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ARTICLE INFO ABSTRACT

Keywords: The domino effect in chemical industrial parks represents a complex phenomenon where accidents such as leaks,
Domino effect fires, and explosions can occur either simultaneously or in sequence. The progression of domino accidents is
Uncertainty

highly uncertain, making it difficult to anticipate the spatial-temporal development of such accidents. This paper
presents a model that aims to forecast the evolution of domino effects by considering the critical thermal dose
and utilizing the Probit model to assess the escalation of incidents caused by thermal radiation and overpressure.
To tackle the complexities associated with multiple installations, high order, and various accident types in
modeling domino effect accidents, the model incorporates Monte Carlo simulation methods. The model vali-
dation and case studies have demonstrated the effectiveness of this approach in simulating the progression of
domino accidents initiated by a range of primary accidents. This approach enables the prediction of potential
accident chains and the dynamic failure probability of hazardous installations, including the identification of the
initial installation likely to fail. The insights gained from this research offer guidance for the prevention and

Monte Carlo method
Spatial-temporal evolution

mitigation of the domino effect in chemical accidents.

1. Introduction

In chemical industry parks, hazards such as leakage, fire, and ex-
plosion arising from loss of containment (LOC) may occur due to various
reasons [1]. In the chemical industry, the interconnected nature of in-
stallations has made process safety management a critical concern [2,3].
The potential for a fire or explosion to cause damage to nearby facilities,
leading to a chain reaction of escalating events, is commonly referred to
as the ’domino effect’. These accidents, while rare, can have significant
and unpredictable consequences [4-7].

Typical domino accidents, such as Buncefield oil depot explosion in
the UK in 2005, the Caribbean Petroleum Corporation fire and explosion
in Puerto Rico in 2009, and the Intercontinental Terminal Company
Deer Park fire in the USA in 2009, highlight the temporal and spatial
propagation characteristics of the domino effect, particularly in sce-
narios involving storage tanks storing hazardous materials in close
proximity [8-12].

The complexity and uncertainty of domino accidents underscore the
critical need for accident forecasting and risk assessment in the chemical
process industry [13,14]. Researchers have identified two main sources
of uncertainty in predicting domino effects: parameter uncertainty
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related to accident scenarios and escalation probabilities, and model
uncertainty related to event sequence modeling [13]. The evolution of a
domino accident can be further complicated by the occurrence of mul-
tiple primary accident scenarios and the superposition of multiple
physical effects on a target installation [15,16].

Various modeling approaches have been used to study the uncer-
tainty of the domino effect including threshold modeling for identifying
potentially damaged installations. However, threshold model cannot
quantitatively determine the probability of domino effect [5]. The Probit
model obtained by fitting probabilistic analysis methods based on sta-
tistical analysis is widely used to quantitatively assess the calculation of
industrial risk from domino accidents, particularly those involving
thermal radiation and overpressure [17,18]. The Probit model combines
the damage probability with time to failure (TTF). Thus, the probit
model overcomes the limitations presented by threshold-based
approach. Recently, Marroni et al. [19] developed fragility models for
improvised explosives, firearms and incendiary weapons, expanding the
applications of probabilistic modelling.

Dynamic modeling techniques, such as dynamic Bayesian network
approach [4,13,20,21], dynamic graph approach [10,22,23], Petri-net
[24-26], copula theory [3,27] agent-based modeling approach
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Fig. 1. State transition and escalation vectors.

[28-32], Monte Carlo simulation [1,6,33-36] and Markov chain [37] are
common tools used in process reliability analysis [38]. While graphical
methods can simplify the modeling of higher-order domino effects, they
may face limitations in complex industrial systems [14]. For instance,
the application can become challenging when using Bayesian methods
to model multiple installations due to the voluminous conditional
probability tables involved. Suppose the uncertainty in hazard evolution
is taken into consideration, the graph’s structure will become more
complex and even require the establishment of multiple graphs to
represent multiple accident chains [39]. Alternative approaches
focusing on states and state transition rules for basic units, such as
agent-based modeling approach, Monte Carlo simulation, offer addi-
tional tools for addressing uncertainties in hazard evolution and
assessing the safety risks of process systems. Despite the time-consuming
nature of some modeling methods, such as Monte Carlo simulation,
these approaches are valuable for reducing the complexities of mathe-
matical calculations and improving the understanding of domino acci-
dents in the chemical industry [31]. Subsequent research has further
expanded the applicability and flexibility of Monte Carlo simulation in
addressing the uncertainty, complexity, and time-dependency associ-
ated with domino effects [6,33,35]. When modeling domino evolution
for complex systems with numerous of installations, the advantages of
Monte Carlo methods over graph methods become more evident.

Computational Fluid Dynamics (CFD) and Finite Element Analysis
(FEA) have been utilized in modeling domino effects due to their ability to
simulate physical effects effectively. Initially, researchers used CFD to
predict the thermal radiation distribution on the target tank surface, then
combined with the Probit model to assess the likelihood of secondary ac-
cidents [40]. Additionally, thermal radiation was used as the heat load in
FEA to analyze the thermal response process, simulate temperature and
stress distribution on the tank surface, and determine the tank’s failure
time [41-43]. While coupling CFD and FEA modeling can provide more
accurate results on physical effects and aid in vulnerability assessment, it is
complex, time-consuming, and expensive [39]. To address time con-
straints, some researchers have developed analytical functions based on
FEA or simulation results to predict failure time, and fire scenarios [5,
44-47]. These results have also been used to develop machine
learning-based methods for dynamic domino effect assessment. For
instance, random forest and neural network models have been employed to
predict yield strength during fire exposure and quantify the TTF of atmo-
spheric storage tanks [9,48]. However, current research methods still have
limitations in practical application when dealing with the time-dependency
and multifaceted interactions of higher-order domino effects.
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When modeling the evolution process of the domino effect using
Bayesian or Monte Carlo methods, relying on the basic Probit model may
underestimate the associated risk, especially when considering thermal
radiation below the escalation threshold for tank shell strength. To
address these limitations, the concept of "thermal dose" has emerged as a
rapid alternative for higher-order domino effects with variable radiation
sources. Recent studies have introduced the concept of "critical thermal
dose" to evaluate the failure time of target installations exposed to
multiple fires [26,49-51] and to assess the probability of domino effects
[52]. However, current research primarily focuses on the evolution of
domino effects related to single accident types, neglecting the combined
effects of thermal radiation and overpressure that may occur simulta-
neously. This increases the likelihood of a sequential failure and the
simultaneous presence of multiple physical effects, thereby increasing
the uncertainty in predicting the probability and evolution path of
domino accidents [5,7,16,49,53,54].

