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Abstract 

The rapid expansion of the built environment has resulted in the coexistence of industrial facilities and urban centres. 

Following recent major earthquakes throughout the world, it has become clear that multi-hazard domino effects can 

significantly increase the risk of fatalities, environmental problems and losses. This complex phenomenon is not yet well 

understood. In this paper, the problem is treated by decomposing it into several subproblems which are described by 

simplified probabilistic models. These models are then coupled with the Monte Carlo method to estimate the annual 

probability of fatality for an individual who is continuously standing in a location of interest and to estimate fatality risk 

maps for an area of interest. Emphasis is placed on considering multi-hazard domino effects, which can be triggered 

within an industrial area due to the damage caused by earthquakes. Thus it is considered that fatalities can be caused: a) 
as a direct consequence of seismic damage to a unit b) as a direct physical and/or chemical consequence due to the loss 

of containment of hazardous material, and c) as a consequence of domino triggered by physical and chemical events such 

as fire, explosion, and toxic dispersion. The capabilities of the proposed methodology are demonstrated by calculating 

fatality risk maps for a hypothetical industrialized urban area. It is shown that disregarding multi-hazard domino effects 

in the estimation of fatality risk could lead to significant underestimation of the fatality risk in an industrialized urban 

area. Thus, it is necessary to account for multi-hazard domino effects. However, different teams of engineers can enhance 

the models for the probability of fatality due to various phenomena, which will improve the accuracy of the proposed 

methodology. 
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1. Introduction  

Industrial facilities are essential components of the built environment. They provide vital services for the 

everyday functioning of a community, and often coexist with urban centres due to the rapid expansion of the 

built environment. This situation increases the exposure of urban centres to Natech events. It can happen that 

during major natural events such as earthquakes, a hazardous material is released in an industrial facility, which 

can result in catastrophes for the surrounding communities [1]. For instance, a seismic event can cause damage 

to a tank or a vessel. As a result, the hazardous material stored inside the tank may leak, which may trigger a 

fire, explosion, and/or some other adverse consequence. Such adverse events can then cause damage to other 

components of the facility as well as other residential buildings in the area, even if they have not been directly 

damaged by the earthquake, as was observed during the Fukushima earthquake in 2011 [2]. Additionally, the 

release of hazardous material can cause the dispersion of toxic gases into the environment and affect society, 

even far from industrial facilities. This propagation of damage is called the domino effect, which can be defined 

as an incident that starts in one unit of industrial facility and may affect nearby structures by thermal effects, a 

blast, or fragment impact, causing an increase in the severity of the consequences [3].  

 

In order to understand and mitigate the potential consequences of the phenomena described above, it must be 

recognized that an industrialized urban area is a complex system, composed of industrial units (such as tanks 

and pipe racks) and residential buildings. Many studies have addressed the quantitative assessment of the 

performance of such complex systems by considering domino effects. Salzano and Cozzani [4] revised the 

available models for the analysis of domino accidents in industrial facilities triggered by explosions. In 

particular, they estimated the probability of damage to process equipment as a function of the intensity of the 

explosion and the distance from the explosion centre. Cozzani et al. [5] developed an algorithm for the 

quantitative assessment of the domino effect, based on a methodology which allowed the identification of 

domino scenarios and the assessment of consequences. Later on, a performance assessment methodology was 
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introduced for gas distribution networks, through the definition of a performance index which could be used 

for any type of natural or artificial hazard that might lead to a disruption of the system [6]. Several authors 

have investigated possibilities for improving the performance of industrial facilities. For example, Ahumada 

et al. [7] developed a methodology to optimize facility layout by evaluating the minimum distances of 

separation between process units in order to prevent the propagation of damage after the release of hazardous 

material. Due to the complexity of the problem, domino effects are often simulated using the Monte Carlo 

(MC) method. Abdolhamidzadeh et al. [8] proposed an algorithm which generates hypothetical experiments 

in order to simulate the behaviour of a complex system which might experience a domino effect, and then 

calculated the probability of failure for each unit of the system. The MC method was also used by Ramírez-

Marengo et al. [9] to investigate the risk of vapour cloud explosions after a loss of hazardous material 

containment from different types of equipment (e.g. pipes, vessel, valves). Furthermore, Alessandri et al. [10] 

used MC simulations for the analysis of domino effects. They developed software which could be used to 

implement MC simulations in the case of tank farms. 

 

While the contributions mentioned above and many other studies (e.g.[11,12]) offer comprehensive 

methodologies for the assessment of consequences by considering domino effects, it is still a challenge to 

conduct risk analysis by considering domino effects in the case of Natech events triggered by earthquakes. 

Therefore, a methodology for the calculation of fatality risk for industrialized urban areas considering multi-

hazard domino effects triggered by earthquakes is proposed in this paper. However, the fatality risk is often 

considered as the main performance objective for the design of structures. For example, Tsang and Wenzel 

(2016) [13] performed pioneering research by using casualty data collected from past earthquakes around the 

worlds to develop the target collapse risk limits for structural design. In their approach, they considered the 

risk of fatality due to the collapse of buildings. Later on, Lazar Sinković and Dolšek (2020) [14] demonstrated 

a fatality risk-based decision model for the performance assessment of buildings with an emphasis on the 

consequences of the collapse of the building. Determining a tolerated level of risk, however, is a challenging 

task. Tsang et al. (2018) [15] developed a scenario-based methodology to calculate societal risk functions. In 

their approach, the number of fatalities is computed for each earthquake scenario and is plotted versus the rate 

of exceedance of the earthquake in order to obtain an F-N curve. From an F-N curve, it is possible to calculate 

the expected number of fatalities in the region, which was demonstrated by Tsang et al. (2020) [16] aimed at 

deriving societal risk functions at the national level.  

 

In this study, the fatality risk is measured as individual risk (IR), which is defined as the annual probability of 

fatality for an individual who is continuously standing for one year at a point in the area of interest [17,18]. In 

the first part of the paper, the computation of IR in industrialized urban areas is described. The methodology 

requires the identification of units (e.g. tanks, pipe racks, offices, storage warehouses, residential buildings 

etc.), the definition of seismic fragility functions, and information about the seismicity of the location. 

Moreover, models for estimating the probability of fatality, the probability of Loss Of Containment (LOC), 

and models for simulating physical-chemical consequences due to LOC, are also needed. These models are 

then coupled by the MC method, which allows the simulation of thousands of possible scenarios of damage 

propagation. In the second part of the paper, the methodology is demonstrated by calculating the fatality risk 

maps for a simple industrialized urban area. Emphasis is put on the difference in the results with and without 

consideration for the domino effects. Finally, possibilities for decision-making using the information from 

fatality risk maps is briefly discussed, with an emphasis on safety issues in industrialized urban areas. 

 

2. Probabilistic framework for the estimation of earthquake fatality risk 

In order to compute the IR, the industrialized urban area of interest is discretised into a grid of points, each of 

which is analysed separately. This is in accordance with the guidelines provided by the Purple Book [17], 

entitled "Guideline for quantitative risk assessment" and prepared by The Netherlands Organization of Applied 

Scientific Research (TNO). In the process of evaluating IR, the points in the grid are termed targets, while the 

units are the sources.  
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The probabilistic formulations in the following subsections provide the framework for calculating the IR at 

each target in the area of interest. In the first subsection, the conditional probability of fatality caused by 

earthquakes, the (mean) annual fatality rate, and the IR are introduced. The method for estimating the 

probability of fatality due to the damage state of each unit is described in the second subsection. This 

probability of fatality is calculated by the MC method, as presented in the third subsection. Finally, the entire 

methodology for calculating the IR and deriving the fatality risk maps is summarized in Subsection 2.4.  

 

2.1 Annual rate of fatality and individual risk (IR) 

 

In the proposed methodology, earthquakes (Eqs) are the events which can cause the fatality, either directly as 

a consequence of damage to the unit, or indirectly via domino effects. With reference to the grid of targets in 

Figure 1, a system composed of nU units is considered. If an earthquake occurs, the i-th unit, Ui, may suffer 

damage D(Ui) and cause the fatality of an individual located at the target with coordinates (x,y) (Figure 1).  

