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ABSTRACT

Author: Wu, Pin-Hsuan. MSCE
Institution: Purdue University
Degree Received: August 2018
Title: Effects of Hydrostatic Pressure on the Stability of Liquid Storage Tanks Subjected to Wind
Loading.
Major Professor: Sukru Guzey

The relationship between the liquid height, buckling behavior and uplift deformation of empty and
partially filled steel aboveground storage tanks subjected to wind load were numerically
investigated using finite element analysis (FEA). Aboveground storage tanks are prone to be
influenced by wind pressure, especially for the empty state or at the partial filled configurations
due to their thin-walled circular cylindrical steel shell walls which may buckle at stress levels much
less than the yield stress of steel material. Buckling behavior is a common and undesirable failure
mode experienced by the tank shell subjected to wind load. Furthermore, because tanks are
relatively light weight structures at empty or partially filled configurations, uplift deformation
should be considered when they are subjected to high wind loads.
In order to explore the interplay between the stored-liquid level, wind loading and uplift
deformation of the tanks, two set of models were used: (1) cylindrical shell with the completely
fixed base, and (2) cylindrical shell cylinder with flat bottom continuously supported by
compression-only springs simulating a flexible soil foundation. Linear bifurcation analysis (LBA)
and geometrically nonlinear analysis including imperfections (GNIA) were performed as linear
and nonlinear methods using a general purpose FEA software ABAQUS. Different geometries of
the modeled tank were conducted. Tank height and diameter of the models were the main factors
in the study. Height of modeled tanks ranging from 40 ft (12.2 m) to 56 ft (17.1 m) and the tank
diameters ranging from 200 ft (61 m) to 320 ft (97.5 m) were modeled. The tanks and stiffening
rings of various sizes were designed based on API Standard 650, an American standard. In
accordance with API 650 rules, only the top stiffener was considered in the study and no
intermediate stiffeners were modeled since the design wind load was 90 mph (145 km/h).

xii
Failure behaviors, buckling and uplift displacement, will be studied with models which various
tank heights with the same diameter of the cylindrical tank and the identical height of the models
but designed with different tank diameter. Based on the results of this study, as hydrostatic load
increased, the buckling load increased as well when the hydrostatic height was approximately a
half of the modeled tank height. Furthermore, the models with higher imperfection magnitudes
were less likely to buckle at the first buckling mode. In uplift deformation study, uplift behavior
did not occur when the storage tanks subjected to the design wind load. However, in some cases
that the tanks did not experience buckling failure had relatively large displacement since the model
could sustain the higher wind velocity, it might be caused by lifting effects of such high wind gusts.
In terms of different boundary conditions, the difference rise of buckling load as the hydrostatic
levels increased. Furthermore, the value of buckling load of the model was higher at completely
fixed at the base of shell than the spring boundary condition. Note that the normalized radial
displacement that buckling or unloading occurred was larger at the spring cases than models with
fully fixed bottom.
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1. INTRODUCTION

1.1

Thesis Background

The aboveground steel storage tanks are used as a container to store oil, chemical products and
other liquids. The vertical storage tank is a thin-walled structure prone to the impact of an external
load, especially wind loading pressure when empty or partially filled with liquid [1]. Buckling
failure induced by wind pressure has been widely studied. Buckling behaviors may be
characterized by dynamic and quasi-static problems, failures with causes other than seismic
excitement are usually treated as quasi-static buckling problems [2].
When a structure cannot sustain more applied load and experience a relatively large displacement,
buckling failure happens. The structure’s load-carrying capacity is influenced by the imperfection.
The imperfection types are geometric, material, etc. Geometric imperfections—often introduced
by fabrication or thickness variations—have a significant influence on the buckling load of steel
storage tanks.
The aim of this research is to explore the influence of hydrostatic pressure on the buckling behavior
and uplift deformation failures of aboveground cylindrical modeled steel storage tanks. Chapter 2
of this study will analyze the effect of different hydrostatic levels on the buckling behavior of
modeled thin-walled shells with fully fixed boundary condition. The model design considerations,
methodology of analyses, results, and discussion will be summarized. The estimation of the effect
of different stored liquid levels on uplift deformation and buckling load of models with spring
boundary condition will be presented in Chapter 3.

1.2

Objective and Scope

The objective of this study is to investigate the relationship between various liquid levels, the
buckling failure and uplift deformation of the aboveground steel cylindrical tank. In Chapter 2,
aboveground, thin-walled, open-top, fixed-bottom tanks were analyzed in different geometries.
Buckling behavior of the modeled tanks were discussed in different hydrostatic pressure. In
Chapter 3, cylindrical storage models with open-top and with the flat bottom with spring boundary
condition were conducted. Influences of various stored-liquid heights of the storage tanks on
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buckling load and uplift displacement were studied. This research explored the feasibility of
applying different hydrostatic load to enhance the buckling load of the steel storage tanks. Variety
of geometries of the modeled tanks and different boundary conditions were be compared in the
study.
The scope of the study featured: (a) a linear method to determine the maximum wind load capacity
of the storage tanks at the completely fixed boundary condition and investigate the relationship
between the hydrostatic level and buckling load; (b) a nonlinear analysis to estimate the buckling
load of each modeled tank with different imperfection magnitudes at the completely fixed
boundary condition to consider the imperfection effects; (c) a linear analysis to investigate the
load-carrying ability of the liquid-filled storage tanks which were with compression springs at the
bottom to explore the influences of stored liquid height on the buckling load and uplift
displacement; (d) an imperfection analysis to study the relationship between the liquid height
inside the modeled tanks, uplift and buckling behavior with spring boundary condition; and (e) a
comparison different design considerations using linear and nonlinear methods.

1.3

Organization

The five Chapters of the thesis are presented as follows:

Chapter 1: background information, objective and scope.
Chapter 2: relation between hydrostatic loads and sustained wind pressure of cylindrical storage
tanks.
Chapter 3: the effects of liquid height on the uplift and buckling behavior of storage tanks
subjected to wind loads.
Chapter 4: comparison results of previous Chapters.
Chapter 5: summary of the research observations and conclusions.
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2. RELATION BETWEEN HYDROSTATIC LOADS AND SUSTAINED
WIND PRESSURE OF CYLINDRICAL STORAGE TANKS

Summary
Wind excitation can cause catastrophes, especially in the proximity of empty tanks. This study
investigates the relationship between the hydrostatic pressure and maximum sustained wind loads
of aboveground cylindrical shell tanks in order to enhance the storage tanks’ capacity to carry wind
loads. The tanks with top-stiffening rings based on API 650 specification were modeled using FEA
for all cases. LBA and GNIA were performed to analyze shell-buckling behaviors. The influence
of various heights, diameters, and imperfection magnitudes are discussed in the study. The study
found that as the storage height increased, the tanks’ capabilities to resist wind loads also increased.
Furthermore, the buckling loads were larger than the design wind pressures and buckling behavior
did not occur under 90 mph (145 km/h), the design wind loading of this study.

2.1

Introduction

Thin-shell structures are widely used in pressure vessels, cooling towers, silos, and liquid storage
tanks. Specifically, thin-walled, cylindrical, welded-steel aboveground storage tanks are employed
in many industries to store liquids such as water, oil, fertilizers, or other chemicals.
Cylindrical storage tanks are very efficient structures built to support tensile membrane stresses
due to the hydrostatic pressure of the stored liquid in the tanks. During most of their service life,
storage tank walls are subject to tensile stresses due to hydrostatic pressure. However, tanks may
experience other types of loading conditions that create compressive stresses on the tank walls.
These compressive stresses may cause the buckling of the tanks.
Thin-walled tanks are particularly susceptible to deform and lose their load-carrying capacity, due
to bucking in most cases. The main reason for this is the relative thinness or slenderness of the
tank wall. For instance, a cylindrical storage tank may have a tank radius-to-wall-thickness ratio
in the order of 1000 to 1500, which is very thin. Therefore, thin-walled cylindrical aboveground
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storage tanks are typically more prone to buckling compared to other structures, such as buildings
or bridges.
Cylindrical tank buckling can also be caused by various loading conditions: seismic, wind, or
thermal loads, external pressure, and internal vacuums [1]. The buckling behavior of storage tanks
can be defined as dynamic or quasi-static [1]. Dynamic buckling has been studied extensively
under seismic excitations. Other effects are usually modeled as quasi-static buckling problems.
Many researchers have studied cylindrical shells subjected to different compressive pressure loads.
Lorenz, Timoshenko and Southwell studied the elastic stability of cylindrical shells subjected to
axial compressive loading [2, 3, 4]. Robertson performed further experimental tests on thin
cylinders under axial compression and suggested a comparison formula with Southwell’s
cylindrical buckling [5]. Radial loading has been researched as well. Sobel has investigated the
stability of cylindrical shells under hydrostatic pressure [6]. Vodenitcharova and Ansourian
studied the buckling behavior of cylindrical shells subjected to lateral pressure [7]. Further, nonaxisymmetrical pressure applied to cylindrical tanks was researched by Nam and Lee [8].
Buckling failure occurs when a structure reaches the point of critical load. The structure undergoes
a sudden, large displacement and cannot sustain further applied loads [1]. After the initial buckling,
post-buckling occurs. Deformation continues during this stage, even after the applied load
decreases or ceases altogether. However, in some cases, the structure continues to take more load
after the critical point and the increasing deformation results in a second buckling mode [9].
Early researchers have investigated the experimental aspects of thin-walled cylinder buckling. As
mentioned previously, Robertson studied cylindrical shell buckling behavior when it was subjected
to axial compression and found that the stress obtained from experiment was lower than the
theoretical stress value [10]. Brush and Almroth concluded that the buckling load of cylindrical
shells subjected to axial compression was 20 percent lower than classical buckle values [11].
Koiter found the differences between the results of classical buckling theory based on perfect
geometry and experimental tests [12]. He suggested new explanations for the anomalies,
particularly for cylindrical shells under axial loads and thin-wall spherical shell structures
subjected to uniform pressure [1]. Based on Koiter’s groundbreaking efforts, Bushnell later
outlined previous work on analytical and numerical methods as well as experimental observations.
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Bushnell reported that imperfection was the cause of the deviation between “as-designed” and “asconstructed” structures [13]. Further, Mandra and Mazzolani indicated that thin-walled cylinders
were prone to the impact of initial geometric imperfections [14].
The imperfections of thin-wall cylindrical structures can be categorized as geometrical, material,
or other imperfections [15]. Imperfection of geometry is a governing effect in the ability of
carrying loads of thin-wall cylindrical structures. Li et al. found that the influence of thickness
variation on the capacity of carrying loads of shells is sensitive, especially for initial geometric
imperfections [16]. Gusic et al. researched the buckling behavior of rings subjected to external
pressure [17]. Their results suggest that a thickness imperfection with a wavelength that is two
times the wavelength of the ideal buckling mode is the most harmful situation for the ring. Besides
non-uniform thickness, shell shape and defects have been researched by El Naschie. He studied
the circumferentially-cracked cylindrical shell with a free edge. The results showed that the local
buckling of an asymmetrical case is only 36 percent of the classical buckling load [18]. Moreover,
Vaziri and Estekanchi have studied cracked cylinders subjected to combined internal pressure and
axial compressive load. They suggested that the presence of cracks may induce local buckling as
the governing buckling mode. As cracks grew longer than the critical length, global buckling
occurred [19]. Hutchinson, who studied the dimple imperfection type of shell geometry, suggested
that the presence of defects that impair the stability of the structures are attributed to geometrical
imperfections [20]. Inhomogeneity in the composite material or vacancies can be defined as
material imperfections. Papadopoulos and Papadrakakis conducted a series of tests on cylindrical
shells with initial material imperfections [21]. They found that their predictions of the buckling
loads’ distribution of the cylinder—which combines material imperfections with geometric
imperfections subjected to axial compression—were closer to the test results than that of the
cylindrical shells with geometric imperfections only. The residual stresses and strains induced
during fabrication (which caused nonlinear stress-strain curves) were categorized as other
imperfections [15].
Shell buckling analyses are categorized as elastic or plastic, according to European Design
Recommendations [22]. Elastic analyses are linear or non-linear. Linear Bifurcation Analysis
(LBA) is the simplest buckling analysis and eigenvalue solution for linear elastic [1]. Non-linear
elastic analyses include Geometrically Nonlinear Elastic Analysis (GNA) and Geometrically
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Nonlinear Elastic Analysis with Imperfections (GNIA); GNIA can used to directly solve elastic
buckling. Materially Non-linear Analysis (MNA) is used to investigate the plastic critical state
with a small deformation analysis. Geometrically and Materially Nonlinear Analysis (GMNA) and
Geometrically Materially Nonlinear Elastic Analysis with Imperfections (GMNIA) involve fully
geometrical and material nonlinear analyses with imperfections. These analyses are used to
calculate the ultimate load-carrying capacity of cylindrical shells [23, 24].
Buckling is one of the main design concerns for aboveground storage tanks. There are two main
buckling failure modes for open-top cylindrical storage tanks subjected to wind loading: local
buckling and general buckling (shown in Figure 2.1). Local buckling (shown in the right column
of Figure 2.1) occurs in the span of stiffening rings or supports; however, the top of the shell
remains circular in shape. The simplified buckling equation used in all practical design calculations
with known tank geometries was proposed by Windenburg and Trilling based on von Mises’ work
[25]. Local buckling can be prevented by limiting the maximum unstiffened length, or the distance
between the stiffening rings or supports. API 650 specification adopted and further simplified the
equation for the maximum allowed unstiffened spacing based on the McGrath formulas [26, 27].
On the other hand, when the upper part of the cylindrical shell is not circular, general shell buckling
will happen (shown in the left column of Figure 2.1). The general buckling issue may be eliminated
by adding stiffening rings to help maintain the roundness of the shell. According to the American
Water Works Association (AWWA) specification 1942 edition, it is necessary to consider the size
of top stiffening ring only; the modulus section of the intermediate stiffener is neglected [28].
Nowadays, the required top stiffener sizing in API 650 is based on AWWA. The API 650 sizing
of the intermediate stiffening rings has been considered to maintain roundness under external
pressure and wind loading.
The buckling behavior of aboveground tanks subject to wind loading was not studied in depth until
hurricane Marilyn hit the Virgin Islands in 1995 [29]. Many earlier studies on aboveground storage
tanks assumed that wind loads were uniformly distributed. However, wind loading on a cylindrical
storage shell has non-uniform distribution due to the non-axisymmetric pressure of wind [1]. Wind
pressure distributions on different cylinders have been studied by many researchers. Boundary
layer wind tunnel (BLWT) and computational fluid dynamics (CFD) are two methods used to
estimate the wind pressure on aboveground storage tanks [1]. In general, BLWT is performed in
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small-scale models, which is the typical method used to evaluate wind profiles. The affecting
parameters include the aspect ratio, group and topographic influences, roof specifications, terrain
situation, and Reynolds number. These parameters are required to calculate the BLWT external
pressure coefficient [30]. Nowadays, CFD is used more often, especially when the environment or
weather are not steady [1].
Many researchers have extensively studied wind pressure distribution via various experimental
measurements. Maher and Purdy have reported the results of cylinders with dome and flat roofs,
respectively [31, 32]. Silo structures with open and roof tops were discussed by Esslinger, Ahmed,
and Schroeder [33]. Furthermore, Gorenc and Briassoulis measured the wind pressure distribution
and expression of silos [34, 35]. Gretler and Pflügel analyzed varying cylindrical tanks [36, 37].
Rish’s wind pressure profile was based on the cylindrical chimney [38].
Previous research has included numerous experimental and theoretical studies on the wind loading
of aboveground storage tanks with open tops. Zhao indicated that the buckling behavior of opentopped storage tanks was governed by the positive load pressure in the windward direction [39].
Yasunaga et al. investigated isolated, open-topped tanks under wind load pressure. The results of
their work showed that positive windward pressure had a significant influence on the buckling
behavior of aboveground storage tanks [40, 41]. Azzuni and Guzey minimized the sizing of the
top wind stiffening ring, which is more economical than that adopted by API 650 specification
[42]. Sun et al. studied the feasibility of reducing the section modulus of the top stiffener to the
same size as the intermediate stiffening ring [43]. This current study researches open-top
cylindrical storage tanks under wind pressure and higher wind gusts. Hurricane Irma was a
catastrophic Atlantic hurricane that struck Florida September 10, 2017. Wind gusts could reach to
185 mph (298 km/h) [44]. Property loss, flooding, and electricity system damage were caused by
heavy rainfall and high speed wind. In the aftermath of this disaster, questions arose about the
structural integrity of aboveground cylindrical storage tanks subjected to high wind gusts.
Enhancing the ability to sustain higher wind excitations is the main goal of this research.
Accordingly, we are going to discuss the impact of adding liquid storage to the cylindrical tank
and the relation between the height of the storage liquid and the maximum wind speed the tank
can sustain without buckling.
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In the study, FEA was used to analyze all cases using ABAQUS. Modeled tanks with different
aspect ratios and stiffening ring sizes were based on API 650 specification. Linear and nonlinear
analysis were discussed in this paper and compared with different hydrostatic heights. LBA was
performed on modeled tanks to obtain the critical load and imperfection shape used in the nonlinear analysis. Imperfection geometry is a governing effect on the carrying load ability of thinwall cylindrical structures [15]. Therefore, GNIA was chosen as the non-linear analysis.
In the following sections, considerations for designing modeled tanks—such as the required shell
course thickness, stiffening ring size, and wind profile—are discussed in Section 2. Section 3
discusses the methodology of this paper. The results for the various diameters, heights, and
hydrostatic pressures that affect buckling are presented in Section 4. Section 5 includes the study’s
conclusions.

