standard normal distribution is used to obtain random combi- o
nations of parameters. According to the basic universal, the critical type 2 fuzziness involved in s, CV-TR (Qin et al., 2011) is
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. ~DS; .
implemented to convert f = to the corresponding R-FVs. Then, the
credibility measure is adopted to obtain the equivalent deterministic

LSE 7. After a certain number of stochastic simulations, the failure

probability estimation py = % can be obtained.

Algorithm 1. Credibility-based Stochastic Simulation Algorithm.

Process Safety and Environmental Protection 183 (2024) 274-292

etal.,, 2019; Li, 2013; Qin et al., 2011) is adopted to convert the original
uncertainty model into its equivalent deterministic form. In this work,
the failure of a SCT in E-FDSs is regarded as a fuzzy event

DS;

{7 1o -
we have the following equivalent deterministic Td-LSE E‘Vr{f/pef < 0}.

(1 j:/)Ts(tef) < 0} Given the pre-defined credibility level,

Input:
The number of simulations Nj; Instance parameter set I;
Prior-acting seismic damage state DS;; The time of a SCT exposed to fire t.5;
Output: Failure probability p
Initialize: n =0; Ny =0
While n < N; Do
Thermal Response Analysis: T, (tef) « LTM
Monte Carlo Sampling: (BlDIS‘, BTDf‘, o, Si ,012,042,02,¢0) « MCS
Type Reduction: BPSi, ¢ — cV(BP5:,7)
Defuzzification: Lper < CM ([lpe 7)
If Lper <0 Do
Ne=Ne+1
End If
End While

Ny

Failure probability Estimation: p; = m

3.4.1. Type Reduction

The type-2 fuzzy LSE fpef provides additional degrees of freedom for
modeling uncertainties, which also brings high computational
complexity (Men et al., 2019). To handle the type-2 fuzziness, the CV-TR
(Qinetal., 2011) is implemented to convert ﬁDSl ~ KI( DS (oDsl) ; 0?5",
0%yand 7 ~ N( iy, (62 )% 012,02) to the following R-FV P and /.

Si DS;
(1+02)c _ -
sz x < S — 6?2102 or x> ulS 4675/ 2In2
rl 1
Hgos (x) =
’ o+ (1 _0’?1&>G?S’ if S —6P5v/2In2 < x <y + 675 \/2In2
T DS ~DS DS f—o, nZ2 < ' o, n
1+29£)IS,_29fis,G?.s,/’ H 1 X< Hy 1
24
14+0,,)G
%, if x<p,—0V2In2 or x>y, +0,V2In2
r242
) =4 0 + (1 - aDS')GDSf

if U, —0,V2In2 <x < p, + 0,v2In2

142075 — 2075 G

(25)

Theoretical proof and detailed formula derivation of the type
reduction process can be found in Appendix. B. An illustration of the
type reduction process is stated in Appendix. C.

3.4.2. Defuzzification
After type reduction, the generalized credibility measure (Kundu
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1100 T N
.
1000 b
900
<
; 800 - AAAAAAAAAAAAAAAAi
2
©
g 700 - °
§
E 600t _
2
%) i}
$ 500 .
: |
< v
400 - b
—@— =25 kW/m? 1=100 kW/m?
300 —A— |=50 kW/m? —*— |=125 kW/m? | |
—— |=75 kW/m? —&— |=150 kW/m?
200 . . . ) ! . . !
200 400 600 800 1000 1200 1400 1600 1800
Fire Exposure Time (s)
Fig. 5. Temperature Rise Curves-Comparison analysis.
Table 4
Results obtained by the Probit model.
LKW e m~2 ttf,s Ts(ttf), K Pprobit(l)
50 2.066e+02 4.608e+02 5.953e-03
75 1.308e+02 4.554e+02 4.059e-02
100 9.453e+01 4.526e+02 1.096e-01
125 7.350e+01 4.512e+02 1.950e-01
150 5.984e+01 4.456e+02 2.782e-01
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uPS 4 6Ps \/ZZn(l + (4(/; - 3)9?15') - 21n2(1 - ¢)¢,¢9(0.75, 1}
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Theoretical proof and detailed formula derivation of the defuzzifi-
cation process can be found in Appendix. D. According to the above
equivalent deterministic failure criterion Td-LSE, the state of the SCT
(operational and failed) can be determined.

