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Abstract: With the increase in industrial accidents induced by natural disasters, the study of
earthquake risk assessment has been widely considered by scholars. However, the cascade
evolution of Natech (natural-technological) disasters has not been thoroughly studied, especially in
chemical parks with complex technological processes. From the perspective of scenario deduction,
combined with cross-impact analysis and a damping interpretation structural model, this paper
analyzes the evolution process of cascade disaster in a chemical industrial park after the Wenchuan
earthquake. At the same time, a visual network risk assessment model is constructed to identify the
impact of earthquake cascade disasters on the park. The simulation results show that the scenario-
driven risk assessment method proposed in this paper can directly reflect the coupling relationship
and propagation path among the derived events and realize dynamic, intuitive and structured
disaster expression to deal with the earthquake Natech (natural-technological) disaster scenario
effectively and quickly.

Keywords: earthquake; cascading disasters; cross-impact analysis (CIA) model; damping
interpretation structural model (DISM)

1. Introduction

An earthquake has the characteristics of low probability of occurrence in time, being
one of the most unpredictable, lethal and devastating disasters from an economic and
social standpoint [1]. Chemical parks are high-risk areas with a high concentration of
flammable, explosive and poisonous substances [2]. Once a strong earthquake occurs, it
will concern the safety of industrial facilities and personnel. For instance, A 7.8-magnitude
earthquake struck Tangshan, China, in 1976, causing seven gas leaks and poisoning 21
people, three of whom died. On 14 November 2011, the Tohoku great earthquake broke
out. The tsunami triggered by the earthquake caused the cooling system of the Fukushima
nuclear power plant unit to fail, and then the core unit exploded. A large number of
radioactive substances spread to the surrounding areas, seriously polluting the local
environment and causing residents to suffer from radiation [3].

These cases show that earthquakes can easily cause cascading disasters. In addition
to building collapse and casualties after an earthquake, secondary derivative disasters are
usually triggered. These may cause explosions, leakage and diffusion of poisons and have
disastrous consequences. Dudley [4] used the authoritative definition of cascading
disasters published by Pescarolo and Alexander [5] to analyze the Morwell event. Anawat
[6] investigated the cascade of events caused by destructive tsunamis in Japan and
Indonesia. A cascade magnitude scale was applied to each tsunami event to identify and
classify causes, impacts and escalation points. Deborah [7] presented a comprehensive
conceptual model of cascading disasters to evaluate the effect of relationships at different
levels of society in the case of COVID-19. Qie [8] constructed the conceptual framework
of regional cascade disaster scenario analysis, proposed a method of generating an
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association network to describe the disaster area and established the dynamic evolution
model of cascade disaster. From the perspective of disaster dynamics, Arnaud [9] studied
the relationship between cascading disaster events through the Markov chain, matrix and
other methods to realize disaster inference.

Increasing attention has been paid to the importance of chemical industrial parks. In
1992, the U.S. industry introduced the process safety management of highly hazardous
chemicals with the assistance of the Occupational Health and Safety Administration.
Recognizing the potential cascade of threats triggered by devastating earthquakes, Meng
[10] proposed a general method for assessing the risk of loss of life due to the diffusion of
hazardous chemicals in the air triggered by earthquakes. Antonionic [11] analyzed the
secondary hazards of earthquakes, such as the leakage of dangerous substances and fire.
Cong [12] proposed the semi-quantitative process safety assessment method HZAOP
(Hazard and Operability, a systematic safety analysis method) optimized to evaluate
process safety in chemical enterprises. Misuri [13] considered that complex cascading
events might be caused by the interactions between natural hazards and technical facilities
that handle dangerous substances. Therefore, a framework for the comprehensive
assessment of Natech risks is proposed. Song’s [14] paper presents and analyzes a
dynamic semi-quantitative risk calculation model of a chemical plant, which can be
applied digitally to evaluate the risk of a chemical industrial park.