In conclusion, there is a need for a comprehensive and practical ac-
cident evolution model for multi-devices and high-order domino sce-
narios, considering the uncertainty of dynamic evolution processes of
multiple hazardous types. This study uses critical thermal dose as the
failure criterion for tanks exposed to fire and employs the Monte Carlo
simulation method to establish a spatial-temporal evolution model of
domino effect. This improvement helps to overcome the underestima-
tion of thermal radiation’s ability to cause domino effects in traditional
methods. It provides more detailed insights into the evolution of domino
effects, focusing on the higher-order evolution of multiple accident
types. This aims to enhance safety and emergency management in
complex chemical industrial environments.

This paper is organized as follows. In Section 2, the accident esca-
lation rules during the evolution of the domino effect are analyzed.
Section 3 demonstrates the computational logic of the model, especially
how to use the Monte Carlo method to deal with the uncertainty of
ignition and the evolution of different hazards. In Section 4, the reli-
ability and accuracy of the model through the Buncefield accident is
verified. In Section 5, a case study is demonstrated to show the appli-
cation of the developed model. Section 6 concludes the study.

2. Evolutionary rules of domino effect
2.1. Accident state

As outlined in the event trees presented by Vilchez et al. [55], haz-
ardous installations in chemical industry parks may be in the state of
safe, release (RE), pool fire (PF), vapor cloud explosion (VCE), and flash
fire (FF) during the accident evolution. The different states involved in
this evolution and the physical effects that trigger these transitions can
be observed in Fig. 1. In this figure, dotted lines indicate state transition
between nodes, and solid lines represent physical effects caused by one
node on other nodes. Events ¢, — ¢, are identified as the triggers for
these state transitions.

Installations exposed to PF or VCE may transit from safe state to failed
state, and LOC is widely recognized as the most frequent initiating event in
the accident sequence (¢, ). In the domino effect triggered by fires, there is
typically a time-lapse occurs between the start of primary and secondary
events, whereas for other escalation vectors like overpressure, the sec-
ondary scenarios occur almost simultaneously with the primary event
[56]. After analyzing over 100 domino accidents, Cozzani [57] pointed out
that FF normally did not cause domino escalation, because the limited
duration of FF reduces its escalation effect [58]. PF will occur if the
released materials are immediately ignited (¢,). If delayed ignition occurs,
it may lead to VCE (¢3) or FF (¢,). After FF, the state immediately changes
to PF (gs). After the fuel is burnt out or a VCE occurs, the state changes to
extinguished (¢g, ¢;) [1,8,35,59]. Ignitions caused by different ignition
sources are considered as independent events. The Purple Book [59] and
BEVI Reference Manual [60] provide information on the direct ignition
probability (P;) for various released substances. In the evolution of the
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Fig. 2. Comparison of TTF in the literature with the results of Yang’s results (a.500m3, b.3000m> c.5000m3, d.10000m?).

domino effect, the direct ignition probability after failure due to thermal
radiation is P/l. In contrast, the failure resulting from overpressure causes
the instantaneous release of all contents with a direct ignition probability
of P;. Furthermore, the probability of a vapor cloud being ignited within
one minute is approximately 1 when there are many ignition sources
nearby [59]. The probability of VCE or FF caused by the delayed ignition is
P, and Ps, respectively. And the delayed ignition probability can be
determined through Eq. (1) [59,60].

e —wtg

Ps(tis) =1 — (€Y)
where, Pig(t) is the cumulative ignition probability caused by ignition
source IS within the time range between 0 and t. @ (s~ Y is the ignition
efficiency, which is related to the ignition characteristics. t;s (s) repre-
sents the time that ignition source IS is covered by the vapor cloud. To
determine t;s, the vapor cloud dispersion model can be adopted, as Eq.
(2) [61]:

p

(5) e (g

where R; is the radius of the area in which cloud might be ignited at time
t; cg is an empirical constant approximately equal to 1; V. is the volume

R; 2

flow rate of the flammable gas; p is the vapor density relative to air. This
dispersion model is suitable for low-wind conditions and neglects the
effects of obstacles on dispersion.

2.2. Determination of accident escalation

As mentioned above, the domino effect triggered by PF and VCE is
studied in this paper. Whether thermal radiation leads to the installation
failure is determined based on the critical thermal dose, and the Probit
model can be used to determine the damage probability of target in-
stallations due to overpressure.

For the analysis of fire-induced domino effects, Eqgs. (3) and (4) are
often used to estimate the TTF of target installations [57]:

Atmospheric installation : In(TTF)
=-1.128 xIn(Q)—2.667 x 10> x V+9.877
3

Pressurized installation : In(TTF) = —0.947 x In(Q) — 8.835 x V%32
4

where, Q (kW/m?) is the thermal radiation intensity, V (m?) is the
volume of the installation, and the unit of TTF is second.
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Fig. 3. Comparison of failure time of tanks in domino evolution process calculated by current model and Ding et al.

