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ABSTRACT 

 

Fragment projection from equipment failure has been extensively recognized as a cause 

of cascading events and of severe domino scenarios. In recent years several mathematical 

models suitable for the quantitative assessment of risk due to domino effects and 

cascading events were developed and validated, but a systematic methodology for 

quantitative risk assessment caused by fragment projection and impact is still missing. In 

the present study, a step-by-step approach is proposed for the assessment of domino risk 

indices due to fragment projection. The approach builds on available sub-models for the 

quantitative assessment of fragment generation, impact and damage probabilities. 

Altogether, the proposed model supports a quantification of the risk due to escalation 

triggered by fragment impact that can be easily automated and integrated in risk 

assessment studies. 

 

Keywords: fragment projection, fragment impact probability, quantitative risk 

assessment, cascading events, domino effect, major accident hazard. 

 

NOMENCLATURE 

 

fp Generic fragmentation pattern 

fP Frequency of the primary scenario [y-1] 

fs Generic fragment shape 

i Generic index 

j Generic index 

k Generic index 

NF Number of fragments generated by a given fragmentation pattern 

Nfp Number of possible fragmentation patterns for given primary scenario 

NT Number of potential targets 

Pcp Conditional probability of fragment detachment after initial crack propagation 

Pfp Conditional probability of the fragmentation pattern fp 

Pfs Conditional probability of the considered fragment shape 

Pgen,j Conditional probability of a given fragment j to be generated 
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Pimp,j->i Conditional probability of impact of the fragment j on the target i 

Pdam,j,i Conditional probability of damage following the impact of fragment j on 

target i 

Pj->i Overall conditional probability of escalation triggered by a given fragment j 

impacting on the target i 

Pq,f Probability to have a domino scenario corresponding to the f-th permutation 

of interest 

Po,i Overall conditional probability that a target unit is impacted by any of the 

projected fragments 

℘𝒅𝒊𝒓 Probability distribution function of the fragment initial direction 

qi,j,f Generic permutation 

t Generic index 

Tk
t t-th combination of k targets 

γ Function 

δ Function 

vfp the total number of domino scenarios considered in the assessment for each 

fragmentation pattern 

vfp Possible ‘partial permutations without repetition’ providing a bi-univocal 

coupling of k fragments to k possible targets 

vk possible combinations where k targets (k ≤ NF and k ≤ NT) are simultaneously 

impacted by k 

θ vertical angle of projection in a polar coordinate system with origin in the 

fragment source 

φ horizontal angle of projection in a polar coordinate system with origin in the 

fragment source 
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1. INTRODUCTION 

Fragment projection may occur in the process industry as a consequence of accident 

scenarios involving the catastrophic failure of process vessels or of fast rotating process 

equipment [1]. Fragment projection may cause domino effects resulting in cascading 

events, generating severe secondary accidents [2–5]. This occurs when the projected 

fragments impact on other equipment items causing the loss of containment of hazardous 

materials or a severe release of energy. Thus, fragment projection may be considered an 

escalation vector associated to primary scenarios as confined explosions, boiling liquid 

expanding vapor explosions (BLEVEs), runaway reactions, and failure of rotating 

equipment [1,2,6–13]. 

Domino effect leading to propagation and escalation of a primary accident is a well-

known cause of severe accidents in the process industry [14–17]. Events as the Mexico 

City disaster [18] witness the severity of such scenarios and the death toll they may cause. 

The risk of escalation is of particular concern in industrial clusters and in extended 

industrial sites, featuring hundreds and sometimes thousands of equipment items situated 

in close proximity, and in which relevant quantities of hazardous (e.g., toxic, flammable, 

etc.) materials are stored or processed [19–24].  

Therefore, the assessment and management of risk caused by domino effect and cascading 

events is a crucial element in the control of major accident hazard in complex industrial 

parks and infrastructures. Several studies were dedicated in the literature to the 

quantitative assessment of domino effects and cascading events in industrial facilities and 

infrastructures, such as power grids [25], water distribution networks [26], and chemical 

process plants [7,9,27–30]. Even if general frameworks for the quantitative assessment 

of domino effects are available in the literature (e.g. see [31–33]), less attention was 

dedicated to the development of quantitative assessment methods to prevent, assess or 

control the domino scenarios caused by fragment projection. 

Nearly any equipment item that isolates a confined volume of fluid may cause accident 

scenarios involving fragment projection. Thus, the total elimination of fragment 

projection hazard is not practically feasible in a process plant. Moreover, projection 

distances of fragments of the order of 1 km were experienced in past events [9,34,35] (up 

to 3km in a recent event occurred in Tarragona, Spain [36]), hindering the application of 

safety distance criteria to avoid domino effect [9,35,37,38]. The difficulties in the 

application of inherent safety concepts to fragment projection scenarios suggests 

Quantitative Risk Assessment (QRA) methods as the leading approaches to assess, 

control and reduce the risks related to fragment projection [31,39]. 

The quantitative assessment of the risk due to fragment projection requires the ability to 

describe and model, by a comprehensive, systematic and validated approach, all the steps 

involved in the generation, flight and impact of the fragments. Moreover, the approach 

should be compatible with other QRA and domino risk assessment techniques. In the last 

decades, several models applicable to fragment projection were developed. Ballistic 

models were effectively applied to the calculation of the impact probabilities of a 

fragment on a given target (e.g. see Baker et al. [40] and later adaptations by many other 

authors [41–46]). However, the practical application of ballistic models in QRA requires 

input data on the number, shape and mass of the projected fragments, on the initial 

projection parameters (e.g. probability density function for the initial projection angles 

and for the initial projection velocity), and on the probability of damage upon impact. 
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Probabilistic approaches based on the concept of fragmentation patterns [2,47,48] and on 

the analysis of extended sets of past accident data were developed to assess the expected 

number of fragments and fragment drag factors [2,49]. A number of models were 

proposed to evaluate the initial projection velocity (e.g. [50–55]). More recently, a few 

studies focused on the definition of suitable probability distributions for the direction of 

the initial velocity of the fragments [44,45,56,57]. With respect to the damage by missile 

impact, the literature reports several models for the penetration of metal targets (e.g. asset 

damage) [1,58–66], while few approaches are available for damage mechanisms different 

than fragment penetration (indents of pipes [67], fragmentation [68], damage of concrete 

and brick structures [1]). 

As evident from the above cited literature, the complexity of the phenomena involved in 

fragment projection led to a number of specialized studies of specific topics. Practical 

approaches to date were mostly based on the extensive adoption of simplified 

assumptions concerning the number, shape and initial velocity of the fragments, likely to 

result in over-conservative results. Only few studies strived to provide a systematic 

approach to the issue (e.g. see [3,45,56,69]). However, a widely accepted procedure for 

the quantitative assessment of risk due to fragment impact in the framework of industrial 

risk assessment is still missing. 