Risk prediction of disasters is one of the most effective ways to prevent accidents [15].
Early warnings can be applied to avoid accidents or reduce the risk of accidents in the
process industry. Risk assessment provides a preliminary and clear management outline
of risk scenarios [16]. Based on previous cases, disaster chain loss assessment can
effectively reduce the potential threats caused by chemical facilities in a chemical park
when a disaster occurs and improve the goal of emergency strategies and the
administrative management system. Ding [17] determined a risk management plan based
on the potential loss of the domino effect caused by a fire. Chen [18] took the fire and
explosion accident of Ruihai Dangerous Goods Warehouse in Tianjin City on 12 August
2015 as an example, applied two different modeling and evaluation methods to analyze it
and gave suggestions for improving the regulatory system and management of hazardous
chemicals and related industries. Yang [19] took the Zhengzhou Subway Waterlogging
incident on July 20 as an example to conduct scenario reasoning on the cascading disasters
of the subway system under extreme rainfall conditions to provide a reference for
preventing similar accidents.

The cascading phenomenon of natural or artificial disasters (or failures) means that
some disturbances create a series of secondary disasters, a domino worsening that can
eventually lead to unexpectedly significant losses [20]. Based on existing research, this
paper starts from the scenario-response perspective, fully considers the cross-influence
relationship between hazard factors and the emergence of system levels and combines the
cross-impact analysis (CIA) method and damping interpretation structural model (DISM)
method to construct a disaster evolution model which analyzes the evolution process of
cascading disaster scenarios when earthquakes occur. The visual analysis of vital
influencing factors is realized through a hierarchical-directed graph. This can help
decision-makers choose better strategies from a system perspective and provide a
scientific reference for emergency management and accident prevention.

This paper uses the CIA-DISM model to analyze the cascading disasters of a chemical
industry park around Wenchuan after the M = 8.0 Wenchuan Earthquake (31.0° N, 103.4°
E) on 12 May 2008. The article is arranged as follows. Section 2 outlines the theoretical
basis and methodology adapted to the study. Furthermore, we apply the CIA-DISM
method to an actual case by analyzing the model to obtain the critical factors of
earthquakes in the chemical industry park in Section 3. Section 4 discusses the innovations
and advantages of this paper. Lastly, Section 5 presents the conclusions and conveys a
possible improvement of the prediction of the model in the future.
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2. Materials and Methods
2.1. Scenario-Based Assessment Model Construction

Combining the existing problems of the chemical industry park when an earthquake
occurs, a damping interpretation structural risk analysis model is proposed,
comprehensively considering the attributes of people, equipment and the environment.
As a visual risk identification and analysis method, this model can clarify the complex
direct and indirect influence relationships between risk factors and provide a new idea for
the risk identification and analysis of disasters in chemical parks.

The essence of CIA-DISM is to convert a type of matrix containing negative numbers
into a Boolean matrix according to certain mathematical logic and then solve it. The core
principle of the damping structural model is to expand the relationship between the
elements from the domain [0-1] to [-1-1]. The model extends the relationship between the
elements. It is designed to solve complex coupling problems, especially secondary
disasters. For example, the good performance of earthquake relief is negatively correlated
with earthquake losses, so the relationship between them should be expressed as negative.
The scenario-based collaborative modeling process of CIA and DISM is shown as follows
in Figure 1.
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Figure 1. The process of CIA-DISM.

2.2. The Delphi Method Application Process

The application scope of the Delphi method is comprehensive, including emergency
nursing hospitals and the field of qualitative representation of urban resilience [21,22].
This paper applies this method to earthquake-related areas. We invited 10 experts in the
field of emergency management and experts engaged in front-line rescue to form an
expert group. We designed and implemented the Delphi method through the following
steps, as shown in Figure 2.
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Figure 2. The flowchart of the Delphi method.