4. Case studies
4.1. Instance description

To demonstrate the proposed methodology, a 5000 m® fixed roof
SCT (Tank Diameter 20 m, Tank Height 17.82 m, and Tank Shell
Thickness 0.01 m) is selected for case studies. The 5000 m? fixed roof
SCT is designed based on the Chinese Standard (GB1, 0341-, 2014),
which has been widely used for fire resistance performance analysis
(Huang et al., 2023; Li et al., 2023; Li et al., 2019). In practical appli-
cations, our previous study (Men et al., 2023a) can be used for seismic
damage estimation. An illustration of the seismic damage estimation is
shown in Appendix. E. In this work, the fire resistance attenuation
caused by different seismic damage states is of special concern. To avoid
duplicating efforts, in this work, the seismic damage states of the
5000 m? fixed roof SCT are regarded as preconditions.

The specific heat of the tank shell ¢,, = 460J-kg—'-K~!; the density of
the tank material p,, = 7850kg-m>; the radiant surface absorptivity of
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the tank shell a,, = 0.7; the emissivity of the tank shell ¢, = 0.35. It is
assumed that an earthquake triggered a pool fire (oil pool diameter
Dy = 10m) in the tank farm. As mentioned in Section 2.1.1 , two
common fire domino escalation scenarios are considered, i.e., the near-
field pool fire scenario (flame impingement) and the far-field pool fire
scenario (thermal radiation). The radiant surface emissivity of the fire
& = 0.7 and the temperature of the fire Ty = 1100. For the far-field pool
fire scenario, the distance between the flame and target x,; = 5m. By
inputting the given parameters into the empirical pool-fire model
(Mannan, 2012; Morgan J. Hurley et al., 2016), the thermal radiation
intensity at the target location can be calculated as 22.449kW e m~2.
According to the previous analysis provided by (Li et al., 2019), the basic
critical temperature T, = 587.67K. The number of simulations Ny = 5,
000.

4.2. Basic analysis

The temperature rise curves under the two fire scenarios can be seen
in Fig. 4(a). When the SCT is exposed to a fire, the increase in tank shell
temperature involves multiple heat transfer processes, including ther-
mal radiation, heat conduction, and convective heat transfer (Li et al.,
2023; Li et al., 2019).

For the scenario where the flame directly contacts the tank shell
(near-field pool fire scenario), the heat transfer process is dominated by
heat conduction, and the maximum temperature of the tank shell is
8.470e+ 02 K. For the far-field pool fire scenario, the heat transfer
process is dominated by thermal radiation, and the maximum temper-
ature of the tank shell is 6.528e+ 02 K. As shown in Fig. 4(a), the
temperature rise caused by flame impingement is significantly faster.

According to the traditional Probit model (shown in Table 1), the ttf
of the 5000 m® SCTs under the impact of 22.449 kW em~2 thermal
radiation is 5.098e + 02s. As shown in Fig. 4(c), at a fire exposure time
of 5.098e+ 02 s, the failure probabilities of SCTs under different seismic
damage states are 0. The corresponding Probit-based failure probability
is 1.990e-05, which can also be approximated as 0. This indicates that
the failure probability estimation obtained by the proposed methodol-
ogy is to some extent consistent with the historical accident data-driven
Probit model. However, as the thermal radiation continues to exert its
effect, the failure probabilities of SCTs gradually increase. Static
methods fail to capture the subsequent dynamic increase in failure
probability, thereby limiting their ability to accurately assess the
evolving risk.

The time-dependent failure probabilities of seismic damaged SCTs
are shown in Table 2 and Table 3. As shown in Fig. 4(b) and Table 2,
with impacts of the flame impingement, the dynamic increase range of
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Fig. 8. Expansion analysis results, (a) Ty = 900K; (b) Tf = 950K; (c) Ty = 1000K; (d) Ty = 1050K.

the failure probability mainly concentrates from 195 s to 355 s of fire
exposure time. As shown in Fig. 4(c) and Table 3, with impacts of the
thermal radiation, the dynamic increase range of the failure probability
mainly concentrates from 535s to 1165s of fire exposure time.
Compared to the far-field pool fire scenario, SCTs are more prone to
rapid failure under the impact of flame impingement. In actual chemical
tank farms, multiple tanks may be located within the same containment
area. When a flammable substance leak ignites, adjacent tanks are
highly susceptible to being engulfed by the surrounding flames, which
can further escalate the probability of domino effect accidents.

