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Abstract
A numerical analysis is conducted on several unanchored aboveground, open-top, steel, welded, liquid-containing stor-
age tanks with imperfections subjected to seismic forces. Nonlinear material properties, nonlinear geometry deforma-
tions, and a flexible soil foundation idealized by a series of elastic springs are employed in order to simulate as-built 
field conditions of the tank at the time of the seismic event. A static pushover analysis was performed using impulsive 
and convective hydrodynamic effects of fluid contained in the tank subject to seismic motion modeled as an equivalent 
pressure distribution acting on the tank wall and base. Out-of-plumbness (OOP) imperfections, which is the deviation of 
the top of the tank shell with respect to the shell-to-base connection, and out-of-roundness (OOR) imperfections, which 
is a deviation in a given shell course with respect to the undeformed shell configuration, are implemented into the tanks 
to observe the comparative behavior when between perfect and imperfect tanks. The tolerances for construction pre-
scribed by American Petroleum Institute (API) and recommended by the New Zealand Society of Earthquake Engineering 
(NZSEE) are used for the amplitude of the imperfections. In a worst case scenario, the OOP and OOR imperfections are 
combined. The analysis shows that the behavior of the tanks with imperfections using the API 650 tolerances show little 
deviation from the perfect tank conditions, and in some instances, even out-perform the perfect shell conditions, and 
thus shell imperfections when they are within the specified tolerances of relevant standard of construction pose little 
additional threat to the tank when experiencing a seismic event.

Keywords Aboveground storage tank · Seismic analysis · Imperfections · Nonlinear numerical evaluation · API 650 · Out-
of-plumbness · Out-of-roundness · Circular cylindrical shell

1 Introduction

Behavior of large aboveground steel welded open-top 
liquid containing storage tanks excited by seismic loads 
has been examined extensively over the past several dec-
ades and is rather well understood. Housner is credited as 
the one of the first investigators to develop an intuitive 
tool for the design and analysis of these types of tanks 
[1–4]. His model, widely referred to as the “spring-mass” 
analogy, divides the tank system response due to seismic 
accelerations into two effective hydrodynamic forces: 

the impulsive and convective modes (Fig. 1). The former 
consists of a portion of the liquid the moves in uniform-
ity with the tank. The latter contains forces that move out 
of sync with the tank and which create sloshing washes 
against the wall of the tank—the convective mode is syn-
onymously referred to as the sloshing mode. The period of 
motion for the impulsive and convective modes, respec-
tively, are generally in the range of 0.1–0.2 s and 5–10 s 
depending on tank parameters such as diameter, wall 
thickness, liquid height and liquid density. As such, it is 
clear that the response of the two modes are drastically 
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different. The forces generated from the impulsive modes 
are typically much greater than those of the convective 
modes, and therefore, the impulsive modes are critical 
to the response of the tank from a strength standpoint. 
Sloshing forces, however, can induce vertical and horizon-
tal forces on the tank, and if present, the roof of the tank 
leading to plastic damage and even rupture. Moreover, the 
sloshing waves pose a potential issue of the liquid spilling 
over the top of the tank wall. Housner’s spring-mass model 
is still widely used and is the basis of the design specifica-
tion in Annex E (the seismic design provisions) of API 650 
developed by the American Petroleum Institute (API) [5].

While Housner’s approach is simple and convenient, 
there are a few short-comings. First, the model assumes 
that the tank walls are unable to deform with respect to 
its undeformed configuration. This idealization can simply 
not be achieved in real-life applications. Second, the tank 
is assumed to remain rigidly attached to the base founda-
tion during the seismic event. For tanks that are connected 
to their foundation using anchor straps, this assumption 
may be acceptable. Many researchers have studied the 
effects of uplifting and flexible tanks subjected to seismic 
forces in order to develop a useful design tool incorporat-
ing these effects [6–16]. Natsiavas and Babcock [12, 13] 
determined that the behavior of uplifting and flexible 
tanks is not the same as a rigid tank through experimen-
tal and analytical testing. For tanks with an unanchored 
base connection, typically referred to as “self-anchored” 
tanks, base uplift and rotation may occur as a result of the 
horizontal seismic forces [11]. Because of potential base 
uplift, unanchored tanks may be more adversely effected 
from imperfections than anchored tanks. For this reason, 
only unanchored tanks will be analyzed in this work.

Housner’s model also does not consider nonlinear 
material properties and nonlinear geometry deforma-
tions. Several researchers have investigated the effects of 

nonlinear uplifting tanks [14, 17–30]. One particular area 
of concern for nonlinear tanks subjected to seismic forces 
is elephant’s foot buckling. Elephant’s foot buckling occurs 
when very large hydrostatic and hydrodynamic tensile 
hoop stresses close to yield point act concurrently with 
axial compressive stresses exceeding critical stress on the 
shell wall. This loading scenario, which are generated in 
a tank shell during seismic events, can lead to extensive 
plastic deformations near the base-to-shell connection. On 
the reverse side of the tank to the elephant’s foot buckle, 
base uplift tends to occur as the momentum of contained 
liquid acts on the shell wall, resulting in overturning forces. 
It has been shown that the recommended uplift for piping 
connections and attachments provided by API 650 at the 
base-to-shell connection for uplifting tanks does not com-
pare well with analytical models under seismic loads [27]. 
In addition to elephant’s foot buckling, tanks may buckle 
in the form of diamond-shaped buckles due to a seismic 
excitation. Diamond shaped buckling typically observed 
in very thin tanks such as stainless steel wine storage tanks 
(NZSEE) [31]. Vathi and Karamanos [14] also showed that 
the uplift can result in premature buckling due to increase 
in axial compression.