 

 
Figure 1. Discretization of the area of interest in a grid of targets, with the indication of the units and the target with 

coordinates (x,y) 
 

The annual rate of fatality for an individual located at target (x,y), ( , )x y , can be obtained by multiplying 

the rate of occurrence of earthquakes in a specific location, , by the probability of fatality due to 

earthquakes, [ ( , ) | ]P F x y Eqs : 

 

( , ) [ ( , ) | ]x y P F x y Eqs                                                                                              (1) 

 

By considering the total probability theorem, the [ ( , ) | ]P F x y Eqs  is decomposed into the conditional 

probability of fatality for a given intensity level of an earthquake, [ ( , ) | ]P F x y IM im , and the probability of 

an earthquake of intensity level IM im . The [ ( , ) | ]P F x y Eqs  can then be obtained by summing (integrating) 

the product of these quantities over the entire range of intensity levels. Thus Eq. (1) can be transformed to: 

 

( , ) [ ( , ) | ] ( )IMx y P F x y IM im f im dim     (2) 

 

where ( )IMf im is the probability density function for the intensity measure. It can be shown [19] that the 

product ( )IMf im dim    is the derivative of the hazard function 
IM , which expresses the mean annual 

frequency of exceeding a given intensity measure. Therefore, Eq. (2) can be rewritten as: 

 

( , ) [ ( , ) | ] IMx y P F x y IM im d    (3) 

 

The conditional probability of fatality [ ( , ) | ]P F x y IM im  expresses the probability of fatality due to the 

damage to any of the nU units in the system. This probability can be obtained as the probability of the union of 

all fatality events caused by the damage of each unit separately: 
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where ( , ) | ( ),iF x y D U IM im  is the fatality event due only to the damage of the i-th unit. It is important to 

note that the probability of the union is not the sum of the probabilities of single events because the fatality 

events are not mutually exclusive. Indeed, it may happen that two units are damaged by a seismic event, and 

then a third unit is damaged because of the domino effect, and all three damaged units can cause the fatality of 

an individual, directly or indirectly, at almost the same time. In such a case, the individual would die due to 

the first fatality event. Therefore, the probability of dying from the other fatality events shall be disregarded in 

the evaluation of the IR. This can be achieved by solving the probability of the union of fatality events in 

Eq.(4). For example, if the number of units that can cause a fatality is equal to two, nU=2, the probability that 

an earthquake characterized by an intensity measure IM im  causes a fatality at target (x,y) (i.e. Eq.(4)) is 

obtained as follows: 

 

1 2

1 2

[ ( , ) | ] [ ( , ) | ( ), ] [ ( , ) | ( ), ]

[( ( , ) | ( ), ) ( ( , ) | ( ), )]

P F x y IM im P F x y D U IM im P F x y D U IM im

P F x y D U IM im F x y D U IM im

    

  
 (5) 

                                            

In the case if nU=3, Eq. (4) is expressed as follows:  
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1 2 3
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P F x y D U IM im F x y D U IM im

     

  

  

  

1 2 3

]

[( ( , ) | ( ), ) ( ( , ) | ( ), ) ( ( , ) | ( ), )]P F x y D U IM im F x y D U IM im F x y D U IM im   

 
(6) 

 

The probability of the intersection of events (e.g.
1 2[( ( , ) | ( ), ) ( ( , ) | ( ), )]P F x y D U IM im F x y D U IM im  ) 

accounts for the case in which two or more units, which are damaged by an earthquake with IM im , cause 

the fatality of an individual located at target (x,y) at almost the same time. If these events can be considered 

independent, then the probability of the intersection can be obtained simply by multiplying the probabilities of 

the single events, as follows: 

 

[( ( , ) | ( ), ) ( ( , ) | ( ), )]

[( ( , ) | ( ), )] [( ( , ) | ( ), )]

i j

i j

P F x y D U IM im F x y D U IM im

P F x y D U IM im P F x y D U IM im

  

   
 (6) 

 

However, such events may not be independent. For example, if the two units are similar, there is a certain 

probability that the two units would suffer the same damage because of an earthquake. In the hypothetical case 

when two identical units are hit by the same ground motions, the damage to these units would be identical, and 

the probability of fatality due to damage of the i-th unit is equal to the probability of fatality due to damage of 

the j-th unit. In this case, the probability of the intersection is equal to the probability of single events: 

 

[( ( , ) | ( ), ) ( ( , ) | ( ), )]

[( ( , ) | ( ), )] [( ( , ) | ( ), )]

i j

i j

P F x y D U IM im F x y D U IM im

P F x y D U IM im P F x y D U IM im

  

   
 (7) 
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In realistic cases, even if the two units are nominally identical, their performance is not identical due to aleatoric 

uncertainty. Thus, the probability of the intersection of fatality events varies between that defined by Eq. (7) 

and that defined by Eq.(8). It should be noted that a realistic estimation of the probability of the intersection 

would require a seismic response history analyses of the entire complex system, as well as a physics-based 

simulation of the domino effects (e.g. vapour cloud explosions, dispersion of toxic gas). Such an approach is 

too complicated for practical or even for scientific applications. In this study, it is thus assumed that the 

probability of the intersection of fatality events is calculated by considering these events to be independent 

(Eq. (7)). This assumption provides conservative results.  

 

The remaining challenge is to assess the probability of fatality due to the damage of a single unit,

[( ( , ) | ( ), )]iP F x y D U IM im . However, it must be realized that the damage of a unit can vary significantly. 

Therefore, it is necessary to account for the severity of the damage, which is usually modelled by a set of 

damage states. Defining nDS,i as the number of damage states considered for the i-th unit, the probability 

[( ( , ) | ( ), )]iP F x y D U IM im  can then be calculated by utilizing the total probability theorem: 

 

,

1
[( ( , ) | ( ), )] [ ( , ) | ( ) ] [ ( ) | ]DS in

i i d i dd
P F x y D U IM im P F x y D U DS P D U DS IM im


       (8) 

 

where ( )i dD U DS  represents the d-th discrete damage state of the i-th unit. The probability that the d-th 

discrete damage state of the i-th unit is observed for an earthquake with intensity IM im , 

[ ( ) | ] ,i dP D U DS IM im  can be derived from seismic fragility functions: 

 

1[ ( ) | ] [ ( ) | ] [ ( ) | ]i d i d i dP D U DS IM im P D U DS IM im P D U DS IM im         (9) 

 

where 
1[ ( ) | ]i dP D U DS IM im   and [ ( ) | ]i dP D U DS IM im   are the seismic fragility functions evaluated 

at seismic intensity IM im , as presented in Figure 2. The probabilities [ ( ) | ]i dP D U DS IM im   shown in 

Figure 2 are based on four different damage states, for a generic level of intensity measure IM im . Many 

different methods for the evaluation of the seismic fragility functions exist (e.g. [20]). For simplicity, these 

methods are not discussed in detail. However, examples of seismic fragility functions for different kind of 

structures may be found elsewhere (e.g. [21,22]). 

 

  

Figure 2. Schematic representation of the evaluation of [ ( ) | ]i dP D U DS IM im   from the seismic fragility functions  

 

By substituting Eq. (9) into Eq. (4), the annual rate  of a fatality for an individual located at target ( , )x y  

(Eq. (3)) can be expressed in the following form:  

 

 ,

1
1

( , ) ( [ ( , ) | ( ) ] [ ( ) | ])
U

DS i

n
n

i d i d IMd
i

x y P F x y D U DS P D U DS IM im d 
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The remaining challenge for solving Eq. (11) is to calculate [ ( , ) | ( ) ]i dP F x y D U DS , which will be described 

in Subsections 2.2 and 2.3.  

 

If the fatality events can be assumed to be independent of time, the probability of fatality in the reference 

period t , can be modelled as a homogenous Poisson process in which the time between two successive 

deadly events follows an exponential distribution. Therefore, for a period t  during which the rate of fatality 

( , )x y  can be considered constant, the probability ( , )p x y  of fatality at target ( , )x y  can be computed as:  

 
( , )( , ) 1 x y tp x y e     (11) 

 

Finally, the IR is calculated from Eq. (12) as the annual ( 1t  year) probability of fatality for an individual 

located at target ( , )x y : 

 
( , )( , ) 1 ( , )x yIR x y e x y     (12) 

 

The IR is practically equal to the annual fatality rate (Eq. (13)) because the fatality rate is usually a low 

number.  

 

2.2 Model of fatality due to the damage state of a unit in a given area 

 

The calculation of the probability of fatality due to the d-th discrete damage state of the i-th unit, 

[ ( , ) | ( ) ]i dP F x y D U DS , is a much more elementary task than calculating the probability of fatality due to 

earthquakes, [ ( , ) | ]P F x y Eqs . However, it is still quite complicated to calculate [ ( , ) | ( ) ]i dP F x y D U DS , 

because a fatality can be observed as a direct or even indirect consequence of damage to the i-th unit. If the 

unit is damaged, an individual at the target may die because of the direct impact of falling debris after the 

seismic damage. If the individual survives such an adverse event, he may still die because of chemical 

consequences due to the leakage of hazardous material. Furthermore, the damaged unit may trigger a domino 

effect, which may also cause a fatality. Therefore, it is necessary to establish fatality models which provide for 

all possible situations that can result in a fatality. In the framework of this study, the fatality model accounts 

for the three cases described as follows. 

 

Fatality case a: Fatality as a direct consequence of seismic damage to a unit 

In this case, the fatality is caused by the impact of debris that fall from the unit and hit the individual located 

at the target. 