In addition, it can be observed that there are significant differences in
the failure probabilities of the SCTs in different seismic damage states.
Suppose that p(DS;, tef ) is the time-dependent failure probability of the
SCTs in seismic damage state DS;, we have
Ps(DS4, tef) > pp(DS3, tef ) > pr(DSa, tef) > ps(DSs, tef ). The failure prob-
ability estimation results are consistent with the basic universal. As the
fire exposure time and the tank shell temperature increase, the differ-
ences in failure probabilities gradually increase and eventually converge
or become consistent. As shown in Table 2, for SCTs exposed to the fire
impingement, the impact of seismic damage on failure probabilities is
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most significant within the fire exposure time range from 230 s to 335 s,
and the corresponding temperature range is from 5.083e+ 02 to
5.919e+ 02. As shown in Table 3, for SCTs exposed to thermal radiation,
the impact of seismic damage on failure probabilities is most significant
within the fire exposure time range from 655 s to 1050 s, and the cor-
responding temperature range is from 5.076e+ 02 to 5.881e+ 02. The
proposed methodology can effectively estimate the time-dependent fire
failure probability of SCTs with different seismic damage severities.

4.3. Comparison analysis

To further demonstrate the advantages of the proposed method, a
comparison analysis is constructed between the proposed methodology
and the Probit model. Temperature rise curves under different thermal
radiation intensities (25, 50, 75, 100, 125, 150 kW e m2) are shown in
Fig. 5. It can be observed that the temperature rise rate and the
maximum tank shell temperature increase with the increase of thermal
radiation intensity. This is because the increase in radiation intensity
results in more absorption of thermal radiation by the tank shell surface.

Suppose that MaxT;(I),K is the maximum tank shell temperature
under the thermal radiation intensity ,kW e m~2, we have MaxT;(25) =
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6.746e + 02K, MaxT;(50) = 8.154e + 02K, MaxT,(75) = 9.029¢ +
02K, MaxT(100) = 9.700e + 02K, MaxT;(125) = 1.025e¢ + 03K,
MaxT,(150) = 1.073e + 03K. In addition, we found that the thermal
radiation intensity in the range of 25 kW e m~2 to 100 kW e m~2 has a
more significant impact on the temperature rise trend of the tank shell.

Calculation results obtained by the Probit model are shown in
Table 4. For thermal radiation intensities (25, 50, 75, 100, 125, 150
kW em~2), the corresponding ttf are 4.516e+ 02s, 2.066e+ 02 s,
1.308e+ 02 s, 9.453e+ 01 s, 7.350e+ 01 s, 5.984e+ 01 s, respectively;
the corresponding Probit-based failure probabilities are 4.983e-05,
5.953e-03, 4.059e-02, 1.096e-01, 1.950e-01, 2.782e-01, respectively.
According to the lumped temperature model, the corresponding tank
shell temperatures are 4.673e+ 02 K, 4.608e+ 02 K, 4.554e+ 02K,
4.526e+ 02 K, 4.512e+ 02 K, 4.456e+ 02 K. Analysis results indicates
that the values of ttf decrease with the increase of thermal radiation
intensity. On the contrary, the Probit-based failure probabilities increase
with the increase of heat radiation intensity.

The corresponding tank shell temperatures show little variation at
the given ttf fire exposure time and remain relatively stable between
4.512e+ 02 K and 4.673e+ 02 K. This is a phenomenon that deserves
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great attention. This indicates a strong correlation between tank shell
temperature and tank fire failure. The higher the thermal radiation in-
tensity, the faster the rise in tank shell temperature, consequently
leading to a decrease in ttf. As a data-driven failure probability esti-
mation, the interpretability of the Probit model is not satisfactory.
Through the lumped temperature model, the estimation results obtained
by the Probit model can be explainable from the perspective of tank shell
temperature.