Table 1
Heat radiation intensity (kW/m?).
Tank j
T1 T2 T3 T4 T5
Tank i T1 - 20.3 20.3 12.3 6.7
T2 20.3 - 12.3 20.3 5.4
T3 15.6 9.0 - 15.6 15.6
T4 9.0 15.6 15.6 - 9.0
TS5 4.7 3.8 15.6 9.0 -

According to Egs. (3) and (4), the critical thermal dose (Dy,) that
causes the failure of installation is defined as follows [26,51]:

Dy = Q" x TTF 5)

where, « is a constant. The critical thermal dose is determined using Eqs.
(6) and (7):

Atmospheric vessels : Dy, = Q"'* x TTF = e (2667 X107 V-0877) ()

Pressurized vessels : Dy = Q*9¥ x TTF — e~ (8835 xv°%%) @

When analyzing the domino effect, the volume of the target instal-
lation is constant. Thus, Dy, can be regarded as a constant, representing a
threshold for the failure of the target installation due to the accumula-
tion of heat.

In Zhou’s study, the accuracy of Eqgs. (6) and (7) was not validated.
Yang et al. [46] determined the TTFs of atmospheric tanks exposed to
fire using FEA. In this paper, Yang’s findings are used to validate Eqs. (6)
and (7). As illustrated in Fig. 2, the results obtained by applying the
equations closely match the verification results when the tanks are
subjected to varying levels of thermal radiation, with nearly all results
showing an error margin of less than 15%.

Fig. 3 illustrates a comparison of the accident escalation sequence and
time under different primary scenarios calculated using Eq. (5) to Eq. (7)
with the research conducted by Ding et al. [S0] when considering the
accumulation of thermal dose. In this comparison, six primary accident
scenarios are simulated: primary PF occur on tanks T1-T5, and simulta-
neous PFs occur on T1 and T5. It is evident that the domino accident

sequence and the individual tank failure times derived from Eq. (5) to Eq.
(7) are consistent with the published results, with a maximum deviation of
3.4%. In this case, atmospheric tanks T1-T5 have volumes of 500m>, 200
m®, 500 m>, 200 m®, and 200 m® respectively. Table 1 lists heat radiation
intensity released by tank i on tank j.

Cozzani [58,62] provided a summary of Probit models and explosion
overpressure threshold Py for each category of installation (atmo-
spheric, pressurized, elongated and small). This study utilizes these
specific Probit models to assess the probability of damage to in-
stallations resulting from overpressure. Generally, the Probit model can
be expressed as Egs. (8)- (11):

Atmospheric vessels : Y = —18.94 + 2.44In(AP) ®
Pressurized vessels : Y = —42.44 + 4.33In(AP) (©)]
Elongated equipment : Y = —28.07 + 3.16In(AP) (10)
Small equipment : Y = —17.79 + 2.18In(AP) an

where, Y is the Probit value; a and b are coefficients; and AP(kPa) is the
is the peak overpressure. After Y is obtained, the escalation probability P
can be calculated using the cumulative standard normal distribution, as
shown in Eq. (12):

2
2 du

1 Y-5
P=—— - 12
m/ez 12)

3. Spatial-temporal evolution model of domino effect

The main modeling steps include collecting basic information,
setting parameters, slecting primary accidents, and analyzing the evo-
lution process and failure probability through matrix calculations
combined with Monte Carlo methods.
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Fig. 4. Flowchart of the algorithm for the spatial-temporal evolution model of domino effect (The blue and red lines represent different program processes).

3.1. Collecting basic information

The relevant information about the chemical industry will function
as the input of the model or serve as the foundation of parameter
calculation. The detailed information are as follows:

Plant Layout: This includes the position of installations and the dis-
tances between different installations.

Installation Data: This encompasses the type and size of the instal-
lation, as well as the characteristics and quantities of the hazardous
materials stored.

Environmental Parameters: The ambient temperature, humidity,
wind speed and wind direction at the time of the accident.

3.2. Calculating and setting parameters

Installations with the potential for domino effect escalation can be
considered as nodes [35,63]. The state of each node is closely related to
time factors, and at a point during the evolution process, the nodes may
be in one of six states: safety, release, PF, VCE, FF, and extinguished, as
analyzed in the Section 2.1. For a system with n installations, the states
of each node can be represented by the matrix S, a state matrix of 1 x nis
obtained as Eq. (13):

S=[s1 s Sn ] 13)

where s; represents the state of installation i, and the values are given by
Eq. (14):

safe state
Release state

PF state
VCE state

S = 14

0
1
2
3
4 FF state
5

Extinguished state

The thermal radiation values and explosion overpressure values be-
tween installations are converted to n x n dimensional matrices TRI and
SWO, given by Egs. (15) and (16):

0 qp Qin
O n
TRI — [¢PS1 [¢p} as)
0
qnl qn2 0
0 Psi2 Psin
0
SWO — ps21 ps2n (1 6)
0
psnl psn2 O

qij(kW/mz) represents the thermal radiation of installation i to
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Direct Delayed Delayed
ignition Ignition in t1 Ignition in t2
1 1 1
| | 1
Flammable 1 yes 1 |
liquid 1 } 1 Pool fire
release Py =0.065 I |
Py =0.7 I |
P{=0.2
! lyes 1 Explosion
no y I P, =0.4
— 1
Poetayed ignitions I Flash fire+(late) pool fire
P;=0.6
1
1 Explosion
no yes P,=0.4
Poetayeaignition.z Flash fire+(late) pool fire
P3=0.6
no
—

Fig. 6. Simplified event tree for flammable liquid and volatile leakage.

installation j (i € {1,2,-,n},j € {1,2,--,n}). Moreover, py; (kPa) rep-
resents the overpressure of installation i to installation j (i € {1,2,---,n},
je{1,2,---,n}).

Mathematical models and simulation software are usually used to
determine thermal radiation and explosion overpressure. The solid
flame model is often used to calculate the thermal radiation of PF, and
the commonly used overpressure estimation methods include the TNT
equivalent method and TNO Multi-Energy method [64]. Assael and
Kakosimos [65] provided a detailed introduction to the usage of math-
ematical models. Simulation software, such as PHAST and ALOHA, is
also used tosimulate the consequences of industrial accidents and pro-
vide for the analysis of combustion and explosion [66].