(1) The organizers categorized events into initial conditions, dynamic events and
outcome events and asked for expert advice on estimating the relationship between
the three categories. Each expert independently made a quantitative estimate of the
impact that event i (E;) (i=1, 2, ..., 33) may have if event j (E;) (j=1, 2,...,33) occurs.
The specific quantification rules are shown in Table 1. To thoroughly study the
relationship between various events, the team estimated the 10 initial events, 19
dynamic events and 4 outcome events established in Section 3.1 in the way shown in
Figure 3. A total of 648 causal relationship estimates could be made, and the results
formed a matrix. An initial probability of 0.5 was assumed for the occurrence of each
event [1].

10*4

19*18

Initial Conditions 10*19 Dynamic Events 19*4 Outcome Events
(10) (19) )

Figure 3. Influence diagram with the number of events and the number of estimates needed.

Table 1. Score table.

Number Explanation
0.9-1 Significant impact
0.7-0.9 Obvious impact
0.5-0.7 Great impact
0.3-0.5 A certain impact
0.1-0.3 Slight impact
0 No impact

(2) The Delphi method is a cyclical process. It should finish with a consensus estimate
about the direction and degree of the impact. It is considered to have reached an
agreement when no less than two-thirds of the estimated values for a single
interaction are in one of these four intervals: between 0.01 and 0.3, between 0.2 and
0.5, between 0.5 and 0.8 or between 0.7 and 0.99.

(3) Once there was an agreement on the direction and degree of the relationship between
any two events, the arithmetic mean of the estimates was used as the final estimated
value. The estimation matrix can serve as the input for the cross-impact process. The
cells in the matrix are the impact estimations R;; (representing the impact that the
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occurrence of E; may have on the event of E;), and the diagonal cells are the overall
probabilities (OPV).

2.3. The Cross-Impact Analysis Process

Cross-impact analysis is the primary tool to solve the correlation between events in
scenario analysis. It can study the potential causal effects of the anticipation or occurrence
of each event on other events in this group through binary analysis [23]. As the CIA
method can analyze complex problems through various interactions, it has become a
commonly used method for generating and analyzing scenarios. At the same time,
another advantage of this method is that it is a relatively flexible method and suitable for
combining with other methods, such as the Delphi method used in this paper.

We quantified the relationships between the two events according to the historical
data and experts’ direct estimation of probabilities. The exact process of the CIA-DISM
method is as follows: a cross-impact matrix is built in the first step, and the damping
matrix is converted from the cross-impact matrix. The damping matrix is calculated
according to the DISM method, and the damping reachable matrix and the digraph can
be obtained.

The row (i) and the columns (j) of the matrix represent events. The cells in the matrix
C;; represent the influence coefficient relationships of element E; on Ej. A positive value
means the occurrence of E; can push the occurrence of Ej, and a negative one has the
opposite function (+ or -). G; represents the impact of external events, which are not
included in the model on each occasion.

The core calculation formula is given by Equations (1) and (2):

- Ry ) (P
Ciy = 1-P; In (I—Rij) In (1—Pi)]' @)
1 1

P- = =
g [e(-Gz-E?LkCikPk)] 1+ exp(=G; — Xy CircPi) 2)

where:

P; ;. represents the probability of occurrence of E;;

G; represents the sum of external influences for Ej;

Ci, represents the coefficient of influence of E; on Ej, where negative means it
obstructs the occurrence of Ej, and positive means it pushes the event of Ej;

R;; represents the impact that the occurrence of E; may have on the occurrence of
E;.

2.4. The DISM Application Process

Professor Warfield of the United States proposed the technology of interpretative
structural modeling (ISM) in 1974 [24]. ISM is a common system engineering research
method that studies system structure relationships. When the influence relationship
between the elements is known, the logical structure relationship is sorted out by the ISM
model to determine the elements’ hierarchical relationship. The directed graph can be
represented by an nxn matrix, where n is the number of system elements, and each row
and column of the matrix corresponds to a node (system element) in the graph. The
relations between the matrix elements are binary, and the adjacency matrix A can be
computed from these binary relations as follows in Equation (3):

1, SRS
“W=No, SRS )

where:
1 means a direct connection from node S; to node Sj;
0 means no direct connection from node S; to node ;.
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For the DISM model, n x n is still used to paraphrase the matrix. When the mutual
influence between two events is positive, the matrix elements correspond to positive
numbers. When the relationship between two events is negative, the matrix elements
correspond to negative values. When there is no impact between events, the matrix
element is 0.

