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Abstract: This paper proposes the use of an additional stiffening ring to prevent buckling of 

above ground storage tanks (ASTs) under storm surge inundation and presents an approach to 

obtain an optimal design for the additional ring. Thereby, this study addresses the lack of 

methods to prevent storm surge buckling of ASTs, even though it has been identified as a 

common mode of AST failure. For this purpose, finite element simulations are performed to 

study the effect of the proposed stiffening ring on the buckling response of ASTs. The critical 

surge height, i.e. the lowest surge height which causes AST buckling, is evaluated for a wide 

range of tank geometries, material properties, ring section moduli, and positions of the additional 

ring. The critical surge heights obtained from these simulations are used to obtain a multi-

parameter regression equation that can predict the critical surge height. The regression equation 

is further used to derive optimal section properties and position for the additional ring as a 

function of tank geometry and material properties. In order to demonstrate the effect of the 

additional stiffening ring, the change in the critical surge height due to the installation of the 

additional ring is evaluated for five case study tanks. The results show that installation of the 

additional stiffening ring can significantly increase the critical surge height of tanks. 

Furthermore, considering uncertainties from level of fill in the tank and geometric imperfections, 

fragility analysis for one of the case study tanks underscores the reduction in fragility, i.e. 

conditional probability of buckling failure given surge level, due to the additional ring.  
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Introduction 

Recent hurricanes such as Katrina and Rita have highlighted the vulnerability of ASTs to 

hurricane induced loading, particularly to storm surge. A reconnaissance study by Godoy (2007) 

provides details on tank failures during hurricanes Katrina and Rita. The failure modes reported 

by Godoy (2007) include buckling due to excessive wind pressure and dislocation of tanks due to 

large buoyancy forces. A large number of spill incidents during hurricanes have been caused due 

to dislocation of tanks (Godoy 2007). Cozzani et al. (2010) have analyzed 272 industrial accident 

caused due to floods. Their study has observed ASTs to be one of the most commonly damaged 

equipment during flood events in industrial facilities. Cozzani et al. (2010) identify flotation of 

tanks due to buoyancy forces, debris impact, crushing of tanks due to high water pressure (i.e. 

buckling), and dislocation of tanks due to drag forces as possible failure modes. Based on tank 

failures observed during the 2012 Colorado floods and hurricanes Katrina and Rita, the 

Environmental Protection Agency’s flood preparedness guidelines (EPA 2016) also identify tank 

flotation, dislocation, buckling, and debris impact as potential failure modes. Such tank failures 

cause spills that lead to catastrophic environmental damage (Kingston 2002; Maki 1991) in both 

the short and long term; incur significant economic losses due to clean up and litigation 

(msnbc.com news services 2006); and even adversely affect the mental and physical wellbeing of 

people in the neighboring areas (Palinkas et al. 1993). Even though storm surge and flood related 

tank failures are known to cause catastrophic failures, only a few studies have analyzed the 

safety of tanks during storm surge. 



Kameshwar and Padgett (2015) have assessed the flotation and buckling fragility of a case study 

tank representative of ASTs in the Houston Ship Channel in Texas. Their results show that 

anchoring the tank significantly reduces the flotation fragility. However, anchored tanks are 

observed to have buckling dominated failures at high inundation levels while flotation dominates 

at lower levels of inundation. The methodology developed by Kameshwar and Padgett (2015) 

enables fragility assessment of an individual tank with high confidence but it is computationally 

expensive so it cannot be used for fragility assessment of a regional portfolio of tanks, which 

might have several thousand ASTs. Kameshwar and Padgett (2018) have developed a 

methodology to assess storm surge fragility of ASTs which can efficiently support fragility 

assessment of a regional portfolio of tanks. In that work, fragility functions parameterized on 

tanks’ geometric and material properties for individual failure modes and a series system of the 

failure modes were proposed. The results of fragility analysis for four case study tanks show that 

anchored tanks have significantly low flotation fragility, compared to un-anchored tanks. 

However, anchored tanks are observed to have buckling dominated system failures when the 

flotation fragility is very low. These observations suggest that preventing tanks from flotation 

alone may not prevent tank failures since anchoring of tanks may lead to buckling failures, which 

in extreme cases may cause rupturing of the tank shell leading to a spill. Therefore, methods to 

prevent storm surge buckling of ASTs should be studied; however, literature lacks studies that 

address prevention of storm surge buckling of ASTs. 

Existing studies in the literature have mainly focused on investigating the performance of ASTs 

during extreme wind and seismic events. Several papers have studied static and dynamic 

buckling of tanks under seismic events (Niwa and Clough 1982; Virella et al. 2006; Zhou et al. 

1992), and have explored ways to improve the seismic performance of ASTs. Chen et al. (2006) 



proposed the use of an additional stiffening ring placed at a critical location; while Batikha et al. 

(2009) suggested the use of fiber reinforced polymer composite materials to prevent elephant 

foot buckling. For extreme winds, studies have evaluated the wind pressure distribution around 

tanks using wind tunnel experiments (Portela and Godoy 2005; Portela and Godoy 2005; Rish 

1967; Sabransky and Melbourne 1987). Many papers have studied the wind buckling response of 

tanks and have suggested measures to prevent wind related AST failures. Uchiyama et al. (1987) 

studied the buckling response of cylindrical shells with stiffening rings using wind tunnel 

experiments and suggested that even stiffening rings with low flexural rigidity can significantly 

reduce the pre-buckling deformations. Bu and Qian (2016) studied the wind girder design of 

different design codes and proposed a new top wind girder design for large ASTs, which is less 

conservative than the existing designs. As a result of the extensive research on performance of 

ASTs during earthquakes and extreme wind events, guidelines have been released to improve the 

performance of ASTs during strong winds and earthquakes (ASCE 1997; Task Committee on 

Wind-Induced Forces of the Petrochemical Committee of Energy Division 2011). However, such 

guidelines are non-existent for storm surge related failures and the literature also lacks studies 

addressing the prevention of surge related failures such as buckling.  

