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Abstract 6 

This study investigates the buckling behavior of aboveground storage tanks (ASTs) subjected to storm surge 7 

and wave loads during hurricane events and explores the importance of dynamic effects on the buckling 8 

behavior. First, a computational fluid dynamics model is developed to estimate water pressures on ASTs 9 

subjected to wave loads. The modeling assumptions of this model are also validated with experimental data. 10 

Next, a methodology is presented to perform dynamic buckling analysis of ASTs subjected to surge and 11 

wave loads by adapting procedures commonly used for ASTs subjected to wind or seismic loads; the 12 

methodology is illustrated with a case study AST located in the Houston Ship Channel. For comparison, 13 

static buckling analyses are also performed to determine the significance of dynamic effects. Lastly, design 14 

of experiments principles and regression analyses are employed to investigate the effects of varying AST 15 

and loading parameters on the buckling behavior and the relative importance of dynamic effects. Results 16 

indicate that wave loads can significantly affect the buckling behavior of ASTs subjected to storm surge 17 

and need to be considered, while the dynamic effects induced by waves have a negligible influence on the 18 

buckling strength of ASTs. Simpler and computationally inexpensive static buckling analysis provides 19 

reasonable estimates for ASTs subjected to surge and waves. However, dynamic buckling analysis might 20 

still be required if the objective is to assess the post-buckling behavior of ASTs subjected to waves, rather 21 

than only to estimate the critical load.  22 

Keywords: Aboveground storage tank; storm surge; hurricane-induced waves; wave loads; dynamic 23 

buckling; finite element model. 24 

1. Introduction 25 

Aboveground storage tanks (ASTs) are an essential component of industrial facilities for the storage of raw 26 

and refined liquids. For economic and logistical reasons, they are often located in coastal regions, which 27 

leaves them exposed to natural hazards such as floods, hurricanes, or tropical storms. As a consequence, 28 

ASTs have suffered damage resulting in the release of hazardous chemicals during almost every major 29 

hurricane event to touch ground in the United States (US) since 1990 [1]. For example, during Hurricanes 30 

Katrina and Rita, more than 26 million liters of oil and chemicals were released into the surrounding 31 
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environment due to the failure of ASTs [1,2]. More recently, during Hurricane Harvey, approximately 2 32 

million liters of petrochemicals were spilled in the Houston area due to AST damage [3].  33 

ASTs are generally constructed from welded steel plates forming a thin-walled vertical cylinder. The aspect 34 

ratio of ASTs, defined as the ratio between the AST height and diameter (H/D), is typically less than 1.5; 35 

however, their slenderness ratio, defined as the ratio between the radius of the shell and its thickness (R/ts), 36 

can vary between 1,000 and 2,000, making them highly slender structures [4]. While this geometric 37 

slenderness makes ASTs lightweight and economical, it also makes them vulnerable to buckling under 38 

external loads. Buckling occurs when the external loads acting on an AST cause the structure to move from 39 

a stable state to a critical state; the intensity of the external loads when buckling occurs is typical defined 40 

by a critical load factor. This critical state implies a loss of stability, which can, in turn, result in severe 41 

deformations of the tank shell [4,5].  Investigations of AST failures during storm events indicate that 42 

buckling can occur due to excessive wind pressure [2] or excessive water pressure due to storm surge or 43 

flooding [6]. To date, most studies in the literature investigating the buckling of ASTs have mainly focused 44 

on extreme wind loads [4,7] as well as blast loads [8,9], seismic loads [5,10], and foundation settlement 45 

[11,12], while surge-induced buckling has received little attention. Storm surge buckling is of concern for 46 

ASTs anchored to the ground and subjected to high water levels [6,13]; unanchored ASTs will generally 47 

float away before buckling can occur. Landucci et al. [14] presented the first study on the buckling of 48 

anchored ASTs during flood or surge events. The buckling analyses were performed by simply comparing 49 

the hydrostatic and current velocity pressures acting on the ASTs to a critical pressure obtained from an 50 

analytical expression. However, the critical pressure expression used by the authors was derived for 51 

pressure vessels with a uniform thickness and clamped at both ends and may not be adequate for large size 52 

ASTs. Moreover, the study did not consider material and geometric nonlinearities and imperfections in the 53 

tank shell, factors known to potentially affect the buckling strength of ASTs [4]. Kameshwar and Padgett 54 

[13] subsequently studied the buckling of ASTs subjected to storm surge by using nonlinear finite element 55 

models that considered the design, geometry, and geometric imperfections of ASTs. However, only the 56 

hydrostatic effect of the surge was considered in their analysis, neglecting potentially important 57 

hydrodynamic effects such as current and wave loads. Currently, there is limited information regarding the 58 

significance of such hydrodynamic loads on the buckling behavior of ASTs subjected to storm surge or 59 

flooding, and the literature lacks comprehensive studies that address the buckling of ASTs exposed to storm 60 

surge and associated wave and current effects. 61 

Thus, this paper aims to provide a better understanding of the buckling behavior of ASTs subjected to both 62 

storm surge loads, which includes hydrostatic and current effects, and wave loads. Moreover, this study 63 

investigates how surge and wave conditions as well as modeling parameters such as AST geometry, internal 64 
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liquid properties, and material properties can affect the buckling behavior of ASTs. Finally, this paper 65 

evaluates the importance of dynamic effects on the buckling response of ASTs subjected to surge and wave 66 

loads and the validity of using static buckling analysis for dynamic loads like waves. Given the transient 67 

nature of wave loads, assessing the buckling behavior of ASTs may require the use of dynamic buckling 68 

analysis to capture potentially significant dynamic effects. Such dynamic buckling analyses are generally 69 

computationally expensive, and their use can be prohibitive for reliability or risk assessments where a large 70 

number of buckling analyses may be required. Previous studies of ASTs subjected to transient loads have 71 

shown that while dynamic effects were important for seismic or blast loads [8,10], they did not play any 72 

significant role in the case of wind loads, and static buckling analysis provided reasonable estimates of the 73 

buckling strength of ASTs subjected to wind loads [7,15]. Therefore, to offer guidance for future reliability 74 

and probabilistic studies of ASTs subjected to storm surge and wave loads, this study compares dynamic 75 

buckling analysis with simpler static buckling analysis across ranges of AST parameters and loading 76 

conditions. 77 

The next sections of this paper detail the approach adopted to assess the buckling behavior of ASTs 78 

subjected to storm surge and wave loads and to investigate the importance of dynamic effects. First, 79 

Sections 2 and 3 presents the development and the validation of a computational fluid dynamics (CFD) 80 

model to determine water pressure time histories acting on ASTs during storm surge events. Section 4 then 81 

defines the surge and wave conditions for the buckling analyses. Next, Section 5 illustrates the methodology 82 

for the buckling analysis of ASTs under storm surge and wave loads by using a case study AST located in 83 

the Houston, Texas region. A FE model of the AST and its internal liquid that considers both material and 84 

geometric nonlinearities as well as geometric global imperfections is developed; this FE model is used for 85 

the buckling analysis by applying the pressure time histories derived from the CFD model. Then, the 86 

dynamic buckling analysis procedure is presented, and dynamic buckling estimates for the case study AST 87 

are evaluated and compared to static buckling estimates. Finally, Section 6 expands the results of Section 88 