 

Fatality case b: Fatality as a direct consequence of LOC of a unit 

In such a situation, the fatality is caused by the consequences of a loss of containment (LOC). There are many 

different kinds of mutually exclusive LOC states (indicated as LOC1, LOC2, and so go on), such as 

"instantaneous release", or "continuous release " [17]. The LOC states are caused by the seismic damage of a 

unit, and may trigger the following physical-chemical phenomena, which can consequently cause a fatality 

[23,24]: 

- Toxic Dispersion (TD), which may cause fatality by the inhalation of the released toxic material; 

- Pool Fire (PF), as a result of the ignition of released fuel, which may cause fatality because of heat 

radiation; 

- Flash Fire (FF), i.e. the late ignition of dispersed vapour at a concentration within the flammability 

range of the fuel, which may cause fatality because of heat radiation; 
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- Vapour Cloud Explosion (VCE), which can occur when a large quantity of flammable gas or vapour 

is accidentally released into the atmosphere and forms a vapour cloud with delayed ignition. In this 

case, the released energy and overpressure may cause fatality; 

- Fireball (FB), caused by the slow and laminar combustion of a flammable cloud, which can cause 

fatality because of heat radiation. 

   

Fatality case c: Fatality as a result of domino effects 

Under some circumstances, it is considered that the LOC event triggers domino effects in the industrial facility 

or in the surrounding area. This means that damage to the i-th unit, caused by an earthquake, can indirectly 

cause damage to the j-th unit. As a consequence, the fatality event at target ( , )x y  can occur due to the debris 

of the j-th unit, as in fatality case a, or because of the consequences of LOC events of the j-th unit, as in fatality 

case b. Moreover, if the individual at target ( , )x y  still survives, a second-level of domino may be triggered, 

which may again cause fatality. This means that, in general, the model must show that damage to the i-th unit 

can cause a series of damage to other units in the area, and fatality at target ( , )x y  is then the consequence of 

fatality case a or fatality case b due to damage to other units.  

 

The three fatality cases, which contribute to the probability of fatality at the target, can be visualised by the 

event tree in Figure 3. It should be noted that the branches of the event tree which follow LOC2 and LOC3 are 

not shown in the figure for the sake of simplicity, but these event trees have the same branches as those 

following LOC1. The same simplification is considered in the non-representation of the event tree following 

VCE, FF, and FB. In those cases, the tree branches are the same as those following PF. 
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Figure 3. Event tree of events which can result in the fatality or in the survival of an individual continuously standing at 

the target. The event tree is only partly branched 

 

The event tree (Figure 3) starts with the initiating event "Seismic damage (d-th Damage State) for i-th Unit", 

which triggers other possible events. Many different chains of events are possible by following different 
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branches of the tree. Each intermediate event has a probability of occurrence, which can be calculated using 

several models, as described in the following sections. The event "domino" as marked in blue (Figure 3) is, in 

general, a further chain of event trees. This is schematically presented by the event tree in Figure 4. Note that 

the event tree in Figure 4 can end up with a "Survival" (green boxes in Figure 4), or with a "Fatality" (red 

boxes in Figure 4). The event "Survival" in the green box in Figure 3 refers to any of the events "Survival" 

from Figure 4. In the same way, the event "Fatality case c" in the red box in Figure 3 refers to any of the events 

"Fatality" from Figure 4. 

 

 

 
Figure 4. Event tree for fatality case c, which accounts for domino effects. The event tree is only partly branched 

 

The triggering of a domino (starting node of the event tree in Figure 4) can cause damage to any other unit of 

the system. As a consequence of the damage of any other unit, a fatality may be caused by debris (as in fatality 

case a). Otherwise, a LOC state may be observed for the new damaged units, which may trigger physical-

chemical consequences and cause fatality (as in fatality case b). If the individual still survives, the possibility 

of further levels of domino effects must be checked.  

 

To clarify the interpretation of the event tree "domino", some examples of domino effects are presented in 

Figure 5. In the presented example, the system consists of four units, labelled A, B, C, and D, and fifteen 

targets, with an indication of a particular target T (Figure 5a). In the case of domino effects, several scenarios 

which cause fatality are possible. It may happen that unit A causes damage to unit B, which causes fatality in 

T (i.e. domino effects from A to B to T, Figure 5b), or that unit A causes damage to unit B, which in turn 

causes damage to unit D, which causes fatality in T (i.e. domino effects from A to B to D to T, Figure 5c), or 

many other scenarios. It is clear that the definition of all possible domino scenarios and the calculation of the 
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probability of fatality may become quite complicated, especially if the system consists of many units. For this 

reason, scenarios for single or multi-level dominos and the corresponding probability of fatality are simulated 

by the MC method, as described in the following subsection. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 5. (a) Example of a grid of targets with an indication of the units and of the target T. Representation of possible 

domino scenarios: (b) domino effects from A to B to T; (c) domino effects from A to B to D to T 

 

2.3 Estimation of the probability of fatality due to the damage state of a unit using the MC method 

 

The MC method is used to calculate the probability of fatality at a target due to the d-th damage state of the i-

th unit [ ( , ) | ( ) ]i dP F x y D U DS . The procedure consists in sampling "Fatality" or "Survival" from the event 

trees in Figure 3 and Figure 4. Each event in the event trees has a probability of occurrence, which must be 

estimated in order to perform the MC simulations. Therefore, the following models of probability, which will 

be defined in Section 3, need to be developed: 

 

- probability of fatality as a direct consequence of seismic damage to the unit (i.e. fatality case a): 

P[F(a)] 
- probability of the occurrence of an LOC state: P[LOCk] 

- probability of the occurrence of physical-chemical phenomena as a consequence of LOC states: 

P[PhCh|LOCk] 

- probability of fatality caused by physical-chemical phenomena (i.e. fatality case b): P[F(b)] 

- probability of a damage state in the other units, caused by physical-chemical phenomena 

P[D(U)|PhCh] 

These models are the basis for sampling "Fatality" or "Survival", as described in the following. Firstly, every 

single simulation begins by generating a random number r1 between 0 and 1. If r1 is less than P[F(a)], then a 

fatality has occurred, and the simulation is terminated. The outcome of the simulation is "Fatality" (Figure 6a). 

Otherwise, if r1 is greater than P[F(a)], the simulation continues on the following branch of the event tree. For 

example, if the i-th unit is not an industrial unit, there is no possibility for an LOC state. Therefore, the 

simulation follows the branch "No leakage". In this case, the outcome of the simulation is "Survival" (Figure 

6b), and the simulation is terminated. On the contrary, if the i-th unit stores hazardous material, an LOC state 

has to be sampled. Each LOC state has a probability of occurrence P[LOCk]. Because the LOC states are 

assumed to be mutually exclusive and collectively exhaustive, the sum of their probabilities of occurrence is 

equal to 1. Therefore the LOC state can be sampled by arranging the probabilities P[LOCk] between 0 and 1 

(as schematically shown in Figure 7a) and by generating a random number rLOC between 0 and 1 (i.e. red dot 

in Figure 7a). The physical-chemical phenomena are then sampled in the same manner (Figure 7b), by 

generating an additional random number rCONS between 0 and 1.  
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(a) 

 
(b) 

 

 
 

(c) 
 

(d) 

 
Figure 6. Different examples of Monte Carlo simulations: (a) "Fatality case a", (b) "Survival" outcome, (c) "Fatality 

case b", and  (d) "Survival" outcome after domino effects  

 

 

 
(a) 

 
(b) 

Figure 7. Schematic demonstration of sampling of: (a) LOC states, and (b) physical-chemical phenomena as a 

consequence of LOC states 

 

A new random number r2 between 0 and 1 is then generated and compared to the probability that the sampled 

physical-chemical phenomenon causes a fatality, P[F(b)]. If r2 is less than P[F(b)], then the outcome of the 

simulation is "Fatality", and the simulation is terminated (Figure 6c). Otherwise, if r2 is greater than P[F(b)], 

a domino effect must be further simulated. Therefore, the simulation continues as presented by the event tree 

in Figure 4. If the number of units in a system is nU, it is necessary to generate (nU -1) random numbers between 

0 and 1, i.e. one random number for each of the other units in the system. If the value of the random number 

is less than the probability of damage due to physical-chemical phenomenon, P[D(U)|PhCh], the unit is 

considered to be damaged. At this point, the simulation continues according to the event tree presented Figure 

4 in the same way as described for the event tree in Figure 3. The simulation eventually stops when the outcome 

is "Survival" (e.g. Figure 6d) or "Fatality".  
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The outcome for each MC simulation is "Fatality" or "Survival". Because the MC simulations are based on 

probability models as defined in Section 3, they are not computationally demanding, and it is relatively easy 

to perform a high number of simulations. Eventually, the probability [ ( , ) | ( ) ]i dP F x y D U DS  is obtained as 

the ratio between the number of "Fatality" outcomes, NF, divided by the total number of performed simulations, 

NS: 

 

[ ( , ) | ( ) ] F
i d

S

N
P F x y D U DS

N
   (13) 

 

The evaluation of Eq. (14) by implementing the MC method provides only the probability of fatality due to 

the d-th damage state for the i-th unit. The MC method must then be implemented nU×nDS,i times in order to 

calculate nU×nDS,i values of [ ( , ) | ( ) ]i dP F x y D U DS , where each value corresponds to the probability of 

fatality at target (x,y) due to the d-th damage state for the i-th unit. Therefore, the probability 

[ ( , ) | ]P F x y IM im  (Eq. (4)) can finally be computed. 