Although, storm surge buckling prevention of ASTs is lacking, several studies have developed 

strategies to improve and optimize the performance of shell structures used in other fields, such 

as the aerospace industry, using different stiffening mechanisms such as ortho-grids (Hao et al. 

2015; Hao et al. 2017; Jaunky et al. 1998; Lamberti et al. 2003), curvilinear stiffeners (Bhatia et 

al. 2011; Hao et al. 2016; Singh et al. 2017), and stiffening rings (Bagheri et al. 2011; 

Bronowicki et al. 1975; Foryś 2015). Therefore, in order to prevent storm surge buckling of 

anchored ASTs installation of an additional stiffening ring is proposed. An optimal design of the 



additional ring is presented herein which maximizes the critical surge height of ASTs. The effect 

of the additional ring, designed using the proposed methodology, is demonstrated for five case 

study tanks by comparing the critical surge heights with the additional ring and in its absence. 

Additionally, considering uncertainties in liquid level and geometric imperfections, the reduction 

in probability of failure, i.e. buckling, for various storm surge levels is also evaluated for one of 

the case study tanks by comparing the fragility before and after the installation of the additional 

ring. 

Modeling and analysis of ASTs 

In order to study the buckling response of ASTs under storm surge, the ASTs are modeled in a 

finite element package – LS-DYNA (Hallquist 2007). Figure 1 shows the finite element model 

(FEM) of a tank modeled in LS-DYNA along with a schematic representation of the tank. The 

tank shown in Figure 1 has three shell courses which are fabricated by welding steel plates 

together. The thickness of the different tank shell courses and the section properties of the wind 

girders are determined using American Petroleum Institute’s (API) design standards 650 (API 

2013). API 650 provides guidelines to determine the thickness of different shell courses based up 

on the tanks’ geometric parameters, such as the height and diameter, tanks’ material property 

defined by the allowable design stress (Sd), and the relative density of the contents (i.e. the ratio 

of the density of the stored contents to the density of water, 1000 kg/m3). Therefore, this study 

considers tank height, tank diameter, allowable design stress, and relative density of contents as 

variables for designing the additional ring. Additionally, the section modulus of the additional 

stiffening ring and its position are also considered as variables. Furthermore, based on the 

expected wind speed at a tank’s location, the guidelines may also recommend installation of 

wind girders and prescribe the section modulus of the wind girders to prevent tank buckling 



during extreme wind situations. In this study, the tanks are assumed to be located in the Houston 

Ship Channel region, which has over 4500 tanks.  

Herein, all of the shell courses in the tank wall are modeled using four node shell elements with 

full integration. The size of the shell elements is determined by performing a mesh convergence 

analysis. For this purpose, two ASTs were selected; the first tank’s diameter is 5.0 m and its 

aspect ratio (ratio of tank height to diameter) is 2.63. The second tank’s diameter and aspect ratio 

are 70.0 m and 0.27, respectively. The diameter and aspect ratio of these two tanks represent the 

lower and upper bound of diameter and aspect ratio considered in this study. Therefore, it is 

reasonably assumed that a mesh size suitable for both of the tanks would also be suitable for the 

rest of the ASTs modeled in this study. In order to perform the mesh convergence analysis, 

initially, 16 elements were used along the circumferential and vertical directions for both of the 

ASTs. The number of elements was successively increased by a factor of two along the 

circumference and the height of the two ASTs and the correspondingly critical surge heights 

were recorded. The results of this analysis show that for both of the ASTs, 32 elements are 

sufficient along the height which corresponds to an element size of 0.4 m. Along the 

circumference, the critical surge heights do not significantly change beyond 64 elements and 256 

elements for the small and the large tank, respectively. Corresponding element sizes along the 

circumference are 0.25 m and 0.86 m. Therefore, an element size of 0.25 m was chosen along the 

height and the circumference of the ASTs for finite element modeling. 

Tank roofs, assumed to be fixed conical type, are modeled with three node triangular shell 

elements. The additional stiffening ring, wind girders, and top girders installed on the tank are 

modeled using beam elements with section properties prescribed by API 650. Herein, potential 

local buckling of the additional stiffening ring and other wind girders is not considered. 



Therefore, herein, it is assumed that the buckling of the stiffening rings is prevented. Assuming 

that sufficient anchoring is provided to prevent flotation, the tank’s baseplate is not modeled in 

this study since the tanks will be fixed to the ground. Additionally, it is also assumed that 

anchoring provides sufficient rotational stiffness to the shell-base connection so fixed boundary 

conditions are provided at the base of tanks to mimic the response of anchored tanks. It is 

acknowledged that in reality anchors alone might not be able to provide sufficient rotational 

stiffness to the connection between the base plate and the tank shell for a fixed connection 

(Kildashti et al. 2018). However, modeling the flexibility of the connection between the 

baseplate and the tank shell and local buckling of stiffening rings is beyond the scope of this 

study. Future studies may investigate the effects of local buckling of stiffening rings and the 

flexibility of the connection between the baseplate and the tank shell on the storm surge buckling 

performance of ASTs. All of the components of the ASTs (i.e. the shell and the stiffening rings) 

are modeled using the steel type elastoplastic ‘MAT_PLASTIC_KINEMATIC’ material model 

in LS-DYNA. The inputs to this material model are density, Young’s modulus, Poisson’s ratio, 

and yield stress. Herein, the Young’s modulus and Poisson’s ratio are set corresponding to steel 

type materials at 2.0 GPa and 0.3 respectively. The yield strength of the material is determined 

using the specified allowable design stress (Sd).  

