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Abstract: Natural hazard events that trigger technical emergencies (Natech events), as a typical type of 18 

multi-hazard, have become a matter of growing concern. In particular, the occurrence of Natech events 19 

in industrial areas triggered a number of severe accidents. The present research aims at introducing a 20 

sound but simplified methodology to quickly and flexibly assess the vulnerability of atmospheric storage 21 

tanks to multiple natural disasters in Natech events. This method consists of 8 steps, relying on the 22 

simplified physical models of tank damage caused by natural disasters. The models of wind overturning 23 

tank and tank buckling caused by hail are proposed. In addition, the assessment process of tank 24 

vulnerability is demonstrated from two aspects: deterministic analysis and probabilistic analysis. The 25 

uncertain parameter set (UPS) proposed in the method and the Monte Carlo simulation method can help 26 

to purposefully analyze the impact of various parameters and this method is also a general method, which 27 

is also applicable to Natech events including other natural disasters or other types of storage tanks. 28 
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1 Introduction 43 

 44 

As global problems such as climate change, population growth, resource shortage, etc., have emerged, 45 

the living environment of human beings is facing increasingly severe challenges. Especially in recent 46 

decades, with the development of human society, the impact of natural disasters is also increasing, 47 

resulting in many casualties and economic losses. Among them, natural hazard events that trigger 48 

technical emergencies (Natech events) (Showalter and Myers 1994), as a typical type of multi-hazard 49 

(Wang et al. 2020), have become a matter of growing concern. In particular, the occurrence of Natech 50 

events in industrial areas triggered a number of severe accidents. 51 

In industrial areas, natural disasters such as strong earthquakes, strong winds, landslides, floods, etc., 52 

will directly cause damage to industrial equipment (Cruz et al. 2008), which may lead to the loss of 53 

containment. In industrial areas, natural disasters such as strong earthquakes, strong winds, landslides, 54 

floods, etc., will directly cause damage to industrial equipment, which may lead to the loss of 55 

containment (LOC). In chemical plants, LOC of hazardous substances may lead to fire, explosion and 56 

leakage of toxic substances. This will undoubtedly aggravate the impact of natural disasters on regional 57 

safety. Hurricanes Katrina and Rita, which occurred in 2005, hit the industrial intensive areas along the 58 

Gulf coast of Mexico in the United States, causing a huge blow to the local industrial facilities, resulting 59 

in the leakage of a large number of oil and dangerous substances, seriously affecting the ecological 60 

environment (Cruz et al. 2009). According to the National Petrochemical & Refiners Association, the 61 

hurricane caused about 50% of the oil production and about 25% of the natural gas production loss in 62 

the United States, which affected about 20% of the refining capacity in the United States. At least 200 63 

hazardous chemicals emissions have occurred in coastal chemical companies due to the damage of 64 

hurricanes. In total, more than 1300 people died and economic losses are estimated to exceed $100 billion 65 

during the hurricane (Godoy 2007).  66 

Therefore, risk of Natech events has started to be recognized in risk assessment of industrial areas in 67 

recent decades. In addition to the statistical analysis of Natech events and case studies, most attempts are 68 

devoted to quantitative research on the damage process of industrial areas caused by natural disasters, 69 

including the damage model and vulnerability assessment of industrial facilities to earthquake, flood, 70 

lightning, tsunami and other natural disasters (Wang et al. 2020). In the early research, researchers got 71 

qualitative mechanism through the statistics of historical data, trying to build the vulnerability curve of 72 

industrial facilities (Antonioni et al. 2009), but it is not completely reliable. Afterwards, limit state 73 

equations (LSEs) have been developed for different damage modes which in turn can be used to 74 

determine the likelihood of damages deterministically or probabilistically (Khakzad et al. 2018). 75 

Researchers intend to build sound but simplified physical models based on the damage mechanism of 76 

industrial facilities affected by natural disasters (Landucci et al. 2012; Landucci at al. 2014). However, 77 

in previous studies, usually only one damage mode is considered or multiple damage modes are 78 

considered independently. This ignores the case where multiple damage modes are caused by the same 79 

parameter, making them not completely independent. In addition, when considering specific natural 80 

disasters, only one natural disaster scenario is usually considered at a time, and the compound scenario 81 

of multiple natural disasters is rarely studied, in which the interaction between natural disasters needs to 82 

be further added.  83 

Due to their design and purpose, atmospheric storage tanks are vulnerable to Natech events, including 84 

earthquakes (Huang et al. 2020), tsunamis (Cruz et al. 2011), volcanic effects (Milazzo et al.), flooding 85 

(Elisabeth et al. 2008) and strong winds (Olivar et al. 2020). As mentioned above, strong winds caused 86 
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very serious Natech events along the Gulf coast of Mexico in the United States. In fact, when strong 87 

wind weather occurs, it is often accompanied by heavy precipitation, which leads to floods. Moreover, 88 

it is often neglected in the previous research of Natech events that when the temperature drops sharply, 89 

heavy precipitation will appear in the form of hail (Sioutas 2017). These small balls made of ice will 90 

also cause great impact on the storage tank, which has hardly been involved in the previous research on 91 

the impact of natural disasters on industrial facilities. The simultaneous occurrence of multiple natural 92 

disasters and technical accidents caused by them constitutes multiple threats. Therefore, it is very 93 

possible to have a multi-hazard scenario in which strong wind, flood and hail will damage the storage 94 

tanks. It is necessary to consider multiple damage modes caused by multiple natural disasters at the same 95 

time, and to study the possible interaction between natural disasters.  96 

The present study is aimed at introducing a sound but simplified methodology to quickly and flexibly 97 

assess the vulnerability of atmospheric storage tanks to multiple natural hazards. This method relies on 98 

the simplified physical models of tank damage caused by natural disasters, based on which the LSEs and 99 

vulnerability curves (surfaces) are constructed. Furthermore, the uncertain parameter set (UPS) of 100 

natural disasters and storage tanks are extracted from the simplified physical models. Then, Monte Carlo 101 

method is used to simulate the uncertainty of parameters. Finally, the likelihood of damages is determined 102 

probabilistically by using the LSEs and UPS. This method can conveniently consider multiple natural 103 

disasters and multiple damage modes at the same time, and can also reflect the interaction of natural 104 

disasters in Natech events through UPS. This method is also a general method, which is also applicable 105 

to Natech events including other natural disasters or other types of storage tanks. 106 