2.2

Tank Design Considerations

Aboveground storage tank parameters include geometry factors (such as the height or diameter of
the tank), shell course thickness, stiffening rings, and load patterns. In this study, the influence of
the liquid storage inside the cylindrical tank is discussed. The modeled open-top aboveground
storage shells are stiffened by a top stiffening ring only based on the design wind load is 90 mph
(145 km/h). Since the focus of the current study is on the buckling behavior of shells subjected to
the wind loading, all modeled tanks are without bottom for all cases in this paper. The shell plate
thickness is calculated using the variable-design-point method (VDM) prescribed in API 650.
Different heights and diameters of the designed tank were used as the design parameters of the
buckling behavior analysis.
2.2.1 Required Shell Course Thicknesses
Common aboveground storage tank feature a number of uniform shell course thicknesses. The
bottom shell course is the thickest, and each course is equal to or thinner than the shell thickness
below it. The thinnest shell is on the top of the tank. According to API 650, three methods can be
used to determine the required shell plate thickness. The first is the one-foot-method (1FM), which
can only be used for tank diameters less than 200 ft (61 m). VDM is a more refined way to calculate
shell course thicknesses larger than 200 ft (61 m) diameter. Using VDM to determine the shell
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plate thickness is more economical than 1FM, especially for tank diameters larger than 50 ft (15
m) [45]. However, when the L/H ratio of the tank is more than 2 in USC unit (1000/6 in SI unit),
which is shown in Equation 1, VDM may become inaccurate [46]. The third method is the linear
analysis given in the API 650 specification, which is used when VDM is not permissible. In this
study, VDM is used to calculate the required shell course thickness of the tank designs:
𝐿
≤2
𝐻

(1)

where L equals (6𝐷𝑡)0.5 in inches, D is the diameter of the tank in feet, t is the bottom course
thickness with the corrosion in inches, and H is the maximum design liquid level in feet.
All storage tanks in this paper have diameters larger than 50 ft (15.2 m) and L/H ratios less than
or equal to 2.0. Therefore, VDM was chosen to calculate the required shell course thickness of the
modeled tanks. Three classifications are required for the VDM thickness calculation: the bottom,
the second course from the bottom, and other upper shell course thicknesses.
The bottom shell thickness was designed from the maximum value of Equations 2 and 3:

𝑡1𝑑 = (1.06 −

0.463𝐷 𝐻𝐺 2.6𝐻𝐷𝐺
√ )(
) + 𝐶𝐴
𝐻
𝑆𝑑
𝑆𝑑

(2)

0.463𝐷 𝐻 2.6𝐻𝐷
√ )(
)
𝐻
𝑆𝑡
𝑆𝑡

(3)

𝑡1𝑡 = (1.06 −

where D is the tank diameter in feet, H is the design liquid level in feet, G represents the design
specific gravity of the storage liquid, and CA is the corrosion allowance in inches. Sd and St are the
allowable stresses for the design condition and the hydrostatic test condition, respectively. An
iterative process was performed when using VDM to determine the second shell from the bottom
and the other shell course thicknesses. Equation 4 has to be calculated at first, where h1 is the
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height of the bottom shell in inches, r is the radius of the tank in inches, and 𝑡1 is the largest
thickness value obtained from Equations 2 and 3.
ℎ1
(𝑟𝑡1 )0.5

(4)

Depending on three conditions (according to API 650), the minimum design thickness of the
second shell course can be obtained by Equations 5, 6 and 7.

𝑡2 = 𝑡1

(5)

𝑡2 = 𝑡2𝑎

(6)

𝑡2 = 𝑡2𝑎 + (𝑡1 − 𝑡2𝑎 )[2.1 −

ℎ1
]
1.25(𝑟𝑡1 )0.5

(7)

The required thicknesses of the upper shell courses can be determined using the iterative process
equations below:

𝑡𝑑𝑥 =

𝑥
2.6𝐷(𝐻 − 12)𝐺

𝑡𝑡𝑥 =

𝑆𝑑

+ 𝐶𝐴

𝑥
2.6𝐷(𝐻 − 12)
𝑆𝑡

(8)

(9)

where x is the minimum value of Equations 10, 11 and 12. From API 650, the notations in these
equations are as follows: 𝑡𝑢 is the corroded thickness of the upper course at the girth joint in inches.
Parameter C equals K0.5(K-1)/(1+K1.5), where K is the ratio of tL to tu. The thickness tL represents the
corroded thickness of the lower course at the girth joint, in inches.
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𝑥1 = 0.61(𝑟𝑡𝑢 )0.5 + 3.84𝐶𝐻

(10)

𝑥2 = 12𝐶𝐻

(11)

𝑥3 = 1.22(𝑟𝑡𝑢 )0.5

(12)

2.2.2 Sizing of Top Stiffening Ring
According to API 650 specification, the top stiffener has to be used when modeling an open top
tank in order to maintain the roundness of the tank’s steel shells under the wind excitations.
The stiffening ring should be added to the outside of the modeled tank shell. The value of the
section modulus in API 650 combines the stiffening ring itself and parts of the shell, which can
provide additional stiffening contributions. There are five suggested details for typical tank shell
stiffening rings, according to API 650 specification. The top stiffener sizing is determined by the
minimum section modulus (Z) of Equation 13:
𝑍 = 0.0001𝐷2 𝐻2 (

𝑉 2
)
120

(13)

where D is the nominal diameter of the modeled tank in feet, H2 is the height of the tank (which
includes any freeboard provided above the maximum filling height) in feet. V is the design wind
speed in mph, which was selected as 90 mph (145 km/h) for all cases in the current study.
According to API specification, for a modeled tank with a diameter greater than 200 ft (61 m), the
section modulus should be calculated using a diameter of 200 ft (61 m) to design the stiffening
ring.
However, in some limit geometries, the minimum moment inertia of the stiffener will be governed
by Equation 14. For tanks with diameters larger than 200 ft (61 m), the minimum required moment
of inertia should be checked to verify that it will govern the stiffening ring designs:
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𝐼=

𝑉
108𝐻2 𝐷3 (120)2
𝐸

(14)

where E is the modulus of elasticity at the maximum design temperature in ksi. E was set as 29000
ksi (200 GPa) in all cases of the current study.
Bu and Qian pointed out that the design method for stiffener rings, especially for large tanks, is
too conservative in current API 650 specification. Therefore, they calculated the optimal
unstiffened height [47, 48]. According to API 650 specification, intermediate stiffening rings are
needed when the design wind speed exceeds 90 mph (145 km/h) for the tanks modeled in this
study. In this study, 90 mph (145 km/h) was used as a design wind load; therefore, only the top
stiffening ring was attached to the modeled tanks.
2.2.3 Wind Load Profiles
Non-uniform wind loading profiles have been extensively studied by many researchers. Figure 2.2
displays a summary of the variant circumferential wind pressure patterns of a vertical shell under
uniform wind. In addition to the aforementioned Rish study [38], Resinger and Greiner have
applied wind loading to both stiffened and unstiffened thin-walled cylinders [49]. Figure 2.2 also
features the wind pattern proposed by Gorenc and Rotter [34] and Pircher, Guggenberger, Greiner,
and Bridge [50]. Furthermore, Figure 2.2 includes Briassoulis and ACI-ASCE wind profiles [35,
51]. The circumferential angle is measured from the windward direction of 0-180 degrees. The
positive wind pressure part which as the dominant pressure than negative pressure from wind
loading patterns was focus on the study [40, 41]. Most experimental tests yielded similar results,
except for the wind load expression from Gorenc and Rotter. When the circumferential angle along
the windward direction equaled zero, the normalized positive pressure distributions from most of
expressions were 1, with the exception of Gorenc’s profile. As the normalized external pressure
decreased, the buckling load increased, which caused the larger pressure load and buckling
behavior. Moreover, the ACI-ASCE wind pressure profiles are almost identical to Briassoulis.
Rish’s wind load expression (shown in Figure 2.3) was derived from the wind pressure of a
cylindrical chimney. In his study, the chimney was fully fixed at the base but free at the top. The
wind was assumed as a constant velocity from the bottom to the top. These assumptions were
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similar to the cases in the current study. Since Rish simulated similar boundary conditions and
actual wind loads to this study, Rish’s wind profile was selected as the applied wind load
expression used to analyze the buckling behavior of the modeled storage tanks under wind loads
(Equations 15 and 16). Rish’s wind load profile is based on Fourier cosines series as given below:
𝑝
= −0.387 + 0.338𝑐𝑜𝑠(𝜑) + 0.533𝑐𝑜𝑠(2𝜑) + 0.471𝑐𝑜𝑠(3𝜑) + 0.166𝑐𝑜𝑠(4𝜑)
𝑝0

(15)

− 0.066𝑐𝑜𝑠(5𝜑) − 0.055𝑐𝑜𝑠(6𝜑)
6

𝑝 = ∑ 𝑎𝑛 cos 𝑛𝜑

(16)

𝑛=0

where p/p0 is the normalized circumferential pressure distribution, p is the wind pressure at angle
𝜑 along wind direction, and p0 represents the dynamic pressure on the front face of the storage
tank. The term 𝜑 is the circumferential angle in degrees.