In addition to the tank shell, roof, and the stiffening rings, this study also models the geometric 

global imperfections in the tank shell. Modeling the geometric imperfections present on the tank 

shell is important since imperfections can significantly affect the buckling capacity of tanks. 

Therefore, the imperfection modeling scheme proposed by Kameshwar and Padgett (2015) is 

adopted, which uses a two dimensional Fourier series expression with random coefficients to 



model the geometric imperfections on the tank shell. The imperfections, 𝐼(𝜃, 𝑧), are generated 

using the following equations: 

𝐼(𝜃, 𝑧) =
𝑈𝑅𝑠𝑖𝑔𝑛𝐹(𝜃,𝑧)√𝜋𝐷𝐻

max|𝐹(𝜃,𝑧)|
                 (1) 

In the above equation, 𝜃 is the angle along the circumference and z is along the height of the 

tank. U is a uniform random variable with lower bound = 5.0×10-4 and upper bound = 3.0×10-3. 

Rsign is a random variable that determines the orientation of the imperfection, i.e. away from or 

towards the center of the AST, at the location where the magnitude of the imperfections is 

maximum. So, Rsign is randomly assigned as either 1 or -1, with equal probability. D and H are 

the diameter and the height of the AST and 𝐹(𝜃, 𝑧) is the Fourier series expression, shown 

below. 

𝐹(𝜃, 𝑧) = ∑ ∑ 𝐴𝑚𝑛 cos(𝑚𝜃 + 𝜙) cos (
𝑛𝜋𝑧

𝐻
)𝑁

𝑛=0
𝑀
𝑚=0               (2) 

In equation 2, 𝜙 is a uniformly distributed phase angle ranging between 0.7 – 2.4 radians and Amn 

are the random Fourier coefficients. The expression for obtaining Amn is shown in Eq. 3. In this 

study, 40 cosines are considered along the circumference and the height of the ASTs, i.e. M =40 

and N = 40. 

𝐴𝑚𝑛 = |𝑁(0,1)|𝑒−𝑚𝛼−𝑛𝛽 (𝑐1 + |cos (
𝑛𝜋

𝑝𝑚
)|) (𝑐2 + |cos (

𝑚𝜋

𝑝𝑐
)|)            (3) 

In the above equation, N(0,1) is a zero mean Gaussian random variable with unit standard 

deviation. The number of steel panels welded together in the circumferential direction is 

represented by pc and pm represents the number of panels along the height of a tank. For 

example, Figure 1b presents the schematic representation of a tank with pm = 3 and pc = 8. The 



values of pc and pm can be determined using the sizes of the commonly available steel plates. The 

decay coefficients 𝛼 and 𝛽 are assigned values equal to 1/𝑝𝑐 and 1/𝑝𝑚 and the constants 𝑐1 and 

𝑐2 are set equal to 1.0. Additional details on the imperfection modeling approach can be obtained 

from Kameshwar and Padgett (2015).  

Hydrostatic pressure is applied on the inside of the tank shell to represent the effects of the tank 

contents. Similarly, the storm surge loads are modeled by applying a hydrostatic water pressure 

on the outer surface of the tank shell. The schematic representation of a tank shown in Figure 1b 

shows the hydrostatic pressure on the tank shell caused by the storm surge along with the internal 

liquid stored inside the tank. While this approach precludes the consideration of dynamic effects 

from tank-surge interactions, it may be considered appropriate for this study since very low 

water velocities are observed at most tank locations in the Houston Ship Channel during 

simulations of synthetic storms and Hurricane Ike (SSPEED 2015). Future studies may focus on 

the effects water velocity and other dynamic fluid structure interaction effects such as wave 

impact. In this study, considering the hydrostatic storm surge inundation water pressure and the 

counteracting hydrostatic pressure caused by the contents of the tank, the minimum surge height 

that causes the tank to lose stability (i.e. buckling) is identified. In this paper, this minimum 

surge height that causes buckling is termed as the critical surge height (Hcr). Critical surge height 

is used as a proxy for storm surge hydrostatic load carrying capacity because it is directly 

proportional to the maximum hydrostatic pressure (ρwgHcr) that a tank is able to withstand before 

buckling; ρw is the density of sea water and g is the acceleration due to gravity. Furthermore, 

capacity values in terms of critical surge heights are easier to communicate to stake holders and 

decision makers as they correlate directly to commonly reported storm parameters (e.g. storm 

surge elevation). In order to evaluate the critical surge height, a load control scheme is employed 



wherein at each step the external inundation height is incremented and equilibrium analysis is 

performed; additionally, eigen value analysis is performed at each time step. Negative eigen 

values indicate loss of stability, i.e. initiation of buckling. Therefore, the surge inundation depth 

corresponding to the time step at which eigen values turn negative is considered as the critical 

surge height that causes buckling. This approach enables efficient assessment of critical surge 

height while considering the effects of material and geometric non-linearities. In order to assess 

the accuracy of critical surge height assessment procedure, the critical surge height was 

evaluated for several sample tanks using the above mentioned approach and the arc-length 

method; close agreement was observed in the critical surge height obtained from the two 

methods. Table 5 presents the results of this comparison between the above mentioned approach 

and an arc-length control scheme. Therefore, using the proposed load control based approach, 

this study evaluates the critical surge height for a large number of tanks with different 

dimensions, contents, product design stress values, additional ring section properties, and ring 

positions.  