However, as shown in Fig. 5, the temperature of the tank shell con-
tinues to increase even after reaching the ttf during fire exposure. The
time-dependent failure probability curves obtained by the proposed
methodology are shown in Fig. 6. Estimation results indicate that the
ascending intervals of failure probabilities tend to advance with the
increase of the thermal radiation intensity. In practical fire scenarios, the
high temperature alters the crystalline structure of the tank shell,
leading to a decrease in mechanical properties such as tensile strength,
compressive strength, and yield strength. This can potentially result in
tank deformation, cracking, leakage, and other forms of failure. Static
probability estimation cannot capture the complex and dynamic failure
process of SCTs in fire scenarios. Moreover, E-FDSs are usually
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associated with significant mutually amplified phenomena, the first-
acting seismic excitation can weaken the ability of SCTs to resist sub-
sequent fires. Thus, the fire resistance attenuation caused by the seismic
damage should be adequately considered when modeling the
earthquake-triggered fire domino effects. Without the consideration of
earthquake-fire coupling effects, the traditional Probit model is very
likely to underestimate earthquake-triggered domino escalation proba-
bility. The proposed methodology can not only capture the fire resis-
tance attenuation caused by seismic damage but also provide a dynamic
estimation of tank failure probability with respect to the fire exposure
time.

4.4. Expansion analysis

In this section, the influence of the fire temperature on the fire failure
probability of post-earthquake damaged SCTs is analyzed. As shown in
Fig. 7, under the impact of fire impingement, the rise rate of the tank
shell temperature and the maximum tank shell temperature increase
with the rise of the fire temperature Ty. The high-temperature flame
makes the molecules on the tank wall surface more active, enhancing the
efficiency of heat conduction. For fire temperatures Ty = 900,950,1000,
1050, 1100K, the corresponding maximum tank shell temperatures are
6.841e+ 02 K, 7.274e+ 02K, 7.684e+ 02 K, 8.082e+ 02K,
8.471e+ 02 K.

The corresponding time-dependent failure probability curves are
shown in Fig. 8. It can be observed that the ascending intervals of failure
probabilities differ significantly under different flame temperatures and
seismic damage states. Formally, the ascending interval of failure proba-
bility is defined as the dynamic fire failure interval. As shown in Fig. 9, the
dynamic increase range of failure probability is advanced with the in-
crease of fire temperature. Additionally, we found that the starting time
of the failure interval becomes shorter with increasing seismic damage
severity. As the fire temperature increases, the difference in the failure
intervals of SCTs under different seismic damage states gradually de-
creases. Similarly, as shown in Fig. 9(b), the termination times of the
failure intervals for SCTs under different seismic damage states are very
close. This is because the increase in fire temperature exacerbates the
transition of tank shell temperature towards its steady-state peak value.
The fire resistance attenuation caused by seismic damage is mainly
manifested in the early and middle stages of the fire. In the later stages of
the fire, the steady-state peak temperature of the tank shell far exceeds
the critical temperature, and the influence of seismic damage on the
failure probability becomes smaller. Compared to static fragility anal-
ysis, the proposed multi-hazard dynamic fragility analysis methodology
can explicitly identify the dynamic fire failure interval of SCTs under
different seismic damage states, rather than relying solely on a single ttf
value.

5. Conclusions

In this work, an advanced multi-hazard dynamic fragility analysis

Appendix

A. Nomenclature.
B. Proof of Type Reduction Process.
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methodology was proposed to cope with the prior knowledge and the
dynamic evolution characteristics associated with earthquake-triggered
fire domino effects. The fire resistance attenuation caused by seismic
damage was qualitatively described by a basic universal. A type 2 fuzzy
time-dependent limit state equation of steel cylindrical tanks exposed to
earthquake-fire sequence was developed in which the uncertainties were
modeled by Gaussian type 2 fuzzy variable. A credibility-based sto-
chastic simulation algorithm is developed for the failure probability
estimation in fuzzy probability space. Compared to the existing fragility
analysis methods, the proposed methodology possesses enhanced ca-
pabilities in uncertainty modeling and analysis, achieving a hybrid un-
certainty analysis that combines both ambiguity and stochasticity.

The proposed methodology was demonstrated by case studies of a
5000 m® fixed roof tank. Analysis results indicate that the proposed
methodology can provide a reliable and explainable understanding of
the evolving trends and differences in failure probability under different
seismic damage states. The advantages of this work include high inter-
pretability through seismic response analysis and thermal response
analysis, the ability to capture the dynamic characteristics of the failure
process, and the analysis of earthquake-fire coupling effects. The pro-
posed can provide reliable and explainable probability estimation of
earthquake-triggered fire domino escalation, which is the core for
quantifying the dynamic risk evolution of earthquake-triggered fire
domino scenarios. In practical applications, the obtained dynamic fire
failure interval can also be used to guide emergency response planning.