5 across ranges of AST geometry, modeling parameters, and load conditions. Using a design of 89 

experiments, this section investigates the effects of varying the geometry, internal liquid, material 90 

properties, and surge and wave conditions on the buckling estimates, as well as the validity of static 91 

buckling analysis across these range of parameters. 92 

2. Numerical Modeling of Storm Surge and Wave Loads on ASTs 93 

Before assessing the buckling behavior of ASTs during storm surge events, an adequate estimation of the 94 

water pressure acting on them is required. To estimate surge and wave loads on ASTs, this study relies on 95 

computational fluid dynamics analysis. In practice, analytical models, such as diffraction theory [16] or 96 

Froude-Krylov theory [17], could also be employed to estimate wave loads. However, while these analytical 97 
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methods are easy to use, they are only accurate for linear or low-order waves. For nonlinear waves, such as 98 

the ones that could be observed during a storm [18], numerical methods, such as the finite element or finite 99 

volume method, are usually required for accurate load estimation [19,20]. The CFD analyses are performed 100 

using LS-Dyna [21], a commercial FE package. LS-Dyna has been successfully employed in previous 101 

studies to estimate wave loads on vertical cylinders and bridge decks [22–24]; other software, such as 102 

OpenFOAM or ANSYS Fluent could also be employed to estimate wave loads. 103 

The CFD model employed here to compute hydrodynamic pressures on ASTs is presented in Fig. 1. In this 104 

model, water and air fluids are governed by the Navier-Stokes equations, and the interface between both 105 

fluids is tracked using an Arbitrary-Lagrangian-Eulerian (ALE) formulation. Both fluids are modeled using 106 

reduced integration hexahedric solid elements and the “MAT_NULL” material model with viscosity 107 

effects. Water is modeled using a Gruneisen equation of state, while air is modeled using a polynomial 108 

equation of state; the parameters of the equations of state were obtained from [25] for low pressure 109 

applications. Waves and current are generated at the inflow boundary by prescribing the velocity normal to 110 

the boundary (vn) and are absorbed at the outflow boundary by using a layer of non-reflecting ambient 111 

elements. Slip conditions (vn = 0) are used for the bottom and side boundaries allowing fluids to slide freely 112 

along the boundaries, while no boundary conditions are applied at the top boundary allowing fluids to exit 113 

the model. The dimensions of the fluid domain are a function of the geometry of the AST (diameter (D) 114 

and height (H)) under analysis. The extent of the fluid domain as well as the mesh density were defined 115 

from a series of mesh convergence studies of ASTs with various diameters. To assess the hydrodynamic 116 

pressures, fluid-structure interactions (FSI) are neglected by assuming that the AST is rigid. Thus, the tank 117 

shell is not explicitly modeled here. Instead, a slip boundary condition is used at the tank shell location to 118 

simulate a rigid behavior. The water pressures at the tank shell location will then be applied on a FE model 119 

of the AST to perform the buckling analysis as detailed in Section 5.1. This two-step modeling approach 120 

considerably reduces the complexity and the computation cost of the numerical model. 121 

As shown in Fig. 1, only half of the fluid domain is modeled to further reduce the computational cost. Since 122 

the flow around a cylinder is not necessarily a symmetric problem due to potential vortex shedding, the 123 

adequacy of introducing a symmetry boundary condition was investigated by comparing the half domain 124 

model with a full domain model; the full domain model also has a no-slip condition at the AST location. A 125 

comparison is shown in Fig. A1 for a wave case with D = 10 m, water height (h) = 6 m, wave height (Hw) 126 

= 2 m, wave period (Tw) = 6 s, and current velocity (U) = 1.5 m/s; details on the wave generation are 127 

provided later in Section 4. This case was selected since it corresponds to the largest Keulegan–Carpenter 128 

(KC) number considered in this study; the importance of vortex shedding effects typically increases as the 129 

KC number increases [26]. As observed in Fig. A1, pressure differences in the order of 1% are observed in 130 
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the front of the cylinder, while differences up to 3% are observed in the back, confirming the adequacy of 131 

the symmetry boundary condition to reduce the computational cost; such results are also consistent with 132 

the ones presented in Yim and Zhang [22]. Lastly, as the cylinder diameter increases and the KC number 133 

decreases, the differences between the half and full domain models become negligible. 134 

3. Validation of the CFD Model 135 

To ensure that the CFD model can accurately estimate hydrodynamic pressures on ASTs, the modeling 136 

assumptions were validated against experiments of vertical cylinders representative of ASTs subjected to 137 

waves. The experiments were conducted at the O.H. Hinsdale Wave Research Laboratory at Oregon State 138 

University as a collaboration between Rice University, the University of Texas at Austin, and Oregon State 139 

University [27]. 140 

3.1 Experimental setup 141 

The experiments were conducted in the directional wave basin (DWB) at the O.H. Hinsdale Wave Research 142 

Laboratory, Oregon State University via the National Science Foundation Natural Hazards Engineering 143 

Research Infrastructure (NHERI) Network. An overview of the DWB experimental setup is shown in Fig. 144 

A2. The DWB is 48.8 m long, 26.5 m wide, and has a wall height of 2.1 m. The DWB is equipped with a 145 

snake-type wavemaker capable of reproducing regular, irregular, solitary, multidirectional, and user-146 

defined waves.  The DWB bathymetry comprised a horizontal section of 22.06 m, where the test specimen 147 

was located, followed by a 1:10 slope beach to dissipate waves; the bed of the DWB is constructed of 148 

smooth concrete. To facilitate the design of the instrumentation, the water level was kept constant at 0.5 m 149 

in the DWB. The test specimen was a vertical aluminum cylinder with a diameter of 1.22 m, height of 1.82 150 

m, and thickness of 4 mm. A base plate (thickness of 16 mm) was welded to the cylinder and was used to 151 

anchor it to the DWB floor. An overview of the test cylinder is shown in Fig. A3. 152 

A total of nine regular wave cases were considered during the experiments and the experimental wave 153 

conditions are summarized in Table A1. The realized wave cases were characterized by 0.05 ≤ Hw/h ≤ 0.65, 154 

0.08 ≤ h/Lw ≤ 0.32, and 0.19 ≤ D/Lw ≤ 0.78; Lw is the wavelength. At model scale, this corresponds to target 155 

wave heights between 0.025 and 0.325 m and periods between 1.02 and 2.95 s. Also, based on the ranges 156 

of wave conditions considered in this study and listed in Section 4, the test specimen could be representative 157 

of ASTs with: 5 ≤ D ≤ 17 m (i.e., geometric scale between 1:4 and 1:14). Only the diameter of the test 158 

specimen is to scale, and the experiments were specifically designed to measure wave loads on vertical 159 

cylinders representative of ASTs, not to capture the structural behavior of such cylinders. For each regular 160 

wave case, a total of 100 waves were generated to ensure consistent data and obtain a representative average 161 

of the experimental results. 162 
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The instrumentation was designed to support the validation of numerical models by measuring wave runups 163 

and pressures on the test cylinder and water surface elevations and velocities around the test cylinder. The 164 

location of each instrument is shown in Figs. A2 and A3. As shown in Fig. A2, the water surface elevations 165 

and velocities around the test cylinder were measured using eight wave gages and five acoustic-Doppler 166 

velocimeters arranged in a semi-circle. Thirteen pressure gages were installed on one-half of the test 167 

cylinder to record the dynamic pressure from the waves. In order to obtain a relatively good resolution of 168 

the pressure distribution, the thirteen pressure gages were arranged into five vertical arrays spaced by arcs 169 

of 45° as shown in Figure A.3; five pressure gages were located at z = 0.2 m (z/h = 0.4), three at z = 0.32 m 170 