Due to the complex nature of nonlinear, uplifting, flex-
ible tanks, many researchers have developed modified 
models of Housner’s approach in order to accommodate 
the nonlinear materials and geometry effects for tanks 
under seismic loads. Maheri et al. [21] studied the natural 
and rocking frequencies for unanchored, flexible tanks and 
developed a procedure to accurately estimate the frequen-
cies for tanks with any geometry. Virella et al. [29] studied 
several tank failures using a nonlinear static procedure 
(NLSP) and were able to estimate the critical peak ground 
acceleration (PGA) that caused failure of tanks experienc-
ing buckling near the roof-to-shell connection. El-Zeiny 
[18] used the finite element method for the analysis of 
such tanks including fluid–structure interaction effects 
with a dynamic time history analysis. Buratti and Tavano 
[32] studied the failure of tanks in the past using an exten-
sive database in order to develop seismic fragility curves 
which may estimate the future failure of anchored tanks 
under seismic loads. Phan et al. [33] studied the seismic 
vulnerability using probabilistic seismic risk assessment 
and developed the fragility curves for tank failure under 
seismic loads. Bakalis et al. [34] developed fragility curves 
for storage tanks using a simplified nonlinear static pusho-
ver procedure and showed that the results agree with the 
incremental dynamic analysis. Meanwhile, Vathi et al. [35] 
recommended a performance-based design (PBD) criteria 
for seismic design of tanks and piping systems. Further, 
Vathi and Karamanos [36] investigated the fatigue failure 
of the tank bottom and shell connection due to uplift-
ing under seismic load. They developed a simplified and 

Fig. 1  Spring-mass analogy produced by Housner [3, 4]
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efficient model to conduct fatigue assessment of uplift-
ing storage tanks. These new and improved methods for 
determining the behavior of nonlinear, uplifting, flexible 
tanks provide more accurate solutions for tanks under seis-
mic loads. Despite this fact, it has been shown that provi-
sions set by API 650 for seismic design provide suitable 
results using Housner’s model which assumes rigid walls 
and a rigid base with elastic materials [27].

One topic relating to the behavior of storage tanks that 
has not been studied extensively is the inclusion of shell 
imperfections coupled with seismic forces. Shell imperfec-
tions appear in many forms and are typically a result of low 
quality construction. By introducing geometric imperfec-
tions into a perfect shell, local stress concentrations can 
develop at the location of the imperfection, leading to 
local and even global failure. From a mechanics point of 
view, the hydrostatic pressure acting on the tank due to 
the contained liquid will eventually help to reduce the 
imperfections in a newly constructed tank by keeping the 
shell in constant tensile membrane stress. However, the 
imperfections will not be alleviated completely, and thus 
still pose a concern to the tank system. Therefore, insight 
can be gained by exploring the effects of shell imperfec-
tions and by comparing the behavior to tanks without 
imperfections.

The topic of the effect of imperfections on the critical 
buckling load for a shell in pure axial compression has 
been rather well studied. Koiter is considered one of the 
earliest researchers to develop work in this area [37–39]. 
Koiter and many other researchers pointed out that the 
buckling strength of a shell in axial compression is very 
sensitive to even minimal geometric imperfections and 
that the imperfections will reduce the critical buckling 
load of the shell [37–44]. Koiter et al. [39] showed that an 
imperfection amplitude of one shell thickness, which is 
usually on the order of one one-thousandth or less of the 
tank radius, reduced the buckling strength of a shell in 
axial compression by at least 20%. The sensitivity of the 
imperfection is also dependent on the type of imperfec-
tion introduced into the tank and on the height of the shell 
[41–43]. For example, axisymmetric sinusoidal imperfec-
tion pattern and an asymmetric imperfection pattern 
will not behave similarly; tanks with the same sinusoidal 
imperfection pattern but different wavelengths will have 
dissimilar responses. Thus, it is apparent that the inclusion 
of imperfections into a perfect tank shell can have nega-
tive impacts to a certain extent on the strength capacity of 
the tank. Moreover, it is difficult to accurately quantify the 
reduction in the shell strength resulting from an imper-
fection due to the number of variables influencing the 
imperfection response. It should also be reinforced here 
that this literature is for shells in axial compression with 
rigid or pinned base conditions.