2.3

Methodology

The current study analyzed the modeled tanks in ABAQUS version 2017 with FEM [52]. All the
modeled tanks were designed to API 650 specification. The sizing of the top stiffening rings
depended on the different geometries of the modeled tanks and are based on the API 650
specification equation. The required section modulus of the top stiffeners of various cases are
shown in Table 2.1. The study is based on three parameters. The first one is discussing the same
tank height with different diameters. The second investigates the same diameter but with varied
heights. For the first part, the tank heights were 40 ft (12.2 m), 48 ft (14.6 m), and 56 ft (17.1 m).
For the second part, the tank height was 40 ft (12.2 m) with diameters of 200 ft (61 m), 240 ft (73.2
m), 280 ft (85.3 m), 320 ft (97.5 m), and 380 ft (115.8 m). For the 48 ft (14.6 m) tank height,
diameters of 180 ft (54.9 m), 200 ft (61 m), 240 ft (73.2 m), 280 ft (85.3 m), and 298 ft (90.8 m)
were chosen in the study. Various modeled tanks diameters—160 ft (48.8 m), 180 ft (54.9 m), 200
ft (61 m), 240 ft (73.2 m) and 247 ft (75.3 m)—were analyzed with a 56 ft (17.1 m) tank height.
The third affecting parameters was different hydrostatic pressure. Different liquid heights were
considered in each modeled tank.
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The main goal of the study is to identify the relation between the height of the storage liquid inside
the cylindrical storage tanks and the maximum wind load the tanks can resist without buckling.
VDM was used in to determine the required shell course thickness. Linear and non-linear analyses
were conducted and two buckling analysis methods were performed. LBA was used for the linear
portion. In order to investigate the imperfection sensitivity, GNIA were performed in non-linear
analysis [53].
2.3.1 Geometry of Tanks
For LBA, the heights, diameters, and shell plate thicknesses of the modeled tanks were listed in
Table 2.2. For GNIA, the tank heights of 40 ft (12.2 m), 48 ft (14.6 m), and 56 ft (17.1 m) were
chosen. Tank shell diameters of 200 ft (61 m), 240 ft (73.2 m), and 280 ft (85.3 m) were chosen
for the tank height of 40 ft (12.2 m). For the modeled tank heights of 48 ft (14.6 m) and 56 ft (17.1
m), the studied cases included diameters of 180 ft (54.9 m), 200 ft (61 m), and 240 ft (73.2 m).
The size of the top stiffening ring was designed based on API 650 specification, and the crosssection of the top stiffener is shown in Figure 2.4. In Figure 2.4, “b” dimension was calculated
following the equations in API 650 specification. “B” dimension is different at each case, the
values of “b” dimension were listed in Table 2.1.
All cases in the study were analyzed using ABAQUS version 2017. A schematic elevation view
of a tank with seven shell courses and a top stiffening ring shown in Figure 2.5. The storage tanks
were modeled using the following material properties: a Young’s modulus of 29,000 ksi (200
GPa), a Poisson’s ratio of 0.3 which represents the mild steel at ambient temperature. The selfweight of the modeled tanks was neglected since the weight increases the buckling load, which
may impact the results. In the study, a design wind speed of 90 mph (145 km/h) was applied and
all tanks only had the top stiffener.
2.3.2 Shell Course Thicknesses
VDM was used to calculate the required shell plate thickness based on the diameter of the designed
steel storage tank and L/H ratio. The shell course thicknesses of each tank design were set
according to the API 650 specification and are listed in Table 2.2. The modeled tanks were
partitioned by 8 ft (2.4 m) high shell courses, the typical height of the shell course used in practical
tank design. In order to calculate the required shell thickness of the aboveground storage tank,
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other constants must be considered such as design specific gravity (G) set as 1.0 for water which
was stored liquid in the study. The corrosion allowance (CA) is assigned as zero. In API 650, the
allowable stress for design condition (Sd) is set to be 23,000 psi (158.6 MPa) and the allowable
stress for the hydrostatic test condition (St) is 23,000 psi (158.6 MPa) as well (see API 650
paragraph 5.6.2).
2.3.3 Boundary Conditions
The boundary conditions in all the cases studied in this paper were fixed at the bottom and free at
the top of the cylindrical shells. General buckling was eliminated by attaching the top stiffener
ring. The buckling behavior that needed to be considered was the local buckling, which happened
on the upper part of the tank. Therefore, the boundary condition at the bottom will not have a
significant influence [47]. Therefore, the modeled tanks were restrained in X, Y, and Z directions
at the base in all of the problems researched in this work. Although the probability of tank buckling
may be overestimated when using a fixed boundary condition at the bottom compared with a
pinned-end condition [54], the bottom boundary condition with a fixed end was suggested by
Godoy and Flores. Their work described that this boundary condition has been observed in many
buckled tanks after hurricanes in the Caribbean islands [55].
2.3.4 Hydrostatic and Wind Load Pressures
For the LBA and GNIA methods, two load patterns were considered. The first load pattern was
the hydrostatic pressure, due to the stored liquid which specific gravity was 1.0 used to analyze
the modeled tank. Hydrostatic pressure is considered by this study as an internal pressure and the
direction of the hydrostatic loading is outward along a circumferential direction. The effect of
different hydrostatic levels on buckling load is the core problem of this study. The storage liquid
height is added to fill the modeled tanks. The second load pattern is the wind load profile suggested
by Rish. Rish’s wind profile assumed that the values of wind pressure vary in circumferential
directions. However, the vertical distribution of the wind loading is a constant along the height of
the modeled tanks. The wind load pressure could be windward or leeward, depending on the
different circumferential angles. The wind pressure was assumed as 1 psi (0.007 MPa) using Rish’s
wind load expression in the analyses.
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2.3.5 ABAQUS Optimal Increment Number, Arc Length, and Mesh Size Setting
In this study, Riks’ method, which is efficient method using in non-linear problem, was performed
in GNIA. In order to be efficient and accurate in our analysis, the increment number, arc length,
and mesh size were changed. Accordingly, Table 2.3 shows that four cases were tested in this
study. The increment numbers changed by 50 and 200 and the maximum arc length chosen 0.1
and 0.01. For the mesh size, 9 in. (228.6 mm), 6 in. (152.4 mm), and 3 in. (76.2 mm) were
researched. The results for these factors are shown in Figure 2.6. The empty tank with a height of
40 ft (12.2 m) and diameter of 200 ft (61 m) was used. The imperfection magnitude was 0.25t and
t is the thinnest shell thickness of the tank. In Figure 2.6, the x-axis represents the radial
displacement (w) normalized by the thinnest shell thickness of the modeled tank (t). The y-axis is
the ratio of the applied loads (P) to the design wind pressure (Pdesign) based on wind gusts of 90
mph (145 km/h), according to API 650. Figure 2.6 demonstrates that the increment number, which
was set as 50 or 200, does not have a significant influence. However, some cases did not converge
within 50 increments. For the sake of the uniformity of all cases, 200 was chosen as the increment
number. In terms of the maximum arc length, as the value of the maximum arc length decreased,
the curve became smoother. Furthermore, there was minor difference between mesh sizes six and
nine. The result represents that mesh sizes between 6 in. (152 mm) and 9 in. (229 mm) is was
sufficient for buckling load convergence. In order to save time but maintain the accuracy of the
results, a mesh size of 8 in. (203 mm) with four-node quadrilateral shell element S4R in both
longitudinal and circumferential directions was used in both the LBA and GNIA using FEM. The
56 ft (17.1 m) height and 180 ft (54.9 m) diameter modeled tank was meshed and is shown in
Figures 2.7 and 2.8. Figure 2.7 shows the overall mesh tank model, which is 8 in. (203 mm). Figure
2.8 is the closer view of the mesh size at the junction of the modeled tank shell and the top
stiffening ring.
2.3.6 Analysis Methods: LBA and GNIA
There were two modeled tank analysis steps. First, LBA was used on the storage cylindrical tank
shells. In this step, the first buckling mode shape and eigenvalue were calculated when the storage
cylinders subjected to combined wind loads and the hydrostatic pressure of the stored liquid. Then
we converted the wind pressure obtained from the eigenvalue in LBA to wind velocity. The
relationship between wind pressure and wind velocity is shown in Equation 17:

18

𝑞𝑐𝑟 = 18(

𝑉 2
)
120

(17)

where qcr represents the critical pressure the aboveground storage shell can sustain in psf, and V is
the design wind load of each case in mph. Equation 17 is based on API 650 paragraph 5.2.1.
After running the LBA, GNIA was performed. In GNIA, Riks' method was performed using the
eigen-affine imperfection shapes obtained from LBA. For imperfection analysis, imperfection
matched the first buckling mode shape obtained from the LBA. The imperfection magnitude is
related to the thinnest thickness of the top shell course. Five magnitudes of imperfection was the
function of the thinnest shell course thickness, which was represented as t. The values of the five
imperfection magnitudes used in each modeled tank were 0.1t, 0.25t, 0.5t, 0.75t, and 1.0t. As
mentioned in section 3.4, in Riks’ method analysis the minimum arc length increment were 0.001%
and 1% were set as the maximum arc length increment. Moreover, the applied load value was 1
psi (0.007 MPa) in order to represent the actual applied load at each increment. Furthermore, the
first buckling mode obtained from the LBA was considered as the imperfection shape for all
modeled tank analyses in this study since the imperfection of the first buckling mode gives the
most conservative result [43].