(z/h = 0.65), and five at z = 0.45 m (z/h = 0.9). The wave runup on the test cylinder was measured by using 171 

five wave gages aligned on the same vertical axis as the pressure gages. During the experiments, instruments 172 

were synchronized, and data were recorded and stored using a real-time National Instruments PXI-based 173 

data acquisition system. The sampling rate for all instruments was fixed at 100 Hz, while the sampling 174 

duration was a function of the wave period; the sampling duration varied between 300 to 480 s for the 175 

regular wave cases. The sampling durations were determined to capture 30-35 s of still water, wave ramp 176 

up, full propagation of a sufficient number of waves, wave ramp down, and an additional 60-100 s for the 177 

wave basin to return to relatively calm conditions once the wavemaker stopped. There was an additional 10 178 

to 15 minutes waiting period, which was not recorded, between each trial to ensure that the DWB 179 

completely returned to still and calm water conditions. 180 

Experimental data from all wave cases were uploaded, curated, and published using the NHERI 181 

DesignSafe.CI web-based platform [28]; the resulting published experimental data can be publicly accessed 182 

and downloaded using the following DOI: 10.17603/DS27D4G [27]. The experimental dataset contains 183 

raw and post-processed data, as well as all relevant metadata, such as wave conditions; wavemaker motions; 184 

experimental log files useful to navigate the dataset; layout of the DWB configuration; calibration data; 185 

wiring details; instrument locations; data acquisition system and sampling details; and photos and videos 186 

of the setup and experiments. The raw data correspond to the data recorded by the acquisition system 187 

without any modification, while the post-processed data correspond to the raw data converted into 188 

engineering units and cleaned up using the procedure presented in Baldock et al. [29]. 189 

3.2 Validation results 190 

The experimental conditions were reproduced using the CFD model for four of the nine wave cases in Table 191 

A1: wave cases 5, 6, 8, and 9. These wave cases were specifically selected as they are the most nonlinear 192 

experimental cases, and thus the most challenging to model. Also, the comparison between the experimental 193 

results and the CFD model is limited to pressure measurements as they are the measurements of interests 194 

in this study. Experimental and numerical time histories are compared at three pressure gage locations in 195 
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Fig. 2 for wave cases 5 and 8; the location of the pressure gages is shown in Fig. A3. A comparison between 196 

the peak pressure measurements around the cylinder for the four wave cases is also presented in Fig. 3. To 197 

facilitate the comparison, all pressure measurements in these two figures are normalized by ρwgHw, where 198 

ρw is the water density and g the gravitational constant. Results presented in Figs. 2 and 3 indicate an 199 

excellent match between the experimental data and the numerical model. Over all pressure gages, the 200 

average difference is 3.6% and the maximum difference is 10.2%; as expected, the largest differences occur 201 

for the most nonlinear cases. In light of these results, the developed CFD model with the above modeling 202 

assumptions can be confidently employed to determine pressure distributions on ASTs subjected to storm 203 

surge and wave loads. Additional details on the experimental setup and validation can also be found in 204 

Bernier [18]. 205 

4. Surge and Wave Conditions for Buckling Analysis 206 

To adequately investigate the buckling behavior of ASTs during storm surge events, realistic surge and 207 

wave conditions are required; this enables the generation of water pressures from the above CFD model 208 

that correspond to loading conditions representative of hurricane events. Surge and wave conditions are 209 

typically obtained from empirical data or high-fidelity coastal hydrodynamic modeling using software like 210 

ADCIRC+SWAN. In cases where such data or models are not available, surge and wave conditions can also 211 

be estimated using the guidelines and simplified relationships proposed by the Federal Emergency 212 

Management Agency (FEMA) [30] and the US Army Corps of Engineers (USACE) [31]. In this study, 213 

simulations of hurricanes in and around the Houston Ship Channel (HSC) in Texas, the largest 214 

petrochemical complex in the US, are used to define the surge and wave conditions. The simulations were 215 

performed using ADCIRC+SWAN for Hurricane Ike, which hit the Houston region in September 2008, and 216 

for two synthetic storms developed by FEMA [32]; these two synthetic storms produce approximately to 217 

100- and 500-year water surface elevations in the HSC respectively. The simulations were performed by 218 

The Computational Hydraulics Group at the University of Texas at Austin [33]. As a sanity check, the 219 

extracted surge and wave parameters from the ADCIRC+SWAN simulations were also verified against 220 

empirical relations for significant wave height and peak period found in [31]. The following ranges of wave 221 

conditions were obtained from six petrochemical facilities located along the HSC: (i) water depth: 1 ≤ h ≤ 222 

7 m; (ii) current velocity: 0 ≤ U ≤ 1.5 m/s; (iii) peak wave period: 3.5 ≤ Tp ≤ 6 s; and (iv) significant wave 223 

height: 0.3 ≤ Hs ≤ 1.3 m. According to Elfrink et al. [34], such Hs values could lead to wave heights (Hw) 224 

up to 2.0 m in shallow or intermediate water depths. 225 

In the next sections, the hazard parameter ranges identified from the ADCIRC+SWAN results are used as 226 

inputs to generate regular waves in the above CFD model. Regular waves are considered here over random 227 

waves because regular waves, compared to random waves, are less computationally expensive to simulate 228 
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in the CFD model and facilitate the comparison between static and dynamic analyses [35,36]. The velocity 229 

profiles used to generate the regular waves at the inflow boundary are derived from Fenton’s wave theory 230 

[37] and its associated computer program [38]; this wave theory is appropriate to represent the range of 231 

wave parameters described above [31,38], and can also take into account the effects of current. The CFD 232 

analyses are performed for a total duration of 200 seconds to ensure the generation of a sufficient number 233 

of waves to obtain steady state conditions. Water pressure time-histories (P(t)), which include both the 234 

hydrostatic and hydrodynamic pressures, are then extracted around the tank circumference (θ; θ = 0 is on 235 

the upwave side) and height (z) to perform the buckling analysis as detailed in the next section. As 236 

mentioned in Section 2, simpler analytical methods could also be employed to estimate water pressures as 237 

long as the wave conditions under analysis are within the range of applicability of the methods. 238 

An example of a pressure distribution is shown in Fig. 4 for an AST located in the HSC with D = 34.7 m 239 

and H = 12.3 m; this AST is used as a case study in the next section. This figure shows only a snapshot of 240 

the hydrodynamic pressure when a wave impacts the AST. The surge and wave conditions (h = 5.12 m, 241 

Hw = 1.76 m, Tw = 4.27 s, and U = 0.46 m/s) are obtained from the 500-year synthetic storm; Tw was assumed 242 

to equal Tp at the AST location, while Hw = 1.76 m corresponds to the maximum wave height at the AST 243 

location based on the probability distribution of wave heights presented in Elfrink et al. [34]. 244 