The following parts of the paper are organized as follows. The methodology proposed for 107 

vulnerability assessment of atmospheric storage tanks to natural disasters is described in Section 2. An 108 

illustrative example is presented in Section 3 by using one storage tank to demonstrate the complete 109 

process and results of the methodology and by using multiple storage tanks to do the comparison. Section 110 

4 reports the conclusions. 111 

 112 

2 Methodology 113 

 114 

2.1 Overview 115 

 116 

Fig. 1 outlines the methodology developed in the present study. The proposed procedure allows the 117 

analysis of the effect of natural disasters on storage tanks from the aspects of damage conditions, 118 

resistance against damage and damage probability calculation. Considering the variability of the actual 119 

situation, Monte Carlo method provides convenient conditions for simulating the uncertainty of natural 120 

disasters and the uncertainty of tank parameters in industrial areas. The key is to extract the UPS, using 121 

which the probability of tank damage can be evaluated quickly. The methodology comprises the 122 

following four parts. 123 

 124 

i. Defining the reference research objects and performing a characterization of their main 125 

features (Steps 1-3). The parameters used to describe the characteristics of natural disasters 126 

refer to the physical quantities that physically affect the storage tank. The type of storage tanks 127 

that may be affected by natural disasters need to be determined. Due to the different physical 128 

characteristics of different storage tanks, the physical quantities related to the storage tank 129 

itself that will determine the impact of natural disasters should be found after selecting the 130 
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type of storage tank to be studied. Different natural disasters cause different types of damage 131 

to storage tanks, which needs to be analyzed in detail. 132 

ii. Simplified physical models of Natech damage and limit state equations (Step 4). According 133 

to the characteristic description of natural disasters and storage tanks, after determining the 134 

failure type, the physical analysis of the failure process is carried out. The physical formula is 135 

deduced and sorted out, and the condition equation of failure, that is, the limit state equation, 136 

is obtained. 137 

iii. Deterministic analysis of damage conditions (Steps 5-6). Based on LSEs, the damage 138 

conditions can be analyzed from two aspects: natural disasters and storage tanks. When the 139 

tank parameters are determined, the damage parameter threshold caused by natural disasters 140 

is analyzed. When the natural disaster parameters are determined, what kind of properties the 141 

storage tank needs to resist damage is analyzed. 142 

iv. Probabilistic damage assessment (Steps 7-8). The UPS of natural disasters and storage tanks 143 

are extracted from the simplified physical models, where Monte Carlo simulation is used to 144 

generate random values. By substituting a large number of randomly generated uncertain 145 

parameters into the LSEs for judgment, the obtained damage frequency is regarded as the 146 

damage probability. 147 

 148 

 149 

Fig. 1. Methodology proposed for rapid and flexible vulnerability assessment of atmospheric storage 150 

tanks to natural disasters (LSEs: limit state equations). 151 

 152 

2.2 Defining the reference research objects and performing a characterization of their main 153 

features 154 

 155 

2.2.1 Characterization of natural disasters 156 

 157 

For natural disasters, we are concerned about their intensity and frequency. Frequency is usually 158 

described by return period. Of course, when studying a specific natural disaster scenario, we only care 159 

about the intensity of the natural disaster itself in this process. 160 

As mentioned in Section 1, it is very possible to have a compound scenario in which strong wind, 161 
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flood and hail will damage the storage tanks. In the specific framework of Natech, the severity of floods 162 

may be characterized in terms of flood water height and velocity, which determines the strength of static 163 

pressure and dynamic pressure on the storage tank, while the magnitude of strong winds is commonly 164 

assessed estimating the values of wind speed, which determines the strength of the wind load on the 165 

storage tank. When hail impacts on industrial facilities, the speed and diameter play a decisive role (a 166 

hail stone is approximately regarded as a sphere, and the density is the density of ice). However, as hail 167 

often falls from extremely high air, its vertical velocity is generally regarded as reaching the terminal 168 

velocity. Through the later derivation, it can be found that this velocity is also determined by its diameter. 169 

In the horizontal direction, the wind will give hail a certain horizontal velocity. Therefore, the diameter 170 

of hail and the wind speed at that time are decisive. 171 

There are some classification methods to classify natural disasters based on their intensity parameters, 172 

such as the classification of hurricanes based on the Saffir / Simpson scale (Potter and Colman 2003). 173 

However, we do not rely on the classification of natural disasters for calculation, so it only needs to 174 

obtain the strength parameter values of natural disasters according to some references to characterize 175 

them. 176 

 177 

2.2.2 Characterization of target equipment 178 

 179 

According to Antonioni et al. (2009), the analysis of historical data evidenced that atmospheric storage 180 

tanks having a large inventory of flammable or toxic substances, should be considered as the more critical 181 

equipment items in the assessment of risk due to natural events.  182 

For atmospheric vertical storage tank, it is approximated as a thin-shelled closed cylinder, mainly 183 

focusing on its diameter, height, shell thickness and shell material. In addition, the tank also involves the 184 

characteristics of roof and base, which will be further discussed in the process of physical derivation. 185 

 186 

2.2.3 Damage type analysis 187 

 188 

Each natural disaster will cause different damage modes to the storage tanks. According to the 189 

literature and previous studies (Antonioni et al. 2009; Landucci et al. 2012; Schoenherr 2015; Olivar 190 

2020), there are mainly the following damage modes: i) the buckling of tank shell caused by flood and 191 

wind load; ii) tank floating due to flooding; iii) displacement of tanks due to flooding; iv) tank 192 

overturning due to wind force; v) shell material yielding due to hail strike. Note that here we use damage 193 

rather than failure to indicate that the structure and state of the tank itself have been damaged, or changed. 194 