The present study was aimed at the development of a systematic procedure for the 

quantitative assessment of the risk of domino scenarios triggered by fragment projection. 

A comprehensive methodology for the quantitative assessment of risk caused by domino 

effect was developed by Cozzani and coworkers [34,70] (Figure 1). Though the original 

methodology already considers different escalation vectors (thermal load, blast wave, 

etc.), its application to fragment projection was not considered, and specific models, 

procedures and guidelines allowing its application to fragment projection were not 

provided. In the present study, the specific sub-models needed for the quantitative 

assessment of fragment projection as an escalation vector were addressed. The more 

suitable models to describe the phenomena involved in the fragment projection process, 

from the identification of the potential sources of fragments to the final probability of 

escalation, were identified. The models were integrated in order to obtain a coherent flow 

of information among the steps of the assessment. A specific method allowing the 

calculation of the expected probability of escalation when the ejection of multiple 

fragments occurs was calculated. In order to obtain an insight on its potentiality, the 

methodology was applied to the analysis of a representative case-study in an Oil&Gas 

facility. 
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2. METHODOLOGY 

The structure of the proposed methodology is outlined in Figure 1. As evident form the 

figure, it is a multi-step procedure, which unfolds from the identification of the primary 

events able to trigger domino scenarios to the quantitative assessment of the contribution 

of domino scenarios triggered by fragments on risk indexes. The input information for 

the quantitative assessment of escalation is a systematic characterization of the primary 

risk sources for fragment projection present in the facility of concern. This information 

can be easily obtained from conventional quantitative risk assessment studies and is 

usually available when the assessment of escalation and domino effect is undertaken in 

the context of a more general QRA study. 

The general scheme of the methodology is adapted from that proposed by Cozzani et al. 

[31]. The starting point of the assessment is the identification (by e.g. event tree analysis) 

of the primary events and related final outcomes and escalation vectors that have a 

nonnegligible domino potential (step 1 in Figure 1). The single final outcomes and 

escalation vectors are then analyzed one by one (step 2 and related loop). First, the 

escalation vector is clearly characterized (step 3): in the case of fragments this provides 

definition of the shape and number of fragments generated by any of the possible 

fragmentation patterns. Then follows the identification of possible targets (step 4), the 

evaluation of domino propagation probability for each target (step 5), and of the 

consequences from secondary scenarios at the affected target (step 7). Some scenarios 

with very low probability may be discarded in during the process in order to allow for a 

quicker assessment (step 6). The risk assessment procedure is then concluded by the 

calculation of the combined risks from all the assessed final outcomes of primary events 

(step 8, 9, and 10) and, if desired, of second-level domino events as well (step 11 and 

related loop). 

This general procedure is common to all the potential escalation vectors of concern in the 

process industry (thermal load, blast wave, fragments). In the following, the specific 

modifications proposed for fragment projection assessment will be discussed in detail. 

Particular attention will be devoted to the sub-procedures developed for steps 3 and 5, 

where the specific characteristics of the fragment escalation vector are taken into account. 

Further information on the application of the other steps of the procedure and on the 

assessment of other escalation vectors is widely reported elsewhere [71]. 
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Figure 1. Flow diagram of the proposed methodology for the assessment of risk caused 

by domino accidental scenarios, reporting a detail of the sub-procedures specific for 

escalation by fragment projection (step 3 and 5) developed in the present study.  
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2.1 Identification and assessment of projected fragments as escalation vectors 

A critical point in the application of the methodology is the definition of the number and 

shape of fragments that may be formed and projected in the final outcome of concern of 

the primary scenario considered (step 3 in Figure 1). Fragments originate when an 

equipment item undergoes a mechanical failure and part of vessel shell or of connected 

pipework are physically detached from the original unit. Fragment projection is correlated 

with accident scenarios which both (i) can generate fragments, and (ii) can transfer to the 

fragments a sufficient kinetic energy to make them a possible cause of damage to people 

or equipment. The catastrophic rupture of a vessel is a typical accident scenario resulting 

in fragment projection, since the release of the internal energy is in part transferred to the 

vessel fragments as kinetic energy. Fragment projection may also follow the failure of 

rotating equipment (e.g. compressors, turbines): fragments may be generated by the 

mechanical failure of moving parts (e.g. blades, sections of rotors), which may detach and 

pierce through the machine casing. 

Though a large number of pieces of equipment in a facility may, at least in theory, be a 

source of fragments, criteria are required to identify the more likely fragment sources to 

allow for an effective management of time and computational resources in risk 

assessment studies. Heuristic criteria for the identification of the more likely fragment 

sources were proposed by Gubinelli and Cozzani [49] from the analysis of failure 

mechanics and of a database of more than 180 past accidents. Table 1 reports the proposed 

criteria for the selection of the more likely fragment sources (the “final outcome” of 

concern, in step 2 of Figure 1) among the hazardous units identified in a QRA study (step 

1). Units that satisfy one or more of the criteria candidate as likely fragment sources. 

 

Vessel-like sources Rotating equipment sources 
Accidental scenario triggering fragmentation 

The primary scenario provides energy for shell 

fracture (fragment generation) and fragment 

projection. Credible initiators of fragment 

projection are the one listed in Table 2. 

Geometrical characteristics 

Moving parts in the equipment should have size and 

mass large enough to provide the momentum 

necessary to cause damage of the escalation targets. 

(e.g. discard components with negligible size) 

Geometrical characteristics of the equipment 

Units with the higher volume and/or the higher 

inventory can provide higher energies for 

fragment projection. This generates fragments 

with the momentum necessary to project them 

at relevant distances and to significantly damage 

targets. 

Average yearly working time 

Rotating components should be operative for a 

significant number of hours per year. The expected 

frequency of an event leading to fragment projection 

is usually proportional to the number of worked 

hours 

(e.g. discard rotating equipment in occasional 

service, such as spare units, start-up auxiliaries, etc.). 

Specific operating conditions 

Units with higher design pressures provide 

higher energy for projection; units with 

operating or anomalous conditions enabling 

scenarios of rapid energy release (BLEVE, run-

away, material instability, internal combustion) 

provide higher energy for projection. This 

generates fragments with the momentum 

necessary to project them at relevant distances 

and to significantly damage targets. 

Specific operating conditions 

Moving parts in the equipment should have velocities 

large enough to provide the momentum necessary to 

puncture the casing and project them at relevant 

distances. 