Godoy and Flores [40] showed that the buckling capac-
ity of the tank shell subjected to external wind forces was 
reduced with the inclusion of imperfections. Godoy and 
Flores used a bifurcation buckling analysis to determine 
the buckling load and buckling mode shape which was 
then introduced into their finite element models; this 
method to determine the dominant buckling shape has 
been most widely used for imperfection analysis for sev-
eral decades. Their results showed as the imperfection 
amplitude, was increased, the buckling capacity of the 
shell decreased for the same wind loading. Moreover, as 
the aspect ratio decreased, which is the ratio of the height 
to the radius, the more sensitive the tanks were to the 
geometric imperfection. Veletsos and Turner [44] showed 
that the differences in the estimated and true response 
of experimentally tested tanks subjected to seismic loads 
were attributed to imperfections in the test tanks. Djer-
mane et al. [45] studied the effect of sinusoidal pattern 
imperfections for tanks subjected to seismic forces using a 
time-history analysis for non-uplifting tanks and compared 
the results from the finite element analysis to European 
and American Water Works Association design standards.

API 650 identifies several shell imperfections that can 
result during construction and erection. The two main 
imperfections corresponding to the shell only are out-
of-plumbness (OOP) and out-of-roundess (OOR). Out-of-
plumbness is a relative displacement of the top of the tank 
shell to the bottom of the shell. Out-of-roundness is the 
relative radial displacement with respect to the perfect 
tank configuration. Figure 2 shows OOP and OOR imper-
fections for any arbitrary tank. Several other “local devia-
tions” can also result at the location of the shell-to-shell 
welds. Peaking and banding are the deviations in verti-
cal and horizontal welds, respectively. Each of these shell 
imperfections have specific allowances that must be met 
during the construction phase. The allowances are mainly 
set for the proper functioning of floating roofs. The effects 
of imperfections are not explicitly included in the seis-
mic provisions of API 650 Annex E, however. Rotter [41] 
has developed a simple expression, which was based on 
judgement, to estimate the imperfection amplitude due to 
construction imperfections which takes into account the 
tank’s radius, thickness, and quality of construction. The 
New Zealand Society of Earthquake Engineering (NZSEE), 
which is the prominent design guide for steel tanks 
subjected to seismic loads in New Zealand, prescribes a 
strength reduction in the axial compression capacity of 
the tank due to seismic forces due to imperfections in the 
shell using Rotter’s expression (NZSEE) [31]. Therefore, due 
to the fact that shell imperfections can have a significant 
impact on the buckling capacity of the tank, and due to 
the fact that other design guides have acknowledged this 
phenomena, it appears API 650 may also need to explicitly 
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include the effects of imperfections in the seismic provi-
sions rather than the indirect approach of relying on avail-
able construction tolerances.

The objective of this report is to evaluate the response 
of several steel, welded, open-top, flat-bottom, liquid-
containing storage tanks subjected to seismic forces with 
imperfect shells compared to identical shells with perfect 
shells. Moreover, recommendations will be made to API 
650 regarding shell imperfections based on the results 
of the analysis. A static pushover analysis was performed 
using impulsive and convective hydrodynamic effects of 
fluid contained in the tank subject to seismic motion mod-
eled as an equivalent pressure distribution acting on the 
tank wall and base. Finite element analysis (FEA) using the 
finite element package, Abaqus CAE 2016 [46], was con-
ducted with nonlinear material properties and nonlinear 
geometry deformations. The tanks chosen for this study 
have varying aspect ratios, which is the ratio of the tank 
height to radius, from 1.0 to 2.8. The tanks were assumed 
to be self-anchored and are supported by an elastic soil 
foundation which is modeled as a series of elastic springs. 
The API 650 does not require mechanical anchorage for 

seismic purposes, provided that the anchorage ratio J is 
not more than 1.54. The anchorage ratio J depends on the 
seismic acceleration parameters. Therefore, the assump-
tion of self-anchored tank holds true up to a certain per-
centage of applied maximum seismic load level. Further 
details on anchorage ratio J for each tank are given in 
Sect. 2.3. OOP and OOR imperfections were chosen due to 
their prevalence during construction; the welds between 
the tank walls were not included in the models and thus 
weld imperfections were not included in this report. As 
a worst case scenario, the OOP and OOR imperfections 
were modeled simultaneously. The amplitude of the shell 
imperfections were set to match the limits set by API 650’s 
construction tolerances. Larger amplitudes were investi-
gated to determine the increased effect of the imperfec-
tions on the seismic response of the tank.

2  Methods

This section discusses all aspects of the design of the tanks 
and their subsequent finite element models (FEMs). The 
tank design consists of the shell wall, base and annular 
plates, and wind girders. As mentioned previously, the 
welds were not included into the models, nor were weld 
imperfections. The tank design is followed by a discussion 
of the selected seismic demand and assumed field condi-
tions. The FEMs representing the actual tank system, which 
consist of both perfect and imperfect shells with OOP and 
OOR imperfections, are then explained.

