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[bookmark: _Hlk495475023]In recent years, the vulnerability of industrial equipment to hydro-meteorological hazards has attracted increasing attention, driven by the effects of climate change and the growing exposure of industrial plants in flood-prone and coastal areas. Extreme events such as floods, wind-driven storm surges, and tsunamis can directly affect industrial equipment and lead to structural damage and loss of containment. These events result in multi-hazard conditions, from natural and technological disasters, also known as NaTech events. Past disasters, including Hurricane Katrina in 2005 and the 2011 Tohoku Earthquake and Tsunami, have clearly highlighted the vulnerability of industrial equipment to natural and technological hazards. Despite the growing body of literature on this topic, few contributions have provided a unified picture, analyzing and identifying appropriate methods and models for structural vulnerability and fragility associated with the effects of extreme hydro-meteorological phenomena in industrialized areas. In this context, this paper reviews existing methods for assessing the structural vulnerability and fragility of industrial equipment exposed to hydro-meteorological hazards, with an overview of engineering demand parameters and limit states for representative equipment, such as storage tanks and pipelines. Subsequently, the modeling approaches in the literature are analyzed.
Introduction
Industrial facilities represent critical components of modern infrastructure, supporting energy production, chemical processing, and fuel storage. Many of these installations are in coastal and flood-prone areas and are exposed to hydro-meteorological hazards, including floods, storms, wind surges, and tsunamis (Krausmann et al., 2017; Krausmann et al., 2019). When extreme events affect facilities that store hazardous substances, they may damage equipment and lead to releases and loss of containment. These events are classified as Natural Hazard Triggering Technological (NaTech) accidents. Past disasters, such as Hurricane Katrina in 2005 in the United States and the 2011 Tohoku earthquake and tsunami in Japan, have underscored the vulnerability of industrial equipment to hydro-meteorological loads (Cruz and Krausmann, 2008; Misuri et al., 2019).
Within quantitative risk assessment, structural vulnerability and fragility models provide the conditional probability of equipment damage given a hazard intensity measure (IM). For hydro-meteorological hazards, fragility functions are typically derived through analytical load-resistance formulations, probabilistic limit state equations (LSEs), Monte Carlo simulation, and, in some cases, finite element (FE) modeling and statistical fitting procedures such as logistic regression (Landucci et al., 2016; Yang et al., 2020). Storage tanks and pipelines are the most frequently investigated components, as they represent the primary sources of hazardous release during hydro-meteorological events (Cozzani et al., 2010). Although a growing body of literature addresses individual hazards and specific equipment types, contributions providing a structured comparison of modeling approaches across different hydro-meteorological scenarios remain limited. 
In this context, the present paper reviews existing methods for structural vulnerability and fragility assessment of storage tanks and pipelines exposed to hydro-meteorological hazards. The damage states (DS), engineering demand parameters (EDP), and limit states (LS) are first summarized. Lastly, the modeling approaches adopted in the literature are analyzed.
Structural vulnerability and fragility analysis of industrial equipment
[bookmark: OLE_LINK1]In the present context, structural vulnerability refers to the susceptibility of an industrial component to experience damage or loss of functionality when subjected to hydro-meteorological hazards. Structural fragility, instead, is the probabilistic representation of this vulnerability and is commonly expressed as the conditional probability that an EDP exceeds a specified LS for a given IM. The assessment of structural vulnerability and fragility of industrial equipment is an important aspect of the NaTech context, as it provides the link between the hazard IM and the probability of damage to equipment conditioned to IM. Four main approaches exist for developing fragility and vulnerability models, such as judgmental, empirical, analytical, and hybrid (Paolacci et al., 2026; Phan et al., 2025). In the following, analytical and hybrid approaches are examined and analyzed for NaTech scenarios involving major-hazard industrial facilities exposed to hydro-meteorological hazards, with separate discussions for each hazard type.
Flood
In the context of flood-triggered NaTech scenarios, the mechanical stability of critical equipment, such as storage tanks and pipelines, is the most frequent event among other equipment types (Cozzani et al., 2010). 
Mechanical models are typically employed to derive flood fragility. In this approach, the physical equilibrium between external loads, such as buoyancy, drag, and impact forces, and internal resistances, including self-weight, anchorage, shell stiffness, or internal pressure, is represented through load-resistance equations. A deterministic approach has been proposed in (Landucci et al., 2012), where the authors proposed the use of a Critical Filling Level as an expression of the failure condition. However, by combining the variability of hydraulic parameters and structural properties, failure functions can be derived, defining probabilistic LSEs for common failure modes, such as flotation, buckling, and sliding. In particular, using Monte Carlo or analytical propagation, fragility curves can be built, which describe the probability of failure as a function of flood IM (Yang et al., 2020). 
An advancement in this field involves the application of logistic regression and Monte Carlo simulation to parameterize fragility models. These probabilistic approaches capture stochastic variability of both hazard and structural parameters, and generate fragility curves that can be used in risk analyses (Mia and Kameshwar, 2025; Yang et al., 2020). 
Two complementary probabilistic frameworks are used for flood fragility assessment. The first integrates LSEs with Monte Carlo sampling, logistic regression, and Bayesian Networks to derive data-driven fragility functions (Khakzad and Van Gelder, 2017). The second combines load-resistance formulations with Monte Carlo-Bayesian Network models to enable joint inference among hazard, resistance, and failure variables (Khakzad and Van Gelder, 2018). The typical fragility curves obtained using these methods are provided in Figure 1.
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Figure 1: Probability of failure of a storage tank as a function of a) filling level of the content, b) water depth ( filling level, V flood velocities range). (Ref.: a) Khakzad and Van Gelder (2017); b) Yang et al. (2020))
Storm and wind surge
Storm and wind-surge events represent multi-hazard conditions in which combined wind, surge, and wave loads impose severe aerodynamic and hydrodynamic pressures on industrial equipment. They can cause shell buckling, uplift, overturning, or foundation failure, leading to hazardous releases and cascading NaTech events. Storage tanks are particularly vulnerable to structural damage and debris impacts under these extreme conditions (Bernier and Padgett, 2020). 
Structural vulnerability and fragility models for storm and wind surge events are based on load-resistance interactions to relate wind and surge intensity measures characterized by wind speed, surge height, wave amplitude, or debris momentum to the probability of failure modes such as buckling, sliding, or rupture. 
Analytical methods use LSEs that represent the equilibrium between acting loads and resisting capacities. These relationships form the foundation for parametric fragility models that express failure probability as a function of wind speed, surge height, or combined load parameters. Monte Carlo simulation is often used to propagate uncertainties in both loading and resistance variables and generate probabilistic fragility curves (Zuluaga Mayorga et al., 2019). In Figure 2, the typical fragility curves using these methods are presented.
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Figure 2: Example of two buckling fragility outcomes under extreme wind loading (fd filling level). (Ref.: a) Zuluaga Mayorga et al. (2019); b) Olivar et al. (2020))
[bookmark: OLE_LINK2]Advanced probabilistic models integrate surge, wave, and wind loads into unified fragility formulations using logistic regression and Latin Hypercube Sampling to relate failure probability to multiple joint IMs. These approaches capture combined hydrodynamic and aerodynamic effects, extend to debris impacts through coupled FE and stochastic analyses, and expand the classical load-resistance framework to represent structural vulnerability under compound storm conditions (Bernier and Padgett, 2020). 
In the NaTech context, storm- and surge-fragility analyses integrate mechanical modeling, numerical simulation, and probabilistic tools to quantify the probability of equipment failure.
Tsunami
The analytical approach defines the equilibrium between tsunami-induced forces and mechanical resistance using LSEs, considering hydrodynamic drag, hydrostatic pressure, buoyancy, and uplift as external loads and self-weight, anchorage capacity, and shell stiffness as resistance. These LSEs are combined with stochastic representations of hazard intensity and structural capacity to derive probabilistic fragility functions (Vitale, 2024).
Bayesian probabilistic frameworks address epistemic uncertainty in fragility modeling by calibrating lognormal or logistic regression models using Markov Chain Monte Carlo sampling and propagating uncertainty from hazard inputs (De Risi et al., 2017). Semi-analytical models complement these approaches by coupling simplified hydrodynamic formulations with mechanical response models to estimate tsunami heights causing critical stress, buckling, or overturning (Mebarki et al., 2016). An example of tsunami fragility curves of storage tanks derived using the lognormal probabilistic model is shown in Figure 3.
[bookmark: fig3][image: ]
Figure 3: Lognormal representation of tsunami fragility curves of on-grade storage tanks ( inundation level,  filling level). (Ref.: Vitale et al. (2024))
The framework discussed in the previous sections is synthesized in Table 1, which summarizes the damage states (DS), Engineering Demand Parameters (EDP), and limit states (LS) for the equipment typically present in major-hazard industrial facilities and for the three hazard types analyzed. This represents a rapid guide for risk managers and technicians involved in NaTech risk assessment of major-hazard industrial facilities subjected to flooding, storms, wind surges, and tsunamis.
Table 1: DS, EDPs, and limit states for equipment exposed to selected natural hazards (1).
	[bookmark: tab1]Hazard
	Equipment
	DS
	EDP
	LS