(e.g. discard low-speed rotating equipment) 

Table 1: Heuristic criteria proposed for the identification of potential fragment 

sources. 
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Unit taxonomy 

Primary accident scenario 

BLEVE 
Physical 

Explosion 

Confined 

explosion 

Runaway 

reaction 

Energetic 

material 

decomp. 

Fired Unfired     

Atmospheric Vessels       

   Horizontal Cylindrical Vessel   √ √ √ √ 

   Vertical Cylindrical Vessel   √ √ √ √ 

   Cone-Roof Tank   √ √ (*) (*) 

   Other sharp-edged equipment   √ √ (*) √ 

Pressurized Vessels       

   Horizontal Cylindrical Vessel √ √ √ √ √ √ 

   Vertical Cylindrical Vessel √ √ √ √ √ √ 

   Spherical Vessel √ √ (*) (*) (*) (*) 

   Other Vessels √ √ √ √ √ √ 

 

Table 2: Possible combinations of accident scenarios and vessel taxonomy which 

may generate missiles (adapted from Tugnoli et al. [3]). Combination 

marked as (*), though possible, are unlikely in current industrial practice. 

 

Generation of fragments involves the formation and propagation of cracks through the 

structural material (usually metal) of the unit. The distribution of these cracks and, 

consequently, the size and shape of the fragments can be described by a limited set of 

reference fragmentation patterns, as described by Westin [48]. Gubinelli and Cozzani [49] 

introduced a correlation between the equipment failure mode, the primary scenario and 

the number and geometry of projected fragments based on reference fragmentation 

patterns [2,49]. This approach can be effectively used in step 3.1 of the current 

methodology (see Figure 1) to associate to each primary scenario a set of Nfp 

fragmentation patterns (fp). The fragments originated in each fragmentation pattern can 

be then characterized (step 3.2 in Figure 1) for their number, shape, weight and drag 

coefficient. Drag coefficients describe the dissipative forces slowing down the fragment 

during the flight. A simplified method for the evaluation of this parameter, based on 

model shapes for the fragments is described by [49]. 
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2.2 Identification of possible escalation targets 
Domino risk analysis is usually focused on a limited set of targets with potential for 

escalating the overall consequences of the accident scenario [71,72]. Target equipment 

items therefore need to be identified according to the severity of the consequences 

following the damage by the fragment impact (step 4 of the methodology, see Figure 1). 

For example, equipment items holding a large inventory of hazardous substances or 

equipment handling highly toxic material are likely to generate severe secondary 

scenarios if damaged by impacting missiles. A preliminary identification of these targets 

may be based on hazard ranking indexes (e.g. Dow F&EI [73], Inherent Safety KPIs [38], 

etc.) or on the severity of the consequences from the primary scenarios (this is typically 

available from QRA studies in which the domino assessment is included). An account of 

this procedure is provided by Cozzani and coworkers [71,72]. 

The mechanism of escalation by fragment impact is different from that of other escalation 

vectors (e.g. blast wave and thermal load), and this influences significantly the evaluation 

of the escalation probability (Figure 2). Blast waves and thermal loads are “field-like” 

escalation vectors, where a portion of the space is interested by the vector and all the 

targets in that area can be damaged. In these cases, the damage of a target by the escalation 

vector does not affect the possibility of the vector itself to damage other target in the 

affected area. 

Differently, escalation by fragments occurs by a “one-to-one” escalation mechanism: a 

given fragment that impacts on a target cannot impact, at the same time, on any other 

spatial location. Hence, a given fragment may affect only a single target at a time, 

provided that the distances among the potential targets and between the fragment source 

and the targets are sufficiently large. Ricochet is usually neglected for fragmentation 

accidents, due to reduced kinetic energy of the fragment after the first impact (i.e. small 

probability of effective damage on a secondary target). As a result, the number of 

fragments generated simultaneously by a FP provides an upper bound to the number of 

targets that can be affected in a domino fragmentation scenario. 

For the purpose of escalation probability calculation (step 5) and of consequence analysis 

of escalation scenarios (step 7) it is important to identify all the sets of possible 

combinations of targets that can be affected by a fragmentation event (i.e. the domino 

scenarios). Each fragmentation pattern identified at step 3.1, produces a different set of 

fragments (different number, different characteristics) and will be considered as a 

separate case in the following. If NF fragments are generated at the same time by a given 

fragmentation pattern and NT potential targets of concern are identified, the possible 

combinations where k targets (k ≤ NF and k ≤ NT) are simultaneously impacted by k 

different fragments are: 

 
!)!(

!

kkN

N

T

T
k


         (1) 

Since k may assume different values within the limits given above, the total number of 

domino scenarios considered in the assessment for each fragmentation pattern is: 

 𝜈𝑓𝑝 = ∑ 𝜈𝑘
𝑚𝑖𝑛(𝑁𝐹,𝑁𝑇)
𝑘=1 = ∑

𝑁𝑇!

(𝑁𝑇−𝑘)! ⋅ 𝑘!

𝑚𝑖𝑛(𝑁𝐹,𝑁𝑇)
𝑘=1     (2) 

where the subscript fp indicates the fragmentation pattern of interest. The combinations 

above do not take into account which specific fragment, among those generated, impacts 
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on any given target. Due to the “one-to-one” nature of the fragment escalation vector, the 

assessment of the escalation probabilities for each of the combinations above requires the 

study of all the possible couples of fragment and affected target. 

For any given t-th combination (Tk
t) where k targets are affected by fragments from a 

given fragmentation pattern (fp), there are νF,k possible ‘partial permutations (or 

arrangements) without repetition’ providing a bi-univocal coupling of k fragments to k 

possible targets: 

 
)!(

!
,

kN

N

F

F
kF


         (3) 

where NF is the number of fragments generated by the fragmentation pattern of interest. 

Equation (3) is strictly valid if only one fragment impacts on any selected target. 

Considering permutations, the impact of multiple fragments on a single target is possible. 

However, this it would largely increase the number of cases to be considered in the 

assessment, without appreciably changing the numerical results of the evaluation. 

Actually, considering the phenomena governing the fragmentation of a vessel, when a 

limited number of fragments is generated in the primary event, the probability that two or 

more fragments impact on the same target, at least in the far field, is sufficiently small to 

be practically negligible [44]. It should also be remarked that, if probability of damage 

upon impact at step 5.3 is conservatively assumed to be equal to 1 (as in several proposed 

literature approaches), multiple fragment impacts have no interest, since any successive 

impact after that of the first fragment considered will not further increase the damage 

probability of the target. 

 

 
Figure 2. Representation of the escalation mechanism by different types of escalation 

vectors: a) “field-like” escalation vectors (thermal load, blast wave); b) fragment 

projection. 