2.1  Tank design

In order to study various aspect ratios, two tank heights 
and two tank radii were chosen for four different tank sizes 
with aspect ratios between 1.0 and 2.8. These four tanks 
will also provide insight as to how the tank radius effects 
the behavior of the tank with shell imperfections. Each 
of the tanks and their corresponding heights and radii 
are provided in Table 1. Tank heights were selected as 

Fig. 2  Out-of-plumbness (OOP) and out-of-roundness (OOR) shell 
imperfections

Table 1  Tank identification, geometries, and aspect ratio (H/R)

a To convert to meters, multiply value in table by 0.3048

Tank ID Height (ft)a Radius (ft)a Aspect 
ratio 
(H/R)

1 40 40 1.0
2 56 40 1.4
3 40 20 2.0
4 56 20 2.8
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multiples of 8 ft (2.4 m) shell courses, which are the most 
commonly shell course heights in the United States.

The shell wall was assumed to be ASTM A516 Grade 70 
steel which has a yield strength,  Fy, design product stress, 
 Sd, and hydrostatic test stress,  St, of 38,000 psi (260 MPa), 
25,300 psi (173 MPa), and 28,500 psi (195 MPa), respec-
tively [47]. The base, annular ring, and wind girders were 
assumed to be ASTM A36 steel which has a yield strength, 
 Fy, of 36,000 psi (250  MPa) [48]. ASTM A516 Grade 70 
steel and A36 steel were assumed to have ultimate ten-
sile strengths,  Fu, of 70,000 psi (485  MPa) and 58,000 
psi (400 MPa), respectively. Both steels have a Young’s 
Modulus, E, of 29,000 ksi (200 GPa) and Poisson’s ratio, ν, 
of 0.3. The liquid contained in the tank was assumed to 
have a specific gravity of 0.9 for design conditions and 
1.0 for hydrostatic test conditions. The tanks were initially 
designed assuming elastic material properties. The non-
linear material properties will be discussed later and were 
used only for the seismic analysis.

Prior to analyzing the tank under seismic loads, the tank 
shell must first be designed for the gravity and hydrostatic 
conditions at ambient temperatures. The shell for the tank 
was designed using Chapter 5 of API 650, which contains 
of the guidelines for the design of the tank shell thickness 
for hydrostatic loads. The 1-Foot Method and Variable-
Design-Point Method were both used for hydrostatic test 
and design conditions; the most economical set of shell 
thickness from the two methods was chosen as the final 
shell design. The design shell thicknesses for each of the 
tanks and their base thicknesses are provided in Table 2. It 
should be noted that API 650 limits the base shell course 
for tanks with diameters between 10.5 (3.2 m) and 50 ft 
(15 m) to be no less than 0.25 in. (6 mm). Therefore, this 
limit was applied to Tanks 3 and 4. Moreover, API 650 limits 
the thickness of any shell course for tanks with diameters 
less than 50 ft (15 m) to 0.188 in. (5 mm) and for tanks 
with diameters between 50 (15 m) and 120 ft (36 m) to 
0.25 in. (6 mm). Both of these shell thickness limitations 
were satisfied, as shown in Table 2. This table provides 
calculated minimum required plate thickness values in 
three decimal points following the convention used in 
Annex K of API 650. Although, some of the plate thick-
nesses such as 0.289 in., 0.407 in. and 0.345 in. may not 

be readily available in the market, they can be ordered 
directly from the steel mills in North America provided that 
they are ordered in sufficiently large quantities, typically 
larger than 20 tons.

The bottom plate shell thickness was designed accord-
ing to Section 5.4 of API 650. The minimum base thickness 
for any tank is 0.25 in. (6 mm), which is the base thick-
ness used for each tank. The annular ring thickness was 
designed according to Section 5.5 of API 650. The maxi-
mum stress in the first shell course under product stress 
and hydrostatic test stress, along with the thickness of 
the first shell course, dictates the minimum annular plate 
thickness. For all tanks, the annular ring minimum thick-
ness was 0.25 in. (6 mm). Therefore, the thickness of the 
annular ring was equal to the base plate thickness.

Another design aspect of the tank that needs to be 
accounted for are the wind girders. In reality, a top wind 
girder will be provided on the tank to provide stiffness 
to the top of the tank when wind acts on the side of the 
tank. While wind forces were not considered in this analy-
sis, wind girders were included in the models in order to 
limit the amount of ovalization of the tank when the tank 
is acted on by seismic forces. Therefore, the wind gird-
ers for each of the tank were designed according to Sec-
tion 5.9 of API 650 using a 3-s design wind gust of 90 mph 
(143 km/h). This section of API 650 requires that the shell 
be analyzed for both top wind girders and intermediate 
wind girders, which are located between the bottom of the 
shell and the top wind girder. It was determined that all of 
the tanks did not need intermediate wind girders due to 
the geometry and shell thickness, and thus only top wind 
girders were provided. The minimum required and pro-
vided section moduli of the wind girder for each tank, and 
the dimensions and type of the wind girder, are provided 
in Table 3. Figure 3 shows the detailing of the wind girders 
that are specified by API 650 that were used for the tanks 
in this report. Each of the wind girders was designed to be 
located 6 in. (15 cm) below the top of the tank. The angle 
sections used as a top wind girder for tanks 3 and 4 were 
attached to the tank shell in short leg vertical orientation.