 

2.4. Workflow for computation of fatality risk maps 

 

The workflow of processes which result in IR and fatality risk maps is presented in Figure 8 in order to give 

an overall view of the computations. The computation of IR in an industrialized urban area begins with the 

discretization of the area in a grid of nt targets. The nU units in the area are then identified. In general, there 

may be many types of units in an industrial facility, such as tanks, vessels, or pipe racks, and other buildings 

outside the facility, such as offices and residential buildings. A discrete set of nDS damage states must be defined 

for each of the identified units. In addition, the LOC states must be defined for the industrial units, which store 

hazardous material. The input data for the methodology are the models for the probability of events from the 

event trees, which are addressed in Section 3. Such models are needed to compute [ ( , ) | ( ) ]i dP F x y D U DS  

using the MC method (Subsection 2.3). In addition, required input data are the seismic fragility functions for 

all the damage states of all the units and the seismic hazard curve for the location of the industrialized urban 

area under investigation.  

 

After the input data are prepared, the computation begins with the selection of the first target (x,y). The first 

unit and the first damage state are selected, and the probability of fatality at the selected target, 

[ ( , ) | ( ) ]i dP F x y D U DS ,  is computed using the MC method (Subsection 2.3, Eq. (14)). The MC method is 

then implemented nU×nDS times in order to obtain the probability [ ( , ) | ( ) ]i dP F x y D U DS  for all the nU units 

and the corresponding nDS,i damage states. After the probabilities [ ( ) | ]i dP D U DS IM im   are obtained from 

the seismic fragility functions, the annual rate of fatality  at the target can be calculated by Eq. (11). Finally, 

the IR at the target is estimated by Eq. (13). Then, another target is selected, and the procedure is repeated for 

all the targets in the grid (see the loop in Figure 6). The values for IR, which are eventually estimated for all 

targets in the grid, represent the basis for the evaluation of fatality risk maps, which are obtained by plotting 

iso-risk curves, i.e. curves characterized by the same values of IR, for the investigated area of interest.  
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Figure 8. Workflow for the computation of individual risk and fatality risk map 

 

 

3. Models of probabilities for the intermediate events in the event trees  

 

In this section, the models of probabilities for the events in the event trees (Figure 3 and Figure 4) are described. 

These models are needed for the application of the MC method, but they are not based on empirical 

probabilities of fatality caused by historical earthquakes, which would naturally account for domino effects. 

Such empirical data would not be sufficient, because domino effects can evolve in many different ways, and 

the empirical data from past events may not cover all the possible scenarios. Moreover, major earthquakes are 

rare. Thus their catastrophic effects were not often observed in the industrialized urban areas. The approach 

presented in this paper, instead, is based on models of the probability of fatality that are specific for different 

hazards (e.g. fatality due to structural damage, fires, explosions, toxic dispersion, etc.), as presented in the 

following. These models may be improved and validated by empirical data of fatalities collected for the distinct 
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hazards, which do not naturally account for domino effects. Such data are more frequent, whereas it is difficult 

to expect that empirical fatality models will be soon available. 

 

 

3.1 Probability of fatality as a direct consequence of seismic damage to the unit (fatality case a) 

 

The estimation of the probability of fatality as a direct consequence of seismic damage to the unit, P[F(a)], is 

quite a complex problem. In general, the P[F(a)] depends on the type of unit and the severity of the damage 

state. Moreover, the distance between the i-th unit and the target significantly affects P[F(a)], i.e. an individual 

will not be injured by debris falling from a unit if the unit is far from him. Therefore, it will be assumed that 

fatality case a can only happen if the target (x,y) and the source unit occupy the same position on the grid.  

 

One option for the estimation of P[F(a)] is to use empirical historical data. For example, NOAA [25] published 

a work in which the fatalities due to major earthquakes in the USA between 1860 and 1971 were estimated.  

Later, the Applied Technology Council [26] provided estimates for fatalities based on building types and 

damage states. Zuccaro and Cacace [27] also provided fatality probabilities for different damage states of 

residential buildings. The authors considered six damage states (D0, no damage; D1, slight damage; D2, 

moderate damage; D3, heavy damage; D4, very heavy damage; and D5, collapse), and defined nonzero fatality 

probabilities only for the D4 and D5 damage states. Furthermore, the Federal Emergency Management Agency 

[28] provided fatality ratios for several kinds of building typologies and four different damage states. 

Nevertheless, there is still a significant lack of data on collapse-related fatality ratios for industrial units. 

However, data from [28] showed that these fatality ratios do not change significantly for different structure 

typologies. For this reason, the same probabilities P[F(a)] were assumed for all the typologies of units in the 

system.  

 

3.2 Probability of occurrence of LOC states 

 

The model used for estimating the probabilities of LOC states, P[LOCk], must simulate the occurrence of an 

LOC state in the case that a unit is part of an industrial facility which contains hazardous material. In this study, 

the LOC states defined in the Purple Book [17] and also used in [29] were considered: 

 

- LOC1: minor loss, defined as the continuous release of partial or total inventory over a time interval 

of more than 10 min, 

- LOC2: intense loss, defined as the continuous loss of total inventory within 10 min, 

- LOC3: catastrophic loss, defined as the instantaneous loss of inventory. 

 

The probability of occurrence of each LOC state, in general, depends on the severity of the d-th damage state. 

Indeed, it is evident that the probability of having a catastrophic LOC is greater in the case of a more severe 

damage state. However, although the relationship between damage state and LOC state should be described 

by probabilistic models, it is more common in the literature for authors to use deterministic models [10,29]. 

This means that the probability of occurrence of the k-th LOC state conditioned to the occurrence of the d-th 

damage state is assumed to be 0 or 1. However, more precise models for P[LOCk] can also be used with the 

proposed probabilistic framework for the calculation of IR. 

 

 

3.3 Probability of occurrence of physical-chemical phenomena as a consequence of LOC states 

 

After the occurrence of an LOC state, different physical-chemical phenomena (PF, VCE, etc.) may be 

triggered, as discussed in the previous section. In the general case, these phenomena depend on the severity of 

the LOC state and on the type of released material, which may be flammable or toxic. After the type of released 
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hazardous material is known, the probabilities of physical-chemical phenomena conditioned to the occurrence 

of the k-th LOC state must be estimated, P[PhCh|LOCk]. In practice, this problem is usually treated in a 

simplified manner. For example, Vílchez et al. (2011) [24] presented a set of default values for the probabilities 

P[PhCh|LOCk] of the most common types of hazardous materials and LOC states. They considered that, after 

a LOC event, the incident could evolve in different ways, depending on the type of hazardous material 

involved. In particular, in the case of leakage of hazardous material, there might be an immediate ignition or a 

delayed ignition. Therefore, the probability of a physical-chemical phenomenon is related to the probabilities 

of immediate and delayed ignitions of the hazardous material. The probabilities of ignition in [24] are based 

on information found in the literature (e.g. [17]) and expert judgment. 

 

The same approach, based on default probabilities, was also used in [7,10] and many others. Table 1 

summarizes the probabilities of occurrence of the physical-chemical phenomena presented in Subsection 2.2, 

for some types of stored materials [24]. It should be noted that the event "No physical-chemical phenomena" 

is also considered ("No PhCh" in Table 1). If the i-th unit under consideration is an industrial unit which does 

not store hazardous material, then the probability of the event "No physical-chemical phenomena" is equal to 

1. Otherwise, in the case of hazardous materials, the probabilities are derived from [24]. In many cases, the 

probabilities are the same for all three types of LOC events considered. The physical-chemical phenomena are 

considered to be mutually exclusive, which means that the sum of the probabilities along each line must always 

be equal to 1.    

 

Table 1. Probability of occurrence of physical-chemical phenomena as a consequence of LOC states [24] 

 

Type of material LOC state P[TD] P[PF] P[FF] P[VCE] P[FB] P[No PhCh] 

Not hazardous LOC 1, 2, 3 0 0 0 0 0 1 

Flammable liquids LOC 1, 2, 3 0 0.01 0 0 0 0.99 

Toxic, 

flammable liquids 
LOC 1, 2, 3 0.99 0.01 0 0 0 0 

Flammable, volatile 

liquids 
LOC 1, 2, 3 0 0.065 0.561 0.374 0 0 

Fully refrigerated 

flammable liquids 
LOC 1, 2, 3 0 0.7 0.18 0.12 0 0 

Toxic gases LOC 1, 2, 3 1 0 0 0 0 0 

Extremely 

flammable, 

pressurized 

liquefied gases 

LOC 1, 2 0 0.7 0.18 0.12 0 0 

LOC 3 0 0.126 0.18 0.204 0.49 0 

Toxic, extremely 

flammable, 

pressurized 

liquefied gases 

LOC 1, 2 0.3 0.7 0 0 0 0 

LOC 3 0.3 0.126 0 0.084 0.49 0 

 

 

3.4 Models for the intensity of physical-chemical phenomena  

 

In order to evaluate the probability of fatality due to the physical-chemical phenomena, it is necessary to model 

the intensity of such phenomena at all the targets of the investigated area. The intensity of each physical-

chemical phenomenon is mainly described by one or more physical-chemical intensity measures. For instance, 

in the case of pool fire and flash fire, the most important intensity measure describing the phenomenon is heat 

radiation. In the case of explosion and the case of toxic dispersion, the intensity measures are, respectively, the 

overpressure and the concentration of toxic material in the air. In the following, the models for evaluating the 
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intensity of physical-chemical phenomena are presented. They are then used in the following section as an 

input parameter for the evaluation of fatality probability due to fatality case b.   