5. Dynamic Buckling Analysis under Storm Surge and Wave Loads 245 

With an adequate estimate of the loads acting on ASTs during storm surge events, buckling analysis can be 246 

performed. This section presents the methodology to perform dynamic buckling analysis of ASTs subjected 247 

to storm surge and wave loads and to investigate the importance of dynamic effects. As a proof of concept, 248 

the methodology is illustrated by using the AST and the surge and wave conditions acting on it described 249 

at the end of the previous section. This AST is specifically chosen because it is an actual AST that could 250 

be subjected to severe storm surge and wave conditions during hurricane events, and because the wave 251 

loads acting on it significantly affect its behavior. 252 

5.1 Overview of finite element model for buckling analysis 253 

To perform the buckling analysis, the water pressures derived from the CFD model presented in Section 2 254 

are applied on a separate FE model of the AST under analysis and its internal liquid (tank-liquid system). 255 

First, the AST is designed using the American Petroleum Institute (API) Standard 650 [39] to determine 256 

the number of shell courses and their thickness, the presence or not of intermediate stiffening rings, the roof 257 

properties, and other structural details; all ASTs considered here have a conical roof supported by rafters 258 

and columns. Then, a FE model of the AST that considers both material and geometric nonlinearities is 259 

developed using LS-Dyna.  260 
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Fig. 5 shows the design and the finite element idealization of the case study AST. The case study AST is 261 

designed and modeled using a design stress (Sd) of 160 MPa and a yield strength of 250 MPa which 262 

correspond to A36M steel, the most common steel grade for ASTs. The tank shell is modeled using fully 263 

integrated quadrilateral shell elements; the thickness (ts) of the shell elements is variable for each shell 264 

course along the height of the AST. The mesh size of the shell course is fixed at 0.27 m by 0.27 m based 265 

on the mesh convergence study presented in Section 5.3. The roof is modeled with reduced integration 266 

triangular shell elements, while the stiffening ring, top angle, and roof rafters are modeled with beam 267 

elements. Since this study focuses on anchored ASTs, the tank shell is fixed to the ground; unanchored 268 

ASTs will typically float away before buckling [13]. The columns supporting the roof are modeled by 269 

simply fixing the vertical displacement (uz = 0) at the column locations. A bilinear elastoplastic material 270 

model with kinematic hardening and the physical properties of steel is assigned to all components of the 271 

AST; the steel density is fixed at 7900 kg/m3, the elastic modulus at 200 GPa, the Poisson's ratio at 0.3, and 272 

the tangent modulus after yielding at 2 GPa. A damping ratio of 2% is also assigned to the AST tank shell 273 

and roof; such a damping ratio is representative of undamaged welded steel [40]. Global geometric 274 

imperfections corresponding to eccentricities, ovalization, and other imperfection patterns resulting from 275 

the tank shell manufacturing and construction are also considered by using the imperfection model proposed 276 

by Kameshwar and Padgett [41]. The imperfections are modeled using a two-dimensional Fourier series 277 

with coefficients derived from empirical measurements of imperfections on ASTs and silos.  278 

As shown in Fig. 5d, the internal liquid of the AST is also explicitly modeled to account for possible 279 

hydrodynamic effects inside the AST. The ALE method described in Section 2 is used to model the internal 280 

liquid. A 1 m layer of air is also modeled on top of the liquid to allow for potential sloshing or waves inside 281 

the AST. Both the air and the liquid are modeled using a polynomial equation of state. A slip boundary 282 

condition (vn = 0) is used at the bottom face of the internal liquid, while no boundary is applied to the top 283 

face. The interface between the internal liquid and the tank shell is modeled using a multi-physics contact 284 

available in LS-Dyna that allows the transfer of fluid pressure to the shell elements and vice-versa. At the 285 

interface, the mesh size of the fluid elements is twice the mesh size of the tank shell elements. For the case 286 

study AST, the internal liquid is assumed to be gasoline (density (ρL) of 750 kg/m3) and the internal liquid 287 

height (L) is fixed at 6 m, which is approximately half the height of the case study AST.  288 

5.2 Dynamic buckling criteria and estimates 289 

In order to identify the critical state at which buckling occurs under storm surge and wave loads, this study 290 

relies on the Budiansky and Roth criterion [42]. This criterion has been widely used to study the buckling 291 

behavior of thin-walled structures subjected to dynamic loads such as wind [7,15], earthquake [5,10], and 292 

blast loads [43]. With this criterion, the water pressure time histories derived with the model presented in 293 
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Section 2, for a given combination of h, Hw, Tw, and U values, are scaled by a load factor (λ) and are applied 294 

on the AST. Other loads such as the self-weight of the tank and its internal liquid are not scaled and remain 295 

constant during the buckling analysis. Nonlinear dynamic analyses are then performed for increasing values 296 

of λ, and the radial displacement of the AST is monitored. Dynamic buckling occurs when a jump is 297 

observed in the response of the AST to a small increase of λ; this jump indicates that the AST moved from 298 

a stable state to a critical state [5]. The magnitude of the jump should be at least one order of magnitude 299 

higher than the previous displacement increment [15]. The methodology is illustrated in Fig. 6a for the case 300 

study AST and the load parameters presented above (i.e., h = 5.12 m, Hw = 1.76 m, Tw = 4.27 s, and U = 301 

0.46 m/s), where a jump is observed between λ = 1.00 and λ = 1.01; in this figure, negative radial 302 

displacements point toward the center of the AST.  303 

Alternatively, it is also possible to plot λ versus the radial displacement to readily identify the point where 304 

dynamic buckling occurs, as shown in Fig. 6b; such plots are often called pseudo-equilibrium paths [10]. 305 

The abrupt change of slope in the pseudo-equilibrium path indicates the point where the AST moved from 306 

a stable state to a critical state; this point is defined as the critical load factor (λcr). From the pseudo-307 

equilibrium path shown in Fig. 6b, 1.00 is again the λcr for the case study AST. When considering only the 308 

hydrostatic effect of storm surge, λcr = 1.41 for the case study AST, highlighting the significant effects of 309 

and the need to consider hydrodynamic and wave loads for this AST. As λcr is unknown prior to the dynamic 310 

buckling analysis, a coarse estimate is first obtained by using increments of 0.25 for λ. Then, the estimate 311 

is further refined by using smaller increments until the increment size is less than 0.5% the magnitude of 312 

λcr. Finally, as multiple parameters control the loads acting on the AST (i.e., h, Hw, Tw, and U), λcr has no 313 

physical meaning such as the maximum wave height or the maximum water level that the AST can 314 

withstand before buckling. Instead, λcr < 1 simply indicates that the AST suffers buckling under the surge 315 

and wave conditions under consideration, while λcr > 1 indicates that the AST does not suffer buckling 316 

under the same load conditions [44]. Nonetheless, λcr indicates which proportion of the total storm surge 317 

and wave pressures the structure can withstand.  318 

5.3 Mesh convergence study 319 

The dynamic buckling procedure presented above is sensitive to the mesh density of the FE model. A 320 

sufficiently fine mesh needs to be chosen to adequately capture the dynamic and buckling behavior of the 321 

AST. Moreover, to limit the computational cost of the analysis, the mesh density shall not be excessively 322 

fine. To determine the appropriate mesh density of the case study AST, a mesh convergence study was 323 

performed by monitoring both the critical load factor and the deformed shape of the AST at buckling. 324 