 

2.3 Calculation of escalation probability 

The calculation of the escalation probability caused by fragments (step 5 in the 

methodology, see Figure 1) needs to be carried out considering the chain of events of the 

impact mechanism (fragment generation, fragment impact, and target damage). First, 

each phenomenon in the chain is assessed in probabilistic terms for any possible couple 

of fragment and target. Then, the results are combined in order to evaluate the probability 

of the possible escalation scenarios. 

x

x

x

a) b)
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2.3.1 Probability of fragment generation 
The probability of a given fragment j to be generated, (Pgen,j), quantifies the conditional 

probability that a fragment with a given shape and mass (as identified in step 3.2) is 

formed and projected given the primary event (step 5.1 in Figure 1). It is calculated from 

the combination of the probabilities of the phenomena involved: 

 

 fsfpcpjgen PPPP ,        (4) 

 

where Pcp is the conditional probability of fragment detachment after initial crack 

propagation, Pfp is the conditional probability of the fragmentation pattern of concern, Pfs 

is the conditional probability of the considered fragment shape. 

As discussed in Gubinelli and Cozzani [49], crack propagation may arrest, without 

producing any detached fragment. The analysis of past accident data allowed obtaining 

the data for the probability of fragment generation after initial crack propagation (Pcp) 

[47,49,74]. 

The conditional probability for a fragmentation pattern (Pfp) to occur given vessel 

fragmentation can be evaluated by past accident data. Conditional probabilities for 

reference fragmentation patterns and fragment number may be obtained from the 

literature [49]. A more accurate assessment of the fragmentation mechanism may be 

obtained performing a stress analysis of the vessel under consideration [75,76]. However, 

the level of detail and the computational resources required to carry out this assessment 

are unaffordable in the framework of a QRA of an industrial facility. 

In some fragmentation accidents, during equipment failure, one of the final fragments 

may assume different shapes due to (e.g. flattened or non-flattened). The conditional 

probability of fragment shape (Pfs) is relevant for capturing this phenomenon. Statistical 

data can be found in the study by Gubinelli and Cozzani [49]. 

 

2.3.2 Probability of impact 

As remarked by Mannan [1], the flight of a fragment is a standard problem in mechanics, 

for which a fundamental approach is described by Baker et al. [50]. The probability of 

impact of a fragment on a target with a given geometry can be calculated by the model 

proposed by Gubinelli et al. [44] for the assessment of the probability of domino scenarios 

caused by fragment impact (step 5.2 in Figure 1). The methodology is based on a ballistic 

analysis of all the possible trajectories of a fragment with a given mass, shape and initial 

velocity. A comparison with data available in the literature [47,50] provided a validation 

of the model. 

The model inputs are the initial conditions of the generated fragment (direction and 

velocity), the fragment characteristics (shape, dimensions, weight) and the characteristics 

of the target (dimension and location). The impact among a flying fragment and a target 

occurs under a limited range of initial projection angles. The presence of barriers aimed 

at intercepting the fragments (such as walls) can further reduce the extension of such 

range [77]. The total impact probability of the fragment j on the target i may be thus 

expressed as follow: 
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  
 

 
 

 ddP dirijimp ),(,      (5) 

 

where  is the probability distribution function of the fragment initial direction, θ 

and φ are respectively the vertical and horizontal angles of projection in a polar coordinate 

system with origin in the fragment source, and Δθ and Δφ are the intervals of vertical and 

horizontal angles for which the impact of j on i takes place. 

Tugnoli et al. [78] proposed a set of validated probability distribution functions for the 

initial angles, considering different categories of equipment. Other values, specific for 

horizontal cylindrical storage vessels are reported by Pula et al. [57], Mébarki et al. [45] 

and Nguyen et al. [56]. 

With respect to the initial velocity of the fragment, this may be evaluated from the kinetic 

energy transferred to the fragments during vessel failure [55]. The best model to describe 

initial velocity is usually identified on the basis of the primary event triggering 

fragmentation. According to TNO’s Yellow Book [79], the Baker  model [50] and/or the 

Gel’fand model [53] are suggested for physical explosion scenarios. The Baum’s formula 

[80] is suggested for BLEVEs. The Gel’fand’s method [53] best applies to runaway 

reactions and internal explosions. The Moore’s relation [54] is the more adequate for 

vessel burst with high scaled pressures and decomposition of energetic materials. Initial 

velocity of the fragment from rotating equipment can be conservatively assumed equal to 

the maximum tangential velocity of the rotor before fragmentation or can be estimated 

assuming the conservation of the kinetic energy of the detached section. A specific 

reduction of the initial velocity may be considered in order to take into account the energy 

required for casing perforation. 

Finally, the solution of the ballistic equation requires information on the drag factor of 

the airborne fragment. The procedure described by Gubinelli et al. [44] can be applied to 

this purpose. 

 

2.3.3 Probability of damage upon impact 

The probability of irreversible effects following target impact, or conditional probability 

of damage (Pdam,j,i), defines the vulnerability of the target (step 5.3 in Figure 1). The 

impact of a fragment on a piece of equipment can damage the target either by penetration 

or by plastic collapse. Consequences on the target in terms of possible loss of containment 

are generally different. A penetrating fragment may pierce a hole through the shell of the 

target and initiate a continuous or semi-continuous release. A high mass non-penetrating 

fragment may cause significant deformations of the target, possibly leading to the 

catastrophic collapse and to the instantaneous release of its entire content. 

Though several models are available for the calculation of fragment penetration on a 

given target, no criteria are provided to date for the estimation of the actual damage 

probability. The comparison of the penetration depth with the actual thickness of the 

target may provide a step function for damage probability. Fragment penetration depth in 

metal targets can be evaluated according to the fragment shape and kinetic energy 

(required inputs are available respectively from step 3.2 and 5.2 of the procedure) by a 

number of models applicable to metal targets (e.g. Baker et al. [61] for large size 

),( 
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fragments, Gwaltney et al. [81] or Ohte et al. [59] for small size fragments). Clearly 

enough, target protection barriers may be accounted for, if present [82,83]. 

Alternatively, a typical conservative hypothesis widely used in the literature is to assume 

a value equal to 1 for the damage probability if the impact takes place [1]. 

 

2.3.4 Probability of domino propagation 

The overall conditional probability of escalation triggered by a given fragment j 

impacting on the target i (Pj->i) is the product of the three contributions calculated above: 

 ijdamijimpjgenij PPPP ,,,,         (6) 

Where Pgen,j is the probability of each fragment to be generated, Pimp,j->i is the probability 

of impact on the target i, and Pdam,j,i is the probability of damage following target impact. 