It should be noted that tanks must be considered for 
stability under wind loads. Three critical scenarios exist that 
API 650 identifies in paragraph 5.11.2.1 and requires to be 

Table 2  Final design shell and 
base thicknesses for each tank 
in inches

To convert shell thicknesses from inches to millimeters, multiply values in table by 25.4

Course 1 is the bottom shell course. Course numbers increase with increasing tank height

Tank ID Course 1 Course 2 Course 3 Course 4 Course 5 Course 6 Course 7 Base

1 0.289 0.250 0.250 0.250 0.250 – – 0.250
2 0.407 0.345 0.287 0.250 0.250 0.250 0.250 0.250
3 0.250 0.188 0.188 0.188 0.188 – – 0.250
4 0.250 0.188 0.188 0.188 0.188 0.188 0.188 0.250
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assessed. These three scenarios are described by the follow-
ing expressions

where Mw is the overturning moment due to wind pres-
sure on shell and roof, MPi is the overturning moment 
due to design internal pressure, Fp is internal pressure 
load combination factor which is typically 0.4, Mws is the 
overturning moment due to wind pressure on shell, MDL 
is the resisting moment due to self-weight of shell, MDLR 
is the resisting moment due to roof and MF is the resist-
ing moment due to liquid weight. The magnitude of the 
overturning forces (wind and internal pressure) must be 
less than the resisting forces (dead weight of tank, roof, 
and liquid), when acting at a pivot point at the shell-to-
bottom joint. If this equilibrium condition is not satisfied, 
anchor straps must be used to hold the tank down. The 
internal roof pressure and resisting weight of the floating 
roof were set to zero since the tanks analyzed in this report 
are open-top tanks. It was determined that only one of the 
three scenarios, namely the scenario iii in above expres-
sion, would control for the tanks analyzed in this report 
which consists of a full wind gust (90 mph, 143 km/h) on 
the shell wall and two-thirds of the self-weight of the shell 
only (empty tank). The maximum tank heights that satis-
fies the API 650 overturning stability limits for tank radii 
of 20 ft (6.1 m) and 40 ft (12.2 m) are approximately 85 ft 
(25.9 m) and 170 ft (51.8 m), respectively. Therefore, it can 
be concluded that each of the tanks used in this analysis 
satisfy the overturning stability requirements of API 650.

(i) 0.6Mw +MPi <
MDL

1.5
+MDLR

(ii) Mw + Fp
(

MPi

)

<

(

MDL +MF

)

2
+MDLR

(iii) Mws + Fp
(

MPi

)

<
MDL

1.5
+MDLR

Table 3  Top wind girder details 
and design dimensions

a To convert section modulus from cubic inches to cubic centimeters, multiply values in table by 16.4
b To convert angle sizes from inches to millimeters, multiply values in table by 25.4

Tank ID Req’d. section 
modulus  (in3)a

Prov’d. section 
modulus  (in3)a

Wind girder 
type

Angle size (in)b Leg “b” 
size 
(in)b

1 14.4 17.6 e – 8
2 20.2 23.3 e – 10
3 3.60 4.14 c 4 × 3 × 5/16 –
4 5.04 5.53 c 5 × 3 × 5/16 –

Fig. 3  Top wind girder details
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2.2  Seismic demand

The seismic demand used for this analysis was determined 
using the Mapped ASCE 7 Method (ASCE) [49] which is pre-
scribed in Annex E of API 650. The Mapped ASCE 7 Method 
provides the spectral response accelerations for a given 
region with a 2% probability of exceedance for a 50-year 
event return period. The spectral response accelerations 
are provided by ASCE 7 maps for 5% damping. The short 
period spectral response parameter,  Ss, and the 1-s spec-
tral response parameter,  S1, were chosen for an arbitrary 
site, and have values of 1.36 g and 0.68 g, respectively. The 
transition period for longer period ground motion,  TL, for 
the site location was also determined to be 4.0 s. The spec-
tral response parameters and transition period values were 
determined using the USGS “Worldwide Seismic Hazard 
Maps” for a location outside of the United States (USGS) 
[50]. This site was selected in order to remain consistent 
with the site chosen for two companion papers Spritzer 
and Guzey [27, 28]. One other reason to select this location 
was to have a relatively large spectral response parameters 
to capture buckling of all the tanks selected. Note that, 
another location within the United States with similar 
response parameters could be found. Furthermore, the 
tanks are not designed to carry 100% seismic load.

The spectral response acceleration parameters need to 
be modified based on the anticipated soil conditions at 
the site of the tank. Since the type of soil was unknown, 
API 650 specifies a “Class D” soil to be used. A Class D soil 
is described as a “stiff soil with 600 ft/s ≤ vs ≤ 1200 ft/s 
(180 m/s ≤ vs ≤ 360 m/s), or with either 15 ≤ N ≤ 50 or 1000 
psf ≤ Su ≤ 2000 psf (50 kPa ≤ Su ≤ 100 kPa),” where  vs is the 
soil shear wave velocity, N is the average Standard Pen-
etration Resistance determined using ASTM D1586, and 
 Su is the undrainded shear strength of the soil [51]. The 
soil amplification coefficients,  Fa and  Fv, for Class D soil and 
for the given spectral response parameters,  Ss and  S1, are 
therefore determined to be 1.0 and 1.5, respectively.