Meanwhile, according to Eqs. (5) and (6), the critical thermal dose of
the hazardous installations can be calculated to obtain the 1 x n

dimensional matrix Dth as shown in Eq. (17)

Dth = [ Dth; Dth, Dth, ] a7

In addition, Pth: 1 x n dimensional matrix, the element Pth; repre-
sents the threshold of explosion overpressure of installation i (i €
{1,2,---,n}) as shown in Eq. (18); For atmospheric vessels, the failure
threshold is 22 kPa, and for pressurized vessels, the failure threshold is
16 kPa. B: 1 x n dimensional matrix, the element B; represents the
duration after the fire of installation i (i € {1,2,---,n}) as shown in Eq.
19).

Pth = [ Pth, Pth, Pth, | 18)

B=[B;, B B, | 19
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Fig. 8. Schematic layout of the tanks.
Table 2
Parameters of each tank [35].
Tank Chemical Type Size (diameter x Volume
No. substance height) (m®)
T1 Benzene Atmospheric  18.2m x 12.59m 3000
T2 Benzene Atmospheric  18.2m x 12.59m 3000
T3 Toluene Atmospheric ~ 8.45 m x 8.92m 500
T4 Benzene Atmospheric 18.2m x 12.59m 3000
TS5 Benzene Atmospheric 18.2m x 12.59m 3000
T6 Toluene Atmospheric  8.45m x 8.92m 500
T7 Benzene Atmospheric 18.2m x 12.59m 3000
T8 Benzene Atmospheric 18.2m x 12.59m 3000

3.3. Modeling procedure

The detailed calculation flow of the spatial-temporal evolution
model of domino effect proposed in this study is shown in Fig. 4 and
explained as follows:
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3.3.1. Establishing initial conditions and initializing parameters

Set the primary accident scenario SO and input parameters TRI,
SWO, Dth, Pth, and B. Set temporary parameters Num_SA, Num_RE,
Num_PF, Num_VCE, and Num_EX with initial values 0, these parame-
ters are all Txn dimensional matrices used to calculate dynamic prob-
abilities. Monte Carlo simulation starts from m = 1, and the number of
iterations is M.

3.3.2. Conducting Monte Carlo simulations

At the beginning of each iteration, whether the variable 'm’ has
reached the value of "M’ is checked. If it has, this signifies the end of the
simulation. If not, the specific parameters are reset and a new iteration
starts. The parameters that need to be reset include Da, which represents
the cumulative heat dose for each installation in the safe state; TD,which
represents the duration time of each installation in the PF state; Qotal,
which represents the thermal radiation intensity received of each
installation; Time, which is used to record the escalation time of each
installation; Rank, which is used to record the escalation order of each
installation. All of these are 1xn dimensional matrices with initial
values of 0. The state of installations is equal to the initial value, namely
S =S0.

3.3.3. Updating the states of installations

Firstly, whether the installations of leaking state have been ignited is
assessed. For domino effects triggered by overpressure, failure time is
ignored since the failure caused by overpressure is almost instantaneous.
Therefore, the escalation of the domino effect caused by VCE should be
prioritized. The specific explanation of this process is as follows:

(1) Updating state transitions by direct ignition

At the initial time (t = 0), if there is an installation i at leaking state
(denoted as S(i)=1), random sampling is performed based on uniform
distribution [0,1] (The random sampling processes applied below are all
based on a uniform distribution of [0,1]). If the sampling result falls into
the [0, P;], installation i is immediately ignited, its state transfer to PF,
and S (i)=2. Otherwise, the installation is not be ignited immediately.

(2) Updating state transitions by delayed ignition

For time steps where t # 0, if installation i remains at leaking state
(denoted as S(i)=1), whether installation i has been delayed ignited is
determined. According to Eq. (1), the ignition probability caused by the
ignition source IS within time t can be determined as shown in Eq. (20).

PDelayed ignition,t = PIS(t) - PIS (t - At) (20)

Random sampling is performed, and if the result falls in
[0, Ppelayed ignition,t], the vapor cloud is ignited. In scenarios involving
multiple ignition sources, the vapor cloud is ignited if the sampling
result associated with any one ignition source falls in the ignition range.
This procedure is repeated until a delayed ignition occurs. Then, the
type of accident caused by ignition can be determined through the state
transition described in Section 2.1 and random sampling. If the sampling
result falls into the [0, P,], the escalation result will be a VCE and S(i)=
3; otherwise, the escalation result will be FF and S(i)=4.

(3) Updating the state of installations damaged by overpressure

Upon ignition, the installation state is updated according to the

Table 3

Critical thermal dose and pool fire duration of each tank.
Tank No. T1 T2 T3 T4 TS5 T6 T7 T8
Critical thermal dose 17,980 17,980 19,219 17,980 17,980 19,219 17,980 17,980
Burning duration (min) 500.7 333.9 66.4 500.7 333.9 44.3 500.7 333.9
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Table 4
Thermal radiation intensity (kW/m?) and explosion overpressure (kPa) between tanks [35].
TRI(kW/m?)/SWO(kPa) Tank j T1 T2 T3 T4 T5 T6 T7 T8
Tank i
T1 - 16.5/20.27 4.62/15.51 16.5/9.03 9.04/9.65 3.69/10.14 4.62/6.73 3.69/7.31
T2 16.5/9.03 - 16.5/20.27 9.05/7.03 16.5/9.03 9.05/9.65 3.69/6 4.62/6.72
T3 4.46/5.56 16.7/9.03 - 3.71/4.8 9.11/6.68 16.7/9.03 2.29/3.9 3.71/4.78
T4 16.5/20.27 9.04/41.85 3.69/31.3 - 16.5/20.27 4.62/15.51 16.5/9.03 9.04/9.65
T5 9.05/9.65 16.5/20.27 9.05/41.85 16.5/9.03 - 16.5/20.27 9.05/7.03 16.5/9.03
T6 3.71/5.65 9.11/9.31 16.7/20.82 4.64/5.6 16.7/9.1 - 3.71/4.84 9.11/6.73
T7 4.62/15.51 3.69/31.3 2.28/41.85 16.5/20.27 9.04/41.85 3.69/31.3 - 16.5/20.27
T8 3.69/10.14 4.62/15.51 3.69/31.3 9.05/9.65 16.5/20.27 9.05/41.85 16.5/9.03 -
} sampling. If the sampling result falls into [0, P;1, [P}, P, + (1 —
Time (min) , , , .
0 " 2 2 “ ” 0 P,) #P,], [P, + (1 — P}) +P,, 1], the upgrade result is PF, VCE, or FF,
10 ' ' ' T T ' respectively.
09 - —T1 . ere . .
—_ (5) Updating state transitions by extinguished
08 - T3
or L g For installation k that is at PF state at time t, if the combustion
—T6 duration exceeds the combustible time, i.e. TD (k) > B (k), then the
06 g state of installation k transfers to extinguished, otherwise it sustains the
z PF state, and TD (k) = TD(k)+ AT.
< 0.5
S
& oa - 3.3.4. Calculating dynamic domino probabilities
The escalation time and order are recorded. For each simulation step,
03 o — count the state of each installation at each time step, and after
02 | ™ - completing whole simulation, calculate the dynamic domino probability
e . .
— = VCE of each installation.
01 7 FF
0.0 4. Model validation
. T T T T T T T T T T T T T T T
T1 T2 T3 T4 TS5 Té6 T7 T8
Tank