Effect of the additional ring on tank buckling behavior 

The modeling approach described in the previous section is used to observe the effects of the 

additional stiffening ring on the buckling behavior of tanks. These observations will be used in 

the next section for developing an experimental design for this study. In order to study the effects 

of an additional ring, a typical tank is chosen with 20.6 m diameter, 6.2 m height, and 3.3 m 

internal liquid level with a relative density of 0.54. The additional ring has 47.4 cm3 section 

modulus and it is located at a height of 1.9 m from the base of the tank. The buckling behavior of 

this tank is first analyzed without the additional ring and then in the presence of the additional 

ring. Without the additional ring, the tank buckles at 4.34 m of inundation; however, with the 



additional ring, the critical surge height increases to 5.08 m. Figure 2 shows the buckling mode 

shapes of the tank with and without the additional stiffening ring, magnified by a scale factor of 

100. Figures. 2a and 2b show the top view of the buckling mode shapes of the tank shell without 

the additional ring and in presence of the ring, respectively. These figures, 2a and 2b, show that 

addition of the stiffening ring leads to higher deformations in the tank shell when the tank starts 

to buckle. The tank with the additional ring withstands larger inundation before buckling which 

leads to increased pressure on the tank shell. Therefore, larger deformations are observed in the 

tank shell in the presence of the additional ring. Figures. 2c and 2d show the front view of the 

buckling mode shapes without and with the stiffening ring, respectively; where the colors 

indicate the magnitude of the resultant displacement, increasing from blue to red. In Figure. 2d, a 

yellow line shows the location of the additional ring. Comparison of Figures. 2c and 2d shows 

that due to the addition of the stiffening ring, the maximum deformation zone moves towards the 

upper shell courses. The presence of the additional ring stiffens the lower shell courses, 

decreasing the un-stiffened shell height. This effect leads to an increase in the critical surge 

height and forces the maximum deformation zone to move towards the upper shell courses. The 

buckling mode shape shown in Figure 2 are, similar to the wind buckling mode shapes of tanks 

reported in past studies (Portela and Godoy 2005; Portela and Godoy 2005); and for both wind 

and surge loads the buckling mode shapes have a similar wave number. These similarities in 

buckling behavior and mode shapes under wind and surge loads could help design the proposed 

stiffening ring. The comparison of buckling mode shapes, shown in this section, illustrates how 

the addition of the stiffening ring improves the buckling performance of tanks. In order to design 

this additional ring, the next section sets up a computational experimental design to efficiently 



explore the effects of different variables on the buckling response in the presence of the 

additional ring. 

Experimental design 

This study develops a regression model to predict the critical surge height for tanks with 

different dimensions and properties. For this purpose, a large number of training points spanning 

the entire parameter space are required. However, the number of simulations that can be 

performed to study the effects of variations in tanks’ properties on the critical surge height is 

limited by the computational cost of the simulations, even though this study employs an efficient 

load control based methodology to evaluate critical surge height. Therefore, in order to 

efficiently utilize a limited number of simulations to span the whole space of parameters, this 

study employs Latin Hypercube Sampling (McKay et al. 1979), a space filling experimental 

design strategy. In a Latin Hypercube Sampling (LHS) scheme for p parameters and n samples, 

the space of each of the p variables is equally divided into n bins of equal probability. Next, n 

samples are generated by placing each sample randomly inside a bin; however, when projections 

are taken along a dimension across all samples and bins it is ensured that only one sample is 

placed in each bin. Furthermore, it also leads to a space filling design where the number of 

samples to be generated is independent of the number of variables, which is advantageous when 

simulations have high computational cost. Using LHS 1800 samples are created which uniformly 

fill the space of the variables – tank diameter (D), liquid level in the tank (L), relative density of 

contents (ρl), product design stress (Sd), additional ring’s position i.e. the height from the base of 

the tank (Rh), and the section modulus of the additional ring (Zar). The range of variables used for 

LHS is shown in Table 1. 



In Table 1, the range of tank diameters is decided based on the common range of tank diameters 

observed in the Houston Ship Channel region. Tank height (H) is usually correlated to the tank 

diameter; therefore, tanks heights are derived using aspect ratios (H/D) observed in tanks. An 

analysis of the dimensions of over 4500 ASTs in the Houston Ship Channel was conducted by 

the authors to obtain the lower and upper bound of the aspect ratios for a tank with given 

diameter D as   4ln21exp D and  Dln95.007.3exp  respectively. For each tank, an aspect 

ratio is randomly chosen between the lower and upper bounds and the tank height is evaluated. 