The spectral response accelerations are also modified 
to account for ductility, damping, and over-strength of 
the tank system. API 650 provides two factors, called the 
response modification factor, R, for the two modes, impul-
sive and convective, for reducing the corresponding effec-
tive forces applied to the tank. For self-anchored tanks, the 
response modification factors are 3.5 and 2.0, respectively.

The influence the tanks play on the surrounding envi-
ronment and society in the case of a failure are also con-
sidered in the API 650 Annex E provisions and is repre-
sented by the “importance factor,” I. The importance factor 
is determined based on the tank’s “Seismic Use Group” 
(SUG), which in the instance of the tanks for this analysis, 
fall under SUG I; SUG I tanks are tanks that do not pose 
significant public hazard and are not critical for recovery 

after an earthquake has occurred. Therefore, the impor-
tance factor was determined to be 1.0 for SUG I.

All of the variables previously discussed are used 
to determine the individual impulsive and convective 
spectral response parameters,  Ai and  Ac, respectively. As 
with traditional earthquake engineering for buildings, 
bridges and other structures in general, the response 
of the two modes are dependent on their respective 
period of motion. For the impulsive mode, the period 
of motion,  Ti, is typically between 0.1 and 0.3 s, which 
falls on the plateau of the response spectra as shown in 
Table 4. The convective mode, on the other hand, has a 
much longer period of motion,  Tc, and generally is out-
side of the plateau of the response spectra. Therefore, 
the period of motion for the convective mode is crucial 
for determining the convective response modification 
factor. The values of  Ai,  Ti,  Tc, and  Ac were all calculated 
using the provisions of API 650 Annex E and are provided 
in Table 4. Further details of how to calculate the impul-
sive and convective spectral response parameters can be 
found in separate publications [27, 28, 52].

The impulsive and convective response acceleration 
parameters are used to determine the effective hydro-
dynamic liquid pressures acting on the tank wall during 
the seismic event. One method to implement the effec-
tive pressures into the models is to apply the effective 
impulsive and convective masses used in the equiva-
lent spring-mass system at their height of action. This 
is the method that was developed by Housner and is 
the method that was adopted by API 650 (Fig. 1). The 
method used in this analysis, however, is to apply the 
actual pressure distribution to the tank wall. To put the 
two different methods into mathematical terms, Hous-
ner’s method applies the magnitude of the total hydro-
dynamic hoop pressures at the centroid of the pressure 
distribution. The pressure distributions can be described 
by the equations presented below

(1)
pi(z, �) = Ni(z)qo(z)Ai�wGR cos � (high aspect ratio)

(2)

pi(z, �) = Ni(z)q
�

o
(z)Ai�wGH cos � (low aspect ratio)

Table 4  Impulsive and convective time periods and acceleration 
coefficients

Tank ID Ai (g) Ti (s) Tc (s) Ac (g)

1 0.260 0.22 5.20 0.073
2 0.260 0.26 5.30 0.076
3 0.260 0.18 3.66 0.140
4 0.260 0.28 3.66 0.140
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These pressure distribution equations were taken 
from the New Zealand seismic document (NZSEE) [31] 
which are based on the Housner’s method for rigid tanks 
as in API 650. Because API 650 does not provide explicit 
pressure distribution equations, the New Zealand seis-
mic document’s pressure distributions were used. Equa-
tions (1) and (2) are mathematically equivalent and can 
be used interchangeably (NZSEE) [31]. However, based 
on the tank geometry, it may be more intuitive to use 
Eq. (1) for high aspect ratios and Eq. (2) for low aspect 
ratios. In this context, a tank with a low aspect ratio is 
short and has a large radius while a tank with a high 
aspect ratio is tall and slender. The variables, Ni(z) and 
Nc(z), are dimensionless coefficients for the pressure dis-
tribution for the impulsive and convective modes tak-
ing into account the tank aspect ratio and the thickness 
of the shell. The parameters H and R are the tank liquid 
height and tank radius, respectively. The variables, qo(z) 
and q′o(z), are the maximum pressures achieved at the 
base of the tank shell and are dimensionless; qo(z) is for 
tall tanks and q′o(z) is for tanks with a large radius. How-
ever, it should be noted that the product of qo(z) and R 
and the product of q′o(z) and H are equivalent regard-
less of the tank geometry. The variable, qc(z), is dimen-
sionless and represents the maximum convective force 
achieved at the top of the tank. The pairs, (Ni(z) qo(z)), 
(Ni(z) q′o(z)) and (Nc(z) qc(z)) vary with liquid depth and 
were obtained for each of the tanks from “Appendix 1” 
section of the NZSEE document (NZSEE [31]. The vari-
ables Ai and Ac are the spectral response acceleration for 
impulsive and convective modes, respectively. The term 
γwG is the specific weight of the stored liquid with γw is 
the specific weight of water (62.4 pcf or 9.8 kN/m3) and G 
is the specific gravity of the stored liquid. The term cos(θ) 
is used for the horizontal variation of the hydrodynamic 
pressure on the tank wall.