Fig. 9. Dynamic failure probability and accident state of T1-T8 during the
evolution of domino effect.

previous accident state. If the state of installation h at the previous time
step is VCE (denoted as S(h)=3), whether the VCE will cause an esca-
lation of the tank j at safe state is judged. If SWO(h, j) > Pth(j), the
escalation probability P is determined according to Eqgs. (8)-(12), fol-
lowed by random sampling. If the sampling result falls into the [0, P],
the installation j will fail. Otherwise, it will remain at safe state. Simi-
larly, the state of installation j after failure is determined based on the
event tree and random sampling. If the sampling result falls into [0, P; ],
[P}, Pi+ (1 — P}) # Pl or [P, + (1 — P;) * P2, 1], the escalation results
are PF, VCE, or FF, respectively. Subsequently, the state of tank h
changes to extinguished, which means S(h)=5.

(4) Updating the state of installations damaged by thermal radiation

For the installation j that remains at safe state at time t, the thermal
radiation intensity received by installation j at the current time step is
firstly calculated and then the accumulated thermal dose is updated.
Considering the synergistic effect of multiple fires, the thermal radiation
intensity received by installation j can be determined by Eq. (21).

Q)= >,

3:8()=0 and j#i

TRI(k,i) when S(k) = 2 (21)

The cumulative thermal radiation dose is updated according to Eq.
(22).
Da(j) = Da(j) + Q(j)" x At (22)

If the cumulative thermal radiation dose of installation j exceeds the
critical value, that is, Da (j) > Dth (j), failure occurs. The type of acci-
dent after failure is also determined based on the event tree and random

In the early morning of Sunday, 11 December 2005, a series of ex-
plosions and fires destroyed most of the Buncefield Oil Storage and
Transfer Depot [67]. This is one of the worst industrial accidents in UK
history, which can be used as a suitable case to validate the
spatial-temporal evolution model of domino effect.

The accident was caused by overfilling of a large storage tank,
resulting in an LOC. After more than 40 min of leakage, a large-scale
VCE occurred, followed by a fire involving 23 storage tanks in
different bunds. Eyewitness accounts testify that several minor explo-
sions occurred within half an hour of the first explosion, and there is
evidence suggesting that the emergency generator and the pump were
the most likely ignition sources [67]. The layout of the Buncefield oil
depot is shown in Fig. 5, showing the 35 storage tanks that have already
been assigned numbers. The diameter and spacing of the tanks can be
determined from the scale provided, enabling the calculation of the
tanks’ parameters based on standard tank dimensions. Tank T2 is where
the oil spill took place, with IS1 and IS2 identified as the ignition
sources. The hazardous substance involved in the incident was primarily
gasoline, a highly flammable and volatile liquid. Fig. 6 illustrates the
event tree for the leakage of flammable and volatile liquid materials [59,
60,68]. According to Chen et al. [15], the primary ignition probabilities
of the two ignition sources are considered 0.1/min (with ‘good’ ignition
controls), resulting in a parameter of w equal to 0.0018 in Eq. (1). IS1 is
active after t = 1.5 min, while IS2 is active at t = 5 min.

For the model validation, 35 storage tanks are firstly identified as the
main hazardous installations, and T2 leakage due to LOC is set as the
primary accident scenario. Thermal radiation and overpressure are
determined according to the method described by Assael and Kakosimos
[65]. Fig. 7 illustrates the failure probability of tank T1-T35 and the
probabilities of failure state for tanks at t = 45 min. It is clear that over
time, the failure probability of tanks continues to rise. Tanks T1-T24 are
particularly at risk of failure due to the domino effect before t = 45 min,
with their failure probabilities exceeding 0.9 [15]. The accident inves-
tigation report confirms damage to tanks T1-T25, except for T5 and T9,
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Fig. 10. Distribution of domino effect escalation time for different primary accident scenarios.

Table 5
Top 15 most likely accident chains given a primary PF at tank T5.