2.4

Results and Discussion

This study discusses the feasibility of enhancing modeled tanks’ maximum sustained wind loading
by adding storage liquid. The linear and nonlinear behaviors of the modeled tanks were considered
separately. LBA and GNIA were performed on actual-size, modeled storage tanks according to
API 650 specification. The imperfections in GNIA are eigen-affine imperfections based on the
buckling shape of the first mode shape obtained from the LBA. Different eigenvalues stand for
each eigenmode, which can represent varying critical loads. The lowest eigenvalue corresponds to
the first eigenmode shape [56]. The design wind speed was assumed as 90 mph (145 km/h) in
order to size the top stiffener ring. The different stiffener sizes were based on the API 650
specification equation. The safety factor was considered as 2.0 for wind pressure based on
McGrath’s LBA studies [26]. However, the safety factor was neglected in GNIA, since the factor
minimized the imperfection effect [42].
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2.4.1 Buckling Behavior in LBA
The geometries of the storage tanks were based on the API 650 specification. The influence of
various tank heights and diameters are discussed in the linear analysis. Figures 2.9 and 2.10 show
the maximum wind velocity that each tank resisted without buckling with various tank heights,
diameters, and liquid heights. In these figures (as mentioned earlier), a safety factor of 2.0 was
applied to the pressure, which means a safety of 1.41 (square root of 2.0) was applied to the wind
velocity. All modeled tanks in the study had a buckling load larger than designed wind load of 90
mph (145 km/h). In both graphs, the horizontal axes are the level of storage liquid inside the
modeled tanks in feet. The y-axes are the wind velocity that the storage tank sustained without
local or general buckling behaviors.
Figure 2.9 includes analyses for the following: a 40 ft (12.2 m) tank height with diameters of 200
ft (61 m), 240 ft (73.2 m), 280 ft (85.3 m), 320 ft (97.5 m), and 380 ft (115.8 m); a 48 ft (14.6 m)
tank height with diameters of 180 ft (54.9 m), 200 ft (61 m), 240 ft (73.2 m), 280 ft (85.3 m) and
298 ft (90.8 m); and a 56 ft (17.1 m) tank height with diameters of 160 ft (48.8 m), 180 ft (54.9
m), 200 ft (61 m), 240 ft (73.2 m), and 247 ft (75.3 m). The results show that the curve of
hydrostatic height versus wind velocity for all models exhibited similar trends. The change in load
carry capacity was minor as adding more stored liquid at low liquid heights. However, as stored
liquid level reached to around a half of tank height, the ability of resisting wind velocity started
increasing. Further, based on API 650, a storage tank with a diameter is smaller or equal 200 ft (61
m), the top shell course thickness is 0.313 in. (7.95 mm). A model with a tank diameter is larger
than 200 ft (61 m), the value of the thickness of 0.375 in. (9.53 mm) is needed. From Figure 2.9,
when the tank height was 40 ft (12.2 m) with different diameters, the model with a diameter of 200
ft (61 m) at lower levels of stored liquid height could resist the smallest wind load compared with
other tanks of larger diameters which had a thicker top shell course thickness. Comparing with
models with the same thickness of top shell course, as the diameter of a tank increased, its wind
gust resistance capacity decreased. The minimum wind gust resistance reached up to
approximately 120 mph (193.1 km/h) at the lower liquid level and a maximum of 360 mph (579.4
km/h) when the tank model was full of liquid. For the 48 ft (14.6 m) high tanks, comparing with
models had the same shell course thickness, as tank diameter increased, the load-carrying capacity
decreased. For example, a diameter of 200 ft (61 m) could resist the lowest wind load compare
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with model with 180 ft (54.9 m) tank diameter. The results also suggest that the largest diameter
of 298 ft (90.8 m) had the worst load-carrying capacity comparing with the models with the same
thickness of the top shell course. The highest wind velocity that could be sustained by the storage
tanks in this case was around 380 mph (611.6 km/h).
In the case of the 56 ft (17.1 m) tall tank, Figure 2.9 shows that a diameter of 200 ft (61 m) had the
worst wind resistance capacity compared with other tanks of smaller or bigger diameters. The
resisted wind loading was around 380 mph (611.6 km/h). Based on API 650, a tank diameter of
200 ft (61 m) is the biggest diameter that can be designed when the top shell course thickness is
0.313 in. (7.95 mm). In comparison, these modeled tanks were more prone to buckling than tanks
with the same top shell course thicknesses but smaller diameters. Therefore, the capacity to prevent
wind load for the tanks with 200 ft (61 m) diameters were worse than others. Based on Figure 2.9,
under the same thickness conditions, a tank’s ability to resist the wind force decreased as the
diameter of the tank increased at the same liquid level.
Figure 2.10 summarized the designed storage tanks of the same diameter and different heights.
Two cases are shown, with modeled tanks diameters of 200 ft (61 m) and 240 ft (73.2 m) and the
following heights: 40 ft (12.2 m), 48 ft (14.6 m), and 56 ft (17.1 m). When the diameter was 200
ft (61 m) with various tank heights, the value of the resisted wind loads was almost the same at the
lower height of hydrostatic pressure. However, as the diameter of the tank model increased, a
significant rise in the load-carrying capacity occurred at the higher hydrostatic height. Results
show that for the larger tank, higher liquid height was needed to reach the same maximum wind
gust resistance. Moreover, under the identical diameter condition, although the heights of modeled
tanks were different, the value of the maximum sustained wind velocities were the same when the
models were filled up with storage liquid.
2.4.2 Buckling Behavior in GNIA
In the nonlinear analysis portion of the study, Riks’ GNIA method, including five magnitudes of
geometric imperfection (0.1t, 0.25t, 0.5t, 0.75t and 1.0t) were applied. As can be seen in Figures
2.11 to 2.19, modeled tanks with different diameters were researched. The x-axes are the ratio of
radial displacement (w) to the thinnest shell course thickness of the modeled tank (t). The y-axes
are the proportionality of applied loads (P) to the design wind pressure (Pdesign), which was
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calculated based on the wind velocity of 90 mph (145 km/h). The ratio means every y-value is the
maximum sustained wind loading of the storage tanks normalized by the first mode buckling
pressure obtained from the LBA. The dotted line represents design wind pressure, which is unity.
The linear buckling load values obtained from the LBA normalized by design wind pressure are
represented by the dashed lines. In terms of tank diameter, Figure 2.11 is a tank of 40 ft (12.2 m)
in height and 200 ft (61 m) in diameter. Results show that the normalized buckling load of model
with 0.1t imperfection magnitude increased slightly at the hydrostatic height less than the half of
height of model which normalized buckling load was approximately 2.5. Then the normalized
buckling load increased to 2.75 when the hydrostatic height just exceeded half of the tank height.
The normalized buckling load increased as more storage liquid was added. From Figure 2.11, there
was not a distinct buckling point at liquid height of 32 ft (9.8 m).
Figures 2.12 and 2.13 represent the tank with a 40 ft (12.2 m) height and diameters of 240 ft (73.2
m) and 280 ft (85.3 m), respectively. They have similar trends as the results shown in Figure 2.11.
Compared with Figures 2.12 and 2.13, as the diameter of the tank increased, the normalized
buckling load decreased. Models with 0.1t imperfection magnitude, the normalized buckling loads
were 2.8 for both cases at the liquid level of less than a half of the height of the modeled tank.
However, when the storage liquid level reached 24 ft (7.3 m), the normalized buckling load
decreased as the diameter increased. The results show that at the hydrostatic height of 24 ft (7.3
m), the normalized buckling load was almost 3.25 for a tank diameter of 240 ft (73.2 m) and around
3.0 for a tank with a 280 ft (85.3 m) diameter.
Figures 2.14, 2.15 and 2.16 show modeled tanks with heights of 48 ft (14.6 m) and the following
diameters: 180 ft (54.9 m), 200 ft (61 m), and 240 ft (73.2 m), respectively. These figures show
that the buckling load of models with 0.1t imperfection magnitude decreased when the diameter
of the storage tank increased. As tank diameter increased from 180 ft (54.9 m) to 200 ft (61 m),
the buckling load dropped from 2.75 to 2.5 when the liquid level was less than half the height of
the tank. At liquid level of 32 ft (9.8 m), the buckling load decreased from 3.2 to 2.75. However,
the buckling load was enhanced as tank diameter increased from 200 ft (61 m) to 240 ft (73.2 m)
since the top shell course thickness increased. The buckling values rose from around 2.5 to around
3.0 at a liquid level less than or equal to 24 ft (7.3 m). At a liquid height of 32 ft (9.8 m), the
buckling load increased from 2.75 to close to 3.2.
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Figures 2.17, 2.18 and 2.19 display similar results as Figures 2.14, 2.15 and 2.16. As the tank
diameter increased from 180 ft (54.9 m) to 240 ft (73.2 m), the buckling load trend of models with
the same tank height of 56 ft (17.1 m) decreased at first and then rose.
Figures 2.17 and 2.18 indicate that for models with the same top shell course thickness, as tank
diameter increased, the buckling load decreased. Models with 0.1t imperfection magnitude at a
liquid height of empty to 32 ft (9.8 m). As tank diameter increased from 180 ft (54.9 m) to 200 ft
(61 m), the value of buckling load decreased from 2.75 to 2.5. After that, the buckling load
decreased from 3.2 to 2.75 at the hydrostatic height of 40 ft (12.2 m). The buckling point could
not discern easily for the tank with a stored liquid height of 48 ft (14.6 m).
In Figure 2.19, tanks with diameter of 240 ft (73.2 m) and with 56 ft (17.1 m) in tank height were
analyzed. Models with 0.1t imperfection magnitude, the buckling load was around 2.75 in cases
of empty modeled tanks with liquid levels less than or equal to 32 ft (9.8 m). As the stored liquid
height grew to 40 ft (12.2 m), the buckling load value of a tank with a diameter of 240 ft (73.2 m)
was around 3.2.
The GNIA analyses suggest that the buckling loads were larger than the design wind pressure,
which implies that buckling behavior did not occur. Moreover, the GNIA findings were consistent
with the LBA results. For modeled tanks of the same height, the storage tank with a diameter of
200 ft (61 m) had the lowest buckling load pressure. The buckling load values of tanks with both
smaller and larger diameters were higher than the modeled tank with a 200 ft (61 m) diameter. At
the identical hydrostatic pressure load, the buckling load was smaller in taller tank. In Figures 2.11
to 2.19, as the imperfection magnitude increased, the buckling load decreased. At smaller
imperfection magnitudes, the apparent peak (which represents the first buckling mode) could be
observed. Further, when the imperfection value increased, the modeled tank shells did not buckle
at the first mode. The larger imperfection magnitudes were more sensitive to changes in the
diameter or height of the modeled tanks in the study. The higher the imperfection value, the larger
the amplitude of the increased resisted wind loading, even with a larger buckling load.
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2.5

Conclusion

This research highlights that adding hydrostatic pressure inside aboveground cylindrical tanks
helped the storage tank’s capability to resist the wind pressure loads. LBA and GNIA of the
aboveground cylindrical tanks were performed in the study.
The LBA results demonstrated that the hydrostatic load enhanced the ability of the sustained wind
pressure applied to the tank. However, tanks with 200 ft (61 m) diameters had lower buckling
loads compared to other tanks with the same top shell course thicknesses and smaller diameters as
well as tanks with larger diameters and thicker top shell plate thickness. In terms of different tank
height, as tank height increased, a higher liquid height was needed to resist the same wind velocity.
Riks’ method was performed in GNIA. The GNIA results showed that as the height of the interior
storage liquid increased, the tank buckling load enhanced at each imposed imperfection magnitude.
The buckling load was larger than the designed first critical load obtained from the LBA, which
means the buckling state did not occur, at higher hydrostatic liquid levels. For models with the
same height and the identical top shell course thickness but various tank diameter, as diameter
increased, the buckling load decreased. In terms of tank height, models with the same diameter
and thickness of top shell course, taller tank height had smaller buckling load. Furthermore, larger
imperfection magnitudes were prone to parameter change effects.
The trends in the storage tanks’ applied hydrostatic pressures and buckling loads from LBA and
GNIA were similar. At the lower heights of the imposed hydrostatic pressure, the influence of
storage liquid on the aboveground cylindrical tank was not notable. However, the results showed
a significant effect as the stored liquid height increased to around a half of tank height. The wind
gust resistance capacity was higher in the tanks with higher storage liquid height compared to the
empty modeled tanks. Moreover, the first critical load increased and even exceeded the designed
buckling load.
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2.6

Tables

Table 2.1 Section Modulus for Modeled Tanks for LBA and GNIA
Height, ft (m)

40 (12.2)

48 (14.6)

56 (17.1)

Diameter, ft (m)

Ztop, in.3 (mm3)

b, in. (mm)

200 (61)

90 (2286)

28 (711.2)

240 (73.2)

90 (2286)

26 (660.4)

280 (85.3)

110.9 (2816.9)

30 (762)

320 (97.5)

143.7 (3650)

36 (914.4)

380 (115.8)

192.5 (4889.5)

44 (1117.6)

180 (54.9)

87.5 (2222.5)

28 (711.2)

200 (61)

108 (2743.2)

32 (812.8)

240 (73.2)

108 (2743.2)

30 (762)

280 (85.3)

121.5 (3086.1)

32 (812.8)

298 (90.8)

143.7 (3650)

36 (914.4)

160 (48.8)

80.6 (2047.2)

26 (660.4)

180 (54.9)

102.1 (2593.3)

30 (762)

200 (61)

126 (3200.4)

36 (914.4)

240 (73.2)

126 (3200.4)

34 (863.6)

247 (75.3)

126 (3200.4)

34 (863.6)
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Table 2.2 Shell Plate Thicknesses for Modeled Tanks for LBA and GNIA
Height,

Diameter,

ft (m)

ft (m)
200 (61)

240 (73.2)

40 (12.2)

280 (85.3)

320 (97.5)

380 (115.8)

180 (54.9)

200 (61)

48 (14.6)

240 (73.2)

280 (85.3)

298 (90.8)

160 (48.8)

180 (54.9)

56 (17.1)

200 (61)

240 (73.2)

247 (75.3)

Shell Course Thickness, in. (mm)
1

2

3

4

5

6

7

0.871

0.659

0.487

0.317

0.313

(22.1)

(16.7)

(12.4)

(8.1)

(8)

1.025

0.807

0.574

0.375

0.375

(26)

(20.5)

(14.6)

(9.5)

(9.5)

1.171

1.004

0.653

0.427

0.375

(29.7)

(25.5)

(16.6)

(10.8)

(9.5)

1.310

1.189

0.73

0.482

0.375

(33.3)

(30.2)

(18.5)

(12.2)

(9.5)

1.433

1.362

0.804

0.536

0.375

(36.4)

(34.6)

(20.4)

(13.6)

(9.5)

0.956

0.755

0.600

0.443

0.313

0.313

(24.3)

(19.2)

(15.2)

(11.3)

(8)

(8)

1.055

0.832

0.664

0.487

0.317

0.313

(26.8)

(21.1)

(16.9)

(12.4)

(8)

(8)

1.243

1.063

0.776

0.579

0.375

0.375

(31.6)

(27)

(19.7)

(14.7)

(9.5)

(9.5)

1.423

1.295

0.889

0.669

0.424

0.375

(36.1)

(32.9)

(22.6)

(17)

(10.8)

(9.5)

1.502

1.394

0.938

0.710

0.448

0.375

(38.2)

(35.4)

(23.8)

(18)

(11.4)

(9.5)

0.995

0.817

0.678

0.537

0.398

0.313

0.313

(25.3)

(20.8)

(17.2)

(13.6)

(10.1)

(8)

(8)

1.119

0.912

0.760

0.599

0.443

0.313

0.313

(28.4)

(23.2)

(19.3)

(15.2)

(11.3)

(8)

(8)

1.239

1.033

0.836

0.663

0.487

0.317

0.313

(31.5)

(26.2)

(21.2)

(16.8)

(12.4)

(8)

(8)

1.462

1.313

0.982

0.79

0.577

0.375

0.375

(37.1)

(33.4)

(24.9)

(20)

(14.7)

(9.5)

(9.5)

1.5

1.361

1.007

0.812

0.592

0.379

0.375

(38.1)

(34.6)

(25.6)

(20.6)

(15)

(9.6)

(9.5)
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Table 2.3 Four Cases by Changing Number of Increment, Maximum Arc Length and Mesh
Factors

Case 1

Case 2

Case 3

Case 4

No. of Increment

50

200

200

200

Maximum Arc Length

0.1

0.01

0.01

0.01

Mesh Size, in. (mm)

9 (228.6)

9 (228.6)

6 (152.4)

3 (76.2 )
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2.7

Figures

General Buckling

Local Buckling

Figure 2.1 Comparison of General Buckling and Global Buckling of Modeled Tank with 56 ft
(17.1 m) Height and 180 ft (54.9 m) Diameter in LBA
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Figure 2.2 Various Wind Profiles

29

Figure 2.3 Rish’s Wind Profile

30

Figure 2.4 Cross-Section of Detail (e) for Stiffening Ring

31

Figure 2.5 A Sketch of a Modeled Tank with One Top Stiffener

32

Figure 2.6 GNIA Results for Various Number of Increment, Maximum Arc Length and Mesh

33

Figure 2.7 Modeled Tank with 56 ft (17.1 m) Height and 180 ft (54.9 m) Diameter in ABAQUS

34

Figure 2.8 Junction of the Top Stiffening Ring and Modeled Tank with 56 ft (17.1 m) Height and
180 ft (54.9 m) Diameter
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(a)

(b)

(c)

Figure 2.9 Maximum Resisted Wind Loads in Different Heights with Varying Diameters of
Modeled Tanks in LBA (a) 40 ft (12.2 m) Tank Height (b) 48 ft (14.6 m) Tank Height and (c) 56
ft (17.1 m) Tank Height