 

Heat radiation in the case of pool fire 

A pool fire is the uncontrolled combustion of vapours generated by a pool of a flammable liquid. Because of 

the temperature difference between the hot gases of the flame and the objects in the environment, the heat 

released from the fire is transferred to the surroundings. This problem is considered in the Yellow Book [23], 

which is a manual entitled "Methods for the calculation of physical effects due to releases of hazardous 

materials (liquids and gases)" and elaborated by The Netherlands Organization of Applied Scientific Research 

(TNO). This manual provides an extensive overview of the models available in the literature to estimate the 

heat radiation produced by a pool fire. These models also allow for simulation of the radiating heat with respect 

to distance from the point source. In particular, it is assumed that the heat radiation is spread isotropically from 

a single point source, located at the centre of the pool fire. The pool fire is represented as a cylinder over the 

surface of the liquid fuel, characterized by diameter DF and height HF, which are correlated by the following 

equation: 

 

 

0.67

0.21

1/2
55F

F air F

H m
u

D g D


 
  
  

 (14) 

 

where m" is the burning mass rate per unit area and unit time (in kg/(m2s)), air is the density of the air, g is 

the acceleration of gravity, and u is the scaled wind velocity at the height of 10 m (see [23] for details). The 

burning mass rate can be calculated as follows [23]: 

 

 1 Fk Dm m e  


     (15) 

 

where m
  is the burning mass loss rate per unit time for an infinite pool diameter, and k and  are empirical 

constants. The Yellow Book [23] provides values of m
 , k , and  for different hazardous materials. For 

example, 0.055m
  and 2.10k    are given for gasoline.  

 

In the model used by the Yellow Book [23], the heat radiation HR (in J/(m2s)) decreases with the inverse square 

of the distance x between the point source and the target, as given by the following equation: 
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where Fs is the fraction of combustion heat radiated from the flame surface, c1 is a constant, and Hc is the heat 

of combustion of flammable material at its boiling point (in J/kg).  

 

The presented model thus allows for estimating the heat radiation generated by a pool fire with respect to the 

distance from the source. However, it is worth noting that the models presented herein for the evaluation of 

the effects of pool fires can be replaced by sophisticated models. An example may be found in [30].  

 

Heat radiation in the case of flash fire 

A flash fire can be triggered if the released combustible gas is not ignited immediately, but instead forms a 

vapour plume which is dispersed into the ambient air and later on ignited. Because the flash fire is characterized 

by a very short duration, it can be assumed that such a phenomenon is not likely to result in domino effects, as 

shown in [5]. However, the flame impingement resulting from the flash fire may cause the direct ignition of 
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flammable material contained in an industrial unit, which generates a delayed pool fire [18]. For this reason, 

in the framework of this study, it is assumed that the flash fire results in a pool fire and the heat radiation is 

calculated as explained above.  

 

Heat radiation in the case of fireball 

In the case of the leakage of liquefied gases, the liquid can become a two-phase mixture, which forms a droplet 

cloud rich in fuel and typically results in a fireball. The physical parameter that is considered in the case of a 

fireball is the heat radiation, as in the case of pool fires. The heat radiation can be calculated as a function of 

the distance between the point source and the target in accordance with the Yellow Book [23]. Details are 

omitted in this paper for the sake of brevity. 

 

Concentration of toxic material in the air 

Toxic hazardous material released into the atmosphere can be dispersed by the wind. In the Yellow Book [23], 

several models that enable the prediction of this dispersion are provided. These models estimate the 

concentration of the released hazardous material at any location surrounding the point source of release. The 

most widespread model is the Gaussian Plume Model [31], which allows for estimating the concentration of 

the released material at a given place as a function of several variables, including the emission rate, the distance 

between the source and target, and the atmospheric conditions. The basic expression is the following [31]: 
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where x is the distance between the source and target in the wind speed direction (downwind distance), y is the 

distance perpendicular to the wind direction (crosswind distance), z is the height of the target point relative to 

the ground, q is the release rate, u is the wind velocity, y, and z are the so-called dispersion parameters, 

which are the function of the distance x, and h is the height of the release point relative to the ground. In the 

Yellow Book [23], formulations and tables are provided to calculate y and z as a function of the 

meteorological situation, which is described using Pasquill stability classes. Details are not given in this paper 

for the sake of brevity.  

 

The release rate q is the quantity of material released within a unit of time. If there is a hole in the shell of a 

tank, this release rate depends on the size of the hole and can be estimated as in [23]: 
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where Ah is the area of the hole,  is the specific heat ratio of the gas, 0 is the density of the gas in operating 

conditions, and P0 is the pressure in operating conditions.  

 

In this paper, the damage is described using a set of discrete damage states. Therefore, it is assumed that each 

damage state corresponds to an ideal area of the hole and that the hole is located at a height h relative to the 

ground (i.e. the height of release point). The presented model thus allows the estimation of the concentration 

of a released toxic gas with respect to the distance from the source. The concentration depends on the 

meteorological conditions, the properties of the released hazardous material, and the damage state of the 

industrial unit.  

 

Overpressure and impulse due to vapour cloud explosion 
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An explosion can be defined as the rapid release of energy into the atmosphere, which generates a blast wave. 

The physical parameters that describe a vapour cloud explosion are overpressure and impulse. The most 

widespread model used to estimate the overpressure and impulse as a function of the distance between source 

and target is the Multi-Energy model [23]. The Multi-Energy model provides blast charts (Figure 9), in which 

the scaled peak overpressure /s s aP P p    and the scaled phase duration 
0

1/3
exp/ [( / ) / ])p p at t E p c   are 

reported as a function of the scaled distance 
1/3

exp/ ( / )ax x E p  for ten classes of blast strength (see [23] for 

details). Ps is the overpressure caused by the explosion, pa is the atmospheric pressure, tp is the phase duration, 

Eexp is the explosion energy, co is the sound velocity, and x is the distance between the source of the explosion 

and the target.  

 

 
Figure 9. Blast chart from Multi Energy model [23] 

 

The explosion energy Eexp is evaluated by multiplying the charge mass mc with the specific heat of 

combustion Hc [32]: 

 

exp c cE m H   (19) 

 

The charge mass consists of the mass of the hazardous material (e.g. flammable gas) which is dispersed after 

the LOC. It is obtained by integrating the concentration C(x,y,z) of the hazardous material over the entire 

volume of the hazardous material spread: 

 

( , , )cm C x y z dxdydz   (20) 

 

where the concentration C(x,y,z) is estimated according to the model of concentration of toxic material (Eq. 

(18)). After the explosive energy is calculated, the blast chart (Figure 9) can be used to estimate the 

overpressure Ps as a function of the distance between the source and target. The impulse I is then evaluated 

according to the Yellow Book [23]: 

 

1

2
s pI P t   (21) 

 

3.5 Probability of fatality caused by physical-chemical phenomena (fatality case b) 

 

All the models from the previous subsection can be used to estimate the intensity of physical-chemical 

phenomena as a function of the distance between the source and target. This information is needed to compute 

the probability of fatality due to fatality case b,  P[F(b)] (see Subsection 2.2), which is a function of the 

intensity of the physical-chemical phenomena. It can thus be realized that P[F(b)] depends on the type of 
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triggered physical-chemical phenomenon, the severity of the damage state of the unit, which affects the 

severity of the LOC state, and the distance between the source (i.e. the unit) and the target. 

 

The most widespread models in literature for estimating the probability of fatality P[F(b)] are based on “probit” 

functions [33], which are generally expressed as: 

 

ln( )Y a b V    (22) 

 

where Y is the probit, V is a variable function of the intensity of the physical-chemical phenomenon, and a and 

b are so-called probit coefficients. In probability theory, the probit function is the quantile function associated 

with the standard normal distribution. Mathematically, it is the inverse of the Gaussian cumulative distribution 

function. Probit coefficients may be found in the Green Book [33], which is another manual elaborated by The 

Netherlands Organization of Applied Scientific Research (TNO), entitled "Methods for the determination of 

possible damage to people and objects resulting from the release of hazardous materials". Different probit 

coefficients are provided for cases of different intensity measures of physical-chemical phenomena. In the case 

of the concentration of toxic material, these coefficients may differ for different toxic materials. For example, 

Table 2 presents probit coefficients for the cases of radiation, overpressure, and the toxic release of ammonia 

(NH3) [5]. In the same table, the method for calculating variable V for use in Eq. (23) is indicated.  In particular, 

in the case of heat radiation, the V is the product HR1.33te , where HR is the heat radiation in kW/m2, estimated 

as explained in the previous sections for the case of pool fire, and te is the exposure time in seconds. In the case 

of overpressure, the V is the overpressure Ps in psig (1 psig = 6.9 kPa), obtained as explained for the vapour 

cloud explosion. In the last case, where V is related to the intensity of toxic release, the V is the product C2te, 

where C is the concentration of the toxic released material, expressed in ppm, and te is again the exposure time, 

expressed in minutes.  