Probability ~ Accident chain

0.08511 T5(PF:0)—T2(PF:12.70),T4(PF:12.70),T8(PF:12.70)-T6(PF:13.03)—
T1(PF:14.55),T7(PF:14.55)—T3(PF:14.83)

0.02154 T5(PF:0)—T2(FF:12.70),T4(PF:12.70),T8(PF:12.70)->T6(PF:13.03)—
T1(PF:14.55),T7(PF:14.55)—>T3(PF:14.83)

0.02139 T5(PF:0)—-T2(PF:12.70),T4(PF:12.70),T8(PF:12.70)->T6(PF:13.03)—
T1(PF:14.55),T7(PF:14.55)—T3(FF:14.83)

0.02114 T5(PF:0)—T2(PF:12.70),T4(PF:12.70),T8(PF:12.70)->T6(PF:13.03)—
T1(FF:14.55),T7(PF:14.55)—>T3(PF:14.83)

0.02104 T5(PF:0)-T2(PF:12.70),T4(PF:12.70),T8(PF:12.70)—T6(PF:13.03)—
T1(PF:14.55),T7(FF:14.55)—>T3(PF:14.83)

0.02101 T5(PF:0)—T2(PF:12.70),T4(FF:12.70),T8(PF:12.70)»T6(PF:13.03)—
T1(PF:14.55),T7(PF:14.55)—T3(PF:14.83)

0.02054 T5(PF:0)—T2(PF:12.70),T4(PF:12.70),T8(PF:12.70)—T6(FF:13.03)—
T1(PF:14.55),T7(PF:14.55)—T3(PF:14.83)

0.02027 T5(PF:0)—T2(PF:12.70),T4(PF:12.70),T8(FF:12.70)>T6(PF:13.03)—~
T1(PF:14.55),T7(PF:14.55)—>T3(PF:14.83)

0.01451 T5(PF:0)—T2(PF:12.70),T4(PF:12.70),T8(PF:12.70)->T6
(VCE:13.03)-T1(PF:14.68),T7(PF:14.68)—T3(PF:15.71)

0.01425 T5(PF:0)-T2(PF:12.70),T4(PF:12.70),T8(PF:12.70)->T6(PF:13.03)—
T1(VCE:14.55),T7(PF:14.55)—>T3(PF:14.87)

0.01421 T5(PF:0)-T2(VCE:12.70),T4(PF:12.70),T8(PF:12.70)-T6
(PF:13.15)-T7(PF:14.72) »T1(PF:15.50)->T3(PF:16.02)

0.01324 T5(PF:0)-T2(PF:12.70),T4(PF:12.70),T8(PF:12.70)->T6(PF:13.03)—
T1(PF:14.55),T7(PF:14.55)—T3(VCE:14.83)

0.00727 T5(PF:0)—T2(PF:12.70),T4(PF:12.70),T8(PF:12.70)-T6(PF:13.03)—
T1(PF:14.55),T7(VCE:14.55)—T3(FF:14.55%)

0.00625 T5(PF:0)—T2(PF:12.70),T4(VCE:12.70),T8(PF:12.70)—»T3
(FF:12.70*)->T6(PF:12.95)—-T1(PF:15.20)»T7(PF:15.37)

0.00593 T5(PF:0)-T2(PF:12.70),T4(PF:12.70),T8(FF:12.70)-T6(PF:13.03)—

T1(PF:14.55),T7(FF:14.55)—-T3(PF:14.83)

which aligns closely with the simulation results. This alignment vali-
dates the accuracy of the proposed spatial-temporal evolution model of
the domino effect in this study.

5. Case study
5.1. Description of case

The model’s accuracy was validated through the Buncefield accident
case. However, it did not fully showcase the capabilities of the spatial-
temporal evolution model of domino effect. Therefore, this section
further demonstrates based on the cases provided by Cozzani and Sal-
zano [69], Khakzad et al. [70], and Huang et al. [35]. In this particular
scenario, the research area involves of eight atmospheric storage tanks
with fixed roofs and one ignition source, the layout is shown in Fig. 8.
Assuming the ignition efficiency of the ignition source is also 0.0018.
The information of the storage tanks are presented in Table 2. Benzene
and toluene are flammable volatile liquids.

To explore the spatial-temporal evolution of domino effect, RE, PF,
and VCE [71], are designated as primary accidents in this study. For the
scenario of significant RF in tanks, assume a leakage rate of 100 kg/s [1,
30]. According to the vapor cloud dispersion model in Eq. (2), after RFs
occur in tanks T1-T8, the ignition source is activate after 3.00 min, 2.07
min, 1.97 min, 2.07 min, 0.83 min, 0.67 min, 1.97 min and 0.83 min,
respectively. The critical thermal dose for each tank was determined
according to Eq. (5), and the outcomes are presented in Table 3. Addi-
tionally, the burning duration and physical effect intensity determined
by Huang et al. [35] using ALOHA software are listed in Tables 3 and 4.

5.2. Results and discussion

In this analysis, the primary accident installations (T1-T8) and the
primary accident types (RE, PF, and VCE) are considered random. Fig. 9
shows the dynamic failure probability of different tanks due to the
domino effect and the probability of each accident type. Under random
primary accident conditions, the probability trend of hazardous in-
stallations failure is similar. The period 10-20 min after the primary
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Fig. 11. Dynamic probability of tanks with the primary accident PF at T5.
domino effect triggered by overpressure occurs within a very short time
Table 6 after the explosion. The “*” in the upper right corner of the escalation

Top 15 most likely accident chains given a primary VCE at tank T7.