	Flood
	Storage tank
	Floatation
	Buoyancy force
	Resisting forces (2)

	-
	-
	Shell buckling
	Radial pressure on wall
	Critical buckling pressure

	-
	-
	Sliding
	Hydrodynamic force
	Resisting forces

	-
	Pipe
	Yielding of pipe
	Equivalent stress due to bending moments and internal pressure
	Yielding stress

	-
	-
	Rupture of pipe
	Maximum stress
	Rupture stress

	Wind-Storm
	Storage tank
	Shell buckling
	External wind load/pressure
	Critical buckling pressure

	-
	-
	Overturning
	Overturning moment
	Overturning stability limit

	-
	-
	Perforate the tank shell
	Impact force, Penetration depth
	Gravitational force, Tank thickness

	-
	-
	Uplift
	Buoyancy and uplift force
	Resisting forces

	-
	-
	Sliding
	Horizontal hydrodynamic and wind pressure
	Resisting forces

	Tsunami
	Storage tank
	Shell buckling
	External load pressure
	Critical buckling pressure

	-
	-
	Sliding
	Hydrodynamic force
	Resisting forces

	-
	-
	Overturning
	Overturning moment
	Overturning stability limit

	-
	-
	Uplift
	Buoyancy force
	Resisting forces

	-
	-
	Tank perforation
	Impact energy or force
	Shell thickness

	-
	-
	Undermining of tank foundations
	Shear stress
	Critical scour depth

	-
	Pipe
	Rupture of Pipes
	Hydrodynamic drag force
	Pipe bending capacity

	-
	-
	Breakage of connected pipelines and flanges
	Buoyancy force
	Tensile capacity of pipe or flange connections