 

Table 2. Probit functions for estimating the probability of fatality due to chemical phenomena [5] 

 

 a b V 

Radiation –14.9 2.56 HR1.33 te 

Overpressure 1.47 1.37 Ps 

Toxic release of NH3 –9.82 0.71 C2te 

 

Using the probit coefficients and the intensity of physical-chemical phenomena, which was provided by the 

models in the previous subsection as a function of source-target distances, the probit Y can be estimated 

according to Eq. (23). The general relationship between probit Y and probability P[F(b)] is then expressed by 

the following equation [34]: 

 
25

1
exp 2

2

Y
V

P F b dV


 





  
      

   
  (24) 

 

where  and  are median and variance of the Gaussian distribution, and V reflects the intensity of the physical-

chemical phenomenon as defined in Eq.(23).  

 

 

3.6 Probability of damage state of a unit caused by physical-chemical phenomena 

 

A model for this probability is required because it is assumed that some of the physical-chemical phenomena 

may trigger a domino effect (see fatality case c in Subsection 2.2). The models available in the literature to 

estimate the probability of this event are again based on probit functions, and express the probit as a function 

of the intensity of the chemical-physical phenomena (Eq.(23)). The probit functions are different for the 

https://doi.org/10.1016/j.ress.2020.107287


This paper was published in Relibility Engineering & System Safety. Please cite it as: 
Celano F, Dolšek M. Fatality risk estimation for industrialized urban areas considering multi-hazard domino effects 
triggered by earthquakes, Relibility Engineering & System Safety, 2021, 206, 107287, 
https://doi.org/10.1016/j.ress.2020.107287. 

 
different types of units which may be damaged. In Table 3, the probit coefficients are summarized for different 

units and types of physical-chemical phenomena. They can be used to estimate the probability of collapse of 

residential buildings, storage warehouses, and tanks due to selected physical-chemical phenomena. It is 

assumed that residential buildings and storage warehouse can collapse only because of a vapour cloud 

explosion, and tanks can collapse because of vapour cloud explosions, pool fires and fireballs. The toxic 

dispersion alone does not cause structural damage. In addition, it has been shown before that flash fires are 

generally excluded from domino effect analysis because of the short duration of this phenomenon [18]. 

Because of the lack of data, the collapse of a unit will be the only damage state considered as possibly caused 

by the physical-chemical phenomenon.  

 

Table 3. Probit functions for the estimation of the probability of collapse of a unit caused by physical-chemical 

phenomena. The parameters Ps, I, HR, and Vol refer to peak overpressure in Pa, impulse in Pa∙s, heat radiation in 

kW/m2, and volume of target unit in m3, respectively  

 

 VCE Reference 

Target units a b V 

Residential buildings 

5 –0.22 

7.4 11.3
40000 460

sP I

   
   

   
 The Green Book [33] Storage warehouses 

Tanks –18.96 2.44 Ps Cozzani and Salzano (2004) [4] 

 Pool fires and fireballs 

Target units a b V

Tanks 12.54 –1.85 exp(–1.128 ln(HR) –  

2.2667∙10-5Vol+9.877) 
Cozzani et al. (2005) [5] 

 

 

3.7 The uncertainties associated with the models of the probability of fatality 

 

In the previous sections, the models used to evaluate the probability of fatality were presented. These models 

are coupled with the Monte Carlo method, as shown in Section 2.3. Particular attention was paid to the models 

for the intensity of physical-chemical phenomena, which are needed to estimate the intensity measures of pool 

fires, flash fires, toxic dispersions and vapour cloud explosions. As it was shown in Section 3.4, such 

computation requires the application of various mathematical models, assumptions, and empirically obtained 

data. However, the parameters associated with these model may include different kinds of variability, 

imprecision and uncertainty, as discussed in [35]. For example, it is difficult to choose the appropriate value 

of the wind velocity u because it is not possible to predict the exact meteorological condition when an accident 

occurs. Uncertainties also occur in the model of heat radiation in the case of pool fire, e.g. in calculating the 

pool shape, height, and extent [36]. The models of fatality due to the direct impact of the debris, the model of 

the probability of damage caused by chemical-physical phenomena and many others can also be considered 

uncertain. 

 

In general, the uncertainties could be taken into account at least by considering that the parameters of the model 

are distributed according to given probability distributions. For example, for the case of Gaussian Plum Model, 

Siuta et al. (2013) [36] suggested using triangular distributions for wind velocity u. However, more 

sophisticated distributions can also be used if the relevant data are known. For example, Chutia (2017) [35] 

considered normal distributions for wind speed. These uncertainties and many others may be incorporated into 

MC simulations, through the random generation of the uncertain variables. In other words, at each simulation, 

all the uncertain parameters associated with models of the probability of fatality can be generated based on the 

adopted probability distribution functions, rather than assuming that their values are constant. 
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The uncertainties discussed above are related to the models used to estimate the probability of fatality. 

However, there are many other sources of uncertainties. For example, seismic fragility functions considered 

for this methodology account for the record-to-record randomness but not for the effects of epistemic 

uncertainties. Consideration of such uncertainties may increase the risk of collapse of structures (e.g. [37]), 

which can affect the fatality risk too.  

 

Because the proposed methodology is already quite complex, it was decided not to address the impact of 

uncertainty, although it may be substantial as discussed above. Therefore, the results presented in the following 

section are derived without considering the source of epistemic uncertainties, which is a topic for future 

research.  

 

4. Application to a case study 

 

The proposed methodology is demonstrated by developing fatality risk maps for a typical industrialized urban 

area, composed of industrial units and other units of the built environment. The IR is estimated for the entire 

area presented in Figure 10a. The layout of the investigated system, which is schematically presented in Figure 

10b, consists of two tanks (TK1 and TK2), two storage warehouses (SW1 and SW2), and 33 residential 

buildings (RB1, RB2, etc.). In order to investigate the effects of earthquakes on such a system, it is assumed 

that the system is located in Priolo Gargallo, Sicily, which is a highly seismic event-prone area in the south of 

Italy where many industrial facilities can be found. 

 

  
(a) (b) 

Figure 10. (a) A typical industrialized urban area composed of industrial units and other units of the built environment 

[38], and (b) layout of the investigated system with an indication of the units and the grid of targets. The red square 

identifies the target for which intermediate results are presented later in this section. For brevity, the notation is 

presented for only 3 residential buildings (RBs), while all 33 were considered in calculations  

 

The calculations were performed by following the processes in the flow chart (Figure 8). First, the area of 

interest was discretized into a grid of targets, defined by squares with dimensions of 25×25 m. Then, the units 

of the system were identified and defined. The two tanks are characterized by identical geometry, consisting 

of a diameter of 80 m and a height of 20 m. It was assumed that tank TK1 contained ammonia, which is a toxic 

gas, while tank TK2 contained gasoline, which is a flammable and volatile liquid. Note that the assumed 

configuration of the tanks does not reflect the industrialized area presented in Figure 10. It is also not likely 

that such configurations exist, but it was investigated in order to demonstrate the capability of the proposed 

methodology. The units of the system also include the storage warehouses, which were precast concrete 

buildings, and the residential buildings, which were considered to be reinforced concrete frame structures.  
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The potential damage to each unit is classified with four (nDS = 4) different damage states, which are described 

in Table 4. The damage states of the tanks are consistent with those defined in [39]. The damage states for the 

residential buildings were taken from [28]. The damage states for the storage warehouses were taken from 

[40]. The details are presented in Table 4. The LOC states for the tanks were defined in accordance with the 

Purple Book [17], and are thus classified as a minor loss, intense loss, and catastrophic loss LOC states. 

 

Table 4. Definition and description of damage states of the units of the system 

 

Damage 

state 
Definition 

Description of damage states 

Residential building Storage warehouse Tank 

DS1 
Slight 

damage 

Hairline cracks in some 

beams and columns 

At least one non-

structural 

component 

dislocated 

Damage to roof other than 

buckling, minor loss of contents, 

minor damage to piping, no 

elephant’s foot buckling 

DS2 
Moderate 

damage 

Hairline cracks in most 

beams and columns 

At least 50% of 

non-structural 

components 

dislocated 

Elephant’s foot buckling with 

minor loss of content 

DS3 
Extensive 

damage 

Some of the frame 

elements have reached 

their ultimate capacity 

All non-structural 

components 

dislocated 

Elephant’s foot buckling with 

major loss of content, severe 

damage, broken pipes 

DS4 Collapse Structural collapse Structural collapse Total failure, tank collapse 

 

The relevant input data for the computation of the probability of fatality due to the damage state of a unit, 

[ ( , ) | ( ) ]i dP F x y D U DS  are the models for the probability of intermediate events from the event trees. In the 

framework of this example, the following models were defined: 

 

Probability of fatality caused by debris 

In accordance to [27], it was assumed that the probability of fatality caused by debris, P[F(a)], is equal to 0.08 

for extensive damage (i.e. DS3), equal to 0.3 for the collapse damage state (i.e. DS4), and equal to 0 for DS1 

and DS2. The same values of P[F(a)] were taken into account for all the units of the system, even if these 

values were less reliable for the case of industrial units (such as tanks), which were not considered in the study 

of Zuccaro and Cacace [27].  