As discussed in section 2.3, given a set of k targets (Tk
t) there are νF,k possible partial 

permutations coupling the k impacting fragments of a fragmentation pattern (fp) and the 

k impacted targets. Each these permutations can be represented in a three-dimensional 

matrix (qi,j,f): 






otherwise0

n permutatioth -fin th target -ion  impactsfragment th -j if1
,, fjiq  

with ],1[ TNi  target identifier, ],1[ FNj  fragment identifier, ],1[ ,kFf   permutation 

identifier. 

A domino scenario corresponding to a given permutation occurs if: i) all the k fragments 

of concern impact on the desired k targets, and ii) none of the other NF-k fragments 

impacts on any of the other NT–k targets. The probability to have a domino scenario 

corresponding to the f-th permutation of interest ( fqP , ) may then be calculated combining 

the probability of the escalation for the single couple fragment-target (step 5.4 in Figure 

1). Under the assumption that a fragment can impact only on a single location, the 

probability fqP ,  can be evaluated as: 

 







FT N

j

ij

N

i

fq fjiqPfjiqP
11

, ),,,(),,,(       (7) 

Where Pj->i is the probability of escalation triggered by a given fragment j impacting on 

the target i, and δ(q,i,j) and γ(q,i,j) are functions defined as: 















otherwise

qq

q

fjiq fbifja

fji

0

0   ]N[1,b    and     0   ]N[0,a if1

1 if1

),,,( ,,F,,T

,,

      (8a) 















otherwise

qqa

q

fjiq fbifja

fji

1

0   ]N[1,b    and     0     ]N[0, if1

1 if0

),,,( ,,F,,T

,,

      (8b) 

If targets are located at some distance from the primary source, the probability of damage 

Pj->i are relatively small numbers. In these cases, the terms of Eq. (7) corresponding to the 
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probability of not having any fragment impacting on unwanted targets is very close to 1. 

Therefore, Eq. (7) can be simplified as follows: 

 







FT N

j

fjiijfji

N

i

fq qPqP
1

,,,,

1

, )1(       (9) 

The νF,k possible ‘partial permutations without repetitions’ for a given combination of k 

targets (Tk
t) and a given fragmentation pattern (fp) are, by definition, mutually exclusive 

events: hence the probability to have a domino scenario affecting the set Tk
t from the 

fragmentation pattern (fp) is: 

fq

f

fp

T
PP

kF

k
t

,

1

,








        (10) 

Since also the alternative fragmentation patterns for a unit are mutually exclusive events, 

the probability to have the domino scenario affecting the set Tk
t from any fragmentation 

pattern is: 

 



fp

k
t

k
t

N

fp

fp

TTdom
PP

1
,

        (11) 

 

2.4 Secondary scenarios and consequence assessment 

After the escalation probability has been assessed, the secondary scenarios need to be 

identified (step 6 in the procedure, see Figure 1). An escalation leading to a domino 

scenario is based on the damage of a set Tk
t of targets. As discussed with respect to the 

probability of damage (step 5.3), no specific model is available to date for the 

quantification of the damage mode and intensity. A typical conservative assumption, 

especially in the case of large fragments, is that the impact leads to the collapse of the 

structure, with a consequent catastrophic loss of containment. A less conservative 

assumption considers the formation of a breach with the same size of the greater 

dimension of the impacting fragment. Specific considerations should be introduced if 

structural elements of the target are damaged, since in such scenarios collapse may follow 

local damage as well. 

The consequences of the loss of containment of hazardous materials in the secondary 

scenario need then to be assessed (step 7 in Figure 1). These can be described by 

conventional event tree analysis, taking into account that the primary scenario may affect 

the possible consequences (e.g. an ignition source may be easily available). The 

identification and analysis of a single scenario for the secondary consequences is a 

simplifying assumption that may be introduced to reduce the computational burden for 

the risk evaluation. Scenario prioritization criteria may be applied, as described in 

Cozzani et al. [31]. 

The following steps in the assessment procedure (steps from 8 to 11 in Figure 1) are not 

specific of the procedure for the calculation of the probability of escalation caused by 

fragments, being the same for the calculation of probability of any other escalation vector, 

and are described in detail in previous publications [31,71]. 
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3. Case Study 

The proposed methodology was applied to a case study concerning an upstream Oil&Gas 

installation. A fictitious lay-out of a plant section of an offshore production facility was 

derived from the actual design documents of an existing plant in very shallow waters, e.g. 

as those operating in the Caspian Sea. The plant section was considered as  part of a 

greater installation comprising wellheads, three-phase separation, sweetening and gas 

compression. The section layout unfolds on a single level. It is part of the greater three-

phase separation section of the plant and comprises of several units (separators, utility 

tanks, etc.) as shown in Figure 2. 

 

 

Figure 2: layout of the facility considered in the case study (distances are in m) 

  

The case of fragments originated by unit AS2 is considered in the following. Unit AS2 is 

a vertical cylindrical vessel containing pressurized inert gas (Table 3). The hazard 

identification study of the unit, carried out applying Hazard and Operability Analysis, 

pointed out the possibility of catastrophic failure of the unit, originating a mechanical 

explosion (blast wave) and fragment projection. This scenario is considered as the 

primary event causing fragment projection. 

Potential domino targets considered are nearby units AB1, AB2, AB3 and AS1. The main 

characteristics of these units are presented in Table 3. The units hold flammable gas and 

gas-liquid mixtures. In case of damage of these units by the impact of fragments from 

AS2, a loss of containment scenario is expected. Different secondary scenarios may take 

place in case of fragment impact (depending on both the damage experienced by the target 

unit – piercing or catastrophic failure – and on the events following the release - 

immediate or delayed ignition, etc.). However, in the present study, for the sake of 

simplicity, due to the demonstrative aim of the case study, in analogy with the approach 

proposed by Cozzani et al. [31], a single secondary scenario is associated to each unit. 