—-X negative impact
a,=40 no impact 4)
X positive impact

where the adjacency matrix is A ; the identity matrix is I.

When B =4 +land B&* D %5k =F&D =R we could obtain the damping
reachability matrix R based on the principle of DISM.

B has the following form:

1 bz -+ b
~ b 1 )
Bpxn = 21 : 1 2n ®)
bnl bnz 1

where € = B xB and C = [Cij]nxn’ and B = [bif]nxn'

Cij = Zk:1bik O by ©)
= (biy © by;) @ (biy © by;) B (bis © bsj) D -+ (bin © by)

where:

© is the damping multiplication operator;

@ is the damping addition operator.

For any c;j, it is not monotonically increasing, so the damping reachability matrix
does not necessarily exist. When the damping reachability matrix does not exist, the
continuous multiplication has periodic oscillation.

According to the damping reachability matrix, we obtain the reachability set
R(S;) and the antecedent set Q(S;), defined as follows.

Reachability set R(S;): In the row represented by S; in the reachability matrix, the
set of column elements of the matrix element containing 1 is called the reachability set.

Antecedent set Q(S;): In the column represented by S; in the reachability matrix, the
set of row elements of the matrix element containing 1 is called the antecedent set.

According to the matrix content calculated above, we can construct the reachability
set, the antecedent set and the intersection of the reachable set and antecedent set. When
R(S) =R(S)NQ(S;), S;events are divided into level 1, and then delete the data
corresponding to S;in R. The following events are divided according to the same method
until all events are divided into different levels. Finally, we can obtain the hierarchical
digraph.

3. Application
3.1. Event Set Creation

Taking a chemical industrial park affected by the Wenchuan Earthquake of China as
an example, an event set was constructed. The construction of the event set was based on
the observation and study of similar cases that have occurred [25]. According to the
opinions of emergency experts in the chemical industry park, a mechanism diagram of
the earthquake disasters in the chemical industry park was drawn by summarizing the
research results and consultation opinions in recent years, as shown in Figure 4. In
addition, the event set was constructed, as shown in Table 2. According to their nature,
these events can be divided into three categories:
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in the chemical industry park and the ideas of experts in safety emergency assessment,
ICs comprise several hypotheses and events that may affect earthquakes.

Dynamic events (DEi): These are secondary disasters occurring directly due to
earthquakes. They are dynamic events, such as explosions, fires or landslides. Moreover,
they may be human-induced events; those events are related to the lives of people after
the disaster.

Outcome events (OEi): Outcome events present the results of the earthquake. The
events may be a terrible disaster for a city or even a country.
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Figure 4. Mechanism diagram of the earthquake disaster in the chemical industrial park.

Table 2. Event sets.

Event Number Event Sets
Category

IE: The earthquake occurs during work

IE2 High earthquake intensity

IEs The earthquake occurs during peak electricity

IE4 High population density in the chemical park

IEs The seismic resistance of the buildings in the park

1Es¢ The seismic resistance of infrastructure, such as road traffic

e IE7 The park has a comprehensive emergency plan
[Es Safety awareness and emergency response plans of critical
enterprises and factories in the park under extreme conditions
The park conducts emergency drills, and the park personnel have

IEs a strong awareness of earthquake resistance and safety
precautions

[Exo The quantity and category conformity of emergency supplies for
disaster relief

DE, The traffic information system was paralyzed, which blocked

rescue operations

DE>2 Building damage, such as rupture or fall collapse

DEs Damaged component or structure

DE4 Leakage of hazardous chemicals

DEs Explosion occurrence

DE .. o .