This study considers a wide range of values for the relative density of the contents and assumes 

that the height of the contents can uniformly vary between 0.0 m to 0.9H; 10% of the tanks’ 

capacity is assumed to be used as a buffer for spill protection. The position of the additional ring, 

i.e. its height from the base of the tank, is varied from 1.0 m to 8.0 m from the base of the tank; 

additionally, the height of the additional ring is constrained to be lower than the height of the 

tank. The upper bound for the ring height is taken up to 8.0 m which covers a wide range of 

surge heights expected at tank locations. Normalized section modulus (Zn), a proxy variable for 

section modulus of the additional ring (Zar), shown in Table 1 is used to determine Zar (in cm3) 

as: 

 alaunalar ZZZZZ                  (4) 

In the above equation, Zal (in cm3) is the lower bound of the section modulus of the additional 

ring which, in this study, is assumed to be equal to    170.61,2min2
2

DRZ hal  , which is 

obtained by replacing Rh in place of H in the top girder design equation as per API 650. This 

lower bound is close to the minimum section modulus permitted for a stiffening ring. Based on 

the similarities in the buckling mode shapes under wind and surge loads shown in the previous 

section, the upper bound for the section modulus of the additional rings is considered to be equal 



to the section modulus of the largest wind girder that needs to be installed on the tank, including 

the top girder, as per API 650. For tanks which do not need any wind girders, the upper bound 

for section modulus is taken to be equal to the section modulus of the top girder designed as per 

API 650; in which case    1761,2min2
2

DHZau  . Using the ranges of variables shown in 

Table 1, LHS is performed to generate 1800 samples of ASTs; for each combination of 

parameters a realization of tank imperfection is generated using the method described in 

Kameshwar and Padgett (2015) and the critical surge height is evaluated. A regression analysis is 

performed to develop a predictive model of the critical surge height as a function of tank height 

and other parameter shown in Table 1. The following section provides details on the regression 

analysis and assesses the accuracy of the regression equation. 

Critical surge height regression modeling 

Critical surge heights obtained from the buckling analysis of 1800 tanks are used in a multi-

parameter regression analysis to obtain a closed form regression equation that can be used to 

predict the critical surge heights for a large number of tanks with different dimensions without 

additional simulations. Furthermore, the regression equation is also used in the following section 

to obtain the optimum sectional properties and the location of the proposed additional stiffening 

ring. In order to build a regression equation, this study performs stepwise regression with 

forward feature selection which starts with an intercept term and adds a term at each step if it 

improves the regression model. For this purpose, the Bayesian Information Criteria (BIC) 

(Schwarz 1978) is used to determine the improvement in the models after a term is included. The 

added term is retained in the model if its inclusion improves the BIC value of the model, and 

terms can also be removed from the model if their removal improves the BIC value, by at least 

0.01. This stepwise procedure terminates when addition or removal of any terms does not 



improve the model any further. This stepwise regression procedure is implemented in MATLAB 

using the stepwise generalized linear model fitting procedure (The MathWorks 2014). The 

advantage of stepwise regression is that it only includes the most influential terms in the final 

regression expression; additionally, it leads to sparser models compared to full polynomials. 

Herein, stepwise regression is performed with up to sixth order terms involving tank diameter 

(D), tank height (H), relative density of the liquid stored in the tank ( l ), level of fill inside the 

tank (L), product design stress (Sd), height of the additional ring (Rh), and normalized section 

modulus (Zn). The regression equation obtained for critical surge height is shown in Table 2. The 

regression expression consists of various interaction and high order terms involving several 

variables. However, the normalized section modulus for the additional ring (Zn) is not included 

during the stepwise regression procedure. Exclusion of Zn during the regression procedure 

indicates that within the range of section modulus considered for each tank, the effect of 

variation in Zar on the critical surge height is negligible. Furthermore, this observation indicates 

that a stiffening ring with the smallest considered section modulus, for a given tank, may be 

sufficient for improving the buckling performance of ASTs. It must be noted that the regression 

equation shown in Table 2 is not directly used to design the additional ring; it is used to obtain 

the ring optimal design parameters in the following section. 

In order to verify the accuracy of the regression expression presented in Table 2, an additional 

data set containing 200 parameter combinations is generated using LHS, following the procedure 

described in the previous section. For each of the 200 parameter combinations, the critical surge 

height is evaluated using finite element simulations and compared against the predictions of the 

regression equation. The comparisons highlight the accuracy of the regression expression shown 

in Table 2; the median error in predictions is 4.08%, i.e. for 50% of cases the error is less than 



4.08%, and the mean error is 6.21%. The maximum error observed in the predictions of the 

regression expression is observed to be 31.21%; however, for 90% of the cases prediction error 

is lower than 15%. Furthermore, the R2 value for the regression equation based on the 

predictions on the additional test data set is 0.97, which also highlights a good fit.  

The predictive accuracy of the regression equation shown in Table 2 is further assessed across 

the range of several parameters such as the diameter, ratio of liquid height to tank height, and 

ring height. Figure. 3 compares the critical surge heights obtained from finite element 

simulations and the regression equation for various parameter combinations from the test data 

set. Furthermore, it also shows the corresponding percentage error in the predictions. Figure 3a 

compares the critical surge height predictions as the tank diameter increases. For this purpose, 

the samples in the test data set that have different combinations of parameters were sorted in 

ascending order with respect to the tank diameter and several samples were picked out of the 200 

data point at a fixed interval. All of the tanks with increasing diameter in Figure 3a have different 

H, ρl, Sd, Rh, and Zn values and correspondingly the critical surge heights are different. These 

differences are also reflected in the predictions from the regression equation which provides 

good estimates of Hcr over the entire range of diameters. Consequently, the percentage errors in 

the predictions, shown in Figure. 3b, are less than 10% for most of the cases. Similarly, Figures. 

3c-d and 3e-f show the accuracy of the regression predictions as the ratio of liquid height to tank 

height and the ring height are varied, respectively. Overall, the plots in Figure. 3 highlight the 

accuracy of the predictions obtained from the regression model which is used in the next section 

to develop a criterion to select the section modulus of the additional ring and its optimal position. 

Design of the additional ring 



Designing the additional ring entails determining the position of the ring and its section modulus. 