This is not equivalent to the LOC mentioned in Section 1, because the destruction of structure and state 195 

does not necessarily lead to the loss of containment. Failure is usually used in the study to indicate the 196 

occurrence of LOC and subsequent processes that may lead to fire, explosion, etc. In the present study, 197 

only the process of tank damage caused by natural disasters is considered, and the process from damage 198 

to failure is not further studied. 199 

 Buckling  200 

Buckling is the damage of tank caused by external load, which is usually manifested in the instability, 201 

bending and even fracture of tank shell. The most critical physical quantity related to buckling is the 202 

critical pressure 𝑃𝑐𝑟  of the tank shell. When the pressure acting on the tank shell exceeds the critical 203 

pressure 𝑃𝑐𝑟 , it will lead to buckling damage. The critical pressure can be calculated by the following 204 

equation according to the mechanical properties of the tank (Timoshenko and Gere 1963): 205 
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𝑃𝑐𝑟 = 2𝐸𝑡𝐷 { 1(𝑛2−1)[1+(2𝑛𝐻𝜋𝐷 )2] + 𝑡23𝐷2(1−𝜈2) [𝑛2 − 1 + 2𝑛2−1−𝜈1+(2𝑛𝐻𝜋𝐷 )2]}           (1) 206 

where E is the Young’s modulus of the tank material; υ is Poisson ratio; n is the number of waves involved 207 

in buckling. 𝐷, 𝑡, and 𝐻 are the diameter, shell thickness and height of the storage tank respectively. 208 

Since it is difficult to determine the number of waves involved in buckling (n) in practice, the simplified 209 

equation of Eq. (1) (Xu et al. 2005) is often used to calculate the critical pressure 𝑃𝑐𝑟: 210 𝑃𝑐𝑟 = 2𝐸1−𝜈2 ( 𝑡𝐷)3
     for slender-long tanks with 𝐻 ≥ 𝐻𝑐𝑟             (2) 211 

𝑃𝑐𝑟 = 2.59𝐸𝑡2.5𝐻𝐷1.5      for thick-short tanks with 𝐻 < 𝐻𝑐𝑟                (3) 212 

where critical height 213 𝐻𝑐𝑟 = 1.17𝐷√𝐷/𝑡                       (4) 214 

According to this standard, the vast majority of tanks are thick-short tanks and are applicable to Eq. (3). 215 

Therefore, when the physical properties of a storage tank are determined, its critical pressure 𝑃𝑐𝑟  is also 216 

determined. 217 

 Floating  218 

Floating refers to the damage mode that the buoyancy generated by flood on the storage tank is greater 219 

than the gravity of the storage tank and its contents, resulting in the storage tank leaving the ground and 220 

floating in the water. 221 

 Displacement 222 

Displacement refers to the damage process that the storage tank is forced to leave its original position 223 

due to the pressure of flood. This damage mode is generally generated by the non-anchored storage tank. 224 

Khakzad et al. (2018) pointed out that the dynamic pressure of flood caused the tank to slide, resulting 225 

in structural damage due to friction with the ground, and believed that if the tank floated, there would be 226 

no sliding. However, the displacement in present study does not only refer to the sliding of the tank 227 

(friction with the ground), but also refers to the change of the position of the tank (displacement). Under 228 

the definition of this paper, on the contrary to Khakzad et al. (2018), if the tank floats, the displacement 229 

damage may have occurred. Although the displacement in the floating state will not lead to friction with 230 

the ground, it may lead to the separation of the connected pipeline, resulting in more serious 231 

consequences. 232 

 Overturning 233 

Overturning is the damage mode caused by the wind overturning the storage tank when the moment 234 

generated by the strong wind on the storage tank is greater than the moment of the storage tank and its 235 

contents. 236 

 Yielding 237 

Yielding is also the tank damage caused by external load. Different from buckling, buckling refers to 238 

the structural instability of the tank, and yielding is the characteristic of the tank material itself. When 239 

the stress exceeds the elastic limit of the tank material, it will yield and begin to produce unrecoverable 240 

plastic deformation, resulting in the damage of the tank. 241 

 242 

2.3 Simplified physical models of Natech damage and LSEs (Step 4) 243 

 244 

2.3.1 Flood-induced damage 245 
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 246 

Flood can cause tank buckling, floating and displacement, and its pressure on the tank is composed 247 

of dynamic pressure and static pressure. For the buckling of the tank shell, the buckling occurs when the 248 

net pressure (𝑃𝑛𝑒𝑡) acting on the tank shell exceeds the critical pressure (𝑃𝑐𝑟) of the tank. According to 249 

previous research and literature (Landucci et al. 2012; Khakzad et al. 2018; Qin et al. 2020), we can get: 250 𝑃𝑛𝑒𝑡 = 𝑃𝑓𝑠 + 𝑃𝑓𝑑 − 𝑃𝑙 251 

                           = 𝜌𝑓𝑔ℎ𝑓 + 12 𝐶𝑓𝜌𝑓𝑣𝑓2 − 𝜌𝑙𝑔ℎ𝑙         (5) 252 

Where, 𝑃𝑓𝑠, 𝑃𝑓𝑑, 𝑃𝑙  are the static pressure of flood, the dynamic pressure of flood and the pressure of 253 

the liquid stored in the storage tank respectively. And 𝜌𝑓, ℎ𝑙, and 𝑣𝑓 are the density, inundation height 254 

and velocity of flood respectively. 𝐶𝑓is the flow resistance coefficient, which is related to the properties 255 

of the flood itself and the shape of the storage tank. 𝜌𝑙 and ℎ𝑙 are the density and height of the liquid 256 

stored in the storage tank. g is the local gravitational acceleration. When 𝑃𝑛𝑒𝑡  − 𝑃𝑐𝑟  >  0, the tank 257 

will buckle, so the LSE of tank buckling is (damage occurs when LSE is greater than 0). 258 𝐿𝑆𝐸𝑓𝑏 = 𝑃𝑓𝑠 + 𝑃𝑓𝑑 − 𝑃𝑙 − 𝑃𝑐𝑟           (6) 259 

For non-anchored tanks, when the buoyancy generated by flood on the tank exceeds the weight of 260 

the tank itself and the liquid in the tank, the floating damage will occur, and its LSE is: 261 𝐿𝑆𝐸𝑓𝑓 = 𝐹𝑏 − (𝐺𝑇 + 𝐺𝑙) 262 

                                   =  𝜌𝑓𝑔 𝜋𝐷24 ℎ𝑓 − 𝜌𝑠𝑔 (𝜋𝐷𝐻 + 𝜋𝐷22 ) 𝑡 − 𝜌𝑙𝑔 𝜋𝐷24 h𝑙  (7) 263 

where 𝐹𝑏 is the buoyancy of flood, 𝐺𝑇 is the gravity of the storage tank, 𝐺𝑙 is the gravity of liquid in 264 

tank and 𝜌𝑠 is the density of storage tank material, which is generally the density of steel. 265 