Results of the mesh convergence study are presented in Fig. 7. This figure was developed by first using a 325 

FE model with only 25 elements around the circumference of the case study AST, and then iteratively 326 
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doubling the number of elements, up to a total of 1,600 elements. For practical applications, the mesh 327 

convergence study could also be stopped as soon as the buckling results converge. In the z axis, the mesh 328 

size is fixed such that the aspect ratio of the elements is approximately 1.0. For the four first meshes in Fig. 329 

7 (i.e., 25, 50, 100, and 200 elements), the fluid mesh matches the tank shell mesh at the interface; however, 330 

for the remaining cases, the fluid mesh is twice the size of the tank shell mesh to limit the total number of 331 

elements. Fig. 7 shows the convergence of λcr as well as the root mean squared error (RMSE) between the 332 

deformed shapes obtained from two subsequent mesh densities. As observed in this figure, a minimum of 333 

200 elements around the circumference (mesh size of 0.55 m) are required to obtain an adequate estimate 334 

of the buckling behavior. However, as mentioned above, a mesh size of 0.27 m is selected for the case study 335 

AST such that all ASTs investigated in this study have approximately the same mesh size; smaller diameter 336 

ASTs investigated in Section 6 require a mesh size around 0.25 m. 337 

The natural periods of empty ASTs presented in Virella et al. [45] are also employed to further verify the 338 

adequacy of the modeling assumptions presented in Section 5.1. For an AST with a D = 30.48 m and H = 339 

12.19 m, which corresponds to the AST in [45] with the closest aspect ratio to the case study AST, a natural 340 

period of 0.204 is obtained using LS-Dyna. This natural period compares very well with the value of 0.198 341 

obtained by Virella et al. [45]. Differences less than 5% are also observed for the higher modes of vibration, 342 

confirming the adequacy of the modeling assumptions employed here.  343 

5.4 Comparison between dynamic and static buckling analysis procedures 344 

While the methodology in Section 5.2 considers potentially significant inertia effects associated with the 345 

transient nature of wave loads, such dynamic buckling analyses are computationally expensive to perform. 346 

Almost 600 CPU-hours were required to derive the pseudo-equilibrium path and identify λcr for the case 347 

study AST and a single combination of surge and wave load parameters. Such a high computational cost 348 

prompts the need to evaluate the significance of dynamic effects of ASTs subjected to storm surge and 349 

wave loads and to examine the consequences of adopting simpler buckling analysis procedures; this is 350 

especially important when large numbers of analyses might be required, such as in reliability assessments.  351 

The significance of the dynamic effects is investigated by comparing the above dynamic buckling procedure 352 

with the two simpler buckling procedures shown in Fig. 8. The first simplified method (referred to as 353 

Dynamic (tank only) in Fig. 8) is also a dynamic buckling analysis; however, the internal liquid is simply 354 

modeled using a triangular static pressure distribution to highlight the relative importance of the dynamic 355 

effects of the internal liquid. The second simplified method (referred to as Static in Fig. 8) is a static 356 

nonlinear analysis where a static water pressure distribution is applied by increments on the AST to obtain 357 

an equilibrium path; the internal liquid is also modeled using a triangular static pressure distribution. The 358 

static water pressure distribution corresponds to the pressure field when a wave impacts the AST and the 359 
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horizontal force is maximum (Pmax). For the case study AST, Pmax corresponds to Fig. 4. The same mesh 360 

density is used for all procedures. 361 

The comparison between the three buckling analysis procedures for the case study AST and the load 362 

conditions used in Section 5.2 is presented in Fig. 6b and in Table 1. Results indicate that the three methods 363 

provide very similar estimates of λcr. Differences less than 2% are observed between the three methods; the 364 

dynamic analysis of the tank-liquid system provides the lowest estimates given larger inertia effects. More 365 

importantly, the computational cost of the simplified methods, especially the static buckling analysis, are 366 

significantly cheaper than the dynamic buckling analysis of the tank-liquid system; less than 30 minutes 367 

are required for the static buckling analysis compared to 37 CPU-hours for the dynamic buckling analysis 368 

of only the tank shell and 586 CPU-hour for the dynamic analysis of the tank-liquid system. Also, Fig. 9 369 

compares the deformed shape of the case study AST at λcr between the static and tank-liquid system 370 

dynamic buckling analyses; node A is the location of maximum displacement. While, both methods provide 371 

very similar deformed shapes, the static analysis yields larger displacements by up to 20 %. Such results 372 

indicate that the dynamic effects of the storm surge and wave loads on the tank shell and the internal liquid 373 

are negligible and could be reasonably neglected to estimate λcr for the case study AST, while they might 374 

need to be considered to estimate adequately the deformed shape. 375 

6. Buckling Across Ranges of Modeling Parameters and Load Conditions 376 

Overall the results presented above for the case study AST indicate that wave loads significantly affect λcr, 377 

but that the dynamic effects of these loads are negligible, and that static buckling analysis could be adequate 378 

to estimate λcr. However, these findings stem from a single AST geometry as well as a single combination 379 

of storm surge and wave conditions, while multiple ASTs with various geometries could be exposed to a 380 

wide range of load conditions as discussed in Section 4. Thus, to further generalize the results of the case 381 

study AST, this section investigates the buckling behavior and the importance of dynamic effects across 382 

ranges of load conditions and AST parameters such as geometry, internal liquid properties, and material 383 

properties. 384 

6.1 Design of experiments 385 

To investigate the effects of AST parameters and load conditions on the buckling behavior of ASTs 386 

subjected to storm surge and wave loads, this study relies on design of experiments principles. More 387 

specifically, a two-level fractional factorial design is generated with the nine modeling and load parameters 388 

presented in Table 2. Such designs of experiments are commonly used within statistical analyses to identify 389 

critical parameters that significantly affect the response of a structure and to understand how varying these 390 

parameters influence the structural response [46,47]. A fractional factorial design is adopted given the 391 

reduced number of simulations it requires compared to a full factorial design; a full design would require 392 
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29 = 512 dynamic buckling analyses of tank-liquid systems, resulting in a prohibitive computational cost. 393 

With the adopted fractional design, 32 analyses with various combinations of low (-) and high levels (+) of 394 

the AST and load parameters are required; however, only the main effects of the parameters can be observed 395 

with this design, while interactions between the parameters are aliased. The 32 combinations of AST and 396 

load parameters can be found in Table 3 and were generated using the statistical software Design-Expert 397 

[48]. 398 

For each of the combinations of AST and load parameters, the water pressure distribution and time histories 399 

are computed with the numerical model presented in Section 2, a finite element model of the tank-liquid 400 

system is developed as in Section 5.1, and a dynamic buckling analysis of the tank-liquid system is 401 

performed using the methodology in Section 5.2 to estimate λcr. The critical load factors from the two 402 

simplified buckling procedures in Section 5.4 are also estimated for each combination tank and loading 403 

parameters. Then, as detailed in the next section, with the results of the 32 combinations, an analysis of 404 

variance (ANOVA) and a regression analysis are performed to evaluate the effects of varying each of the 405 