Various catastrophic historical accidents demonstrate the impor-
tance of specifying efficient prevention & mitigation measures for multi-
hazard coupling scenarios. Research on multi-hazard coupling scenarios
is still in its infancy. There is still a need for a systematic and compre-
hensive quantitative risk assessment framework to integrate previous
research. Moreover, detailed mechanism analysis is still required for
more accurate probability estimation. These will also be focal points for
our future work.
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Suppose that € ~ N( p,02;0,6,) is a Gaussian T2-FV with secondary PDF ﬁg(x).

ﬁg(x) = (G — min{l - G,G},G,G + §,min{l — G,G})

where G = exp( e

202

(B.1)

), x,u €N, o6>0.0,0, € [0,1] are the uncertainty that ¢ takes the value of x.

The critical value-based type reduction operation (Qin et al., 2011) can assign a crisp value to ﬁg(x). (G—6min{l1 -G, G}, G, G +6;min{1 -G, G} )
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can be regarded as a triangular R-FV & ~ (t1,tp,t3), where t; = G — Oimin{1 —G, G},

(tp,t2,t3) is defined as follows:

—1
Coh) e <x<n
h—n
Lif x=n
ﬂg(x):
13 —

X .
Jf h<x<t
—1h

0, otherwis

where 0 < t; < t, < t3 < 1. According to Egs. (9), (10) and (11), we have:
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L= .
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ty =G, t3 =G + 6;min{1 —G, G}. The PDF of triangular R-FV & ~

(B.2)

(B.3)

(B.4)

(B.5)

Following the critical value-based type reduction operation, the optimistic critical value of ¢ is defined as follows

CVopl&] = Sup ooy [@ N Pos{é > @} ]

=@
= Supeo)l@ AN Sup e, 1) {fﬂ A - IJ V SuUp iy e A 0]
_ f; _ G+6min{l - G,G}
T (l4+8—-1) (1+6min{l -G,G})

The pessimistic critical value of ¢ is defined as follows:

CVpelg] = S”Pr/,é[o,l][(ﬂ ANec{¢ > p}]

h—¢
= SUp el [@ AN SUp e 1) {90 A - 2‘1} V SuUp e, 1@ A O]
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The impartial critical value of ¢ is defined as follows:
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(B.6)

(B.7)

(B.8)

If G < 0.5, then min{1 —G,G} = G. If G > 0.5, then min{1 —G,G} =1 — G. Thus, equations (B.6), (B.7) and (B.8) are re-written as follows:
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1+6,
(IJJ:—H)GGJf x<p—0ovV2In2 or x> u+ov2In2
CVyple] = 9+’(1_0)G (8.9)
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where G < 0,5:exp( J";—“)z) < 0.52x < yi—0y/2InZor x > j+6v/2In2 and G > 0.5:>exp( J";“f) > 0524 — 0v/2In2 < x < y + o+/2In2.

The reduction ¢ of Gaussian T2-FV E is completed.
C. Illustration of the Type Reduction Process.

Suppose that £ ~ N( 0.5,1;0.3,0.7) is a Gaussian T2-FV, Eops Spe and &, are the optimistic, pessimistic, impartial reductions of E.

(x—p)’ (x—05)’
G_CXP<_252 = exp - (C.1)
According to equations (B.9), (B.10) and (B.11), we have:
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As shown in Fig. C. 1, through the critical value-based type reduction operation, Gaussian T2-FV ¢ is transformed into three R-FVs Eops Epe and &
Generally, the impartial reduction &, is widely-used for type reduction process (Liu and Liu, 2010; Men et al., 2022a; Qin et al., 2011).
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Fig. C. 1. Probability Distribution Functions of Three Reductions.
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D. Proof of Defuzzification Process.
After type reduction, the generalized credibility measure (Kundu et al., 2019; Li, 2013; Qin et al., 2011) is adopted to convert the R-FV to its

equivalent deterministic form. Suppose that ¢ is the impartial reduction of a Gaussian T2—FVE ~ NI ( u,0%;0,,0,), the generalized credibility measure of
a fuzzy event {¢ < -} can be defined as follows:

~ 1
cr{i¢<,}= ) (Supxemﬂg(x) + Sup, . pe(x) — Sup,, piz(x) ) (d.1)

where - is deterministic variable. If Cr{£ > »} + Cr{¢{ <} = Sup,cqu:(x) = 1, then ¢ is denoted as a normalized R-FV (Qin et al., 2011). Given the
pre-defined credibility level ¢ € (0,0.5], we have:

~ 1 1
Ccr{iE<s} = 2 (1 + Suprngﬂé(x) -1 ) = ES”PXS,.M(X) (D.2)

E‘r{f < s} > p=>Sup, p(x) > 2¢ (D.3)
Following the definition of a-optimistic value (Liu and Liu, 2010; Qin et al., 2011), the a-optimistic value of £ can be calculated as follows:
En(@) = inf{/~|6r{£ <s}>a }v ae(0, 1] (D.4)

Suppose that a = 2¢, we have:
&in(20) < - (D.5)

If ¢e(0,0.25], 29 < 0.5, &.:(2¢) is the solution of L)% — 24 If e(0.25,0.5], 29 > 0.5, &,+(2¢) is the solution of L0-%C — 5/, The analytical

1+20,G 1+26,—26,G
solutions are stated as follows:

u—o0+/2In(1+ (1 —4¢)8,) —2In2¢,if @e(0,0.25)
Sine(200) = . (D.6)
u—06+/2In(1 + (49 — 1)0,) — 2In(2p + (49 — 1)6,) ,if 9€(0.25,0.5)

Given the pre-defined credibility level ¢ € (0.5, 1], we have:
1

Cre<oh =3 (141 Sup () = 1~ 3up,_ i) ®.7)

CriE <s} > g=Sup,p-(x) > 2 —2¢ (D.8)

Suppose that a = 2 — 2¢, we have:

En(2 —20) <~ (D.9)
If  e(0.5,0.75], 2—2¢ > 0.5, &,:(2 —2¢) is the solution of {500 — 2 — 2¢. If e(0.75,1], 2—2a < 0.5, &,:(2—2¢) is the solution of gljjéjg =
2 — 2¢. The analytical solutions are stated as follows:
Snr(2—2¢) =
{ﬂ +06+/2In(1 + (3 —4¢9)0,) — 2In2(1 — @) + (3 — 49)0,,if e(0.5,0.75) (D.10)
i~+0y/2In(1+ (4p — 3)6, ) — 2In2(1 — @) ,if 9e(0.75,1)
To sum up, Cr{& <} > ¢ is equivalent to:
i —o0+/2In(1 + (1 —4¢)0,) —2In2¢ < if e(0,0.25)
u—0+/2In(1 + (49 — 1)0,) —2In(2p + (4p — 1)60,) < if ¢€(0.25,0.5) .11

H+0y/2In(1+ (3 —4¢)0;) —2In2(1 — @) + (3 — 4¢)0;,if 9e(0.5,0.75)
i+ 0+/2In(1 + (49 — 3)0, ) — 2In2(1 — ) ,if @e(0.75,1)

The theoretical proof is complete.

E. Seismic Damage Estimation.

The proposed hybrid deep belief network-based label distribution learning system (Men et al., 2023a) is used to analyze the seismic damage state
probability distribution of the 5000 m? fixed roof SCT under different seismic intensities (Peak Ground Acceleration). As shown in Fig. E. 1, seismic
damage state probability curves were calculated for filling rates of 90%. The curves allow quantifying the likelihood of tank damage states under
different seismic intensities. The damage state with highest probability is denoted as the dominant state of seismic damage. With the increase of Peak
Ground Acceleration, the dominant state of seismic damage changes dynamically, exhibiting a clear trend of becoming more severe. In practical
applications, this previous work (Men et al., 2023a) can provide preliminary analysis for earthquake-fire coupling fragility analysis.
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Seismic Damage Estimation (90% Filling Rate)
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Fig. E. 1. Damage State Probability Distribution of the 5000 m® fixed roof SCT.

Table. A. 1
Notations for Fuzzy Possibility Theory.
Notations Definitions
r A non-empty set containing generic elements y € I’
14 Generic elements of I
oA A complete union of subsets of I"
Pos Possibility measure
(I, </, Pos) Possibility space
Nec Necessity measure
Cr Credibility measure
& Fuzzy vector, a m-dimension measurable map & : I'—»R™
it A m-dimension real number space
He (%) The probability distribution function of regular fuzzy variable &
Pos Fuzzy possibility measure
(I, </, Pos) Fuzzy probability space
E Type 2 fuzzy vector
PE(X) Secondary probability distribution function of type 2 fuzzy variable &
Jx The primary membership of x
@ Pre-defined credibility level
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