Probability ~ Accident chain

0.00747 T7(VCE:0)-T3(VCE:0%),T5(VCE:0*)

0.00546 T7(VCE:0)-T2(FF:0%),T3(FF:0*), T5(FF:0*),T6(FF:0*)—T1(PF:5.63),
T4(PF:5.63), T8(PF:5.63)

0.00542 T7(VCE:0)-T3(VCE:0%)

0.00465 T7(VCE:0)-T3(VCE:0*),T5(VCE:0*),T6(VCE:0*)

0.00443 T7(VCE:0)—T2(VCE:0*),T3(VCE:0*),T5(VCE:0%)

0.00412 T7(VCE:0)

0.00404 T7(VCE:0)—T2(FF:0%),T3(FF:0*),T5(FF:0*)->T6(PF:4.70)-T1
(PF:6.22) —»T4(PF:6.31) — T8(PF:6.80)

0.00371 T7(VCE:0)-T3(FF:0*), T5(FF:0*),T6(FF:0*)—T2(PF:4.40)->T8
(PF:6.30) - T4(PF:6.78) — T1(PF:7.45)

0.00368 T7(VCE:0)-T3(VCE:0*),T6(VCE:0*)

0.00362 T7(VCE:0)—-T2(FF:0*),T3(VCE:0*),T5(FF:0*),T6(FF:0*)—>T8(PF:6.42)
—T4(PF:6.43) — T1(PF:6.57)

0.0036 T7(VCE:0)—-T2(FF:0*),T3(FF:0*),T5(VCE:0*),T6(FF:0*)—T1(PF:8.00)
—T4(PF:9.87) — T8(PF:10.73)

0.0035 T7(VCE:0)-T2(VCE:0%),T3(FF:0*), T5(FF:0*),T6(FF:0*)—>T8
(PF:6.63) —T4(PF:7.60) — T1(PF:9.33)

0.00339 T7(VCE:0)—-T2(FF:0*),T3(FF:0*),T5(FF:0*),T6(VCE:0*)—>T1(PF:6.43)
—T4(PF:6.57) — T8(PF:7.47)

0.00332 T7(VCE:0)-T2(VCE:0*),T3(VCE:0*)

0.00314 T7(VCE:0)—T2(VCE:0*),T3(VCE:0*),T5(VCE:0%*), T6(VCE:0%)

accidents is a frequent time for domino effect escalation. Fig. 10 shows
the distribution of domino effect escalation times under random primary
accidents and 24 single primary accidents. Obviously, due to the un-
certainty of ignition time, the domino escalation caused by RF as the
primary accident has greater uncertainty. When PF is the primary ac-
cident, the domino effect escalation times for each tank are more
concentrated. When T4 (PF), T4 (VCE), T5 (PF), and T7 (VCE) are the
primary accident scenarios, especially the latter two, the accidents
progress more rapidly, and tank failures are more concentrated, placing
greater pressure on emergency response. Therefore, it is crucial to pri-
oritize the allocation of safety resources towards T4, T5, and T7.
Emphasis should be placed on enhancing leakage surveillance for tanks
T5 and T7 to strengthen overall safety infrastructure.

Table 5 illustrates the 15 most likely accident sequences, including
their ranking and probability, under the assumption that a PF event at
tank T7 is the primary accident. Each accident chain details the
comprehensive spatial-temporal evolution of domino accidents,
including escalation time and accident type. It is assumed that the

10

time indicates this situation.

The most likely domino accident sequence initiated by a PF of tank
T5 wunfold as follows: T5(PF:0)-T2(PF:12.70),T4(PF:12.70),T8
(PF:12.70)->T6(PF:13.03)->T1(PF:14.55),T7(PF:14.55)->T3(PF:14.83).
The probability of this sequence is 0.08511. To provide a detailed insight
into the spatial-temporal evolution, the accident chain is analyzed: T5
(PF:0)-T2(PF:12.70),T4(VCE:12.70),T8(PF:12.70)>T3(FF:12.70*)—
T6(PF:12.95)-T1(PF:15.20)-T7(PF:15.37). At the initial time (t =
0 min), the primary PF occurs in tank T5. Following this event, the target
installations T1-T4 and T6-T8 are exposed to continuous thermal radi-
ation from tank T5. Among these tanks, the thermal dose accumulation
of tanks T2, T4 and T8 reaches its peak value initially at t = 12.70 min,
leading to the first failure. The VCE in T4 results in an overpressure of
31.3 kPa on tank T3, surpassing the threshold of 22 kPa, indicating
potential escalation. In this sequence, tank T3 fails due to explosion
overpressure, causing an FF event. After T4 is extinguished and T3
transforms into PF, the synergistic effect of T2, T3, T5, and T8 acceler-
ates the domino accident evolution. Ultimately, T6, T1, and T7 experi-
ence an escalation of the domino effect at t = 12.95 min, t = 15.20 min,
and t = 15.37 min, respectively.

Among the 15 most likely accident sequences outlined in Table 5, the
sequence of escalation in the majority of accident chains remains
consistent. The dynamic failure probability effectively showcases the
failure trend of each tank. In the domino scenario where the primary
accident involves PF at tank T5, the dynamic failure probabilities and
accident state probabilities of other tanks are shown in Fig. 11. The
approximate time for each tank to experience an accident can be ob-
tained from the accident chain or dynamic probability diagrams. For
example, tank T3 primarily occurs domino escalation at two pivotal time
points or periods: t = 12.70 min and t = 14.83 min. The results further
indicate the sequence of domino propagation is roughly from T2, T4, T8,
T6, T1, T7 to T3, which aligns with the proximity to the primary acci-
dent tank. Closer tanks receive stronger thermal radiation, contributing
to this order. Therefore, in emergency response planning, besides
addressing the fire in T5, priority should be given to allocating emer-
gency resources to T2, T4, and T8. This allocation strategy can effec-
tively mitigate the heat accumulation in T2, T4 and T8, thus, controlling
the spread of the domino effect.

If a VCE occurs at tank T7 as the primary accident, the spatial-
temporal evolution of the domino effect becomes more complex. As
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Fig. 12. Dynamic probability of tanks with the primary accident VCE at T7.

shown in Table 6, it outlines the 15 most likely accident sequences and
their probabilities under this primary accident scenario. The most likely
sequence observed is T7(VCE:0) —»T3(VCE:0%), T5(VCE:0*). Alongside
the most likely accident chain, which only includes first-order domino
effects, there are sequences that involving higher-order domino effects.
For instance, T7(VCE:0)—-T2(FF:0*),T3(FF:0*), T5(FF:0*),T6(FF:0*)—
T1(PF:5.63),T4(PF:5.63), T8(PF:5.63) or T7(VCE:0)-T2(FF:0%),T3
(FF:0%),T5(FF:0*)->T6(PF:4.70)->T1(PF:6.22)->T4 (PF:6.31)->T8
(PF:6.80). Between the 10th to 13th accident chains, the sequential
evolution of the domino effect remains constant, but the escalation time
is quite different. These case scenarios show that the domino effect
triggered by a VCE present more complexity compared with that
induced by a PF.

Fig. 12 present tank failure and dynamic state probabilities. When
comparing Fig. 11, it’s apparent that the evolution of domino effect
becomes substantially more complex and rapid with a VCE as the initi-
ating accident. The diffusion of vapor cloud is influenced by wind di-
rection and speed, the approximate evolution sequence of the domino
effect is T3, T5, T2, T6, T4, T8, and T1. The tanks located downwind will
fail at an easier stage in this sequence.