36

D = 200 ft (61 m)

D = 240 ft (73.2 m)

Figure 2.10 Maximum Resisted Wind Loads in the Same Diameters with Different Height of
Modeled Tanks in LBA

37

Liquid Height = 0 ft (0 m)

Liquid Height = 16 ft (4.9 m)

Liquid Height = 24 ft (7.3 m)

Liquid Height = 32 ft (9.8 m)

Figure 2.11 GNIA Results for Design Wind Speed of 90 mph (145 km/h) for Modeled Tanks
with 40 ft (12.2 m) Tank Height with 200 ft (61 m) Diameter

38

Liquid Height = 0 ft (0 m)

Liquid Height = 16 ft (4.9 m)

Liquid Height = 24 ft (7.3 m)

Liquid Height = 32 ft (9.8 m)

Figure 2.12 GNIA Results for Design Wind Speed of 90 mph (145 km/h) for Modeled Tanks
with 40 ft (12.2 m) Tank Height with 240 ft (73.2 m) Diameter
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Liquid Height = 0 ft (0 m)

Liquid Height = 16 ft (4.9 m)

Liquid Height = 24 ft (7.3 m)

Liquid Height = 32 ft (9.8 m)

Figure 2.13 GNIA Results for Design Wind Speed of 90 mph (145 km/h) for Modeled Tanks
with 40 ft (12.2 m) Tank Height with 280 ft (85.3 m) Diameter

40

Liquid Height = 0 ft (0 m)

Liquid Height = 24 ft (7.3 m)

Liquid Height = 32 ft (9.8 m)

Liquid Height = 40 ft (12.2 m)

Figure 2.14 GNIA Results for Design Wind Speed of 90 mph (145 km/h) for Modeled Tanks
with 48 ft (14.6 m) Tank Height with 180 ft (54.9 m) Diameter

41

Liquid Height = 0 ft (0 m)

Liquid Height = 24 ft (7.3 m)

Liquid Height = 32 ft (9.8 m)

Liquid Height = 40 ft (12.2 m)

Figure 2.15 GNIA Results for Design Wind Speed of 90 mph (145 km/h) for Modeled Tanks
with 48 ft (14.6 m) Tank Height with 200 ft (61 m) Diameter

42

Liquid Height = 0 ft (0 m)

Liquid Height = 24 ft (7.3 m)

Liquid Height = 32 ft (9.8 m)

Liquid Height = 40 ft (12.2 m)

Figure 2.16 GNIA Results for Design Wind Speed of 90 mph (145 km/h) for Modeled Tanks
with 48 ft (14.6 m) Tank Height with 240 ft (73.2 m) Diameter
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Liquid Height = 0 ft (0 m)

Liquid Height = 32 ft (9.8 m)

Liquid Height = 40 ft (12.2 m)

Liquid Height = 48 ft (14.6 m)

Figure 2.17 GNIA Results for Design Wind Speed of 90 mph (145 km/h) for Modeled Tanks
with 56 ft (17.1 m) Tank Height with 180 ft (54.9 m) Diameter

44

Liquid Height = 0 ft (0 m)

Liquid Height = 32 ft (9.8 m)

Liquid Height = 40 ft (12.2 m)

Liquid Height = 48 ft (14.6 m)

Figure 2.18 GNIA Results for Design Wind Speed of 90 mph (145 km/h) for Modeled Tanks
with 56 ft (17.1 m) Tank Height with 200 ft (61 m) Diameter
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Liquid Height = 0 ft (0 m)

Liquid Height = 32 ft (9.8 m)

Liquid Height = 40 ft (12.2 m)

Liquid Height = 48 ft (14.6 m)

Figure 2.19 GNIA Results for Design Wind Speed of 90 mph (145 km/h) for Modeled Tanks
with 56 ft (17.1 m) Tank Height with 240 ft (73.2 m) Diameter
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3. THE EFFECTS OF LIQUID HEIGHT ON THE UPLIFT AND
BUCKLING BEHAVIOR OF STORAGE TANKS SUBJECTED TO
WIND LOADS

Summary
To explore the influence of liquid height on the uplift and buckling behavior of aboveground steel
cylindrical tank under wind loading, LBA and GNIA were performed on modeled steel storage
tanks. The models with the open-top and the circular flat bottom were conducted using FEA by
ABAQUS. In order to simulate the actual soil foundation, compression springs were applied on
the base of the storage tanks. Tanks that are empty or low-filled with liquids are prone to the impact
of wind loads. This study indicated that as the hydrostatic height increased, the buckling load
enhanced. Moreover, for the tanks with larger imperfection magnitudes, the buckling load was
hard to observe. Uplift deformation occurred in cylindrical tanks subjected to critical load at low
liquid heights or in the cases that models did not have buckling failure.

3.1

Introduction

Aboveground cylindrical storage tanks are used for vertical and horizontal storing applications of
oil, agricultural products, chemicals or other liquids. In particular, vertical storage tanks are widely
used in petroleum, chemical, paper and food industries. Cylindrical storage tanks are usually built
with thin, flat, cylindrical walls and a circular plate bottom. The shell course thickness can be
uniform or stepped incrementally from the shell base. Weld is commonly used to join the parts of
steel silos, storage tanks, and similar shell structures. Given that a large number of welds may
significantly influence the buckling strength of the thin-walled structure, the geometrical
imperfections and residual stresses must be considered. Hübner et al. researched large steel
cylindrical silos and tanks with three weld types—circumferential, meridional and patterned—
under different loading cases [1]. The residual stress induced by the welding process increased the
buckling strength of the modeled tanks. Furthermore, the study found that the patterned weld
depression was a good equivalent imperfection, especially for nonlinear analysis [1]. The effect of
residual stress due to weld fabrication has been studied by Pircher and Bridge. They concluded
that comparing with interaction between imperfections of the thin-walled shell, weld-induced
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residual stress has a minimal influence on the buckling load [2]. Rotter concurred that the effect
of residual stress introduced by the weld process was less than that of geometric imperfections [3].
Another factor that influences the buckling load of the aboveground storage tank is its geometric
imperfections, consisting of the initial curvature or eccentricity may be induced by welding which
is the main initial geometric imperfection or due to foundation settles unlikely, sudden impact or
external loads which may cause local geometric imperfections [4, 5].
Early research demonstrated that the buckling load of the thin-wall structure was discrepant from
classic theory and experiments. Donnell found that the buckling stress is 0.15 to 0.6 times the
theoretical value. He applied large deformation theory to explain the difference of buckling stress
and buckling mode shape between the experiments and theory of the cylindrical shell under axial
compression and bending by applied large deformation theory [6]. Von Karman and Tsien showed
that imperfections greatly reduced the load-carrying capability of a thin-walled cylindrical shell
with uniform course thickness subjected to axial compression [7]. Pircher and Bridge showed that
axisymmetric imperfections introduced by rolling steel plates of strakes or jointing circumferential
welds together decreased the buckling load of silos and aboveground cylindrical tanks dramatically
[2]. Welding residual displacement, is considered as the initial geometric imperfection, decreased
the critical load of thin-walled structures, according to Rotter and Teng. They reported that the
axial buckling load was 30-40 percent of the theoretical buckling strength when the amplitude of
the circumferential weld joint depression was one wall thickness [8]. Krishnakumar and Foster
investigated the influence of local geometric imperfections of thin-walled cylinders under axial
compression on axial buckling load-carrying ability. Their work indicated that when the defect
size exceeded one eighth of the structure’s circumference, the buckling load was 50-75 percent
lower than the value obtained from classical theory. Furthermore, they also proposed that the effect
of local geometric defects was related to the size of the local geometric imperfection rather than
the thin-walled shell geometry [9].
Aboveground cylindrical tank failure caused by base uplift has also been studied. The complete
anchorage at the bottom of the storage tank is not often used in the field since the fixed boundary
condition is costly. Uplifting at the bottom of the thin-walled cylinder may diminish its ability to
carry the vertical displacement of the models [10]. Furthermore, the shell-to-bottom welded joint
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of the unanchored steel storage tank base can be damaged by earthquakes [11]. The specifications
and recommendations for storage tanks subjected various loading conditions provide a
conservative design standard for unanchored tanks. Ormeño et al. compared the Appendix E of
API 650 to the recommendations of Seismic Design of Storage Tanks produced by the New
Zealand Society for Earthquake Engineering to estimate the influence of the interaction between
the stiffness of the tank, its foundation, and the soil conditions. Moreover, they considered the
uplift effect on storage tanks under earthquake excitation [12]. The maximum design uplift
pressure of the storage tank with a conical roof and flat-bottom was subjected to wind pressure
among different specifications such as the calculated based on the equations of API 650, API 937
and FEA were presented by Rondon and Guzey. They indicated that compared with API 937
specification and FEA, the API 650 standards was conservative for uplift design criteria [13, 14].
In their subsequent work on the fatigue life of the same models based on API 12F design
formulations under wind loading, Rondon and Guzey demonstrated that the base of the shop-weld
tank was likely to fail first since the results showed that the fatigue life of the shell-to-bottom
connection was shorter than the joint between the roof and shell of the models [15]. Wozniak and
Mitchell studied the seismic design provision of the storage tank with flat bottom which allowed
it to lift off the foundation. The requirements to prevent the cylindrical shell from overturning and
against the buckling of the storage tank under seismic loading were included in their work [16].
Ishida and Kobayashi proposed an effective way to estimate the rocking response of aboveground,
unanchored cylindrical liquid-storage tank. Both static uplift analysis and dynamic analysis were
conducted according to the beam theory with small deflections [17]. A refined method for
estimating the behavior of unanchored liquid-filled tanks using a semiinfinite prismatic beam
model under uniform loads was presented by Malhotra and Veletsos. Their results showed that the
uplift resistance was influenced by the thickness of the modeled beam when the uplifts was small;
when the uplift was relatively large, the stiffness of the constraints at the ends significantly affected
the uplifting resistance [18]. They proposed another method for investigating the uplift of the
storage cylindrical tanks under the hydrodynamic pressures from wall which were induced by
seismic loads. In their work, the uplifting resistance was related to both shell and plate thickness
[19].
Cylindrical tank buckling behavior occurs when there is a difference between the external forces
and internal pressure of the cylinder, especially when the tank is empty or partially-filled with
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liquids [20]. The dynamic or quasi-static effects of buckling behavior in aboveground storage
cylinders have been studied by many researchers [21]. Nachtigall et al. demonstrated a method
with a higher safety risk rather than Eurocode 8 and API standard 650 since it considered resonance
effects, the main reason for tank failure [22, 23]. The fundamental modes of the cylindrical liquid
tank with a cone roof and anchored bottom under horizontal vibration have been studied by Virella
et al. [24]. Flores and Godoy researched empty thin-walled steel silos with a conical roof subjected
to non-axisymmetric wind loading distributions in the circumferential direction [25]. Uematsu et
al. implemented dynamic wind loading analysis of the open-top tank and demonstrated the stresses
of the models had a small influence based on resonance effects [26, 27]. Quasi-static buckling
issues have been extensively researched with different loading and boundary conditions as well as
experimental and analytical aspects. Thin-walled cylinders with constant shell course thicknesses
subjected to uniform external pressure was studied by Greiner [28]. Chen et al. proposed a design
method for predicting the buckling behavior of cylindrical tanks stepped variable wall thickness
under uniform external pressure [29]. Yamaki examined the buckling, initial postbuckling, and
postbuckling issues of cylindrical shells under torsion, external pressure, axial compression, or a
combination of such treatments [30]. Both linear and non-linear analyses of open-top steel thinwalled cylinders and cylindrical tanks with conical roofs under non-uniform wind loading pressure
have been conducted by Sosa and Godoy. The reduced energy method was performed to estimate
the lower bound of the wind loading pressures [31]. Koga studied different boundary conditions,
including the simply support, clamp, and free at the ends of cylindrical shell under uniform external
pressure. He derived an asymptotic solution for buckling problems of the models with an arbitrary
mixture of the boundary conditions mentioned previously [32].
This study aims to investigate the uplift and buckling behavior of the aboveground, open-top,
cylindrical, step-wise increasing shell course thickness, flat bottom, storage tank with different
hydrostatic height subjected to wind load. In the study, computational analysis was performed by
ABAQUS for all models. The geometry and stiffener sizes of the designed models were based on
API 650 specification. LBA and GNIA were performed using linear and non-linear methods of the
buckling analysis, respectively. In order to investigate the uplift deformation induced by soil when
the cylindrical storage tank subjected to wind loading pressure, compression springs were attached
to the circular flat bottom of the storage tanks in order to model soil condition. The methodology
of this study will be described in Section 2. In Section 3, the uplift and buckling behavior results
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for modeled tanks of different geometries under wind pressure at different hydrostatic levels will
be discussed. The study’s conclusions will be presented in Section 4.