 

Probability of occurrence of LOC states 

The deterministic relationships between damage states and LOC states, as discussed in Subsection 3.2 and 

presented in Table 5, were considered. This is the simplest approach, but it is, however, also the most common 

in the literature (e.g. [10,29]). 

 

Table 5. Probability of occurrence of LOC states for the four damage states considered 

 

Damage state P[LOC1] P[LOC2] P[LOC3] 

Slight damage 1 0 0 

Moderate damage 0 1 0 

Intense damage 0 1 0 

Total collapse 0 0 1 

 

Probability of occurrence of physical-chemical phenomena as a consequence of LOC states 

The probabilities of occurrence of physical-chemical phenomena were derived from [24], as presented in Table 

1 of Subsection 3.3. Because tank TK1 contains a toxic gas, the only possible physical-chemical phenomenon 

which could be triggered as a consequence of an LOC is a toxic dispersion, with probability P[TD]=1. In the 
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case of tank TK2, which contains a flammable and volatile liquid, the possible physical-chemical phenomena 

which may be triggered are pool fires, with probability P[PF]=0.065, flash fires, with probability P[FF]=0.561, 

and vapour cloud explosions, with probability P[VCE]=0.374.  

 

Models for the intensity of physical-chemical phenomena  

Physical-chemical phenomena may be triggered both by an LOC from tank TK1 or from tank TK2. In the case 

of tank TK1, it is necessary to estimate the intensity of the concentration of the gas at the given distance 

between source and target, in order to simulate the effect of a toxic dispersion. Thus, the concentration of toxic 

gas was estimated using Eq.(18) as a function of the release rate q, which was calculated with Eq. (19). In 

order to calculate the release rate q, an equivalent area of the hole Ah in the industrial unit (i.e. the size of the 

damaged part) must be considered. For this purpose, the percentage of the total mass of material expected to 

be lost from the tank because of the damage state was obtained from [39]. In particular, it was expected that 

the percentage of lost content over a period equal to te would be 1%, 20%, 40%, and 100%, respectively, for 

DS1, DS2, DS3, and DS4. As a consequence, the area of the hole Ah, which increases with the severity of the 

damage state, was calculated to be consistent with a release equal to the percentage of content lost defined for 

each damage state over a period set to 15 min (as in [41]). For this calculation, only the Pasquill stability class 

F and the speed velocity u=2 m/s2 were assumed, which is often considered to be the most conservative 

approach with respect to the extent of dispersion of toxic and flammable materials [18]. The resulting 

concentration of toxic gas is presented in Figure 11 as a function of the downwind and crosswind distances 

from the source of release, for the case of tank TK1 and damage state DS2. The y, and z were estimated as a 

function of the downwind distance and the Pasquill stability class F [23]. The considered toxic gas (i.e. 

ammonia) is characterized by the specific heat ratio and by density 0=0.73 kg/m3. It was assumed that 

the pressure in operating conditions is the atmospheric pressure. Because the target is defined by an individual, 

the height z is assumed to be equal to 1.7 m. In order to make a conservative estimation, it was assumed that 

the wind was always blowing in the direction from the source to the target. 

 
Figure 11. The concentration of toxic gas as a function of crosswind and downwind distances from the point source 

 

Heat radiation as a function of the distance from the point source to the target must be modelled in the case of 

tank TK2. For this purpose, Eq. (17) was used, and the resulting heat radiation is presented in Figure 12a. The 

chemical characteristics of the gasoline in tank TK2 were 44.0 /cH MJ Kg  , 0.30sF  , 0.055m
  and 

2.10k   (from [23]). In the calculation, it was assumed that the diameter of the pool fire was equal to the 

diameter of the tank and that the wind coefficient was equal to 1. The blast charts from the Multi Energy model 

[23] (Figure 9) were used to estimate the expected impulse and overpressure as a function of the distance from 

the point source to the target, shown in Figure 12b, for the case of an LOC from tank TK2.  
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(a) 

  
(b) 

 

Figure 12. (a) Pool fire heat radiation as a function of the distance from the point source to the target [33] for the case 

of tank TK2, containing gasoline, and (b) impulse and overpressure following a Vapour Cloud Explosion as a function 

of the source-target distance for the case of tank TK2, containing gasoline 

 

 

Probability of fatality and probability of damage states caused by physical-chemical phenomena 

The probit functions presented in Subsections 3.5 and 3.6 were used to estimate the probability of fatality and 

the probability of damage to a unit caused by physical-chemical phenomena. The time of exposure was set to 

15 min, which is consistent with the assumption made in [41].  

 

On the basis of the described input data, the computation of [ ( , ) | ( ) ]i dP F x y D U DS  began with 

implementing the MC simulations (as defined in Subsection 2.3). For the calculation of the probability of 

fatality in a particular target and with consideration of all damage states of all the units, nu×nDS,i sets of MC 

simulations were performed. Each set consisted of 2·105 simulations. The algorithm for MC simulations was 

developed in Matlab [42]. 

 

The probabilities of damage states [ ( ) | ]i dP D U DS IM im   have also to be estimated. For this purpose, it is 

necessary to consider the seismic fragility functions for each unit and each damage state. In this example, the 

parameters of the seismic fragility functions for the units were taken from the literature. The median seismic 

intensity causing a designated damage state, , and the corresponding logarithmic standard deviation, , are 

presented in Table 6. The tanks were considered to be anchored, and seismic fragility functions were based on 

[28]. For the storage warehouse, the parameters of the seismic fragility functions were taken from [40] by 

assuming they belonged to Building class 9. The residential buildings were considered to be reinforced 

concrete buildings, and the corresponding seismic fragility functions were taken from [28]. All fragility 

functions were defined for peak ground acceleration (PGA). It should be noted that the seismic fragility 

functions used for this case study were not derived precisely for each unit of the industrialized urban area, but 

were adopted from the literature as presented in Table 6, for brevity of demonstration. However, the 

methodology is not limited to the definition of the damage states, and it can still be applied if seismic fragility 

functions are precisely derived for each unit of the system. For example, the fragility functions for storage 

tanks could be derived according to the procedure proposed by Phan et al. (2016) [43]. In such a case, the 

damage states would be associated with specific ranges of engineering demand parameters.  
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 Table 6. Parameters of seismic fragility functions for the system’s units 

Damage 

state 

TK1, TK2 SWs RBs 

g)  g)  g)  

DS1 0.71 0.80 0.13 0.46 0.11 0.64 

DS2 2.36 0.80 0.29 0.48 0.22 0.64 

DS3 3.72 0.80 0.49 0.43 0.62 0.64 

DS4 4.26 0.80 0.57 0.43 1.35 0.64 

 

The probabilities of fatality due to damage of each unit, i.e. [( ( , ) | ( ), )]iP F x y D U IM im , were calculated 

according to Eq. (9). The Eq.(4) was then applied to calculate the probability of fatality at the target, 

[( ( , ), )]P F x y IM im , for a range of PGA values between 0 and 4 g. The resulting probabilities are presented 

as a function of the PGA in Figure 13a, for the target indicated in Figure 10b (i.e. in the same position as the 

residential building RB1). The so-obtained curve was integrated together with the derivative of the seismic 

hazard function (Eq. (11)) in order to obtain the annual rate of fatality in the target (x,y). The seismic hazard 

function for Priolo Gargallo, shown in Figure 13b, was obtained using the software Reassess [44].  

 
(a) 

 
(b) 

Figure 13. (a) Probability of fatality at target (x,y) as a function of the intensity measure PGA; (b) hazard curve for 

Priolo Gargallo 

The above-described procedure was repeated for all the targets in the grid (Figure 10b) in order to obtain the 

fatality risk over the entire area of interest. The computational time for the whole procedure was about 160 

minutes. The methodology is not computationally very demanding because the simulation of the seismic 

response of the units is indirectly accounted through predefined seismic fragility functions (Table 6). However, 

if seismic fragility functions for the units are not available, they can be estimated by response history analysis 

before performing MC simulations. Running response history analysis of the system for each MC simulation 

would be computationally too demanding. In such a case, efficient structural reliability approaches may be 

used (e.g. [45,46]). 

The resulting fatality risk map is shown in Figure 14. Different colours in the graph identify iso-risk curves, 

i.e. curves characterized by the same value of IR. It can be observed that the highest IR (most intense shade of 

red in Figure 14) is in the immediate surroundings of TK1, which contains ammonia. This is because the 

probability of a toxic dispersion in the case of the damage to a unit containing toxic gas is equal to 1 (Table 

1), and the probability of fatality in the case of such a concentration of ammonia is very high. The fatality risk 

then decreases with distance from the tank, because the concentration in the atmosphere of the toxic gas also 

decreases. For greater distances from the tanks, the iso-risk curves become circular around TK2. This happens 

because the probability of fatality caused by leakage from the tank TK2 does not quickly decrease with the 

distance. The peaks for IR can also be observed in the immediate surroundings of the units because of the 

direct impact of debris (fatality case a). 
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Figure 14. Fatality risk map of the individual risk (IR) for the presented case study by considering domino effects 

 

It should be emphasized that Figure 14 presents the fatality risk map obtained by considering the domino effect. 