Now that the seismic demand has been fully defined, 
the pressure distributions can be applied to the tank. The 

(3)pc(z, �) = Nc(z)qc(z)Ac�wGR cos �.
tanks were not designed to carry 100% of the seismic load 
as mentioned before. The permissible load levels are 85%, 
45%, 50% and 30% of the total seismic load based on API 
650 design checks for tanks 1, 2, 3, and 4, respectively. The 
anchorage ratio, maximum longitudinal stresses, allowable 
longitudinal stresses and uplift are shown in Table 5 for 
each corresponding permissible seismic load level. How-
ever, in the FEA simulations we will apply the seismic loads 
up to 100% load level in order to see if the tanks are capa-
ble to carry the load without any failure and to investigate 
post buckling response at relatively high load levels. The 
next section will provide details as to how both the hydro-
static, gravity, and hydrodynamic loads were incorporated 
into the models.

2.3  Finite element models

The finite element models (FEMs) were created using 
Abaqus CAE 2016 [46]. As previously mentioned, the 
tanks comprised of nonlinear materials such that the elas-
tic–plastic behavior of the tank under the seismic loads 
could be examined. The method from ASME Boiler and 
Pressure Vessels Code, Section VIII, Division 2 (ASME) [53] 
was used to obtain the “true” stress–strain behavior of the 
two materials which are presented in Fig. 4. It should be 
noted that the ASME method does not limit the amount of 
the strain that the material can reach. Therefore, the strain 
was limited to not exceed 20% in order to correspond to 
realistic strain levels. Nonlinear geometry deformations 
were included using the “Nlgeom” feature in Abaqus.

The tanks were constructed using bi-linear quadrilat-
eral S4R elements. The tank shell courses vary in thickness. 
The middle surfaces of the shell courses were aligned in 
the models. This type of alignment is also relatively com-
mon in actual tank manufacturing practices, together 

Table 5  Anchorage ratio, longitudinal stresses, allowable longitudi-
nal stresses and uplift

Tank ID Permis-
sible load 
level (%)

J 
(anchor-
age ratio)

Longi-
tudinal 
stresses 
(ksi)

Allowable 
longi-
tudinal 
stresses 
(ksi)

Uplift (in)

1 85 1.27 2.7 3.6 14
2 45 1.30 4.5 5.0 14
3 50 1.42 4.2 6.2 4
4 30 1.39 5.3 6.2 4 Fig. 4  “True” stress strain behavior for ASTM A516 Grade 70 steel 

and A36 steel using the ASME method
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with alignment of inner surfaces of the shells. Each tank 
had, on average, approximately 30,000 elements making 
up the tank shell, base, and wind girders. Quadratic ele-
ments (S8R) were deemed unnecessary due to the fact that 
a fine mesh design for the tanks was used and in order to 
reduce computing times. In addition, quadratic elements 
(S8R) were inconvenient to use for the tank base which 
was attached at the nodes to spring elements represent-
ing the soil foundation. The tributary area calculation to 

convert soil subgrade modulus to an equivalent nodal 
spring stiffness would be rather cumbersome because of 
the mid-side nodes of a quadratic element (S8R) idealizing 
the tank base. The mesh was refined in areas where high 
deformations was anticipated, such as near the base-to-
shell connection; a coarser mesh was used away from this 
joint. The refined mesh size was obtained from conduct-
ing a mesh convergence study. An example of FEA mesh 
is shown in Fig. 5 for Tank 1; Tanks 2, 3 and 4 all had similar 
mesh designs. The tank shell, base, and wind girder thick-
nesses for each tank were used corresponding to their 
respective values in Tables 2 and 3.

The loads applied to the tank were broken into two 
steps within Abaqus simulations. The first step, which uses 
a static (general) step, consists of only the hydrostatic load 
due to stored liquid and gravity load due to self-weight. 
The loads in the first step consist of the hydrostatic liq-
uid pressure acting on the shell wall, the liquid bearing 
pressure on the tank base, and gravity which acts only on 
the tank structure (steel). The tanks were assumed to be 
completely full with liquid. The hydrostatic pressure was 
assumed to act over the entire height of the tank. The base 
pressure due to the bearing of the liquid on the base was 
equal to 15.6 psi (108 kPa) and 21.84 psi (151 kPa), respec-
tively, for tanks with heights of 40 ft (12.2 m) and 56 ft 
(17.1 m). The combination of these loads represents the 
state of the tank just before the seismic event.