Table 3 reports the secondary scenarios considered for each unit. 
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ID 

 AS2  

(fragment 

source) 

 

Thickness 

[mm] 

 
15 

Operative T 

[°C] 

 
50 

Operative P 

[bar] 

 
10 

Reference 

Substance 

 
Nitrogen 

Primary event 
 Mechanical 

explosion 

fP [ev./yr]  5·10-5 

ID 
 AB1 and AB2 

(fragment target) 

 

Thickness 

[mm] 

 
15 

Operative T 

[°C] 

 
70 

Operative P 

[bar] 

 
30 

Reference 

Substance 

 
Propane 

Secondary 

event 

 
Fireball 

ID 
 AB3 

(fragment target) 

 

Thickness 

[mm] 

 
15 

Operative T 

[°C] 

 
60 

Operative P 

[bar] 

 
9 

Reference 

Substance 

 
Methane 

Secondary 

event 

 Flash fire 

ID 
 AS1  

(fragment target) 

 

Thickness 

[mm] 

 
50 

Operative T 

[°C] 

 
85 

1500

1000

3
0

0
0

500

1500

15000

1500

1000

3
0

0
0

500

4000

20000
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Operative P 

[bar] 

 
95 

Reference 

Substance 

 
Propane 

Secondary 

event 

 
Fireball 

 

Table 3: Main characteristics of reference equipment considered in the case study 

(dimensions are in mm) 

 

 
4. Results and discussion 

4.1 Results of the case study 

In the analysis of the case-study, unit AS2 was considered the source generating the 

fragments considered in the risk assessment (steps 1 and 2). Actually, the catastrophic 

failure (mechanical explosion) of unit AS2 may result in a blast wave and fragment 

projection. The direct consequences of the blast wave are expected to be minor. At 

distances greater than 13m, the peak overpressure, as calculated by the TNT model based 

on energy from the isentropic expansion of gas [84], is below the escalation threshold for 

atmospheric equipment proposed by Cozzani et al. [34], corresponding to 16 kPa. This 

suggests that no significant domino effect can be caused by the blast wave. Local specific 

individual risk caused from the blast wave, calculated using the probit model proposed 

by [85], dramatically decreases with the distance from the source (Figure 4-a), suggesting 

minor contributions to the overall risk of the facility. 

Nevertheless, the burst of unit AS2 is also a possible cause of fragment projection, which 

may impact nearby units and trigger domino scenarios. As shown in table 4, three main 

fragmentation patterns are likely for the vessel on the basis of the study of Gubinelli and 

Cozzani [49] (step 3.1). Fragmentation patterns FP1 and FP2 are very similar, the 

difference being if the crack propagation occurs in the lower (FP1) or in the upper (FP2) 

portion of the vessel. Both lead to the formation of 2 fragments. Fragmentation pattern 

FP3 produces 3 fragments. Dimensions and weight of the fragments were evaluated for 

each fragmentation pattern (step 3.2) based on the size of vessel AS2, and are reported in 

table 5. 

Several units in the lay-out considered are potential targets for escalation caused by 

fragments generated from unit AS2 (step 4). As a matter of fact, the maximum distance 

that can be reached by these fragments was estimated to be 424 m (see step 5.2), well 

beyond separation distances of the units. Hence, all the units identified in table 3 should 

be considered as potential targets (NT=4), since they contain hazardous materials and, if 

impacted, may originate severe secondary scenarios. 
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  K=1 k=2 k=3  

fp NF νk=4 νk=6 νk=4 νfp 

FP1 2 νF,k=2 νF,k=2 N/A 10 

FP2 2 νF,k=2 νF,k=2 N/A 10 

FP3 3 νF,k=3 νF,k=6 νF,k=6 14 

 

Table 4: Number of target combinations (νk) and fragment-target partial permutations 

(νF,k) considered impact probability calculations in the presented case study (NT=4). 

 

 

 Size Mass 

Drag 

factor 

[49] 

FP1-TE Diameter = 1.5 m 

Length = 3.7 m 
420 kg 6.9∙10-3 

FP1-PL Diameter = 2.3 m 80 kg 3.3∙10-2 

FP2-TE Diameter = 1.5 m 

Length = 0.7 m 
80 kg 6.9∙10-3 

FP2-PL Diameter = 2.3 m 80 kg 3.3∙10-2 

FP3-TE1 
Diameter = 1.5 m 

Length = 0.7 m 
80 kg 6.9∙10-3 

FP3-PL Sides = 4.7 m x 3.0 m 340 kg 3.3∙10-2 

FP3-TE2 Diameter = 1.5 m 

Length = 0.7 m 
80 kg 6.9∙10-3 

Table 5: Dimensions and weight of the fragments evaluated for each fragmentation 

pattern. 

 

Given that the maximum number of fragments originated (NF) is 3 for FP3, no more than 

3 out of the 4 targets can be simultaneously affected by the primary scenario. Table 4 

reports the number of possible combinations, where k targets are contemporary affected, 

as calculated by eq. (1). The table also reports the total number of domino scenarios for 

each fragmentation pattern (νfp) and the number of partial permutations fragment-target 

to be considered for each target combination (νF,k). These figures have been calculated 

according to Eqs. (2) and (3) respectively. Table 4 reveals that, even in the simple case 

considered, the description of domino propagation by fragments may ask for the 

evaluation of a relevant number of different sub-cases, resulting by all the possible 

fragmentation patterns, configurations, and permutations of concern: 

 𝜈𝑇𝑂𝑇 = ∑ ∑ (𝜈𝑘 ⋅ 𝜈𝐹,𝑘)
𝑚𝑖𝑛(𝑁𝐹,𝑁𝑇)
𝑘=1 = 112

𝑁𝑓𝑝

𝑓𝑝=1
    (12) 
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An apparently similar situation (1 source and 4 targets), but involving a ‘field-like’ 

escalation vector (e.g. a blast wave) would have resulted in a smaller number of cases (15 

when NT=4 targets if the approach of [31] is considered). 

The probability of generation (Pgen,F) for each of the 7 possible fragments identified in 

fragmentation pattern analysis was quantified according to eq.(4) (step 5.1). The 

probabilities to generate detached fragments after initial crack propagation (Pcp), the 

conditional probability of a specific fragmentation pattern producing that fragment (Pfp) 

and the probability of the given shape of the fragment (Pfs) were calculated starting from 

the procedure defined by Gubinelli et al. [2,49]. The results obtained are summarized in 

Table 6. 

 

Pcp fp Pfp  Pfs Pgen,j Pimp,j->AB1 Pdam,j,AB1 Pj->AB1 

0.90 

FP1 

0.335 

TE 
1.0 3.02•10-01 4.60•10-04 1.0 1.39•10-04 

PL 1.0 3.02•10-01 0.00 1.0 0.00 

FP2 

0.335 

TE 1.0 3.02•10-01 0.00 1.0 0.00 

PL 
1.0 3.02•10-01 2.12•10-03 1.0 6.39•10-04 

FP3 

0.230 

TE1 
1.0 2.07•10-01 9.23•10-04 1.0 1.91•10-04 

PL 
1.0 2.07•10-01 4.81•10-04 1.0 9.96•10-05 

TE2 
1.0 2.07•10-01 0.00 1.0 0.00 

Pcp: conditional probability of fragment detachment after initial crack propagation 

fp: fragmentation pattern 

Pfp: conditional probability of fragmentation pattern fp 

Pfs: conditional probability of generation of a fragment of shape fs 

Pgen,j: probability of generation of fragment j 

Pimp,j->AB1: probability of impact of fragment j on target AB1 

Pdam,j->AB1: damage probability after the impact of fragment j on target AB1 

P j->AB1: overall conditional probability of escalation considering the impact of fragment j on 

target AB1 

 

Table 6: Probabilities of fragment generation from vessel AS2 and of escalation scenarios 

triggered by fragment impact in the case study. 