The dynamic pressure of flood will push the storage tank and cause the displacement of the storage 266 

tank. Obviously, displacement occurs when the friction between the tank and the ground and the force 267 

between the tank and the connecting pipeline (if any) are not enough to resist the dynamic pressure of 268 

flood. Therefore, its LSE can be developed as: 269 𝐿𝑆𝐸𝑓𝑑 = 𝐹𝑓𝑑 − 𝐹𝑓𝑟 − 𝐹0 270 

                            = 𝑃𝑓𝑑𝐷ℎ𝑓 − 𝜇(𝐺𝑇 + 𝐺𝑙 − 𝐹𝑏) − 𝐹0      (8) 271 

where 𝐹0 is the force between the tank and the connecting pipeline (maybe it doesn't exist), and 𝐹𝑓𝑑 is 272 

the thrust generated by the dynamic pressure of flood, 𝐹𝑓𝑟 is the friction of ground to tank, and 𝜇 is the 273 

dynamic friction coefficient between the tank and the ground. It should be noted that when the tank 274 

doesn’t have any connected pipelines (𝐹0 = 0) and when 𝐿𝑆𝐸𝑓𝑓 is greater than 0, it can be seen that the 275 

friction 𝐹𝑓𝑟 between the ground and the storage tank is less than 0 (actually impossible because the 276 

minimum friction is 0), which means 𝐿𝑆𝐸𝑓𝑑  must be greater than 0. And if the tank has a connected 277 

pipeline, when the tank floats, the displacement of the tank depends on the values of 𝐹𝑓𝑑 and 𝐹0. When 278 𝐹𝑓𝑑 > 𝐹0, tank displaces, leading to the separation of the connected pipeline. This confirms that if the 279 

tank floats, displacement damage may have occurred, as is mentioned in Section 2.2.3.  280 

 281 

2.3.2 Wind-induced damage 282 

 283 

Strong wind will cause buckling and overturning of storage tanks. Similar to the mode of buckling 284 

caused by flood, buckling occurs when the net pressure (𝑃𝑛𝑒𝑡) of wind acting on the tank shell exceeds 285 

the critical pressure (𝑃𝑐𝑟) of the tank. The wind load is also composed of dynamic pressure and static 286 

pressure. Static pressure is the atmospheric pressure. For atmospheric storage tanks, the internal and 287 
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external atmospheric static pressures are equal and offset each other. Therefore, only the dynamic 288 

pressure of wind can be considered. Like the dynamic pressure of flood, the dynamic pressure of wind 289 

also has the following forms: 290 𝑃𝑤𝑑 = 12 𝐶𝑤𝜌𝑎𝑣𝑤2     (9) 291 

where 𝜌𝑎  is the density of air, 𝑣𝑤  is the speed of the wind, and 𝐶𝑤  as a coefficient contains very 292 

complex content. The European Committee for Standardization proposed the wind coefficient (European 293 

Committee for Standardization 2007), which was given by the Fourier formula in the previous study 294 

(Greiner and Derler 1995). And, it is assumed that the wind pressure is constant in the height range of 295 

the tank, and a constant equivalent uniform external pressure 𝑞𝑒𝑞  in the perimeter range of the tank acts 296 

on the tank surface, the relationship between which and wind pressure is related to an equivalent 297 

coefficient (Olivar et al. 2020). Since predecessors have done detailed research, it is unnecessary to go 298 

into detailed derivation process here. Therefore, the LSE of tank buckling caused by strong wind can be 299 

developed as: 300 𝐿𝑆𝐸𝑤𝑏 = 𝑞𝑒𝑞 − 𝑃𝑙 − 𝑃𝑐𝑟      (10) 301 

where the critical pressure and the pressure of the liquid stored in the tank are the same as the calculation 302 

process of buckling caused by flood. 303 

Strong winds can also cause overturning of (non-anchored) tanks, which is related to the balance of 304 

moments. It is worth noting that in the process of tank from upright to overturning, with the change of 305 

tank position and the different liquid level height in the tank, the liquid in the tank will form different 306 

truncated cylinder shapes, which will make it very difficult to calculate the center of gravity of the liquid. 307 

Considering that most storage tanks have floating roof structure, which can keep the liquid level shape 308 

unchanged, based on which we make a simplified derivation of the tank overturning process, as shown 309 

in Fig. 2. In order to calculate the relevant moment, firstly, it is necessary to determine the height 𝑦𝑐 310 

between the center of gravity of the tank and the whole liquid in the tank and the bottom of the tank: 311 𝑦𝑐 = 𝐺𝑇𝑦𝑇+𝐺𝑙𝑦𝑙𝐺𝑇+𝐺𝑙        (11) 312 

Where 𝑦𝑇  and 𝑦𝑙  are the height of the gravity center of the tank itself and the height of the liquid 313 

gravity center in the tank, which are respectively equal to half of the height 𝐻 of the tank itself and the 314 

liquid height ℎ𝑙. 315 

It is assumed that the included angle between the bottom and the ground is θ, then the moment 316 

generated by the wind on the storage tank is: 317 𝑀𝑤 = 𝑞𝑒𝑞𝐷𝐻 cos 𝜃 (12 𝐻 cos 𝜃 + 𝐷 sin 𝜃)      (12) 318 

The resistance moment generated by the tank and liquid is 319 𝑀𝑇𝑙 = (𝐺𝑇 + 𝐺𝑙) (12 𝐷 cos 𝜃 − 𝑦𝑐 sin 𝜃)      (13) 320 

When the vertical line of the center of gravity of the tank and the liquid exceeds the of the support point, 321 

the tank will fall to the ground. According to the geometric properties, the critical included angle θ0 meets: 322 tan 𝜃0 = 𝐷2𝑦𝑐    (14) 323 

In this way, the LSE of tank overturning caused by strong wind can be developed as:  324 𝐿𝑆𝐸𝑤𝑜 = 𝑀𝑤 − 𝑀𝑇𝑙        𝜃 ∈ (0 , tan−1 𝐷2𝑦𝑐)       (15) 325 
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When θ is within the above value range and LSE > 0 is constant, overturning damage will occur. 326 