AST and load parameters on λcr and on the validity of the simpler buckling procedures. Additional details 406 

on the design of experiments, ANOVA, or regression analysis can be found in any relevant statistical 407 

textbooks such as Montgomery [49]. 408 

The low and high levels of AST parameters (i.e., D, H, L, ρL) presented in Table 2 and used for the factorial 409 

design are obtained from the database of ASTs presented in Bernier et al. [50]; this database provides the 410 

geometry and internal liquid of the 4,500 ASTs located in the HSC. The ranges of geometry presented in 411 

Table 2 cover approximately 95% of the AST diameters and heights in the HSC, while the range of internal 412 

density covers almost every liquid that could be stored in the HSC. The low and high levels of Sd are 413 

obtained from API 650 [39] to cover the different steel grades that could be used for ASTs in the US. The 414 

value of Sd also determines the yield strength and the thickness of the tank shell [39]. The low and high 415 

levels of surge and wave conditions (i.e., h, U, Hw, and Tw) in Table 2 were previously discussed in Section 416 

4. When defining the low and high levels of each parameter, care was also taken to avoid potential parameter 417 

values or combinations that could yield excessively small or large λcr (i.e., λcr ≪ 1.0 or λcr ≫ 1.0), which 418 

are not relevant for the statistical analyses. This explains why the range of surge heights in Table 2 is more 419 

limited than the one presented in Section 4. Other modeling parameters not shown in Table 2, such as the 420 

damping ratio, are kept constant at the values used for the case study AST to limit the number of variables 421 

in the experimental design, and because preliminary analyses indicated that they had a negligible effect on 422 

the buckling behavior of ASTs. 423 
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6.2 Effects of modeling parameters and load conditions on buckling estimates 424 

As introduced above, buckling analyses are performed for the 32 combinations of AST and load parameters. 425 

With the results, an ANOVA is first performed to evaluate the significance of each modeling and load 426 

parameter on the buckling response; the ANOVA performs hypothesis tests to determine which parameters 427 

can explain the variability (or variance) in the response. Results of the ANOVA are presented in Table 4 428 

for the dynamic buckling analysis of the tank-liquid systems; results from the simpler buckling procedures 429 

are not shown as they are very similar. The smaller the p-value in Table 4, the more significant is the 430 

parameter to explain the variation in λcr; parameters with p-values less than 0.05 are deemed to be 431 

statistically significant [49]. Using the results of the buckling analyses, a regression analysis is also 432 

performed to explore the effects of varying each of the AST and load parameters on the dynamic buckling 433 

critical load factor (λcr-dyn); buckling estimates from the simpler buckling procedures are compared further 434 

below. The derived regression model is presented in Eq. 1. 435 

1 974 0 301 0 269 0 198 0 558 1 285 0 182

0 204 0 006 0 007
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The coefficient of determination (R2) of this relation is 0.90; a square root transformation of the data was 437 

employed for an improved fit. This regression model was employed to obtain Fig. 10a, which illustrates 438 

how varying one parameter at a time, from their lower to upper level (Table 2), affects the dynamic buckling 439 

critical load factor (λcr-dyn); when varying a given parameter, all other parameters are kept at their median 440 

value. 441 

Overall results in Fig. 10a and Table 4 indicate that all parameters, except Sd and U, have a significant effect 442 

on the buckling strength of ASTs subjected to storm surge and wave loads. The design stress is not 443 

significant as buckling occurs in the elastic domain; results indicate that yielding generally does not occur 444 

prior to buckling under surge and wave loads. Relatively small pressures associated with current velocity 445 

compared to the hydrostatic and wave pressures could also explain why U is not significant. Even though 446 

the main effects of Sd and U are limited, these parameters could have significant interactions with other 447 

parameters which are not captured here; a larger design of experiments would be required to capture such 448 

potential interactions. Nonetheless, Eq. 1 can still provide a reasonable first order approximation of λcr for 449 

a given AST; for the case study AST, λcr = 1.06 with Eq. 1 which is relatively close to the value of 1.00 450 

obtained in Section 5.2 directly from the dynamic buckling analysis. From Fig. 10a, the surge height is 451 

shown to be the most significant parameter to affect λcr. This was expected because the hydrostatic pressure 452 

is considerably larger than the hydrodynamic one, and also because the surge height determines where the 453 

maximum pressure from the waves will act; upper shell courses are usually thinner than lower ones which 454 

makes them more vulnerable to buckling. The internal liquid height is the second most influential parameter 455 
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because the internal pressure directly counteracts the external pressure from the storm surge and higher L 456 

values can reduce the risk of buckling. To a lesser extent, higher internal liquid density also increases the 457 

buckling strength. ASTs with larger diameters and smaller heights also appear more vulnerable to storm 458 

surge and wave loads according to Fig. 10a. At last, results highlight the importance of considering wave 459 

loads, especially if the AST is expected to be subjected to large wave heights or wave periods. As observed 460 

in Fig. 10a, varying the Hw or Tw between the low and high levels can affect λcr by up to 36% and 23% 461 

respectively. Thus, future studies assessing the performance of ASTs during storm surge events should 462 

consider potential wave loads, which existing studies have not done (i.e., [13,14]). 463 

The results of the design of experiments are also used to investigate the importance of dynamic effects and 464 

the validity of the simpler buckling procedures presented in Section 5.4. For conciseness, only the 465 

differences between the buckling estimates from a dynamic buckling analysis of the tank-liquid system (λcr-466 

dyn) and static buckling analysis (λcr-stat) are presented here as these two procedures always yield the largest 467 

differences. Moreover, the λcr values obtained from dynamic buckling analysis of only the tank shell are 468 

generally very close to the static buckling estimates, indicating a relatively lower importance of the dynamic 469 

effects of the tank shell compared to the dynamic effects of the internal liquid. From the 32 combinations 470 

of AST and load parameters used in the experimental design, the mean relative difference between λcr-dyn 471 

and λcr-stat is 1.96% with a standard deviation of 1.23%, while the minimum and maximum differences 472 

observed are respectively 0.40% and 5.30%; as expected, in all cases, the static buckling estimates are 473 

higher than the dynamic ones. With these results, the following regression model was also derived to 474 

estimate the ratio λcr-dyn/λcr-stat as a function of the AST and load parameters: 475 

1 014 0 0015 0 0066 0 006 0 003 0 0009 0 0094

0 0037 0 0004 0 0006
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Again, this equation was obtained by using a square root transformation of the data; the coefficient of 477 

determination (R2) is 0.89.  In a similar way as Eq. 1, the regression model in Eq. 2 can provide a first order 478 

approximation of the error introduced by using a static pressure distribution for the wave loads and a static 479 

buckling analysis; for the case study AST, λcr-dyn/λcr-stat = 0.977 per Eq. 2, which compares well to the results 480 

previously shown in Table 1. The ratio λcr-dyn/λcr-stat is equivalent to a dynamic amplification factor to adjust 481 

static buckling estimates. In other words, the results of a static buckling analysis could be adjusted to 482 

estimate the dynamic results by multiplying λcr-stat with the dynamic amplification factor obtained from Eq. 483 

2. The regression model in Eq. 2 was also used to generate Fig. 10b, which illustrates the effects of varying 484 

each modeling or load parameter on the relative difference between λcr-dyn and λcr-stat and the dynamic 485 

amplification factor. As expected, varying the wave height has the largest impact on the relative difference 486 

between λcr-dyn and λcr-stat as waves are the main dynamic loads here; increasing the wave period also leads 487 
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to a larger difference. The surge height has a limited effect as it is mainly related to hydrostatic loads. The 488 

difference between λcr-dyn and λcr-stat also increases for taller ASTs and smaller diameter ASTs. Higher L and 489 