3.2

Methodology

Aboveground storage tanks with open tops, flat bottoms, and top stiffening rings were modeled
using finite element methods (FEM) in ABAQUS to determine the buckling load and uplift
deformation subjected to wind loading [33]. The stepwise thicknesses of the tank shell courses and
the geometries of the top stiffening ring were sized based on API 650 specification [34].
Schematics of the cylindrical storage tank and the shell-to-bottom model joint used in the study
are shown in Figures 3.1 and 3.2, respectively. In Figure 3.2, a 3/8 in. (9.5 mm) chime projection,
which was measured from the outer surface of the shell, of the circular flat bottom was presented
as well. Two factors were examined by this study: height and diameter of the tanks. In order to
simulate the soil under the tank, compression only springs were attached on the bottom of the tank
model. The welds connecting shell to bottom were not modeled in the study since their influence
was minor with regards to shell buckling. Further discussion of the difference between cylindrical
storage tank with and without weld will be presented in section 3.2.5.
The stability of vertical aboveground storage models filled with different liquid levels is discussed
in the study. LBA and GNIA were performed for linear and non-linear analyses, respectively.
3.2.1 Geometry of Tanks and Considered Parameters
The geometries of each modeled storage tank and top stiffening ring sizes were based on API 650
specification. The shell thicknesses were calculated using VDM. The cross section of type (e)
stiffening ring from API 650 was used (presented in Figure 3.3). The modeled shell course
thicknesses are listed in Table 3.1. Since the design wind speed was set to 90 mph (145km/h), only
the top stiffener was modeled in the study. Intermediate stiffening rings were not needed for wind
loading considerations. Two parameters were considered: the effect of the modeled tank height on
uplift deformation and buckling load. Modeled tanks of the same diameter and different heights
were studied in this study. The height of 40 ft (12.2 m), 48 ft (14.6 m), and 56 ft (17.1 m) were
chosen for the tank heights. The diameter of the models was 200 ft (61m). The second parameter
was models of various diameters. Modeled tanks were designed with the same height (40 ft or 12.2
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m) and different diameters: 200 ft (61 m), 240 ft (73.2 m), 280 ft (85.3 m), 320 ft (97.5 m), and
380 ft (115.8 m). Storage tank heights of 48 ft (14.6 m) and 56 ft (17.1 m) with 200 ft (61 m)
diameters were also examined.
The storage tanks were modeled with isotropic and elastic materials. The modeling constants were
set as follows: a Young’s modulus of 29,000 ksi (200 GPa), a Poisson’s ratio of 0.3 for mild steel
at an ambient temperature and mass density of 7.35E-4 lb/in3 (0.2 kN/m3). Self-weight was
considered in the study and a gravity load of 386.4 in/s2 (9810 mm/s2) was applied in all cases.
3.2.2 Boundary Conditions and Mesh
To examine the uplift effects of the tank bottom, the boundary conditions were with springs at the
bottom and free at the other end of the storage modeled tank top. Therefore, in this study, the onefifth the radius of the modeled tank bottom placed restraints in the X and Y directions (based on
the Cartesian coordinate system) to prevent the tank from moving laterally. There was no restraint
on the remaining portion of the flat bottom. A free boundary condition was applied to the top of
the shell. Compression springs were attached to the models’ flat bottoms in a vertical direction to
stimulate the soil situation when there is uplift at the bottom of the tank. Each spring was applied
to a node with a spring stiffness of 250 lb/in3 (68000 kN/m3), the foundation modulus of the sand
base.
Three-dimensional shell models were used in the FEA. The S4R element type—a quadrilateral
four-node, doubly-curved shell with reduced integration, hourglass control, and finite membrane
strains—was used for the both cylindrical shell and bottom of models in LBA and GNIA. The
mesh size of each models varied from finer to coarser from the middle to the edge of the modeled
tank bottom and from the shell-to-bottom junctions to the top of the shell. The mesh size was 20
in. (508 mm), 15 in. (381 mm), and 8 in. (203 mm) at one-fifth, three-fifths, and four-fifths of the
storage tank bottom radius, respectively. At the distance of 2 ft (0.61 m) from the edge of the flat
bottom section near the shell-to-bottom junction and the chime projection of the circular flat
bottom, the mesh sizes were 4 in. (102 mm). For the cylindrical shell of the storage tank and top
stiffening ring, the mesh size was 8 in. (203 mm), excluding the 2 ft (0.61 m) section from the
shell-to-bottom junctions with a mesh size of 4 in. (102 mm).
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3.2.3 Applied Loads
Modeled storage tanks were analyzed to estimate the effect of hydrostatic height on the uplift
deformation and buckling behavior of aboveground cylindrical tanks. Two load patterns were
considered: hydrostatic pressure due to stored liquid and wind load.
The hydrostatic pressure on the flat bottom caused by the applied stored liquid pointed outward
along the circumferential direction on the cylindrical shell and downward in the Z direction,
according to the Cartesian coordinate system. The buckling load of both linear and non-linear
analyses of the models with different stored liquid levels were discussed. The hydrostatic height
was applied inside modeled tanks that varied from empty to nearly full. The other pattern was wind
load, which is presented in Figure 3.4 proposed by Rish’s wind expression [35]. Wind load profile
is constant along the vertical direction of the storage cylinder, but the wind pressure value varies
in the circumferential direction. The direction of the wind pressure is both windward and outward
based on the circumferential angle. Rish’s wind loading expression assumed that the value of wind
loading is constant along the vertical direction of the modeled shell but varies according to
circumferential direction. In this analysis, the wind load profile amplitude is set to 1 psi (0.007
MPa). With that, the resulting eigenvalue in LBA would be the buckling pressure and the load
proportionality factor (LPF) in GNIA would be the applied pressure amplitude directly.
3.2.4 Analysis Methods: LBA and GNIA
LBA and GNIA were performed in this study. In both analysis steps, the springs’ effect is
considered. For the first step, LBA was performed on the aboveground cylindrical tank. The first
mode shape and critical buckling load were obtained from the LBA analysis. The following GNIA
step was performed after the finishing LBA and according to Riks’ method. Eigen-affine
imperfections, the results of the first buckling shape obtained from the LBA step, were studied in
this research as suggested by Teng and Song [36]. They assumed that the imperfection is in the
form of bifurcation buckling with a rational magnitude. In their study, the magnitude of
imperfection was scaled as a function of the thinnest shell course thickness. Five imperfection
magnitudes were used (0.1t, 0.25t, 0.5t, 0.75t and 1.0t), where t was the thinnest shell course
thickness of each modeled tank. In Riks’ method, the load was gradually applied at each increment.
The minimum arc length increment was from 1E-5 to 1E-20 to achieve convergence in all cases.
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The total number of increment step was set to 200 to ensure the convergence of each model. The
maximum arc length increment was limited to 1% in the study.
3.2.5 Influence of Weld at the Shell-to-bottom Joints
The advantages of weld-junctions were previously mentioned. In order to increase the accuracy of
the analysis results, the mesh size of the part closest to the shell junction and flat bottom needed
to be much finer than the mesh used in the study. The reason for this is the relatively small shellto-bottom junction fillet weld size with a leg size of 0.25 in. (6.35 mm) much smaller than the
height and diameter of the tanks. This fine mesh size causes quite a large amount of nodes, which
slow the efficiency of the analysis process.
In order to justify the hypothesis that modeling of the shell-to-bottom welds are not necessary to
obtain an accurate buckling behavior, a small investigation with a tank with and without shell-tobottom welds in the model were conducted.
The influence of the weld on buckling loads are shown in Figure 3.5 for an empty aboveground
steel tank 40 ft (12.2 m) in height and 200 ft (61 m) in diameter. The left side of Figure 3.5 is the
storage tank without a shell-to-bottom weld junction. The right side of this figure is the model with
weld connection. The first eigenvalues for the both storage tanks without welds and with welded
connection between the model shell and bottom were rounded off to 0.2058. The results show that
the difference in the buckling loads of models with and without welds was minor. In order to save
time and be more efficient, all cases in this study were modeled without welds at the shell-tobottom junctions.
Using the same argument of the effect of weld modeled in the analysis would be small, without
any additional investigation, the weld joining the wind girder to top shell course were also not
modeled. By earlier investigation on shell-to-bottom weld, addition of weld into models would
only make the eigenvalue and corresponding buckling load slightly larger. In addition, the actual
wind girder to shell weld is typically one side (from top) continuous fillet weld with minimal tack
welding on the other side.
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3.3

Results and Discussion

This study discusses the influence of different liquid heights on the buckling behavior and uplift
deformation of cylindrical storage tanks. LBA and GNIA were performed on the storage models
by using ABAQUS with FEM.
3.3.1 Buckling Behavior Study
3.3.1.1 LBA Performed on Buckling Behavior
In the linear analysis portion of the study, two parameters—the diameter and height of the modeled
tank—were examined, in particular how they affect the maximum wind sustained pressure at
different liquid heights. The LBA results are shown in Figures 3.6 and 3.7. The axes denote the
hydrostatic height in feet versus the maximum resisted wind velocity. In order to investigate the
influence of the tank diameter on relationship between stored liquid height and load-carrying
capacity, models with the same tank height of 40 ft (12.2 m) and different tank diameters were
analyzed and results shown in Figure 3.6. Tanks with diameters of 200 ft (61 m), 240 ft (73.2 m),
280 ft (85.3 m), and 320 ft (97.5 m) were used. Based on Figure 3.6, the curve trend is almost the
same. At the low liquid levels, the difference was minor in load-carrying capacity as adding more
stored liquid. However, the load-carrying ability started increasing as the height of the model
reached to around a half of tank height. The maximum resisted wind velocity of the model with a
height of 40 ft (12.2 m) increased at the liquid level of 20 ft (6.1 m). Furthermore, for tank
diameters other than 200 ft (61 m), the resisted wind velocity was the same for liquid levels smaller
than 24 ft (7.32 m). Moreover, according to API 650 specification, a tank with a diameter larger
than 200 ft (61 m), a thicker top shell course thickness is needed. Storage tanks with diameters
larger than 200 ft (61 m) resisted higher wind loading since the top shell course thickness was
thicker than the models 200 ft (61 m) in diameter. Comparing with models with diameter larger
than 200 ft (61 m) which had same thickness of the top shell course. As tank diameter increased,
the load-carrying capacity decreased. For example, model with a 240 ft (73.2 m) tank diameter
had the maximum capability to sustain wind gusts.
In terms of tank height, storage tanks with the same tank diameter but with various heights were
analyzed. The results presented in Figure 3.7. Models with 200 ft (61 m) in diameter with heights
of 40 ft (12.2 m), 48 ft (14.6 m), and 56 ft (17.1 m) were used. The 40 ft (12.2 m) tall tanks with
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diameters of 200 ft (61 m), 240 ft (73.2 m), 280 ft (85.3 m), and 320 ft (97.5 m) were chosen. The
safety factor considered in the linear analysis was taken as 2.0 [37]. Figure 3.7 shows that higher
liquid height was needed as tank height increased to reach the same wind gusts. To resist wind
velocity of 150 mph (241 km/h), liquid level of 32 ft (9.75 m), 40 ft (12.2 m) and 48 ft (14.6 m)
was needed for model with 40 ft (12.2 m), 48 ft (14.6 m) and 56 ft (17.1 m) tank height, respectively.
3.3.1.2 GNIA Performed on Buckling Behavior
Tank diameter and height were the two parameters investigated in this portion as well. First,
aboveground steel tanks 40 ft (12.2 m) in height and diameters of 200 ft (61 m) and 240 ft (73.2
m) were discussed to investigate the effects of diameter on the wind resisting capability of the
storage tank loading pressure and various hydrostatic levels. Next, tanks with the same diameter
and different tank heights were studied. Models with a diameter of 200 ft (61 m) and heights of 40
ft (12.2 m), 48 ft (14.6 m), and 56 ft (17.1 m) were analyzed. Since the safety factor has already
been considered as an imperfection, the safety factor value was neglected.
Riks’ method was performed in the GNIA. The eigenmode-affine imperfection was introduced by
using the first buckling mode shape obtained from the LBA results [36]. Five geometric
imperfection magnitudes were considered, 0.1t, 0.25t, 0.5t, 0.75t and 1.0t, where t denotes the
thinnest shell course thickness of the modeled tank. In Figures 3.8 to 3.11, the horizontal axes
represent the radial displacement (w) normalized by the thinnest shell course thickness (t). The
values of radial displacement were taken from the point of maximum displacement in the first
LBA local buckling state. The vertical axes are the applied wind pressure (P) normalized by the
design wind load (Pdesign), set to 0.0703 psi (0.0005 MPa) and wind gusts (V) of 90 mph (145 km/h)
based on following equation:
𝑃𝑑𝑒𝑠𝑖𝑔𝑛 = 0.125(

𝑉 2
)
120

(18)