The regression equation developed in the previous section is used, herein, along with an 

optimization strategy to derive the optimal ring position that would lead to maximum critical 

surge height. Using the first and second order partial derivatives of the regression equation 

presented in Table 2, with respect to 𝐻𝑐𝑟, the value of 𝑅ℎ that maximizes 𝐻𝑐𝑟 is obtained as: 

𝑅ℎ = 3.8 + 2.57 × 10−2𝐷 + 1.17 × 10−1𝐻 − 1.36 × 10−1𝐿 − 13.6{3.56 × 10−6𝐷2 − 6.08 ×

10−5𝐷𝐻 − 3.76 × 10−5𝐷𝐿 + 1.18 × 10−3𝐷 + 7.41 × 10−5𝐻2 − 1.72 × 10−4𝐻𝐿 + 1.21 ×

10−2𝐻 + 3.60 × 10−4𝐿2 − 4.89 × 10−3𝐿 − 4.60 × 10−2𝜌𝑙 + 5.27 × 10−2}
1

2          (5) 

The optimal ring height obtained from Eq. 5 contains terms with liquid height (L) and 

determining liquid height in a tank during a hurricane is infeasible during the design of ASTs. 

Therefore, this study derives the optimal ring height considering ASTs to be empty, i.e. L=0, 

which is the condition rendering ASTs most vulnerable to buckling since the internal hydrostatic 

pressure, which counteracts the external pressure, is absent in the case of empty tanks. Assuming 

L=0, the optimal ring height can be obtained as 

𝑅ℎ = 3.8 + 2.57 × 10−2𝐷 + 1.17 × 10−1𝐻 − 13.6{3.56 × 10−6𝐷2 + 7.41 × 10−5𝐻2 +

1.18 × 10−3𝐷 + 1.21 × 10−3𝐻 − 4.60 × 10−2𝜌𝑙 − 6.08 × 10−5𝐷𝐻 + 5.27 × 10−2}
1

2         (6) 

The above equation provides the optimal position of the additional ring to maximize the critical 

surge height. In order to complete the design of the additional ring, the section modulus of the 

additional ring needs to be determined. For this purpose, this study proposes selection of Zal as 

the section modulus of the additional ring. The selection of Zal is based on the observation that 

the normalized section modulus (Zn) does not have significant impact on the critical surge height. 

Therefore, Zal, the lowest section modulus considered for a tank, is chosen as the section modulus 

for the additional ring. Thus, the section modulus for the additional ring (Zar) can be given as: 



𝑍𝑎𝑟 =
𝑅ℎ

17
(2 ×min (

𝐷

2
, 61.0))

2

               (7) 

Using the above equation and the ring height presented in Eq. 6, the additional ring can be 

optimally designed. 

In order to assess the effects of liquid level in ASTs (L) on the optimal ring position and 

consequent critical surge height five tanks are considered with different dimensions and liquid 

densities; Table 3 shows the dimensions of the five tanks. For each of the tanks, the internal 

liquid height is varied from 0 to 0.9H and the optimal ring heights at zero liquid height are the 

obtained using Eq. 6 while the ring height for other values of L are obtained using Eq. 5. Figure 4 

shows the optimal ring positions for the five tanks as the liquid height is varied. It can be 

observed that the optimal ring height increases as the liquid level in the tanks increases and it 

starts to decrease at high liquid levels, especially for tanks with large heights (like tanks C, D and 

E); this observation can be related to the location of buckling initiation. Since significant 

differences can be observed in the optimal ring position, the effect of ring position on the critical 

surge height is assessed. Figure 5 shows the critical surge height at all liquid heights for all of the 

tanks with stiffening rings designed using Eqs. 5 and 6. The solid lines represent the Hcr values 

obtained using the ring positions that are optimal for a given value of L (per Eq. 5). The dashed 

lines show the Hcr values obtained at different liquid levels with the ring designed using Eq. 6, 

which neglects internal liquid when determining the ring position. Figure 5 shows that critical 

surge heights obtained using the actual optimal ring positions (Eq. 5 that accounts for L) and the 

ring positions obtained from Eq. 6 (with assumption of L=0) are very close to each other. This 

observation supports the use of Eq. 6 for designing the additional ring. Therefore, Eq. 6 is used 

to design the additional rings for the five tanks and evaluate the increase in the critical surge 

height for these tanks due to the installation of the additional ring. 



Effect of additional ring on Hcr and fragility 

The primary purpose of installing the additional stiffening ring is to improve the buckling 

resistance of ASTs and thereby increase the critical surge heights of ASTs. Therefore, this study 

quantifies the effect of the additional ring on the critical surge height. For this purpose, the 

critical surge heights for the five tanks, described in Table 3, are evaluated in the presence and 

absence of the additional stiffening ring. For ASTs with the additional ring, the regression 

equation presented in Table 2 is used to predict the critical surge heights; for tanks without the 

additional ring, critical surge heights are obtained from finite element simulations. Table 4 

compares the critical surge height for the five tanks with assumed levels of fill in each of the 

ASTs, which are also shown in Table 4. For all tanks the critical surge height increases due to the 

installation of the additional ring. Tanks A, C, D and E see 7.5-20% increase in the Hcr values 

which corresponds to 0.7-1.25m increase in critical surge height. This observation shows that the 

relatively minor design adjustment of providing an additional stiffening ring can yield an 

appreciable improvement in the surge buckling performance of ASTs. For tank B, any large 

changes in the critical surge height are not observed; which could be attributed to the stocky 

aspect ratio of the tank and the level of fill in the tank. However, further research is required to 

ascertain the properties of ASTs for which the additional ring is most effective.  