(1) The references of the table are as follows: Flood (Hu et al., 2024; Khakzad and Van Gelder, 2018; Mia and Kameshwar, 2025); Wind and Storm surge (Bernier and Padgett, 2019; Olivar et al., 2020); Tsunami (Almasi et al., 2026; Basco and Salzano, 2017; Cruz et al., 2009; Mebarki et al., 2016).
(2) For unanchored tanks, resistance against floatation, uplift is provided by the tank’s self-weight and the weight of the stored liquid, and sliding resistance is governed by friction at the base. In anchored tanks, additional resistance is provided by the anchorage system.
Modeling approaches for vulnerability and fragility assessment of industrial equipment
The literature on hydro-meteorological hazards in the NaTech context shows that only a limited number of structural modeling approaches are commonly used for industrial equipment. In what follows, the modeling approaches for vulnerability and fragility assessment of representative equipment, such as storage tanks and pipelines, under hydro-meteorological hazards are analyzed.
3.1 Storage Tanks
For storage tanks, the most diffuse modeling strategy is based on simplified analytical formulations combined with a rigid-body assumption. Tanks are generally modeled as rigid bodies when assessing global instability modes such as flotation, sliding, uplift, and overturning. This approach is commonly used in flood and tsunami studies, where the action of water is represented through hydrostatic and hydrodynamic pressure components, expressed as functions of inundation depth and flow velocity (Basco and Salzano, 2017; Khakzad and Van Gelder, 2018). It is also adopted in storm-surge analyses when wave effects are incorporated through simplified or surrogate models (Bernier and Padgett, 2019). Due to the scarcity of historical data, most studies rely on simplified analytical formulation techniques (Khakzad and Van Gelder, 2018).
Shell buckling is often assessed using simplified critical stress or pressure formulations, consistent with the use of rigid-body models for other failure modes under flood and tsunami conditions. However, for storm-induced loading, nonlinear FE shell models are employed to account for geometric and material nonlinearities, as well as global imperfections, which simplified analytical expressions cannot adequately capture. In these cases, FE analysis is typically used to estimate buckling capacity, while fragility models are derived using logistic regression classifiers. Since the use of numerical methods can be prohibitive for a fragility analysis due to their high computational cost, surrogate model techniques are employed to facilitate and reduce computational complexity (Bernier and Padgett, 2019). 
3.2 Pipelines
For pipelines under hydro-meteorological hazards, the modeling approaches adopted in the literature depend on the failure mechanism considered. 
When pipelines are analyzed as individual components, vulnerability is commonly evaluated through physically based hazard response analysis, which involves simplified mechanical response analysis of installations under hazards. In this approach, straight process pipelines between supports are treated as independent research units and regarded as fixed beams for bending moment calculations (Hu et al., 2024). The mechanical model accounts for the combined effects of external load and internal pressure. Fragility functions are then developed using Monte Carlo simulation and logistic regression.
When pipeline vulnerability is linked to the response of adjacent equipment–most notably storage tanks–FE models are used in which pipes and elbows are represented using shell elements. The structural response is evaluated through the maximum von Mises stress, and yielding or rupture is defined when the stress exceeds specified stress thresholds. Shell elements are preferred over beam elements because beam elements have limitations in modeling the nonlinear geometry of pipe bends, and may not capture all the peak values of stress-strain response when the piping system is exited using time histories (Mia and Kameshwar, 2025).
Although several analytical and numerical models have been developed, important aspects are still simplified in current studies. In many works, storage tanks are analyzed through simplified mechanical models, while pipelines connected to tanks are modeled separately using FE models. An integrated model including both tank response and detailed pipeline behavior under the same loading conditions is generally not developed.
Conclusions
This paper reviewed existing methods for assessing the structural vulnerability and fragility of storage tanks and pipelines exposed to floods, storms, wind surges, and tsunamis in the NaTech context. The analysis shows that simplified load-resistance formulations, combined with probabilistic methods, are widely used to assess global instability modes and, in several cases, shell buckling under flood and tsunami loading, whereas nonlinear FE models are mainly adopted for storm-induced buckling, debris impact, and detailed stress evaluation in pipelines. Hybrid frameworks integrating mechanical modeling with Monte Carlo simulation and statistical regression are increasingly used to derive fragility functions for risk assessment applications. Despite these advances, important aspects remain simplified, including tank-pipeline interaction, boundary conditions, and validation against experimental or field data. A structured comparison of modeling approaches highlights differences in assumptions and applicability across flood, storm, wind, and tsunami hazards. The findings provide a reference framework for future improvements in hydro-meteorological NaTech vulnerability modeling.