However, for the sake of comparison, the fatality risk map was also calculated by neglecting the domino effect 

(Figure 15). In this case, it was considered that a person standing at a target might die only because of the 

direct impact of debris, or because of the chemical consequences due to the leakage of hazardous material, i.e. 

fatality case a and fatality case b, as described in Subsection 2.2. It can be observed that the values of IR in 

the whole area are lower than those observed in the case when domino effects were considered. The circular 

iso-risk curves around tank TK2 occur due to high probability of fatality as a direct consequence of the leakage 

of hazardous material (fatality case b). The highest values of IR are observed again in the immediate 

surroundings of tank TK1. However, it should be noted that, in the case of Figure 14, tank TK1 can suffer 

damage because of the seismic event as well as because of the domino effect triggered by tank TK2. Namely, 

tank TK2 contains a flammable liquid, and that may cause a pool fire or a vapour cloud explosion. In the case 

of pool fire or the explosion of tank TK2, there is a high probability that tank TK1 will suffer structural damage 

and triggers toxic dispersion. However, this event is not considered in the results presented in Figure 15 

because domino effects are disregarded. Therefore, not considering the domino effects in industrialized urban 

areas may lead to significant underestimation of the fatality risk in the case of a seismic event.  
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Figure 15. Fatality risk map of the individual risk (IR) for the presented case study without consideration of domino 

effects 

It should be underlined that the fatality maps presented in Figure 14 and Figure 15 are obtained under the 

assumption of independent fatality events (see Eq. (7)), which provide the upper bound fatality risk. In order 

to investigate the overestimation of the fatality risk due to this assumption, the lower bound fatality risk and 

the corresponding fatality maps were derived by considering dependency between fatality events. Because the 

two tanks TK1 and TK2 store different types of hazardous materials, the full dependency between fatality 

events cannot be assumed. However, full dependency was assumed between the damage states of the two units. 

Tanks TK1 and TK2 are considered identical as far as the seismic response is regarded since they are 

characterized by the same fragility functions. Thus, the assumption of full dependency is limited to the 

structural damage of the two tanks TK1 and TK2. The fatality maps obtained under the assumption of full 

dependency between structural damage of the two tanks are presented in Figure 16 for the case with 

consideration and the case without consideration of domino effects.  

 

By comparing fatality risk from Figure 16a and that from Figure 14, as well as by comparing Figure 16b and 

Figure 15, it can be concluded that the difference in the IR is observed only in the close surrounding of the 

tank TK1. In the remaining area, the fatality risk maps obtained under the assumptions of full independency 

and full dependency between structural damage of the two tanks, are only slightly different or practically the 

same. Therefore, the overestimation due to the assumption of full independency is limited to a small area 

surrounding TK1. However, this result is specific for the presented case study.  
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(a) 

   
(b) 

 

Figure 16. The fatality risk map obtained by assuming full dependency between structural damage of the two tanks for 

the case (a) with and (b) without consideration of domino effects 

 

The fatality risk maps can be used for decision-making regarding safety issues in industrialized urban areas. 

For this purpose, risk acceptance criteria may be found in the literature [47,48]. For instance, according to [47], 

the maximum tolerable IR in the case of nuclear facilities and onshore processes is equal to 10-4 per year. If 

this value of IR is considered as a threshold for the example presented in this study, then the iso-risk curve 

corresponding to an IR equal to 10-4 per year, as shown in Figure 17, defines the area which can be considered 

safe. Based on this information, stakeholders can rationally decide on actions to reduce risk in unsafe areas. 

Therefore, it is essential that risk studies account for all phenomena which may cause fatality events. For 

example, if multi-hazard domino effects were disregarded in this example, the iso-risk curve corresponding to 

an IR equal to 10-4 per year would be quite biased (Figure 17). This can be demonstrated by deriving the safety 

distances, i.e. the distances from a hazardous facility, along a given direction, at which the individual risk is 

less than the acceptable risk [49]. In particular, in Figure 17, the safety distances from the centre of the facility 

(point C in Figure 17), obtained with and without consideration of domino effects, are highlighted. When 

domino effects are neglected, the safety distance, along the direction presented in Figure 17, is equal to 360 

m, while it is equal to 450 m when domino effects are taken into account. Therefore, for this specific case 

study, the consideration of domino effects increases safety distance for 23%. This again emphasizes the 

importance of considering domino effects in the risk assessment of industrialized urban areas. However, it 

should be underlined that the individual risk does not directly provide information on the expected number of 

fatalities, because it does not take into account, by definition, the actual population of the area. Further studies 

will, therefore, address the evaluation of the societal risk, which is the relationship between frequency and the 

number of people suffering from a specified level of harm from the realisation of specified hazards [15]. 

Contributions in this direction may be found in Tsang et al. (2018) [15] where a procedure to develop societal 

risk functions able to provide the expected number of fatalities due to a single hazard type or multiple hazards 

is proposed. 

 

It should be noted that the results presented in this section are not related to any specific industrialized urban 

area. Moreover, it is worth to emphasize that the results are based on existing models of probability of fatality, 

which were taken from the literature, rather than on empirical fatality data collected from historical Natech 

events. Therefore, the presented example demonstrates the proposed methodology, while the results can be 

further improved by addressing the uncertainty and accuracy of the models of probability of fatality used in 

the presented cases study.  
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Figure 17. Iso-risk curves for IR=10-4 per year with and without consideration of domino effects 

 

5. Conclusions 

A methodology for earthquake fatality risk estimation in an industrialized urban area by considering domino 

effects was presented. It allows the simultaneous consideration of multiple hazards that endanger industrialized 

urban areas hit by an earthquake. The extremely complex phenomenon is decomposed into several 

subproblems. The seismic damage of the units is modelled by seismic fragility functions for different damage 

states, while earthquakes are modelled by the probabilistic seismic hazard analysis, as defined by 

seismologists. Several other models had to be defined, which, however, could generally be prepared by the 

involvement of different branches of engineering. These models are needed to simulate the probability of 

fatality caused by debris, the probability of loss of containment, the intensity of the triggered physical-chemical 

phenomena, and the probability of fatality and structural damage caused by such phenomena. All these models 

were integrated into the Monte Carlo method, which was used to calculate the individual risk and the fatality 

risk maps for the area of interest. Because these models simulate probabilities for different intermediate events, 

the computational efforts required for one simulation within the Monte Carlo method are minimized This 

allows to implement the method for complex problems which requires the simulation of multi-hazard domino 

effects. The methodology was primarily developed for areas influenced by petrochemical plants, but the 

theoretical part is general and can thus be applied to different types of industrialized urban areas.  

 

The capabilities of the proposed methodology were demonstrated by calculating the fatality risk (i.e. individual 

risk, IR) maps with and without considering multi-hazard domino effects for a given industrialized urban area. 

It was shown that disregarding the domino effects in an industrialized urban area could lead to significant 

underestimation of risk in the case of seismic events. In particular, the distance from the hazardous facility at 

which the individual risk becomes less than the limiting value (IR=10-4 / year) was increased by 23% when 

domino effects were taken into account. Information from the fatality risk maps could be used for decision-

making regarding safety issues in an industrialized urban area. However, the final goal of the research, which 

was a part of the XP-RESILIENCE project sponsored by the European Commission, was to develop the 

proposed methodology in order to use it for designing or upgrading units in an industrial facility.  

Due to the extreme complexity of the problem, the proposed methodology is based on several simplifications 

and assumptions. Modelling of the relationship between damage states and loss of containment states is 

simplified. The effects of physical-chemical phenomena were obtained under several hypotheses (e.g. the 

effects of meteorological conditions were practically neglected). Also, the models which allow for estimating 

the probability of fatality and the probability of structural damage due to chemical phenomena are based on 

https://doi.org/10.1016/j.ress.2020.107287


This paper was published in Relibility Engineering & System Safety. Please cite it as: 
Celano F, Dolšek M. Fatality risk estimation for industrialized urban areas considering multi-hazard domino effects 
triggered by earthquakes, Relibility Engineering & System Safety, 2021, 206, 107287, 
https://doi.org/10.1016/j.ress.2020.107287. 

 
probit functions, which are also quite simplified. Consequently, additional studies are needed to improve these 

models, which, however, can be treated by teams of engineers of different branches. Currently, the validation 

of the IR based on the proposed methodology is limited because of the limited availability of empirical fatality 

data collected from domino effects triggered by historical Natech events. However, the approach presented in 

this paper is based on independent models for the fatalities caused by different hazards (e.g. fatality due to 

structural damage or fires or explosions or toxic dispersion or other phenomena). The validation issue may 

thus be solved partly in future research, by validating the fatality models with empirical data obtained for 

different hazard, without considering the effect of domino. The potential bias in the estimation of the IR due 

to the lack of data is thus a subject of future research. 
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