While this analysis shows that the increase in the critical surge heights is up to 20%, the resulting 

impact of increasing the critical surge height on the safety of tanks during storm surges is 

unknown, given the fact that it is influenced by uncertainties emanating from the levels of liquid 

in the tank, variations in the density of the contents, and the geometric imperfections. Therefore, 

in order to study the effect of the additional ring on the safety of ASTs during storm surge, 

fragility assessment is performed for Tank A, which provides the conditional probability of 



failure of the tank for a given set of storm surge levels. The fragility assessment considers 

uncertainties due to unknown liquid level (L) and geometric imperfections on the tank shell. For 

fragility assessment, 200 finite element simulations are performed for Tank A with the additional 

ring, designed using Eqs. 6 and 7, and 200 simulations are performed without the ring to assess 

the critical surge height. Using results of these 200 simulations a regression equation is 

developed which predicts the critical surge height for a given level of liquid inside Tank A. The 

regression equation for Tank A with and without the additional stiffening ring is presented in 

Eqs. 8a and 8b respectively and their R2 values are 0.97 and 0.98. The fragility of the tank is then 

assessed by performing Monte Carlo Simulations on the regression equation while propagating 

the uncertainties in the liquid level inside the tank (Kameshwar and Padgett 2015). 

𝐻𝑐𝑟 = 3.42 + 0.48𝐿 + 1.30 × 10−2𝐿2             (8a) 

𝐻𝑐𝑟 = 3.20 + 0.25𝐿 + 3.80 × 10−2𝐿2             (8b) 

The fragility assessment of the tank assumes that the liquid height is uniformly varied between 

zero and 0.9H, which leads to equal probability of all of the liquid heights in the considered 

range. Figure 6 compares the fragility curves for Tank A in the presence and absence of the 

additional ring and it also shows the percentage difference in the probability of failure as the 

surge height increases. It can be observed that for low values of surge, up to 3.0 m, the fragility 

of the tank for both cases is very low. This is in part due to the limited pressure created by the 

surge at low heights and also due to the inherent resistance of the AST against buckling. 

However, as the surge height increases, the effect of the additional ring is clearly visible on the 

fragility. Even though Tank A has about 17.5% increase in the critical surge height as per Table 

4, the reduction in failure probability is significantly higher. For surges up to 4.5 m, the tank with 

the additional ring has about 50% lower probability of failure. As the surge height increases, the 



difference in failure probabilities decreases and reaches close to zero around 9 m of surge 

because at very large surge heights buckling failure may not be avoidable through this method 

alone. However, large surge heights of 8-9 m have a very low likelihood of occurrence at tank 

locations in the Houston Ship Channel. The additional ring is highly effective in reducing the 

failure probability around 3-5 m of surge. This surge height range is more likely at tank locations 

in the Houston Ship Channel since the base elevation of tanks leads to reduction in the effective 

elevation of inundation, in comparison to storm surge at the coast, and it also corresponds to 

lower return period events. These observations highlight the effectiveness of the additional ring 

in increasing the Hcr values. As a consequence, installation of the additional ring also improves 

the fragility of the tank, i.e. decreases its probability of failure during extreme storm surge 

events. Therefore, installation of the additional ring could be considered as a viable solution for 

improving the surge buckling safety of anchored above ground storage tanks. 

Conclusion 

This study proposes the use of an additional stiffening ring to improve storm surge buckling 

performance of anchored above ground storage tanks with a conical roof. Furthermore, a design 

methodology has been proposed to obtain the section modulus of the ring and its optimal 

location to maximize the effect of the ring on the critical surge height of ASTs. For this purpose, 

first, the effect of the proposed stiffening ring is studied by comparing the buckling mode shapes 

of a tank with and without the additional ring. Next, 1800 combinations of tank parameters such 

as tank diameter, height, relative density of contents, and ring design are generated using Latin 

Hypercube Sampling. For each of the 1800 parameter combinations, finite element analyses are 

performed to assess their critical surge height in the presence of geometric imperfections on tank 

shells. The critical surge heights obtained from the finite element simulations are used to perform 



regression analysis to obtain a closed form equation for the critical surge height as a function of 

the tanks’ parameters. Since the regression equation for predicting critical surge height has good 

accuracy, it is used in this study along with optimization theory to derive the optimal location 

and section modulus for the additional stiffening ring. Analysis of the regression equation shows 

that even a small section modulus for the additional ring may be sufficient to improve the 

buckling performance of ASTs. Furthermore, the optimal ring position proposed in this study, 

assuming an empty tank, leads to critical surge heights close to the critical surge height for tanks 

filled up to different levels, which highlights the robustness of the proposed optimal ring 

location. 

The effect of the additional ring designed using the proposed method is assessed for five tanks 

with different dimensions, liquid levels, and product design stress values. In order to quantify the 

effect of the additional ring on the surge buckling performance of the selected ASTs, the critical 

surge height is evaluated in absence of the additional ring using finite element simulations and it 

is compared against the prediction from the regression expression. Significant increase in the 

critical surge heights is observed for four of the case study tanks which see 7.5-20% increase in 

the critical surge heights. These results highlight the effectiveness of the additional ring in 

improving the buckling performance of ASTs, i.e. increasing the critical surge heights. The 

effect of the additional ring is further assessed by evaluating the change in the safety, in terms of 

the conditional probability of failure, of a case study tank during storm surge events since tank 

safety is highly influenced by uncertainties due to liquid level in the tank, liquid density, and the 

geometric imperfections. Comparison of the failure probabilities of the case study tank with and 

without the additional ring at different surge heights shows that even a moderate increase of 

17.5% in critical surge height can lead to 50% decrease in failure probabilities at 3-4 m of surge. 