References
Almasi Y., Paolacci F., Corritore D., Caprinozzi S., Quinci G., & Ciucci M., 2026, Multi-hazard risk analysis of industrial equipment exposed to earthquake-tsunami scenarios: a state-of-the-art review, Procedia Structural Integrity, 78, 433-440.
Basco A., Salzano E., 2017, The vulnerability of industrial equipment to tsunami, Journal of Loss Prevention in the Process Industries, 50, 301-307.
Bernier C., Padgett J. E., 2019, Fragility and risk assessment of aboveground storage tanks subjected to concurrent surge, wave, and wind loads, Reliability Engineering and System Safety, 191, 106571.
Bernier C.,  Padgett J. E., 2020, Probabilistic Assessment of Storage Tanks Subjected to Waterborne Debris Impacts during Storm Events, Journal of Waterway, Port, Coastal, and Ocean Engineering, 146(3), 04020003. 
Cozzani V., Campedel M., Renni E., Krausmann E., 2010, Industrial accidents triggered by flood events: Analysis of past accidents, Journal of Hazardous Materials, 175(1-3), 501-509.
Cruz A. M., Franchello G., Krausmann E., 2009, Assessment of Tsunami Risk to an Oil Refinery in Southern Italy, In JRC Scientific and Technical Reports.
Cruz A. M., Krausmann E., 2008, Damage to offshore oil and gas facilities following hurricanes Katrina and Rita: An overview, Journal of Loss Prevention in the Process Industries, 21(6), 620-626.
De Risi R., Goda K., Mori N., Yasuda T., 2017, Bayesian tsunami fragility modeling considering input data uncertainty, Stochastic Environmental Research and Risk Assessment, 31(5), 1253-1269.
Hu H., Lan M., Qin R., Zhu J., 2024, Fragility assessment for process pipelines in flood events through physically-based hazard response analysis, Journal of Loss Prevention in the Process Industries, 90, 105349.
Khakzad N., Van Gelder P., 2017, Fragility assessment of chemical storage tanks subject to floods, Process Safety and Environmental Protection, 111, 75-84.
Khakzad N., Van Gelder P., 2018, Vulnerability of industrial plants to flood-induced natechs: A Bayesian network approach, Reliability Engineering and System Safety, 169, 403-411.
Krausmann E., Cruz A. M., Salzano E., 2017, Book of Natech Risk Assessment and Management: Reducing the Risk of Natural-Hazard Impact on Hazardous Installations, Amsterdam, Netherlands.
Krausmann E., Girgin S., Necci A., 2019, Natural hazard impacts on industry and critical infrastructure: Natech risk drivers and risk management performance indicators, International Journal of Disaster Risk Reduction, 40, 101163.
Landucci G., Antonioni G., Necci A., Cozzani V., 2016, Quantitative risk assessment of cascading events triggered by floods, Chemical Engineering Transactions, 48, 901-906.
Landucci G., Antonioni G., Tugnoli A., Cozzani V., 2012, Release of hazardous substances in flood events: Damage model for atmospheric storage tanks, Reliability Engineering and System Safety, 106, 200-216.
Mebarki A., Jerez S., Prodhomme G.,  Reimeringer M., 2016, Natural hazards, vulnerability and structural resilience: tsunamis and industrial tanks, Geomatics, Natural Hazards and Risk, 7(sup1), 5-17.
Mia M. M., Kameshwar S., 2025, Flood fragility of pipelines connected to above ground storage tanks, Engineering Failure Analysis, 182, 110178.
Misuri A., Casson Moreno V., Quddus N., Cozzani V., 2019, Lessons learnt from the impact of hurricane Harvey on the chemical and process industry, Reliability Engineering and System Safety, 190, 106521.
Olivar O. J. R., Mayorga S. Z., Giraldo F. M., Sánchez-Silva M., Pinelli J. P., Salzano E., 2020, The effects of extreme winds on atmospheric storage tanks, Reliability Engineering and System Safety, 195, 106686.
Paolacci F., Almasi Y., Quinci G., Corritore D., Ciucci M., Volpi E., 2026, State-of-the-art review of NaTech risk assessment of industrial facilities exposed to hydro-meteorological hazards, International Journal of Disaster Risk Reduction, 139, 106156.
Phan H. N., Paolacci F., Quinci G., Corritore D., 2025, Seismic Fragility Analysis of Above-Ground Steel Storage Tanks in Process Industries: A State-of-the-Art Review and Recommendations, Journal of Pressure Vessel Technology, 147(6), 060801. 
Vitale A., 2024, Earthquake and tsunami multi-hazard risk analysis of a petrochemical plant, PhD Thesis, Tutors: Iervolino I., Baltzopoulos G., Cito P., University of Naples Federico II, Naples, Italy.
Vitale A., Ricci F., Baltzopoulos G., Cozzani V., Iervolino I., 2024, Risk Assessment of Oil Storage Facilities Exposed to Tsunami Hazard, Chemical Engineering Transactions, 111, 163-168.
Yang Y., Chen G., Reniers G., 2020, Vulnerability assessment of atmospheric storage tanks to floods based on logistic regression, Reliability Engineering & System Safety, 196, 106721.
Zuluaga Mayorga S., Sánchez-Silva M., Ramírez Olivar O. J., Muñoz Giraldo F., 2019, Development of parametric fragility curves for storage tanks: A Natech approach, Reliability Engineering & System Safety, 189, 1-10.
image3.emf