ρL values, which result in a higher mass and inertia of the internal liquid, also lead to a larger difference 490 

between the two buckling procedures. 491 

The above results clearly indicate that across ranges of AST and loading parameters, the dynamic effects 492 

induced by wave loads are not significant and that dynamic buckling analyses are not necessary to estimate 493 

λcr for ASTs subjected to storm surge and waves. Simpler, and more importantly, computationally less 494 

expensive static analyses can provide reasonable estimates of the buckling strength; the computational cost 495 

of the static analyses varied between 0.25 to 1 CPU-hours, while it varied between 90 and 1,200 CPU-hours 496 

for the dynamic analyses of the tank-liquid systems. A dynamic amplification factor of 0.98 could also be 497 

reasonably employed to adjust the static buckling estimates. These results confirm the findings in Section 498 

5.4 for the case study AST and are in agreement with previous studies that investigated the response of 499 

offshore structures subjected to wave loads [35,36]. The low importance of dynamic effects is most likely 500 

due to the relatively small natural periods of the tank-liquid systems considered here (0.1–0.6 s; 0.3 s for 501 

the case study AST) compared to the periods of the excitation (3.5–6.0 s). This could also explain the trends 502 

observed in Fig. 10b, because ASTs with a natural vibration period slightly closer to the excitation period 503 

should yield larger dynamic effects. Larger diameter ASTs, taller ASTs, or a higher internal liquid mass 504 

(i.e., higher L and ρL) yield longer vibration periods of the tank-liquid systems, in agreement with the trends 505 

observed in Fig. 10b. 506 

Another explanation for the low importance of dynamic effects is the small deformations and displacements 507 

induced by the wave loads prior to buckling, as previously shown in Fig. 6 for the case study AST. The 508 

radial displacements of the ASTs before buckling are always less than 6 mm, and these relatively small 509 

displacements, compared to the size of the ASTs, do not induce any significant hydrodynamic effects inside 510 

the AST. However, after buckling, the ASTs generally suffer large and sudden deformations and 511 

displacements. In turn, these large displacements can induce sloshing and hydrodynamic effects inside 512 

ASTs, especially ASTs with a small diameter (i.e., the cases of the experimental design with D = 10 m). 513 

Also, the different buckling procedures can give very different deformation shapes after buckling. This is 514 

illustrated in Fig. 11 for case #29 in Table 3; the post-buckling deformed shapes were obtained such that 515 

the displacements at node B, the node where buckling initiates, are approximately equal between the static 516 

and dynamic buckling analyses. While the displacements at node B are approximately equal, the amplitude 517 

of deformations elsewhere, especially at the top of the AST (see Figs. 11b and 11d), are significantly 518 

different between the static and dynamic buckling analyses; differences up to 80 % can be observed. Thus, 519 

dynamic buckling analysis might still be of interest if the purpose of the analysis is to assess the deformation 520 
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or the post-buckling behavior of ASTs subjected to storm surge and wave loads rather than simply to 521 

estimate the buckling strength. Lastly, the findings presented here are only valid for hydrodynamic 522 

conditions similar to the ones discussed in Section 4. More severe hydrodynamic conditions such as tsunami 523 

waves could potentially induce important dynamic or hydrodynamic effects that significantly affect the 524 

buckling strength of ASTs. 525 

7. Summary and Conclusions 526 

This paper explored the buckling behavior of ASTs subjected to storm surge and wave loads during severe 527 

hurricane events, the importance of dynamic effects on the buckling behavior, and the validity of static 528 

buckling analyses for dynamic loads like waves. First, to estimate storm surge and wave loads acting on 529 

ASTs, a CFD model was developed and validated against experimental results. This model was found to 530 

be flexible and to provide accurate water pressure distributions to perform buckling analysis. Wave and 531 

surge inputs for this model were obtained from numerical simulations of hurricanes in the Houston region. 532 

Next, buckling analyses under storm surge and wave loads were performed by successfully adapting 533 

existing methods for ASTs subjected to wind or seismic loads. As a proof of concept, the derived water 534 

pressures were applied on a FE model of a case study AST and its internal liquid, and a dynamic buckling 535 

analysis was performed. To investigate the importance of dynamic effects of wave loads, results were also 536 

compared to a simpler dynamic buckling analysis and a static buckling analysis. Finally, to provide a better 537 

understanding of the buckling of ASTs subjected to storm surge and wave loads across a range of structure 538 

and hazard conditions, dynamic and static buckling analysis were performed for a set of 32 ASTs with 539 

different geometries, internal liquids, and surge and wave conditions. Using analysis of variance and 540 

regression analysis, these statistical samples provided useful insights on how varying each modeling and 541 

load parameter affected the buckling strength and the relative importance of dynamic effects. 542 

Overall, results obtained from the buckling analyses indicate that most modeling and load parameters, with 543 

the exception of current velocity and AST design stress, have a significant effect on the buckling strength 544 

of ASTs. More importantly, the results underscore that wave loads are critical to obtain an adequate estimate 545 

of the buckling strength. Thus, contrary to existing studies, such loads should be included when assessing 546 

the performance of ASTs during storm surge events. Results further indicate that wave loads do not induce 547 

any significant dynamic effects; an average difference of 2.0 % and a maximum difference of 5.3 % were 548 

observed between dynamic and static buckling analyses. The small significance of dynamic effects is due 549 

to the relatively large difference between the AST natural vibration periods and the wave periods, and 550 

because wave impacts do not trigger any significant hydrodynamic effects inside the ASTs prior to 551 

buckling. Therefore, dynamic buckling analyses are not required to estimate the buckling strength of ASTs 552 

subjected to surge and wave loads. Static buckling analysis as well as static water pressure distributions of 553 
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wave loads can provide reasonable estimates of the buckling strength for practical and engineering 554 

purposes. This study also presented a simple regression model to estimate a dynamic amplification factor. 555 

This amplification factor could be used to adjust the static buckling estimates if desired to account for 556 

dynamic effects. Given the low computational cost of static analysis, this conclusion is of great significance 557 

to reduce the computational complexity of reliability or risk assessments of ASTs during storm surge 558 

events, which might require large numbers of simulations. Nonetheless, the results of the buckling analyses 559 

also show that dynamic buckling analysis might still be required if the purpose of the analysis is to assess 560 

the post-buckling behavior of ASTs subjected to surge and wave loads rather than to simply estimate the 561 

critical load, or if more severe hydrodynamic conditions than the ones considered in this study are under 562 

investigation. Future work should leverage these findings to efficiently develop models that 563 

probabilistically assess the performance of ASTs during storm surge and hurricane events. Also, additional 564 

work should investigate the buckling behavior of ASTs subjected to combined storm surge, wave and wind 565 

loads, and to more severe hydrodynamic conditions such as tsunami and breaking waves. 566 
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Tables 667 

Table 1. Comparison of the buckling estimates for the case study AST 668 

Buckling analysis Critical load factor (λcr) Comp. time (CPU-hour) 