Primary scenarios involving multiple installations cannot be over-
looked compared to scenarios where only one installation is damaged,
which are likely to occur in extreme natural disasters or terrorist attacks
[22,35,63]. The fire and explosion accidents caused by hurricane Har-
vey and the Great East Japan earthquake have emphasized that multiple
primary accidents must be addressed as a major concern.

The appendix provides the time distribution of domino effect esca-
lation in hazardous installations under multiple primary accident sce-
narios. The synergistic effect of multiple accidents significantly
increases the destructive power of primary accidents. When multiple PFs
are used as primary accident scenarios, the intensity of thermal radiation
received by the target tank is increased, which advances the time for
reaching the critical thermal dose and causing domino escalation. Ac-
cording to the escalation time distribution, the domino effect scenarios
caused by the multiple primary accident scenarios including VCE are
still more complicated. Among them, the evolution process of the
domino effect is faster in the scenarios of T7(VCE)+T4(VCE), T7(VCE)+
T5(PF), T7(VCE)+T6(PF), T7(VCE)+T8(PF) and T7(VCE)+T8(VCE).

Fig. 13 shows the dynamic failure probability of different target in-
stallations under these primary accident scenarios. Compared to a single
primary accident, multiple primary accidents accelerate the evolution of
the domino effect, requiring quicker emergency response times and
more emergency supplies. The exception is if a VCE is the primary
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accident. If the explosion overpressure on surrounding hazardous in-
stallations does not cause the domino effect to escalate, this situation
will slow down the evolution of the domino effect. For example, in
Fig. 13, when T5 (PF) + T2 (VCE) is the primary accident scenario, T2
(VCE) will not cause a domino effect. In this case, the domino escalation
time of T1 and T3 may be slower than that of T5 (PF) as the primary
accident scenario.

To further compare the influence of PF or VCE as the primary acci-
dent on the evolution of the domino effect, five additional primary ac-
cident scenarios are added to the existing settings of T5(PF), T7(VCE),
and T7(VCE)+T5(PF). These scenarios are T5(VCE), T7(PF), T5(PF)+T7
(PF), T5(VCE)+T7(VCE), and T5(VCE)+T7(PF). This allows for a
comparative analysis of the accident types in the domino evolution
process. Fig. 14 illustrates the probability of PF, VCE, and FF occurring
in the other six tanks across these eight primary accident conditions.
Comparisons indicate that when T5(PF), T7(PF) or T5(PF)+T7(PF) are
set as the primary accidents, there is little variation in the probability of
the three types of accidents (PF, VCE, FF) occurring in the other six
tanks. This aligns with the accident tree, where the highest probability of
a domino escalation induced by thermal radiation is either PF or FF.
Additionally, FF can transfer to PF, leading further escalations due to
thermal radiation. In contrast, when primary accidents involve VCE, the
probabilities of PF, VCE, and FF in the other six tanks display significant
differences. This is tied to whether the overpressure from tank T5 and T7
explosions exceeds the escalation threshold on the other six storage
tanks. It also signifies that the VCE as a primary accident enhance the
complexity of accident chains, which is consistent with the previous
analysis. Comparing single primary accident scenarios with multiple
primary accident scenarios, it is evident that under multiple primary
accident conditions, the discrepancy in PF, VCE, and FF in the other six
tanks after the failure due to the domino effect is more significant. This
indicates that multiple accidents amplify the complexity of the domino
accidents. In conclusion, multiple primary accident scenarios present
greater challenges for the emergency response to domino accidents.

6. Conclusions

The domino effect is a significant concern in chemical industry risk
assessments, characterized by spatial-temporal complexity and uncer-
tainty in the accident evolution process. In this work, a new spatial-
temporal evolution of domino effects has been proposed to simulate
the sequence of domino accidents and calculate the corresponding
probabilities. This study introduces the concept of critical thermal dose
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Fig. 13. Failure probability of tanks under different primary accidents.

as a failure criterion for storage tanks exposed to fire accidents and
combines it with the Probit model to enhance assessments of domino
escalation. Comparison of the failure times calculated by the critical
thermal dose method with the results of FEA showed an error within
15%, and the error for further comparison of the evolution process did
not exceed 3.4%. The accuracy of the critical thermal dose method is
validated.
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A Monte Carlo-based modeling approach enhances the applicability
of spatial-temporal evolution model for high order, multi-accident type
domino accidents, and the effectiveness of this model is verified by ac-
cident cases. The case study demonstrates that the proposed model can
characterize the state transition of multiple accident types in the spatial-
temporal dimension and overcome the limitations of probabilistic
modeling at a high order of propagation. The accident chains, evolution
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Fig. 14. Probability of domino escalation to PF, VCE, FF (From the inside out, the primary accidents are (T5(PF), T7(PF), T5(VCE), T7(VCE), T5(PF)+T7(PF), T5

(VCE)+T7(VCE), T5(PF)+T7(VCE) and T5(VCE)+T7(PF)).

times and dynamic failure probabilities of hazardous installations ob-
tained based on this evolutionary modeling aid in risk assessment and
the creation of targeted prevention strategies. Analysis indicates that
emergency resources should be prioritized and allocated to T4, T5 and
T7 to mitigate the severity of the subsequent domino effect. Addition-
ally, the evolution of domino accidents resulting from the primary ac-
cident at the explosion is more complex and the domino effect caused by
multiple primary accidents cannot be disregarded.

In summary, the study’s advancements significantly enhance the
accuracy of risk assessment and contribute to the development of more
effective measures for preventing and mitigating chemical process ac-
cidents, offering a deeper insight into the domino effect’s dynamics. One
challenge remains in managing the vast array of potential accident
chains generated by the model. Establishing criteria for selecting the
most probable and severe sequences is essential for practical
application.
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Appendix A. Distribution of domino effect escalation time under
multiple primary accident scenarios
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