image4.png
y of buckling

©
E-1
o
=
[

0.8

0.6

0.4

0.2

Flood 1

0.5 1 15

Height of crude oil in Tank 1 (m)

(b)
1 T T T T T
Tank 30 | = = p=775 kg/m®
Tank 2 P=810 kg/m®
0.8/ Tank 3 | —— pi=880 kg/m*
o
=
=061
E
E
S
£
=
204
=
=
=
02f
ol
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Filling level ¢




image5.emf

image6.png
y of buckling

©
E-1
o
=
[

0.8

0.6

0.4

0.2

Flood 1

0.5 1 15

Height of crude oil in Tank 1 (m)

(b)
1 T T T T T
Tank 30 | = = p=775 kg/m®
Tank 2 P=810 kg/m®
0.8/ Tank 3 | —— pi=880 kg/m*
o
=
=061
E
E
S
£
=
204
=
=
=
02f
ol
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Filling level ¢




image7.png




image8.png
3%
5%
8%
10%)

——fy =0%
—f, =10%
—f4 =25%

0.8

o
@

0.6

o
o

0.4

o
>

0.2

o
S

Probability of Shell Buckling [-]
Probability of Shell Buckling [-]

0 - 0
0 100 200 300 400 500 150 200 250 300 350
Wind Speed [km/h] (b) Wind Speed [km/h]

o
-




image9.emf

image1.jpeg




image2.jpeg
AIDIC