DEs Water, electricity and gas supplies disruption

DE7 Communication network interruption

DEs Chemical fire

DEs Chemical damage leading to the diffusion of harmful gases and

other harmful products
DEuo Spread of chemical sewage due to leakage



Processes 2023, 11, 32

8 of 12

DEn Aftershocks continue to occur
DEn The earthquake causes a landslide
The deterioration of the health of the living environment in the
DEs . . . .
disaster area leads to the outbreak of infectious diseases
DEu Social disturbances such as robbery
DEis A highly professional rescue team performs rescue missions
efficiently

DEis Providing humanitarian assistance to those in need

DEyw Have enough shelter

DEis Emergency medical care for victims and basic living facilities

DEus The government releases accurate information promptly and can
guide public opinion

OE: Causing continuous environmental pollution

OE: Causing heavy casualties

OE OEs Causing significant property damage
OFs Improper rescue work and mas?ive casualties, causing social
panic

3.2. The CIA-DISM Method Application Process

The Delphi method quantified the relationship between events, and the matrix was
constructed as the input of the cross-influence model. The above matrix was calculated by
Equations (1) and (2), and we could then construct the cross-impact matrix. The final
results of the cross-influence matrix are shown in Table S1. The rationality of the selected
event was verified by the following:

| Internal Event Influences| =Z|C ; j| =96.1
| External(unspecified) Event Influences |=}|G;| = 30.25
| Total Impacts|=Z|Cij| +Y|G;| = 126.35
|Internal Event Influences|/ITotal Impacts| = 76.06%

| External Event Influences|/I Total Impacts| =23.94%

It is shown clearly in the above formulas that 76.06% of the total impacts are
explained by the events explicitly included in the model, and 23.94% of the total impacts
are due to circumstances that are not included. The data show that in disasters, the
proportion of internal event influences is much greater than that of external event
influences. This proves the feasibility of the built event set for the model.

Based on the results obtained in Section 2.4, we could obtain the element C;; of the
cross-influence matrix through Equations (1) and (2), and filter events were used as input
to the DISM model. Figure 5 shows the histogram of |(;; |, and the top 20% strong
relationships were selected as the input to the DISM model. Through the DISM model
construction steps described in Section 2.4, the damping matrix was computed, as shown
in Table S2, and the directed graph was drawn. By analyzing those digraphs for the limit
value |C;; 1=1.75 with 20%, the key elements could be inferred, and the hierarchical
relationship between components could be shown. Figure 6 illustrates the digraph for the
limit value |C;; 1=>1.75, and the whole structure is divided into nine ranks. In this digraph,
different colors represent different directions of the impacts: blue indicates a positive
effect between the two events, and yellow represents a negative impact.
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|C;j| = >1.75, the most significant 20%
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Figure 6. Digraph for the limit value |C;;1=>1.75.

In Figure 6, the initial events IE1,2,..,,10 trigger the secondary disaster of social
disturbance (DE14) and the efficiency of disaster relief work (DE15), and some other
elements directly impact the outcome events. This shows that the external influence is
ruthless, and we cannot predict the earthquake, but the human factor is also significant.
We should thus do our best in ordinary life to reduce loss.

Efficient rescue teams (DE15) and active guidance of the government (DE19) are the
keys to easing panic (OE4), and the conclusion showed clearly that aftershocks (DE11) and
landslides (DE12) are in two ranks individually in the structure. Aftershocks promote the
possibility of landslides. The diffusion of harmful gases and other harmful products (DE9)
and the population density in the park at the time of the earthquake (IE4) have a direct
impact on the outbreak of disease (DE13). Additionally, there are two micro-scene sets in
the structure. The breakdown of the transportation system (DE1), the leakage of
hazardous chemicals (DE4) and the occurrence of explosions (DE5) constitute a
microscopic ensemble, which means that they have a positive impact on each other.
Furthermore, perfect emergency plans in the park, employees’ awareness of prevention
and drills for emergencies in the park (IE7, 8, 9) may promote each other, and the
interaction between those elements will form a circle.