 327 

Fig. 2. Schematic diagram of wind overturning storage tank. 328 

 329 

2.3.3 Hail-induced damage 330 

 331 

When a hailstone acts on the storage tank, as mentioned in 2.2.1, the velocity 𝑣𝑦 of it in the vertical 332 

direction can be regarded as reaching its ending speed. At this time, the gravity of hailstone equals to the 333 

resistance of air to the hailstone, which can be expressed as: 334 12 𝐶ℎ𝜌𝑎𝑣𝑦2𝐴 = 𝑚ℎ𝑔    (16) 335 

where 𝐶h is the resistance coefficient of air to hailstone, and 𝐴 is the cross-sectional area of hailstone, 336 𝑚his the mass of hailstone. Thinking of the hailstone as a sphere having a diameter of d and a density of 337 𝜌h, then according to the area formula of the cross-section circle and the volume formula of the sphere 338 

we can get: 339 𝑣𝑦2 = 43 × 𝜌ℎ𝑔𝑑𝜌𝑎𝐶ℎ       (17) 340 

If there is strong wind at that time, the hailstone will be accelerated by the wind in the horizontal direction, 341 

and there will be a certain speed 𝑣𝑥. In this way, the hailstone will impact the tank shell at an angle α of 342 

incidence, as shown in Fig. 3. 343 

In this way, the impact of hailstone on the storage tank becomes a problem of impact load, which is a 344 

very complex process. In order to obtain the physical model of hail impacting the storage tank, three 345 

assumptions are made here to simplify the problem: i) the impact process is an elastic process, in which 346 

the mechanical energy is conserved, that is, the kinetic energy of hailstone is transformed into the strain 347 

energy of tank shell; ii) maximum impact load at maximum strain; iii) hailstone will not completely enter 348 

the tank shell. A "rod-shaped element" can be taken, and the shear force between the "rod" and the 349 

adjacent part can be ignored, and the stiffness coefficient k of the "rod" can be calculated by using the 350 

Young’s modulus: 351 𝑘 = 𝐸𝐴𝑙 = 𝜋𝐸𝑑2 𝑠𝑖𝑛 𝛼4𝑡      (18) 352 

When the kinetic energy of hailstone is converted into the strain energy of tank shell, there are: 353 12 𝑚ℎ𝑣2 = 12 𝑘𝛥𝑑𝑚2     (19) 354 𝐹ℎ𝑚 = 𝑘𝛥𝑑𝑚      (20) 355 𝑝ℎ𝑚 = 𝐹ℎ𝑚𝐴       (21) 356 
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where 𝛥𝑑𝑚  is the maximum deformation of the tank shell, 𝐹ℎ𝑚  is the maximum impact force of 357 

hailstone on the tank, and 𝑝ℎ𝑚  is the maximum pressure of hailstone on the tank. Substituting the 358 

expression of each variable into Eq. (21), we can get: 359 𝑝hm = √89 𝐸𝑑2𝜌ℎ2𝑔𝑡𝜌𝑎𝐶ℎ 𝑠𝑖𝑛𝛼𝑐𝑜𝑠2𝛼     (22) 360 

where the incidence angle α meets: 361 tan 𝛼 = 𝑣𝑥𝑣𝑦    (23) 362 

    Thus, when the yield strength of the tank material is 𝑄𝑠, the LSE of tank yield caused by hail can 363 

be developed as follows: 364 𝐿𝑆𝐸hy = 𝑝ℎ𝑚 − 𝑄𝑠       (24) 365 

 366 

 367 

Fig. 3. Schematic diagram of hail impacting tank. 368 

 369 

2.4 Deterministic analysis of damage conditions (Steps 5-6) 370 

 371 

The developed simplified physical models of Natech damage and LSEs allow the calculation of 372 

damage conditions. As mentioned in the discussion in Section 2.3, damage occurs when the value of LSE 373 

is greater than 0. From a mathematical point of view, this is a deterministic result. The LSE value is 374 

determined by two aspects: the natural disaster intensity parameters (mentioned in Section 2.2.1) and the 375 

properties of the storage tanks (mentioned in Section 2.2.2). This makes it possible to analyze the damage 376 

of storage tanks from two perspectives. On the one hand, when considering the determined tank, the 377 

intensity threshold causing tank damage can be derived from LSE, which is usually represented by the 378 

vulnerability curve. The natural disaster intensity parameter represented by the area above the 379 

vulnerability curve indicates that the natural disaster will damage the storage tank. On the other hand, 380 

based on LSEs, we can analyze what kind of storage tank is more resistant to damage under the influence 381 

of natural disasters, or how the parameters of storage tank affect the limit state of damage. Next, we will 382 

analyze these two aspects respectively. 383 

 384 

 385 

 386 
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2.4.1 Vulnerability curve 387 

 388 

As mentioned in Section 2.2.1, the key parameters determining the intensity of natural disasters are 389 

deterministic: flood parameters (𝑣𝑓, ℎ𝑓), strong wind parameter (𝑣𝑤), hail parameters (𝑑, 𝑣𝑥), which 390 

can also be derived from the physical derivation in Section 2.3. On this basis, the properties of the tank 391 

and the liquid in the tank are considered to be fixed, and some key coefficients (such as resistance 392 

coefficient, friction coefficient, etc.) are also recognized as constants. By changing the form of LSEs and 393 

extracting the natural disaster parameters, we can see how the natural disaster parameters or their 394 

combination affect the tank damage. 395 

 396 

i. Flood-induced damage 397 

 398 

For flood damage, the following form can be obtained by extracting flood parameters (𝑣𝑓, ℎ𝑓) from 399 𝐿𝑆𝐸𝑓𝑏: 400 𝑓𝑙𝑜𝑜𝑑𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔:   𝑣𝑓2 = −𝑘1ℎ𝑓 + 𝑘2      (25) 401 

which shows that the vulnerability curve composed of 𝑣𝑓2 and ℎ𝑓 has a linear relationship for tank 402 

buckling caused by flood. Similarly, by analyzing 𝐿𝑆𝐸𝑓𝑓 and 𝐿𝑆𝐸𝑓𝑑  respectively, we can get: 403 𝑓𝑙𝑜𝑜𝑑𝑓𝑙𝑜𝑎𝑡𝑖𝑛𝑔:   ℎ𝑓 = 𝑘3      (26) 404 𝑓𝑙𝑜𝑜𝑑𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 :   𝑣𝑓2 = 𝑘4ℎ𝑓 (𝐺𝑇 + 𝐺𝑙 − 𝐹𝑏) + 𝑘5ℎ𝑓 𝐹0      (27) 405 