The horizontal dashed line in these figures denote the ratio of linear buckling load to design wind
pressure obtained from the linear analysis results. The design wind pressure is represented as the
horizontal dotted line. The normalized linear buckling load is larger than design wind pressure for
all cases in order to maintain the stability of the models.
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To compare the effects of different tank diameters, the GNIA results are shown in Figures 3.8 and
3.9. In Figure 3.8, the models with a 40 ft (12.2 m) tank height and 200 ft (61 m) tank diameter
but different imperfection magnitudes were analyzed. As liquid height increased, the normalized
buckling load increased. Results show that models with 0.1t imperfection magnitude, when tank
was empty or from liquid height of 8 ft (2.44 m) to 16 ft (4.9 m) range which were relatively low
levels, the normalized buckling load remained slightly below 2.5. The normalized buckling load
rose to 2.6 and nearly 4.0 for the tank with 24 ft (7.32 m) and 28 ft (8.53 m) liquid height,
respectively. Furthermore, for lower imperfection magnitudes of 0.1t and 0.25t, there was an
obvious buckling point or unloading point at the smaller normalized radial displacement. At the
amplifying imperfection of 0.5t, the buckling point could be observed when the hydrostatic height
was low.
The results for the tank 40 ft (12.2 m) in height and 240 ft (73.2 m) in diameter shown in Figure
3.9. Similar buckling behavior trends are observed. The normalized buckling load of models with
0.1t imperfection was around 2.75 from the empty to liquid height of 16 ft (4.9 m) range. With 24
ft (7.32 m) liquid level, the normalized buckling load reached approximately 3.2 in this case. The
normalized buckling load increased to around 4.0 at a liquid height of 28 ft (8.53 m). As the
imperfection magnitude increased, the first buckling point was more difficult to discern. Compare
with Figure 3.8, a larger diameter of the storage tank had, a thicker top shell course thickness was
needed. Therefore, the higher the normalized buckling load was. For example, models with 40 ft
(12.2 m) tank height and 0.1t imperfection magnitude at the stored liquid height of 24 ft (7.32 m),
the normalized buckling load of tank with 200 ft (61 m) diameter was around 2.6. However, at the
same liquid height, the value of the normalized buckling load of the cylindrical model with the
identical height and imperfection magnitude was 3.2.
Comparing with models with 200 ft (61 m) and 240 ft (73.2 m) tank diameter, as tank diameter
increased, the thickness of the top shell course rise, the normalized buckling load increased but the
normalized radial deformation enhanced. As tank diameter increased from 200 ft (61 m) and 240
ft (73.2 m) at the liquid level of 24 ft (7.32 m), the normalized buckling load increased from 2.6 to
3.2 but the values of the normalized radial displacement decreased from 1.8 to 1.5.
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The influence of different tank heights with same diameter was discussed. Figure 3.10 features the
GNIA results for a tank 48 ft (14.6 m) in height and 200 ft (61 m) in diameter. The normalized
buckling load of models with 0.1t imperfection magnitude was approximately 2.5 from the empty
to liquid height of 24 ft (7.32 m) range. At liquid heights of 32 ft (9.8 m) and 36 ft (11 m), the
normalized buckling loads were approximately 2.7 and 3.25, respectively. In Figure 3.11, the
model with same diameter of 200 ft (61 m) and 56 ft (17.1 m) in height was also analyzed. The
results show that models with 0.1t imperfection magnitude, the normalized buckling load was
around 2.5 at the lower liquid levels and slightly increased to 2.7 when the liquid height reached
40 ft (12.2 m). At the stored hydrostatic height of 44 ft (13.4 m), the normalized buckling load
achieved nearly 3.25. Note that in Figure 3.11, the empty case of the modeled tank with a 0.1t
imperfection magnitude had an unloading point at the ratio of radial displacement normalized by
the thinnest shell course thickness of around 7.0. As the hydrostatic height increased, the value of
the radial deformation normalized by the thinnest shell thickness unloading point and buckling
load decreased.
Buckling behavior occurred as the applied load decreased and radial displacement increased.
Comparing with Figures 3.8, 3.10 and 3.11, the normalized buckling or unloading point increased
when tank height increased. From the results, at the same liquid height of 24 ft (7.32 m), the values
of normalized radial displacement were around 1.8, 2.1 and 3.1 for models with 40ft (12.2 m), 48ft
(14.6 m) and 56ft (17.1 m). Furthermore, the GNIA results in Figures 3.8 to 3.11 indicate that
buckling point or unloading point of the modeled tanks with low imperfection magnitudes could
be observed easily. However, as the imperfections amplitudes increased, the modeled tanks either
did not buckle at the first buckling mode or buckled at a relatively large radial displacement.
Moreover, when a larger imperfection amplified factor was applied to a magnitude of imperfection
larger than 1.0t, the modeled tank was not prone to buckle in the first buckling mode [38].
3.3.2 Uplift Deformation Study
In order to identify the influence of uplift deformation on the bottom of the aboveground storage
tanks, models with height of 40 ft (12.2 m) and diameter of 200 ft (61 m) were analyzed. The 0.1
and 1.0 imperfection amplitudes which were the minimum and maximum magnitudes were used
in uplift part. The uplift deformation of various stored liquid heights under design wind velocity
which was approximately 0.07 psi (0.0005 MPa) and critical load were discussed in this part. In
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cases that tanks buckled, the first buckling load was assumed as the critical load. In those case that
models did not have buckling failure, the last value of LPF was taken as critical load. Models with
40 ft (12.2 m) tank height and 200 ft (61 m) diameter were analyzed in this part. Figure 3.12
presents the uplift deformation results of models under design wind load and Figure 3.13 is the
results of models under critical load. Figure 3.12 indicates that the displacement of uplift was a
negative value for the modeled tanks with imperfection magnitudes of 0.1t or 1.0t, which indicates
that the deformation was actually downward from the tank’s bottom. These results suggest that the
modeled cylindrical tanks did not incur uplift deformation at the applied liquid heights.
Furthermore, the value of the deformation was higher as the hydrostatic height increased. Since
the liquid added to the storage tank provided a downward force, the downward deformation
increased.
The results for the influence of hydrostatic heights with different imperfection magnitudes on tank
uplift displacement shown in Figure 3.13. When the cylindrical tank was empty or at a relatively
low liquid height of up to 8 ft (2.44 m), the values of uplift deformation of a tank with 0.1t
imperfection magnitude were around 0.5 in. (12.7 mm) and 0.03 in. (0.762 mm), which were
relatively small comparing with the geometry of the model. As the liquid height increased, the
negative value of the uplift deformation also increased. However, at the liquid height of 32 ft (9.8
m), the uplift deformation value of models with 0.1t imperfection magnitude was much higher
than when the liquid level was lower than 32 ft (9.8 m). The reason may be there was no obvious
buckling point for models with 0.1t imperfection magnitude at the liquid height of 32 ft (9.8 m),
which indicates that the models could sustain relatively large wind pressure at this hydrostatic
height since the buckling load was so high that the tank would be uplifted by the strong wind loads.
In storage models with 1.0t imperfection magnitude cases, the results also show that the negative
value of uplift displacement increased as the liquid height increased. Furthermore, liquid heights
higher than 16 ft (4.9 m) resulted in model uplift deformation. The same reason as the modeled
tank with 0.1t imperfection magnitude, the models with 1.0t imperfection magnitude did not
buckle at the hydrostatic heights of 24 ft (7.32 m) and 32 ft (9.8 m). Therefore, the tanks could
sustain strong wind, the uplift displacement caused by the strong lifting effects of higher wind
velocity.
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3.4

Conclusion

The present study investigates the possibility of varying hydrostatic height and maximum
sustained wind loading pressure without buckling open-top tanks with flat bottoms and a top
stiffening ring. LBA and GNIA methods were performed to analyze the modeled tanks.
The linear analysis results showed that in terms of tank diameter, as the liquid height of tank
models increased, the resisted wind load did not discernibly change at lower liquid levels. However,
when the liquid height reached almost half of the tank height, the load-carrying ability gradually
changed. As hydrostatic height nearly filled the tank with stored liquid, a dramatic increment of
maximum sustained wind loading was observed. For the models with the same thickness of top
shell course, as tank diameter increased, the load-carrying capacity decreased. Furthermore,
compared with storage tanks of the same diameter and various heights, the taller tank required
more stored liquid to reach the same resisted wind gusts.
Buckling load is always larger than design wind load in nonlinear analysis to ensure the integrity
of aboveground storage tanks. The GNIA results demonstrated that as imperfection magnitude
increased, buckling behavior was harder to observe. Comparing with the case that models with the
same tank height but various diameter and different top shell course thickness, as tank diameter
increased, the thicker thickness of top shell course was needed, their buckling loads also increased.
However, the normalized radial deformation decreased. In terms of tank height, from the results
of GNIA, taller tank had smaller buckling load but had larger radial displacement. The reason is
that tank diameter or tank height decreasing caused the larger stiffness of the tank. Furthermore,
as the hydrostatic height increased, the modeled tank either did not buckle at the first buckling
mode or buckled at a relatively larger displacement.
The uplift deformation study results showed that the tank models under design wind load did not
experience uplift displacement. As the hydrostatic height increased, the negative deformation
value increased. For the models studied under critical load, the deformation values of the modeled
tanks with low imperfection magnitudes was small comparing with the geometry of tanks.
However, the relatively large uplift displacement at the liquid heights at which buckling behavior
did not happen. Since the cylindrical tank resisted a high wind loading pressure, the modeled tank
would be lifted by the high wind velocity.
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3.5

Tables

Table 3.1 Thicknesses of Shell Course for Modeled Tanks for LBA and GNIA
Height,

Diameter,

ft (m)

ft (m)
200 (61)

240 (73.2)

40 (12.2)

280 (85.3)

320 (97.5)

180 (54.9)

48 (14.6)

200 (61)

56 (17.1)

200 (61)

Shell Course Thickness, in. (mm)
1

2

3

4

5

6

7

0.871

0.659

0.487

0.317

0.313

(22.1)

(16.7)

(12.4)

(8.1)

(8)

1.025

0.807

0.574

0.375

0.375

(26)

(20.5)

(14.6)

(9.5)

(9.5)

1.171

1.004

0.653

0.427

0.375

(29.7)

(25.5)

(16.6)

(10.8)

(9.5)

1.310

1.189

0.73

0.482

0.375

(33.3)

(30.2)

(18.5)

(12.2)

(9.5)

0.956

0.755

0.600

0.443

0.313

0.313

(24.3)

(19.2)

(15.2)
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3.6

Figures

Figure 3.1 A Sketch of a Modeled Tank with One Top Stiffener
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Figure 3.2 Shell-to-bottom Junction
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Figure 3.3 Cross-Section of Detail (e) for Stiffening Ring
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Figure 3.4 Rish’s Wind Profile
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Modeled Tank without Weld

Modeled Tank with Weld

Figure 3.5 Comparison of Buckling Behavior of the Modeled Tank with 40 ft (12.2 m) Height
and 200 ft (61 m) Diameter with and without Weld in LBA
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Figure 3.6 LBA Results for the Same Tank Height 40 ft (12.2 m) with Different Diameter of
Tank
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Figure 3.7 LBA Results for the Same Tank Diameter 200 ft (61 m) with Different Height of
Tank

Liquid Level = 0 ft (0 m)

Liquid Level = 8 ft (2.44 m)

Liquid Level = 16 ft (4.88 m)

Liquid Level = 24 ft (7.32 m)

Liquid Level = 28 ft (8.53 m)

Liquid Level = 32 ft (9.75 m)

Figure 3.8 GNIA Results for Modeled Tanks with 40 ft (12.2 m) Tank Height with 200 ft (61 m) Diameter under Design Wind Speed
of 90 mph (145km/h)
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Liquid Level = 0 ft (0 m)

Liquid Level = 8 ft (2.44 m)

Liquid Level = 16 ft (4.88 m)

Liquid Level = 24 ft (7.32 m)

Liquid Level = 28 ft (8.53 m)

Liquid Level = 32 ft (9.75 m)

Figure 3.9 GNIA Results for Modeled Tanks with 40 ft (12.2 m) Tank Height with 240 ft (73.2 m) Diameter under Design Wind
Speed of 90 mph (145km/h)
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Liquid Level = 0 ft (0 m)

Liquid Level = 16 ft (4.88 m)

Liquid Level = 24 ft (7.32 m)

Liquid Level = 32 ft (9.75 m)

Liquid Level = 36 ft (11 m)

Liquid Level = 40 ft (12.2 m)

Figure 3.10 GNIA Results for Modeled Tanks with 48 ft (14.6 m) Tank Height with 200 ft (61 m) Diameter under Design Wind Speed
of 90 mph (145km/h)
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Liquid Level = 0 ft (0 m)

Liquid Level = 24 ft (7.32 m)

Liquid Level = 32 ft (9.75 m)

Liquid Level = 40 ft (12.2 m)

Liquid Level = 44 ft (13.4 m)

Liquid Level = 48 ft (14.6 m)

Figure 3.11 GNIA Results for Modeled Tanks with 56 ft (17.1 m) Tank Height with 200 ft (61 m) Diameter under Design Wind Speed
of 90 mph (145km/h)
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Figure 3.12 Uplift Deformation Results of Models with 40 ft (12.2 m) Tank Height and 200 ft
(61 m) Diameter under Design Wind Load
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Figure 3.13 Uplift Deformation Results of Models with 40 ft (12.2 m) Tank Height and 200 ft
(61 m) Diameter under Critical Load
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4. COMPARISON BETWEEN CHAPTERS 2 AND 3