Dynamic (Tank-liquid system) 1.000 586 

Dynamic (tank only) 1.015 37 

Static 1.020 0.5 

 669 

Table 2. Ranges of AST modeling parameters and load conditions for the design of experiments 670 

Parameter Low level (-) High level (+) Units 

Tank diameter (D) 10.0 50.0 m 

Tank height (H) 9.0 16.0 m 

Design stress (Sd) 137 196 MPa 

Internal liquid height (L) 2.0 8.0 m 

Internal liquid specific gravity (ρL) 0.5 1.0 - 

Surge height (h) 3.0 6.0 m 

Current velocity (U) 0.0 1.5 m/s 

Wave height (Hw) 0.3 2.0 m 

Wave period (Tw) 3.5 6.0 s 

  671 
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Table 3. Combinations of parameters in the two-level fractional factorial design of experiments 672 

Run D H Sd L ρL h U Hw Tw  

1 - - + - - - + + +  

2 + - - - - - - - -  

3 - + + - - - - - -  

4 + + - - - - + + +  

5 - - - - + - + - -  

6 + - + - + - - + +  

7 - + - - + - - + +  

8 + + + - + - + - -  

9 - - - + - - - - +  

10 + - + + - - + + -  

11 - + - + - - + + -  

12 + + + + - - - - +  

13 - - + + + - - + -  

14 + - - + + - + - +  

15 - + + + + - + - +  

16 + + - + + - - + -  

17 - - - - - + - + -  

18 + - + - - + + - +  

19 - + - - - + + - +  

20 + + + - - + - + -  

21 - - + - + + - - +  

22 + - - - + + + + -  

23 - + + - + + + + -  

24 + + - - + + - - +  

25 - - + + - + + - -  

26 + - - + - + - + +  

27 - + + + - + - + +  

28 + + - + - + + - -  

29 - - - + + + + + +  

30 + - + + + + - - -  

31 - + - + + + - - -  

32 + + + + + + + + +  

Note: – and + correspond respectively to the low and high levels in Table 2 

 673 

Table 4. Results of the ANOVA for the dynamic buckling analysis of the tank-liquid systems 674 

Parameter p-value 

Tank diameter (D) 0.000 

Tank height (H) 0.005 

Design stress (Sd) 0.957 

Internal liquid height (L) 0.000 

Internal liquid specific gravity (ρL) 0.014 

Surge height (h) 0.000 

Current velocity (U) 0.705 

Wave height (Hw) 0.002 

Wave period (Tw) 0.012 

Note: Boldfaced p-values indicate statistically significant parameters 
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Figures 675 

 676 
Fig. 1. Overview of the numerical model used to compute wave loads on ASTs. Only half of the domain is 677 

modeled. 678 

 679 

 680 

 681 
Fig. 2. Validation of the CFD model against experimental results. Wave case 5: a) pressure at PR1; b) 682 

pressure at PR4; c) pressure at PR9. Wave case 8: d) pressure at PR1; e) pressure at PR4; f) pressure at 683 

PR9. The location of the pressure gages is shown in Figure A.3. 684 
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 685 
Fig. 3. Comparison of peak pressures between the CFD model and experimental results: a) wave case 5; b) 686 

wave case 6; c) wave case 8; and d) wave case 9. 687 

 688 

 689 
Fig. 4. Hydrodynamic pressure distribution at wave impact for an AST with D = 34.7 m, H = 12.3 m, h = 690 

5.12 m, Hw = 1.76 m, Tw = 4.27 s, and U = 0.46 m/s. a) Pressure at the base of the AST (z = 0) and along 691 

the AST circumference (θ = 0 is on the upwave side); b) Pressure along the AST height at different locations 692 
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 693 
Fig. 5. Overview of the case study AST: a) geometry of the tank shell and roof; b) details of the roof; c) 694 

finite element representation of the tank shell and roof; d) finite element representation of the internal liquid. 695 

 696 

 697 
Fig. 6. a) Transient response of the case study AST with L = 6 m, ρL = 0.75, and Sd = 160 MPa for increasing 698 

values of the load factor (λ); b) equilibrium and pseudo-equilibrium paths for the case study AST with L = 699 

6 m, ρL = 0.75, and Sd = 160 MPa and comparison between static and dynamic buckling analyses. The 700 

displacements are those of node A in Fig. 9. 701 
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 702 
Fig. 7. Results of the mesh convergence study for the case study AST 703 

 704 

 705 

 706 
Fig. 8. Overview of: a) Dynamic buckling analysis of tank-liquid system; b) Dynamic buckling analysis of 707 

the tank shell only; and c) Static buckling analysis. 708 

 709 

 710 

 711 
Fig. 9. Comparison of deformed shapes at the critical load factor. Dynamic buckling analysis of tank-liquid 712 

system: a) mode shape along the circumference of the AST at z = 5.7 m; b) mode shape along the height of 713 

the AST at node A. Static buckling analysis: c) mode shape along the circumference of the AST at z = 5.7 714 

m; d) mode shape along the height of the AST at node A. 715 
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 716 
Fig. 10. Effects of varying the AST and load parameters on: a) the dynamic buckling estimate; b) the 717 

difference between static and dynamic buckling analysis procedures. Low and high levels refer respectively 718 

to the lower and upper bounds presented in Table 2. 719 

 720 

 721 

 722 
Fig. 11. Comparison of deformed shapes after buckling for case #29 in Table 3. Dynamic buckling analysis 723 

of tank-liquid system: a) mode shape along the circumference of the AST at z = 4.6 m; b) mode shape along 724 

the height of the AST at node B. Static buckling analysis: c) mode shape along the circumference of the 725 

AST at z = 4.6 m; d) mode shape along the height of the AST at node B.  726 
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Appendix 727 

 728 
Fig. A1. Comparison between the half and full domain CFD models. Pressure around the AST at z = 4 m 729 

for D = 10 m; h = 6 m; Hw = 2 m; Tw = 6 s; U = 1.5 m/s. 730 

 731 

 732 

 733 
Fig. A2. General arrangement of the directional wave basin and experimental setup. WG = wire resistance 734 

Wave Gage (ImTech Inc.); USWG = Ultrasonic Wave Gage (Senix Corp.); ADV = Acoustic-Doppler 735 

Velocimeters (Nortek Vectrino). 736 
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 737 
Fig. A3. Overview of the test cylinder and layout of pressure and wave runup gages: a) top view; and b) 738 

side view. PR = Pressure Gage (GE/Druck Inc. PDCR 830); WG = wire resistance Wave Gage (ImTech 739 

Inc.). 740 

 741 

 742 

Table A1. Experimental wave conditions at model scale and in dimensionless form 743 

Case Hw (m) h (m) Tw (s) Hw/h h/Lw
a D/Lw 

1 0.025 0.5 1.02 0.05 0.32 0.78 

2 0.10 0.5 1.02 0.20 0.32 0.78 

3 0.15 0.5 1.02 0.30 0.32 0.78 

4 0.05 0.5 1.60 0.10 0.16 0.40 

5 0.15 0.5 1.60 0.30 0.16 0.40 

6 0.25 0.5 1.60 0.50 0.16 0.40 

7 0.10 0.5 2.95 0.20 0.08 0.19 

8 0.20 0.5 2.95 0.40 0.08 0.19 

9 0.325 0.5 2.95 0.65 0.08 0.19 
a Lw = wavelength computed using h and Tw 
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