It can be seen that the floating of storage tank caused by flood is only related to the inundation depth ℎ𝑓 406 

of flood. Basically, the relationship curve between 𝑣𝑓2 and ℎ𝑓 have the shape of inverse proportional 407 

function for tank displacement caused by flood. It is worth noting that after the value of ℎ𝑓 (set this 408 

value as ℎ𝑓𝑓) meets the floating conditions, the buoyancy generated by the flood is no longer related to 409 ℎ𝑓, but will be equal to the gravity of the tank and the liquid because of the physical characteristics of 410 

tank floating, which makes the first term on the right in Eq. (27) constant to 0 when ℎ𝑓 is greater than 411 ℎ𝑓𝑓, resulting in a sudden change in the shape of the vulnerability curve. The second term on the right in 412 

Eq. (27) is related to the force of the connecting pipelines on the storage tank. If there are no connecting 413 

pipelines in the storage tank, the second term on the right does not exist. Thus, after ℎ𝑓 is greater than 414 ℎ𝑓𝑓, 𝑣𝑓2 will always be equal to 0 in the vulnerability curve. Its physical meaning is that if the tank floats 415 

and there are no pipelines connected, the tank will displace as long as the flood has a certain speed (𝑣𝑓 >416 0). The vulnerability curve of tank damage caused by flood (with or without pipeline connection) is 417 

shown in Fig. 4, which also shows that the three damage modes caused by flood are not independent. 418 

 419 

ii. Strong-wind-induced damage 420 

 421 

For strong wind, because the atmospheric pressure changes relatively little, the wind speed 𝑣𝑤 is 422 

usually decisive whether it is the dynamic pressure generated by the wind or the moment when the wind 423 

overturns the storage tank. Therefore, for the damage caused by strong wind to the storage tank, there is 424 

no vulnerability "curve", but vulnerability "point". When the value of wind speed 𝑣𝑤  meets the 425 

conditions of buckling or overturning, the damage will occur. 426 

 427 
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 428 

(a) with pipeline connection 429 

 430 

(b) without pipeline connection 431 

Fig. 4. Vulnerability curve of tank damage caused by flood (with (a) or without (b) pipeline connection). 432 

 433 

iii. Hail-damage 434 

For the damage caused by hail, we can get the following form from 𝐿𝑆𝐸hy: 435 𝑑2𝑠𝑖𝑛𝛼𝑐𝑜𝑠2𝛼 = 𝑘6    （28） 436 

where the incidence angle α meets: 437 tan 𝛼 = 𝑣𝑥𝑘7√𝑑    （29） 438 

Eq. (28) is a transcendental function and it's difficult to draw the curve. 439 

 440 

2.4.2 Resistance against damage 441 

 442 

Based on LSEs, we can analyze what kind of storage tank is more resistant to damage under the 443 

influence of natural disasters, or how the parameters of storage tank affect the limit state of damage. 444 

Taking the LSE of tank buckling caused by flood as an example, when 𝐿𝑆𝐸𝑓𝑏 = 0, it can be obtained 445 
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that: 446 𝑃𝑙 + 𝑃𝑐𝑟 = 𝑃𝑓𝑠 + 𝑃𝑓𝑑       (30) 447 

where the left side of Eq. (30) is the pressure generated by the liquid in the tank and the critical pressure 448 

of the tank, and the right side of Eq. (30) is the pressure generated by flood. Therefore, Eq. (36) can be 449 

viewed from such a perspective, that is, the greater 𝑃𝑙  and 𝑃𝑐𝑟  are, the greater the pressure required for 450 

flood damage to the storage tank is. Therefore, it can be considered that the role of 𝑃𝑙  and 𝑃𝑐𝑟  is to 451 

"resist" the damage of flood. When the pressure generated by the flood is greater than this "resistance", 452 

the damage occurs. According to Eq. (3), the value of 𝑃𝑐𝑟  is related to E, t, D and H. According to Eq. 453 

(5), 𝑃𝑙  is related to the density and height of the liquid. In order to express it more conveniently, the 454 

filling coefficient is defined as: 455 𝜂 = ℎ𝑙𝐻       (31) 456 

According to the physical properties of the liquid and the geometric characteristics of the storage tank, 457 

the filling factor can express not only the proportion of the liquid height to the storage tank height, but 458 

also the proportion of the liquid storage capacity to the storage tank capacity. The latter is more 459 

commonly used in practice. Through the same analysis, the influence of parameters related to storage 460 

tank and liquid on the damage resistance of storage tank can be obtained, as shown in Table 1.  461 

When a storage tank is selected, its height, diameter and other parameters are determined, while the 462 

filling factor is in an uncertain state. Table 1 shows that the filling factor can play a positive role in 463 

resisting all other damage types except the yield caused by hail. Therefore, the critical filling factor 𝜂𝑐𝑟 464 

is defined. When other parameters of natural disaster are determined, if the filling factor of storage tank 465 

reaches the critical filling factor 𝜂𝑐𝑟, it can resist damage. 466 

 467 

2.5 Probabilistic damage assessment (Steps 7-8) 468 

 469 

Through the deterministic analysis of damage conditions, it can be directly seen that the storage tank is 470 

in a safe state or damaged state. However, in practice, the intensity of natural disasters and the properties 471 

of tanks and liquids in tanks are uncertain. For the purpose of better risk analysis, it is necessary to 472 

approximately calculate the probability of tank damage before natural disasters occur, so as to evaluate 473 

the damage risk of tanks caused by natural disasters. 474 

 475 

2.5.1 Uncertain parameter set (UPS) 476 

 477 

When evaluating the vulnerability of storage tanks to natural disasters, the physical properties of 478 

storage tanks and stored liquids are usually determined, and the filling factor of liquid in storage tanks 479 

will change, because the liquid in storage tanks will be stored or transported out. Therefore, when the 480 

natural disaster comes, the filling factor of the liquid in the storage tank is uncertain. In addition, the 481 

parameters of natural disasters are also in an uncertain state. Therefore, we extract the parameters in the 482 

uncertain state from LSEs as the uncertain parameter set for use in the subsequent damage assessment, 483 

as shown in Table 2. 484 

 485 

 486 

 487 

 488 
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Table 1. The influence of parameters related to storage tank and liquid on the damage resistance of 489 

storage tank (“+” represents positive correlation, “−” represents negative correlation and “\” represents 490 

that the parameter doesn’t affect resistance against damage). 491 

 