 

The initial velocity of the fragment was estimated using the model of Baker et al. [50]. 

The fragments were classified according to the reference shapes described by Cozzani 

and Gubinelli [49] and the ballistic model by Gubinelli et al. [44] was applied to the 

evaluation of the probability of impact Pimp,ji of the fragments on each target (step 5.2). 

Uniform probability distributions were used for the initial direction of projection, 

according to the findings by [78]. The main exception are the fragments originated by the 

lower portion of the vessel, for which no projection occurs due to initial direction of the 
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velocity [3], downwards impacting on the ground. An example of results is reported in 

Table 6 considering unit AB1 as target. 

Probability of damage upon impact (step 6) was conservatively assumed to be 1. 

Similarly, the damage from the impact is conservatively assumed to cause the 

instantaneous loss of all the material and energy contained in the target unit. 

For all the target units considered, the probability of escalation triggered by any fragment 

impacting on a given unit (Pji) was calculated according to eq.(6). As an example, the 

results obtained for unit AB1 are reported in Table 6. It can be observed that the 

probability of escalation from some fragments results equal to zero. This is the 

consequence, confirmed by past accident data analysis [2] that some fragments, as 

discussed above, have an initial “downward” direction of projection, thus impacting on 

the ground. 

In step 5.4 of the proposed methodology (see Figure 1), the probability of escalation 

calculated for single couples of fragments and targets (Pji) were combined in order to 

obtain the probabilities of the domino scenarios. This was repeated for all the 112 cases 

identified by eq. (11). An example is provided in Figure 3, where the results obtained for 

the 3 cases of T1
1 in FP3 are considered. The impact of fragments TE1, PL and TE2 of 

FP3 on target AB1 was assessed. The three permutations of interest are represented by 

matrices qi,j,1 to qi,j,3. The probabilities from Pq,1 to Pq,3 were calculated according to 

eq.(8). These were then combined according to eq.(10), in order to evaluate the 

probability to have a domino scenario affecting target AB1 (PT1
FP1). As shown in Table 

6, the probabilities of escalation (Pji) are quite low. The application of the simplified 

evaluation described by eq.(9) would have resulted in very similar results for PT1
FP1, with 

a relative error as low as 0.013%. 

  



 22 

 

 

Figure 3: Example of calculation of the probability to have a domino scenario affecting 

only target AB1. 

 

The same procedure presented in Figure 3 was repeated for the other combinations of 

targets (Tt
k) and for each fragmentation pattern, obtaining the results reported in table 7.  

The table shows that scenarios involving multiple target damage are some orders of 

magnitude less probable than scenarios involving the failure of a single target. Moreover, 

since the projection of some fragments (i.e. those originating from the lower part of the 

vessel and projected downwards to the ground) was deemed not possible, the probabilities 

of the target combinations that require all the generated fragments to impact a target is 

zero. Actually, the fragments originating from the lower part of the vessel and ejected 

with a direction of the velocity that will cause their impact on the ground may be neglected 

in the assessment since the phase of characterization of the number of fragments in step 

3.2 to reduce the computational requirements of the methodology. 

It is also interesting to assess the overall probability that a target unit is impacted by any 

of the projected fragments. This may be calculated as: 

𝑃𝑜,𝑖 = ∑ ∑ (𝑃𝑔𝑒𝑛,𝑗 ∙ 𝑃𝑖𝑚𝑝,𝑗→𝑖)
𝑁𝐹
𝑗=1

𝑁𝑓𝑝

𝑓𝑝=1
      (13) 

Table 8 reports the results obtained. It can be observed that the values of Po,i are practically 

similar to the values of domino probability Pdom,T for the k=1 scenarios affecting the same 

target (please remember that Pdam,j,i is assumed here equal to 1, actually allowing this 

direct comparison). This suggests once more that the combinations involving multiple 

target damage provide only a negligible contribution to the probability of a target to be 

impacted.  
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K Tk
t PT

fp1 PT
fp2 PT

fp3 Pdom,T
 fdom,T  

[ev./y] 

k=1 T1
1 = AB1 1.39•10-04 6.39•10-04 2.90•10-04 1.07•10-03 5.34•10-08 

 T1
2 = AB2 1.39•10-04 6.39•10-04 2.90•10-04 1.07•10-03 5.34•10-08 

 T1
3 = AB3 2.65•10-04 1.22•10-03 5.55•10-04 2.04•10-03 1.02•10-07 

 T1
4 = AS1 6.70•10-05 3.09•10-04 1.40•10-04 5.16•10-04 2.58•10-08 

k=2 T2
1 =AB1+AB2 0.00 0.00 3.80•10-08 3.80•10-08 1.90•10-12 

 T2
2 =AB1+AB3 0.00 0.00 7.26•10-08 7.26•10-08 3.63•10-12 

 T2
3 =AB1+AS1 0.00 0.00 1.84•10-08 1.84•10-08 9.19•10-13 

 T2
4 =AB2+AB3 0.00 0.00 7.26•10-08 7.26•10-08 3.63•10-12 

 T2
5 =AB2+AS1 0.00 0.00 1.84•10-08 1.84•10-08 9.19•10-13 

 T2
6 =AB3+AS1 0.00 0.00 3.51•10-08 3.51•10-08 1.75•10-12 

k=3 T3
1 = AB1+AB2+AB3 N/A N/A 0.00 0.00 0.00 

 T3
2 = AB1+AB2+AS1 N/A N/A 0.00 0.00 0.00 

 T3
3 = AB1+AB3+AS1 N/A N/A 0.00 0.00 0.00 

 T3
4 = AB2+AB3+AS1 N/A N/A 0.00 0.00 0.00 

Tk
t: t-th combination of k fragments impacting to k targets 

PT
fp: probability to have a domino scenario affecting the set Tk

t from the fragmentation pattern (fp) 

Pdom,T: probability to have the domino scenario affecting the set Tk
t from any fragmentation pattern 

fdom,T: frequency of domino scenario affecting the set Tk
t from any fragmentation pattern 

 

Table 7: Probabilities of domino scenario affecting the combinations of targets and 

resulting frequencies of domino scenarios in the case study. 

 

 

Target Po,i 

AB1 1.07•10-03 

AB2 1.07•10-03 

AB3 2.04•10-03 

AS1 5.16•10-04 

 

Table 8: Overall probabilities of fragment impact on the different target units in the lay 

out considered. 