4.1

Results and Discussion

LBA and GNIA were the main analyses performed in Chapters 2 and 3. The ways in which the
various applied factors of boundary condition, flat bottom, and self-weight may have caused
discrepancies between these chapters will be discussed in this chapter. Chapter 2 modeled the tank
with a completely fixed bottom and free at cylindrical shell top that represented the ideal boundary
condition which may not be realistic for relatively empty tanks. Springs were applied at the base
of the modeled tanks’ flat bottoms as the soil condition and free at the top of the modeled tank.
The analyses and results were discussed in Chapter 3. Furthermore, the self-weight in both the
linear and nonlinear buckling analyses in Chapter 3 study but neglected in Chapter 2 study.
Next, the results between Chapters 2 and 3 are compared. A comparison of the LBA results for the
influence of the modeled tank diameter on buckling behavior at different boundary conditions are
shown in Figures 4.1 and 4.2, which represent the different analysis methodologies of Chapters 2
and 3, respectively. From Figures 4.1 and 4.2, for all cases with different tank diameters, the curve
trends are similar. The maximum wind velocity values were consistent at low hydrostatic levels.
However, as the stored liquid levels reached approximately half of the cylindrical tank height, the
buckling load began increasing. In Figure 4.1, the models with 200 ft (61 m) diameters had worse
resisted wind load capabilities than tanks with higher diameters. However, compared with models
of tank diameters larger than 200 ft (61 m), when tank diameter increased, the maximum wind
load the models could resist decreased. Figure 4.2 displays that for models with the same top shell
course thickness, the load-carrying capacity decreased as tank diameter increased. For example,
for the tanks with the same thickness of the top shell course of 0.375 in. (9.53 mm), the model with
the largest diameter which was 320 ft (97.5 m) had the worst ability to sustain wind load.
Figure 4.3 features the LBA results for cylindrical tanks of different heights and the same diameters
from Chapter 2. Results for the various modeled tank heights from Chapter 3 shown in Figure 4.4,
where similar curve trends can be observed. In terms of the influence of tank height, at the same
hydrostatic level, a tank with a smaller tank height had better ability to resist higher wind loading
pressures. For example, in Figure 4.3, the modeled tank 200 ft (61 m) in diameter and 40 ft (12.2
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m) height’s maximum sustained wind velocity was 140 mph (225 km/h) at a 30 ft (9.14 m) liquid
height. The maximum wind velocity that the 48 ft (14.6 m) and 56 ft (17.1 m) tall tank models
resisted was 115 mph (185 km/h) and 110 mph (177 km/h), respectively. Furthermore, the similar
observation can be found in Figure 4.4. In Figure 4.4, at the hydrostatic height of 30 ft (9.14 m),
the cylindrical tanks 200 ft (61 m) in diameter and 40 ft (12.2 m), 48 ft (14.6 m), and 56 ft (17.1
m) in height could sustain wind loads without buckling at 130 mph (209 km/h), 115 mph (185
km/h) and 110 mph (177 km/h), respectively. In other words, at the same liquid height, as the tank
height increased, its capability to resist wind gusts decreased. Moreover, the results of Figures 4.3
and 4.4 also present that as the model height increased, a higher stored liquid level was needed to
reach the same resisted wind loading. Furthermore, at the same hydrostatic height which level
exceeded the half of the models, the values of the maximum resisted wind velocity of the storage
tanks at the fully fixed bottom was larger than the spring boundary condition. The value of the
maximum sustained wind gusts decreased from 155 mph (249 km/h) to 150 mph (241 km/h) which
were the models with completely fixed bottom and with the spring boundary condition,
respectively.
In LBA part, Figures 4.1 to 4.4 show that tanks with completely fixed bottom had higher buckling
load than spring boundary condition.
For the GNIA, five imperfection magnitudes were considered: 0.1t, 0.25t, 0.5t, 0.75t, and 1.0t. As
with the LBA, the diameter and height of the modeled tanks were considered for these analyses.
In terms of tank diameter, Figures 4.5 and 4.6 present tanks with 40 ft (12.2 m) tank height and
200 ft (61 m) and 240 ft (73.2 m) diameter. In Figure 4.5, at hydrostatic heights lower than 24 ft
(7.32 m), the normalized buckling loads of models with 0.1t imperfection magnitude were similar
for the boundary conditions used in Chapters 2 and 3. However, as the stored liquid level increased,
differences in the buckling loads of the fully fixed boundary conditions and spring cases could be
observed. For example, in Figure 4.5, when tanks were empty, the buckling loads of models with
0.1t imperfection magnitude were 2.5 and slightly below 2.5 at fixed and spring boundary
condition, respectively. As liquid level increased to 24 ft (7.32 m), the buckling loads increased to
2.75 and 2.6 for fixed and spring cases. At liquid height of 32 ft (9.75 m), the first buckling points
were not obvious. Moreover, from Figure 4.5, the buckling or unloading point occurred at different
ratios of the radial displacement for the thinnest shell course thickness. Models with fixed bottom
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had smaller value of radial displacement than spring cases. At the same hydrostatic height, it was
evident that the modeled tanks with lower imperfection magnitudes buckled at smaller radial
displacement fixed boundary conditions than those with spring boundary condition.
The same results can be observed in Figure 4.6. For example, in Figure 4.6, the normalized
buckling load of model with 0.1t imperfection magnitude remained around 2.8 and 3.25 in the
range of an empty tank to 24 ft (7.32 m) of stored liquid at the completely fixed boundary condition.
The values of buckling load of tanks with spring at the bottom were around 2.75 and 3.2.
Furthermore, a difference in radial displacement of buckling or unloading point could be found.
For example, the ratio of radial displacement to the thinnest shell course was around 0.7 for empty
tank with 0.1t imperfection magnitude at the fully fixed boundary condition; however, at the spring
condition, the value increased to around 2.5.
For models with different tank heights, a comparison of these boundary condition results of are
presented in Figures 4.5, 4.7 and 4.8. In Figure 4.7, the models with 48 ft (14.6 m) tank height and
with 200 ft (61 m) diameter. The normalized buckling load of tanks with 0.1t imperfection
magnitude remained similar values at hydrostatic heights of 0 ft (0 m) as models with fixed and
spring boundary condition. The values started having a slightly difference at liquid height of 32 ft
(9.75 m). The buckling loads were 2.75 and 2.7 for storage tanks with fixed and spring boundary
condition, respectively. As the liquid level increased to 40 ft (12.2 m), the first buckling points
were difficult to discern. The radial displacement of the first buckling or unloading point was
smaller for models with fixed bottom than spring. For example, at the liquid height of 32 ft (9.75
m), the values of radial displacement were around 1.0 and 2.5 for tanks with fixed and spring
boundary condition, respectively.
Figure 4.8 presents the cylindrical models with tank height was 56 ft (17.1 m) and the diameter of
the tank was 200 ft (61 m). Same observation as previous modeled tanks which were with the same
diameter of the storage models. At the lower hydrostatic height, the normalized buckling load had
negligible difference between fixed and spring boundary condition. However, as stored liquid level
increased, the difference became notable. Models with 0.1t imperfection magnitude, the buckling
loads were 2.5 for both boundary conditions cases. As liquid height increased to 40 ft (12.2 m),
the values of buckling load was 2.75 for tank with fully fixed bottom and was 2.7 for tank with
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spring at the bottom. Furthermore, at the fully fixed boundary condition, the first buckling load of
empty tank happened at the ratio of the radial displacement to the thinnest shell course thickness
was 0.5. However, the unloading point occurred at the ratio of the radial displacement to the
thinnest shell course thickness which was almost 7.0 when the boundary condition was spring.
Buckling behavior or unloading point happened at the larger radial deformation at the spring
boundary condition than the boundary condition which was fully fixed at the bottom. The
cylindrical model with higher imperfection magnitudes was less likely to buckle in the first critical
state as well as at a relatively large radial deformation. Therefore, the buckling loads and unloading
points were difficult to observe, and the difference between the values of radial deformation
normalized by the thinnest shell course thickness at different boundary conditions was easier to
find on the models with a low amplified factor of imperfection.
From Figures 4.5 to 4.8, same results can be obtained as LBA part. Models with fully fixed
boundary condition had larger buckling load but had smaller radial displacement of buckling or
unloading point than spring cases.

4.2

Conclusion

In LBA, the buckling load value of a completely fixed base was higher than the spring boundary
condition since the springs modeled the soil condition. The settlement of foundation or interaction
between the soil and the bottom of the tank may influence the load-carrying capability. In GNIA,
when comparing the influence of different boundary conditions, the results indicated similar
observations as the linear analyses. The cylindrical tank with the fully fixed boundary condition
had a higher buckling load than the models with the spring boundary condition. Note that the value
of the radial displacement was normalized by thinnest shell course thickness which the first
buckling load occurred of the storage tank with fixed bottom was smaller than the model with
springs at its base.
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4.3

Figures

Figure 4.1 LBA Results for the Same Tank Height 40 ft (61 m) with Various Diameter at the
Fully Fixed Boundary Condition
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Figure 4.2 LBA Results for the Same Tank Height 40 ft (61 m) with Various Diameter at the
Spring Boundary Condition
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Figure 4.3 LBA Results for Different Height of Tank with the Same Diameter 200 ft (61 m) at
the Fully Fixed Boundary Condition
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Figure 4.4 LBA Results for Different Height of Tank with the Same Diameter 200 ft (61 m) at
the Spring Boundary Condition

Boundary Condition at
the Bottom

Liquid Level = 0 ft (0 m)

Liquid Level = 24 ft (7.32 m)

Liquid Level = 32 ft (9.75 m)

Fully Fixed

Spring

Figure 4.5 Comparison GNIA Results of Modeled Tank with 40 ft (12.2 m) Tank Height and 200 ft (61 m) Diameter between
Different Boundary Conditions
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Boundary Condition at
the Bottom

Liquid Level = 0 ft (0 m)

Liquid Level = 24 ft (7.32 m)

Liquid Level = 32 ft (9.75 m)

Fully Fixed

Spring

Figure 4.6 Comparison GNIA Results of Modeled Tank with 40 ft (12.2 m) Tank Height and 240 ft (73.2 m) Diameter between
Different Boundary Conditions
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Boundary Condition at
the Bottom

Liquid Level = 0 ft (0 m)

Liquid Level = 32 ft (9.75 m)

Liquid Level = 40ft (12.2 m)

Fully Fixed

Spring

Figure 4.7 Comparison GNIA Results of Modeled Tank with 48 ft (14.6 m) Tank Height and 200 ft (61 m) Diameter between
Different Boundary Conditions
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Boundary Condition at
the Bottom

Liquid Level = 0 ft (0 m)

Liquid Level = 40 ft (12.2 m)

Liquid Level = 48 ft (14.6 m)

Fully Fixed

Spring

Figure 4.8 Comparison GNIA Results of Modeled Tank with 56 ft (17.1 m) Tank Height and 200 ft (61 m) Diameter between
Different Boundary Conditions
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5. CONCLUSION

The main goal of the two studies presented was to explore the relationship between hydrostatic
pressure, buckling, and uplift failure behaviors. LBA and GNIA were used in the analyses. In
Chapter 2, the fully-fixed boundary condition was applied to the bottom of the cylindrical tank.
The other boundary condition was attaching springs at the flat model bottoms in Chapter 3. A
comparison of these two boundary conditions and other design considerations were discussed in
Chapter 4.
The results of the Chapter 2 LBA showed that the difference was minor in load-carrying capacity
at low liquid levels. However, as liquid height was around a half of tank height, the tanks’ ability
to resist high wind gusts enhanced by adding stored liquid. Moreover, the load-carrying capability
was influenced by the geometry of the modeled tank. Results presented that models with a diameter
200 ft (61 m) were least able to sustain wind velocity compared with the other tanks of the same
height and various diameters. The cylindrical storage tank had a top shell course thickness of 0.313
in. (7.95 mm) and the other models with larger diameters had thicker top shell course thicknesses
of 0.375 in. (9.53 mm), the latter of which provided more strength to resist the wind pressure. At
the same hydrostatic height, the tank with 200 ft (61 m) diameter, model’s buckling load capacity
was lower than models with smaller diameters. Moreover, models with the same diameter of tank,
the buckling load decreased as the height of storage tank increased at the same hydrostatic level.
Further, to resist the same wind velocity, higher liquid level was needed for taller tank. Nonlinear
analysis in In the Chapter 2, Riks’ method was performed for the GNIA. The results showed that
the similar results as LBA part. For models with the same top shell thickness, as tank diameter
increased, buckling load decreased. In terms of tank height, the buckling load decreased when tank
height increased. Furthermore, buckling load enhanced as the height of the stored liquid increased
at each applied imperfection. At higher liquid levels, the models did not experience the first
buckling failure, especially at higher imperfection magnitudes.
The LBA in Chapter 3 indicated that as the liquid height reached almost a half of the tank height,
the maximum resisted wind velocity began to gradually change. In terms of the effects of different
model diameters, the maximum resisted wind pressure value was larger as the storage cylindrical
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tank diameter increased. For modeled tanks with a same tank diameter but various height of models,
higher stored liquid height was needed to reach the same resisted wind gusts.
According to the GNIA results in Chapter 3, buckling load was larger than design wind load in all
cases so that the stability of the modeled storage tank was ensured. For models of the same tank
height, as the diameter of the models increased, the thicker top shell course was needed. Therefore,
the buckling load also increased. However, the normalized radial displacement decreased.
Moreover, in terms of different tank height, buckling load decreased as tank height increased, but
the normalized radial displacement increased. Since tank height or tank diameter decreased caused
the larger stiffness of the models. Further, more results showed that as the hydrostatic height
increased, the modeled tank either buckled with the large displacement or did not buckle at the
first buckling mode, especially for models with higher imperfection magnitudes.
The uplift deformation analyses in Chapter 3 demonstrated that there was zero uplift displacement
in the models under design wind load. As the hydrostatic height increased, the downward
deformation also increased. Tanks with low imperfection magnitude experienced uplift
displacements under critical load which were relatively small compared with the geometry of the
tanks. However, in the cases that tanks did not have the first buckling failure, a large uplift
deformation was observed since the cylindrical tank could resist the high wind velocity and
deformation caused by lifting effect of strong wind pressure.
Chapter 4 compared the different boundary conditions and other design considerations studied in
Chapters 2 and 3. In LBA part, the buckling load of the storage models with fully-fixed bottoms
were higher than those spring boundary condition. The results of GNIA revealed that the results
were similar to the linear analyses. The buckling load of modeled tank with fully-fixed bottom was
higher than the cylindrical models with the spring boundary condition. However, the value of
radial deformation which the buckling load or the unloading point occurred was smaller for the
spring model bases than boundary condition that was fixed at the bottom.