Human factors also play a significant role in earthquake disasters, except for
uncontrollable factors. Before an earthquake occurs, the earthquake resistance of
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buildings in the chemical park and road traffic measures can be improved. During and
after an earthquake, elements of rescue efforts such as the efficiency of government
announcements and the professionalism of rescue teams also play an essential role. In
addition, post-disaster panic is also a human factor that can be changed. This requires the
government to play a more significant role in emergencies. The government needs to
release timely information to ease public anxiety and panic. The formed non-objective
opinions should also be guided in time and effectively resolved by the government.

4. Discussion

This article used the chemical park that was hit by the Wenchuan Earthquake in
China as an example to construct a disaster-related event set, including initial events,
dynamic events and outcome events. Professional earthquake disaster experts evaluated
the relationship between the two events, and a cross-impact matrix was constructed using
the Delphi method. Using the CIA-DISM method, the cross-influence matrix was
converted into a damping matrix. After the threshold was divided, an appropriate entry
was selected. After calculation, the hierarchical structure and mutual influence between
events were obtained.

Some studies only analyze and model an isolated event, which is unreasonable
because one factor can trigger a cascading effect of another factor, which can cause
disasters that affect the entire system. It is hard to understand cascading disasters’
implications without a dynamic perspective. Han [26] applied a series, parallel and
Bayesian networks model to produce earthquake-landslide debris flow disaster chain
susceptibility maps in the Changbai Mountain area in China. Parameters related to
landslides and debris flow disasters were chosen in these models. However, these factors
are independent and parallel in the disaster chain. The researchers did not consider the
cross-impact and dynamic changes of the internal aspects of the disaster chain. The CIA-
DISM model, however, focuses on the relationship between various events and identifies
the influencing factors through scenario reasoning of disasters to better prevent them.

The other advantage of the CIA-DISM method is the improvement of the state
between the elements of the ISM system. In ISM, element 0 indicates that the events are
not connection, and element 1 indicates that the events are connection. However, there is
no way to say whether the elements are positively or negatively related. The DISM model
can better solve this problem by expressing the promotion and inhibition relationships
between events through positive and negative symbols. Using the same principles, it can
be used in earthquakes and other scenarios, such as mine floods and tunnel fires. The
model can forecast possible secondary disasters and identify the correlation between
events.

5. Conclusions

This paper’s main objective was to use a scenario-driven risk assessment model to
identify and analyze the risks caused by intense earthquake disasters in a chemical park.
In this paper, the CIA-DISM model of earthquake emergency management was
established based on scenario analysis by using scenario perception, scenario construction
and scenario deduction. From the above research results, this paper draws the following
conclusions.

(1) This paper introduced the DISM model based on the ISM model. By extending the
elements of the adjacency matrix from 0 and 1 to -1, 0 and 1, the model results are
more accurate. At the same time, by taking the data of the CIA as the input of the
DISM model, we can consider the potential causal impact of each event on other
events and effectively solve the problem of cross-impact between events.

(2) Based on the CIA-DISM model, the evolution process of cascading disasters in a
chemical industry park after the Wenchuan Earthquake was analyzed. A visual
network risk assessment model was constructed, which realized the hierarchical and
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structured relationship between different events, effectively reflected the coupling
relationship between events and the transmission path and helped to locate the weak
link of cascading disasters. It is possible to cut off the cascading event transmission
chain quickly and effectively. The results verify the model’s validity, and the
scenario prediction is consistent with the actual situation.

This model has room for improvement in the future. For example, there are 33 event
sets in this article, but in the face of disasters, these event sets may not be able to
summarize disaster-related events perfectly. In the next step, we plan to improve the CIA-
DISM model and effectively solve the multi-data coupling through the combination of
machine learning and other methods to be suitable for more complex systems, to provide
more detailed and accurate prediction results for cascading disasters, to provide
theoretical support for decision-makers to make risk decisions and to provide technical
support for accident prevention for enterprises.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr11010032/s1, Table S1: Cross-impact matrix; Table S2:
Damping matrix.
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