 

As discussed in section 2.4, short-cut assumptions are usually adopted in the description 

of target damage to a target and a single representative secondary scenario is selected for 

the sake of simplicity. Therefore, the overall probability of a domino scenario involving 

a given set of targets (Tt
k) can be obtained by eqs. (10) and (11). Table 6 presents the final 

results obtained by the assessment. 

The final step (Step 10 in Figure 1) of the methodology concerns the calculation of risk 

indexes. The procedure is the same applied in the literature to other escalation vectors 

(see e.g. [31,86]).  
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In order to understand the modification in IR caused by fragment impact, some results 

are presented in the following for the scenarios involving the damage of target AB2 

(permutation T2
1).  The secondary scenario expected from the damage of AB2 caused by 

fragment impact is the catastrophic failure of the vessel followed by a fireball. The 

physical consequences of the fireball were modeled according to TNO “Yellow Book” 

[79], and individual risk was calculated according to the probit model proposed in the 

TNO “Green Book” [87]. As shown in Table 6, the probability of this domino scenario is 

1.07•10-03, which combined with the frequency of the primary event (i.e. mechanical 

explosion of AS1, fP = 5•10-05 ev/y) yields a frequency of the domino scenario equal to 

5.34•10-08 ev./y. It should be remarked that the frequency of the domino scenario is of the 

same order of magnitude of the frequency of the catastrophic failure from non-domino 

causes of the target vessel AB2, which was estimated in the general QRA study to be 

2.48·10-8 events/year. Considering that T2
1 is not the sole domino propagation scenario 

possible for this target, the result evidences the importance to consider domino 

propagation by fragment projection in the QRA. 

Figure 4-a shows the IR calculated for the primary scenario considered (catastrophic 

failure of vessel AS1 followed by a fireball). It should be remarked that, even if IR values 

below 10-10 events/year are usually considered negligible and not reported in IR maps, 

they were included in Figure 4-a to allow for an easier understanding of the contribute of 

the risk generated by domino effects due to fragment projection by comparison with 

Figures 4-b and 4-c. Figure 4-b shows the specific individual risk map calculated for the 

sole secondary scenario (catastrophic failure of vessel AB2 followed by a fireball) 

considering the frequency of the domino effect (5.34•10-08 ev./y). Figure 4-c reports the 

overall IR of the domino scenario (failure of vessel AS1 and fireball followed by failure 

of vessel AB2 and fireball). 

The analysis of Figure 4 clearly shows the importance of considering domino effect 

caused by fragments and the escalation scenarios. As evident from the comparison of 

Figures 4-a and 4-c, important changes are present in the individual risk map when 

domino scenarios are considered. Even if the overall values of individual risk are low, 

confirming the low frequency of both scenarios involving the catastrophic failure of 

vessels and the impact of fragments, nevertheless the individual risk values are increased 

of several order of magnitude in the impact area considered when the domino scenario is 

considered. 
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Figure 4: Local specific individual risk maps for selected scenarios: a) only primary 

scenario (blast wave) from AS2; b) only secondary scenario (fireball) from domino 

propagation of AS2 fragments on AB2; c) combined map of primary and secondary 

scenarios. All values of Individual Risk are expressed in events/year. 
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4.2 Benefits and limitations of the proposed method 

 

The proposed method allows the integration of the propagation by fragment into the 

framework of the domino risk assessment. Particular attention was given to create a 

method compatible with an already existing procedure for domino risk assessment, in 

order to avoid the proliferation of stand-alone methods, which can possibly be less 

effective and more time consuming to use when a general quantitative assessment of risk 

related to domino scenarios is required [88,89]. 

The method specifically addresses the identification of possible fragment sources and the 

full quantification of the propagation probability. Moreover, it includes the assessment of 

the probability of fragment impact on multiple targets in the same event. The latter feature 

allows the analyst to quantify the relative weight of these high-impact low probability 

scenarios in terms of expected frequency, thus allowing on a case-by-case basis their 

inclusion or cut-off in the overall assessment. 

The method is also suitable for automated application in consequence simulation 

software, as it does not require specific expert judgement for its application. Input data 

are common to other components of quantitative risk assessment procedures or are easily 

available from design documents. 

The main epistemic limitations of the method arise from the simplification introduced to 

describe the size and number of fragments as well as the probability of escalation. In 

particular, the description of fragment shapes was based on a limited number of reference 

fragmentation patterns in order to limit the calculation effort. Though the patterns were 

proved to be representative of the outcomes of actual accidents and are supported on 

theoretical basis [2,90], they necessarily constitute only a discrete subset of the possible 

ones. The uncertainty on fragment shape, initial velocity and initial direction of the 

projected fragment obviously affects the description of the fragment flight and, therefore, 

the probability of impact. Also in these cases the assumptions and simplification in the 

models used were analyzed in the original references [31,44,49,78,79], confirming the 

reasonable performance of the models. Finally, the mentioned lack of reliable models 

allowing the description of the damage caused by fragment impact forces to introduce 

conservative assumptions in many practical cases (e.g. considering the probability of 

damage of the target, Pdam,j,i, equal to 1 and catastrophic failure of the target as presented 

in the case study). Future improvement of this part of the assessment are expected from 

the development of models relying on dynamic simulation, addressing specifically the 

impact of the projected fragment of process or storage equipment (e.g. Finite Element 

Methods) as well as field experiments. 
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5. Conclusions 
A method for the quantitative assessment of domino effect and escalation caused by 

fragment impact was developed. The methodology addresses the calculation of escalation 

probabilities due to multiple fragment projection and the assessment of overall individual 

risk figures. The specific characteristics of fragment projection as an escalation vector, if 

compared to blast wave or thermal load, were assessed in detail: while the latter are “field-

like” escalation vectors, escalation by fragments occurs by a “one-to-one” escalation 

mechanism. A fragment that impacts on a target cannot impact a target in a different 

spatial location, provided that the distances among the potential targets and between the 

fragment source and the targets are sufficiently large. Thus, the methodology developed 

allows assessing the influence of the number and direction of projected fragments on the 

possible escalation scenarios and on their probability.  

Although the overall risk figures for this type of accident are expected to be lower than 

in the case of other accident scenarios as fires and toxic releases, an important increase in 

the individual risk was evidenced when considering domino scenarios caused by fragment 

projection if compared to the primary explosion scenario, evidencing how fragment 

projection may play a significant role in triggering escalation. Thus, the procedure 

developed, allowing for a detailed quantitative assessment of these scenarios, may play 

an important role in the correct assessment and management of risk due to domino 

accidents triggered by fragment projection. 
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