This observation suggests that installation of the additional ring can significantly improve the 

reliability of ASTs under storm surge. Therefore, installation of the additional ring with 

anchoring of tanks can significantly improve the storm surge safety of ASTs in regions that are 

prone to large storm surges such as those in the Houston Ship Channel. Since the design of the 

additional ring is parameterized on the tanks’ properties, the proposed use of the additional ring 

and its design can be easily implemented for a regional portfolio of tanks with a large number of 

ASTs. Future research may explore ways to further reduce the failure probability of ASTs, such 

as use of multiple rings, extend the design to a reliability based design, expand the design of the 

proposed additional ring to tanks with other roof types, such as floating roofs, and identify 

combinations of tank parameters for which the additional ring is most effective. Additionally, the 

influence of local buckling of stiffening rings on the global buckling response of ASTs and the 

effect of the flexibility of the baseplate to tank shell connection may also be studied. 

Appendix I: Comparison of critical surge height estimation approaches 

Table 5, shown below, compares the critical surge height for various tanks with different 

characteristics obtained using the arc-length scheme and the proposed load control scheme. The 

comparison shows that the load control based approach provides good estimates of critical surge 

heights. 
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Figure 1. Finite element model and schematic representation of an AST 

Figure 2. Comparison of buckling mode shapes of a tank without ((a) and (c)) and in the 

presence ((b) and (d)) of the additional stiffening ring 

Figure 3. Comparison of critical surge buckling across the range of several parameters 

Figure 4. Variation optimal ring position with change in liquid height 

Figure 5. Comparison of Hcr for case study tanks with additional ring modeled using Eqs. 5 and 

6 

Figure 6. Effect of the additional ring on fragility of Tank A 

 

  



Table 1. Range of parameters used for LHS 

Parameter Parameter name Range 

D (m) Diameter 5.0 – 70.0 

ρl Relative density of contents 0.5 – 1.0 

L (m) Liquid level in the tank 0.0 – 0.9H 

Sd (MPa) Product design stress 137.0 – 196.0 

Rh (m) Height of the ring 1.0 – 8.0 

Zn Normalized section modulus 0.0 – 1.0 

 

  



Table 2. Terms in the regression equation for critical surge height 

Term Coefficient 

Intercept -19.53 

D  -8.3310-1 

H  11.84 

l  5.2710-1 

L  -3.8210-1 

dS  3.110-2 

hR  1.7110-1 

HD   1.5410-3 

LD   2.0010-2 

dSD   -1.2810-3 

hRD   -8.5510-4 

LH   -1.6510-2 

dSH   -1.8710-3 

hRH   2.4510-2 

Ll   1.0510-1 

hl R  3.1210-1 

dSL   1.5110-3 

hRL   -4.5810-3 
2D  4.8010-2 
2H  -2.10 

2L  7.3710-2 
2

hR  -1.4010-1 

hRHD   6.3510-4 

LD 2
 -5.9010-4 

dSD 2  1.2410-5 

2

hRD   -9.4010-4 

2

hRH   -4.3110-3 
2Ll   2.0110-2 

hRL 2  -1.7710-3 

2

hRL   4.9810-3 
3D  -1.1710-3 
3H  1.9410-1 

3L  -3.8610-3 



3

hR  1.2210-2 

LD 3  4.6010-6 
4D  1.3510-5 
4H  -9.6810-3 

4L  7.9010-5 
5D  -6.1310-8 
5H  2.4810-4 
6H  -2.5610-6 

 

Table 3. Tank characteristics 

Tank # D (m) H (m) ρl Sd (MPa) 

A 15.00 10.00 0.74 150.00 

B 20.00 7.77 0.51 186.55 

C 30.00 17.24 0.69 170.31 

D 40.00 18.04 0.85 148.32 

E 50.00 20.90 0.60 150.75 

 

 

 

 

 

Table 4. Comparison of Hcr in presence and absence of additional ring 

Tank Assumed liquid 

level (L in m) 

Hcr in absence 

of the additional 

ring (m) 

Hcr with the 

additional ring 

(m) 

A 2.50 4.06 4.77 

B 3.75 4.45 4.49 

C 15.13 12.11 13.16 

D 4.26 6.36 7.64 

E 8.52 9.05 9.73 

 

 

  



Table 5. Comparison of Hcr obtained using arc-length scheme and the load control scheme 

used in this study 

D (m) H (m) L (m) 𝜌𝑠 
𝐻𝑐𝑟:arc-length 

scheme 

𝐻𝑐𝑟: load 

control scheme % difference 

8 7.2 4.3 0.75 7.08 7.01 1.06 

13.7 11.1 5.0 0.76 5.86 5.80 1.03 

14.1 17.2 6.9 0.71 7.08 6.93 2.17 

20.8 13.4 4.8 0.64 5.22 5.00 4.19 

26.7 18.1 11.2 0.94 11.49 11.64 -1.29 

30 24.5 0.6 0.90 7.45 7.18 3.69 

33.5 23.3 18.2 0.53 14.76 14.51 1.66 

40.7 14.9 7.4 0.61 6.45 6.30 2.27 

42.6 15.4 4.3 0.99 6.77 6.98 -3.05 

49.3 10.8 6.7 0.81 7.26 7.16 1.34 

 