 

Flood-induced 

bucking 

Flood-induced 

floating 

Flood-induced 

displacement 

Wind-induced 

bucking 

Wind-induced 

overturning 

Hail-induced 

yielding 

Young’s 

modulus 

E 

+ \ \ + \ − 

Tank 

diameter 

D 

− + + − + \ 

Tank height 

H 
− + + − − \ 

Tank shell 

thickness 

t 

+ + + + + + 

Liquid 

density 𝜌𝑙 
+ + + + + \ 

Filling 

factor 𝜂 

+ + + + + \ 

 492 

 493 

Table 2. The Uncertain parameter set of multi-hazard scenario 494 

 Uncertain parameters 

Storage tank 
Filling factor 𝜂 

  

Natural 

disasters 

Flood 

Inundation depth ℎ𝑓 

Velocity 𝑣𝑓 

Water density 𝜌𝑓 

Wind 

Velocity 𝑣𝑤 

Air density 𝜌𝑎 

 

Hail 
Diameter 𝑑 

Horizontal velocity 𝑣𝑥 

 

 495 

2.5.2 Damage assessment 496 

 497 

In order to analyze the probability of tank damage, it is necessary to estimate the uncertainty related 498 

to the random performance of parameters in UPS, which is usually described by probability distribution 499 

function. The probability distribution of each parameter needs to be selected in combination with the 500 

actual situation of the research object. For example, the probability distribution of filling factor is 501 

obtained from factory statistics, and the relevant probability distribution of natural disasters is obtained 502 

from local actual conditions and historical data. 503 
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Monte Carlo simulation is applied to the probability assessment of tank damage. According to the 504 

obtained probability distribution function, a large number of UPSs are randomly generated. For each 505 

group of UPS, LSE is used to judge whether corresponding damage occurs. If 𝑁0 groups of UPSs are 506 

generated, in which 𝑁𝑑𝑎𝑚𝑎𝑔𝑒 group is damaged, the frequency of damage is approximately regarded as 507 

the probability of failure according to the Law of Large Numbers: 508 𝑝𝑑𝑎𝑚𝑎𝑔𝑒 = 𝑁𝑑𝑎𝑚𝑎𝑔𝑒𝑁0     (32) 509 

Based on the above, we can more flexibly select the probability distribution of parameters in UPS 510 

according to different research purposes and research objects, and quickly obtain the damage probability 511 

through Monte Carlo simulation, so as to provide expectations for decision makers. 512 

 513 

 514 

3 Case study  515 

 516 

In order to show the complete process and results of the method, one storage tank is used for example, 517 

and multiple tanks are used for comparison. For a vertical atmospheric storage tank, the risk assessment 518 

under the influence of a multiple disaster scenario is performed. Characterization of natural disasters and 519 

characterization of target equipment (storage tank T-0) are shown in Table 3 and Table 4, which are the 520 

Step 1 and Step 2. UPS is also reflected in the two tables (Step 7). The filling factor of the liquid in the 521 

storage tank is considered to be uniform distribution (Landucci et al. 2012), while the intensity parameter 522 

of natural disasters is set to normal distribution, because the intensity of natural disasters in an area often 523 

fluctuates around the average value in a real situation. Considering that strong wind will accelerate 524 

hailstones in the horizontal direction, the horizontal velocity of hailstone is related to wind speed. 525 

As for the deterministic analysis of tank T-0 damage, in order to draw the vulnerability curve, the 526 

authors first fix the values (with filling factor 25% and flood water density 1000 kg/m3) other than the 527 

natural disaster intensity parameters, and only consider how the key parameters (flood (𝑣𝑓, ℎ𝑓), strong 528 

wind (𝑣𝑤), hailstone(𝑑, 𝑣𝑥)) or their combination determine the natural disaster intensity affect the tank 529 

damage, as mentioned in Section 2.4.1. The vulnerability curve of storage tank T-0 damaged by flood is 530 

shown in Fig. 5, and the meaning of each partition is shown in Fig. 4. Since T-0 is not connected to the 531 

pipeline, the shape of its vulnerability curve is the same as that in Fig. 4 (b). Another aspect of 532 

deterministic analysis is resistance to damage. The critical filling factor diagram is used to show what 533 

filling factor the tank needs to "resist" the damage of natural disasters. The critical filling factor of tank 534 

T-0 against flood damage is shown in Fig. 6. When the critical filling factor is greater than 1, it means 535 

that the tank cannot resist damage even if it is filled with liquid. In Fig. 6, the critical filling factor greater 536 

than 1 is set to 1. 537 

It is also analyzed in Section 2.4.1 that it is difficult or impossible to draw the vulnerability curve for 538 

the damage caused by strong wind and hail. For tank T-0, the calculated critical wind speed required for 539 

buckling due to strong wind is very large (impossible on land), even when the tank filling factor is 0. 540 

Some research (Portela et al. 2005; Zhao and Lin 2014) show that wind-induced buckling may occur 541 

only when the filling factor of large storage tanks is low. Storage tank T-0 is a smaller storage tank, which 542 

also shows that it has low vulnerability to strong wind. According to Eq.3, when the tank is larger, its 543 

critical pressure will be smaller, thus increasing the risk of buckling. Since the yield strength of the 544 

storage tank is fixed (235MPa), the storage tank will yield as long as the pressure caused by hailstone 545 

exceeds the yield strength. 546 
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Table 3. Characterization of target equipment (storage tank T-0) 547 

Parameter  Value  Unit 

Diameter 𝐷 14 m 

Height 𝐻 11 m 

Shell thickness 𝑡 0.01 m 

Storage liquid density 𝜌𝑙 950 kg/m3 

Filling factor 𝜂 Uniform (1, 75) (Landucci et al. 2012) (%) 

Young's modulus 𝐸 2.0×1011 Pa 

Poisson's ratio 𝜈 0.3 — 

Tank material Q235 steel — 

Yield strength 𝑄𝑠 235 MPa 

Material density 𝜌𝑠 7 850 kg/m3 

Friction coefficient 𝜇 0.3 — 

Flow resistance coefficient 𝐶𝑓 1.2  — 

 548 

Table 4. Characterization of natural disasters 549 

Parameter  Value  Unit 

Flood inundation depth ℎ𝑓 Normal (2.5, 0.25) m 

Flood velocity 𝑣𝑓 Normal (2.0, 0.25) m/s 

Flood water density 𝜌𝑓 Normal (1050, 250) kg/m3 

Wind velocity 𝑣𝑤 Normal (60, 25) m/s 

Air density 𝜌𝑎 Normal (1.25, 0.0025) kg/m3 

Hailstone diameter 𝑑 Normal (0.02,2.5×10-5 ) m 

Hailstone horizontal velocity 𝑣𝑥 Normal (0.5𝑣𝑤, 6.25) m/s 

 550 

 551 

Fig. 5. Vulnerability curve of tank T-0 damage caused by flood with filling factor 25% and flood water 552 

density 1000 kg/m3. 553 
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   554 

(a) bucking                                  (b) floating 555 

 556 

(c) displacement 557 

Fig. 6. The critical filling factor of tank T-0 against flood damage with (a) bucking (b) floating (c) 558 

displacement. 559 

 560 

As for the probabilistic analysis of tank damage, the damage probability of each damage type is 561 

obtained by Monte Carlo simulation according to the guideline in Section 2.5.2. For better comparison, 562 

vertical atmospheric storage tanks in a storage tank farm (Wei et al. 2016) are used to calculate the 563 

damage probability. The layout of storage tanks is shown in Fig. 7. The parameters of storage tank and 564 

storage liquid are shown in Table 6, and the other parameters are the same as those in Table 3. For each 565 

group of storage tanks, 100 000 groups of UPS are used for simulation. It can be seen from the damage 566 

probability of each storage tank in Table 6 that the three damage types caused by flood are not 567 

independent of each other (because the probability of no damage is not equal to the product of the 568 

probability of no damage of each damage type). Since wind will accelerate hailstone, it is obvious that 569 

the probability of hail damage will be affected by wind speed (also reflected in Table 4). In addition, it 570 

can also be seen from Table 6 how the parameters of the storage tank affect the ability of the storage tank 571 

to resist damage. When a certain parameter has a positive effect on the resistance to damage, the damage 572 

probability will decrease. The results presented in Table 6 can qualitatively verify the impact of the 573 

parameters listed in Table 1. For example, tank groups T1 ~ T6 and tank groups T7 ~ T12, when other 574 

parameters are the same, the group with higher liquid storage density has lower damage probability. For 575 

another example, when the size of the tank is large, the probability of wind-induced buckling is 576 

significantly higher than that of the small-size tanks. 577 

 578 

 579 
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 580 

Fig. 7. The layout of storage tanks in a tank farm. 581 

 582 

Table 5. Damage probability of storage tanks caused by natural disaster. 583 

Tank D/m H/m V/m3 t/mm 𝜌𝑙/ 
(kg·m-3) 

 𝑝𝑓𝑙𝑜𝑜𝑑_𝑑𝑎𝑚𝑎𝑔𝑒 / %  𝑝𝑤𝑖𝑛𝑑_𝑑𝑎𝑚𝑎𝑔𝑒 / % 𝑝ℎ𝑎𝑖𝑙_𝑑𝑎𝑚𝑎𝑔𝑒/ % 

bucking floating displacement total bucking overturning 

T1~T6 80 21.6 100 

000 

20 950 17.1 12.9 13.3 17.1 62.3 0 

58.6 

7~T12 80 21.6 100 

000 

20 1 100 13.4 10.3 10.5 13.4 61.5 0 

13~T16 46 19.8 30 000 16 950 18.1 14.7 15.2 18.1 5.48 0 74.2 

17~T18 37 19 20 000 14 950  18.5 15.2 15.8 18.5 3.81 0 

81.4 

19~T22 37 19 20 000 14 1 100 15.7 12.9 13.4 15.7 3.20 0 

23~T29 28 18 10 000 14 950 18.0 15.6 16.4 18.0 0 0 

30~T33 28 14.4 8 000 14 950  21.5 20.1 21.1 21.7 0 0 

34~T39 18 16.2 4 000 14 950 15.5 16.4 17.8 17.8 0 0 

40 16 19.8 4 000 12 950  14.5 12.6 13.9 14.5 0 0 

87.6 

41~T42 12 9 1 000 12 1 100 8.52 28.3 31.7 31.7 0 0 

 584 

4 Conclusions 585 

 586 

In the present research, a simplified but sound methodology is proposed to rapidly and flexibly 587 

evaluate the vulnerability of vertical atmospheric storage tanks to multi-hazard scenarios. The method 588 

consists of 8 steps, the most important of which is simplified physical models and limit state equations. 589 

Based on the existing flood damage models and wind induced tank buckling model, new simplified 590 

physical models of wind-overturning and hail-buckling are constructed. In addition, the assessment 591 

process of tank vulnerability is shown from two aspects: deterministic analysis and probabilistic analysis. 592 

The uncertain parameter set proposed in the method and the Monte Carlo simulation method can help to 593 

purposefully analyze the impact of various parameters, and can be flexibly applied to other multi-hazard 594 

scenarios and other industrial facilities. 595 

A case study of a vertical atmospheric tank and a tank farm shows the proposed methodology and the 596 

calculation results. The results take into account the possible dependence between damage modes (for 597 
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example, the 3 damage modes caused by floods are not independent) and the interaction between natural 598 

disasters (for example, wind speed affects the speed of hailstone). Through the calculation of 599 

vulnerability curve and critical filling factor, we can quickly judge whether the storage tank is safe in a 600 

multi-hazard scenario. The calculation of damage probability shows the risk of damage to storage tanks 601 

caused by natural disasters. 602 

The present research only focuses on the analysis of the damage process of storage tanks caused by 603 

multiple natural disasters, but does not involve the process from damage to failure (LOC), which can be 604 

further implemented in future research. In addition, in order to achieve rapid risk assessment, the physical 605 

models of this study adopt some simplified assumptions, which can be refined for more accurate risk 606 

analysis. What’s more, the method is also applicable to Natech events including other natural disasters 607 

or other industrial facilities with new physical models developed.  608 

 609 
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