The loads in the second step include the seismic forces. 
The loads from the first step are propagated to the second 
step such that the state of the tank at the beginning of the 
second step was identical to the state of the tank at the 
end of the first step; the loads from the first step did not 
change before or after moving from the first to second 
step. The second step uses Riks analysis [54], an arc-length 
method to solve nonlinear load–deformation equations, 
in order to determine the buckling shape and buckling 
load in which the seismic forces induce in the tank shell 
and base. Moreover, Riks analysis allows the buckling load 
and post buckling behavior to be accurately obtained by 
using small arc-length increments including both displace-
ment and load. The seismic forces used in the second step 
consist of the hydrodynamic force pressure distributions 
that were defined with Eqs. (1) through (3). It should be 
noted that, realistically, the pressure due to the liquid 
acting on the tank base is not perfectly uniform during 
the seismic event due to the generated sloshing waves 
and the uplift in the tank base. However, the height of the 
sloshing waves that would be produced for this ground 
motion are relatively small, and magnitude of uplift at the 
tank base relative to its undeformed position are negligi-
ble in terms of the additional shell stresses achieved due 
to the repositioning of the liquid height contained in the 
shell. The maximum tank uplift values as shown in Table 5 Fig. 5  Mesh design for Tank 1
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do not exceed 14 inches (0.36 m), which is less than 3% 
of the tank heights. Thus, these effects would not have a 
severe impact on the results and were ignored; the liquid 
pressure on the tank base was assumed to remain uniform 
during the seismic event. The hydrostatic and hydrody-
namic loads applied to the model and they are shown in 
the Fig. 6.

Before running the analysis with the imperfections, a 
verification of the models was made to ensure the pro-
cedures, and in particular, the seismic loads used were 
adequate for this study. To do so, each of the tanks was 
analyzed for full hydrodynamic loads for rigid base condi-
tions. Nonlinear material and geometry deformation prop-
erties were used despite not being included in the API 650 
Annex E provisions or the theoretical equations developed 

by Housner. The impulsive and convective forces were 
applied to the tank separately in order to determine their 
resulting shell stresses. The stresses reached in each shell 
course were then compared to the respective API 650 
hoop stress provisions and the theoretical equations 
developed by Housner (which the API 650 equations are 
based on). The equations for estimating the hoop stress 
in a given shell are given in “Appendix 1” section for US 
customary units and “Appendix 2” section for SI units. 
For each of the tanks, the FEM stresses for the convective 
and impulsive modes for each shell course were within 
10% of the theoretical stresses from API 650. Moreover, a 
study completed by Taniguchi et al. [55] showed that the 
pressure distributions used in this study compared quite 
well to FEA of storage tanks under seismic loads using a 
fluid–structure interaction and time-history approach. 
Therefore, it was concluded that the seismic force distri-
butions and mesh design were satisfactory.

Three different scenarios were considered in this analy-
sis concerning imperfections and include tanks with OOP 
imperfections only, tanks with OOR imperfections only, 
and tanks with OOP and OOR imperfections combined.

The tanks that had OOP imperfections were con-
structed in Abaqus to have the desired level of “plumb.” 
According to Section 7.5 of API 650, which addressed the 
dimensional tolerances during constructions, the maxi-
mum out-of-plumbness in the tank of the top with respect 
to the shell-to-base connection is 0.5% of the tank height 
(H/200). Therefore, a horizontal displacement at the top 
of the tank of 2.4 in. (6.1 cm) and 3.36 in. (8.5 cm) for tanks 
with a height of 40 ft (12.2 m) and 56 ft (17.1 m), respec-
tively, were built into the tank. It should be noted that the 
seismic loads were applied to the tank in the direction that 
the tank was tilted. For example, the tanks were oriented 
such that the tilt was in the positive x-direction. The seis-
mic forces were also assumed to act concurrently with 
the tilt in the positive x-direction. Literature suggests that 
applying loads in the same direction of the tilt provides 
the most significant impact to the load-carrying capacity 
of the tank [41–43].

For tanks that included OOR imperfections, the same 
Riks analysis previously mentioned was employed. The 
hydrostatic, hydrodynamic, and gravity loads were applied 
to the tank to identify the significant buckling mode and 
shape using a linear perturbation step in Abaqus. The 
eigenmode that most exhibited the expected failure in the 
tank under the seismic loads, namely, the elephant’s foot 
buckle near the base-to-shell connection, was selected 
as the eigenmode. Several other significant mode shapes 
could have been used for the OOR imperfections, but the 
most critical mode is one that induces an elephant foot 
buckle at the base connection prior to the seismic load 
being applied to the tank. The tank in the final spring 

Fig. 6  Hydrostatic and hydrodynamic pressure distribution on tank



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1566 | https://doi.org/10.1007/s42452-019-1597-7 Research Article

configuration was used to determine the OOR imperfec-
tion, which would allow the uplifting of the tank during 
the buckling failure.

The tanks were assumed to be supported by a series 
of elastic springs with a spring stiffness equivalent to the 
soil stiffness of a Class D soil. The FEMA-1050 document 
[56] was used to correlate the properties of a Class D 
soil to an estimate of the vertical modulus of subgrade 
reaction (MSGR). The resulting MSGR was determined to 
be approximately 100 lb per square inch per inch (psi/
inch) (21.7 MPa/m). The spring stiffness for each base 
node was then obtained by multiplying the tributary 
area of each base node by the MSGR. Due to the nature 
of the base mesh, the spring stiffness was different for 
each node. Once the spring stiffness for each node was 
determined, the loads could be applied to the tank. One 
issue with the spring elements (SPRING1) in Abaqus is 
that they provide stiffness in both tension and compres-
sion. However, the stiffness of a soil in tension is almost 
nearly zero. Therefore, the springs that were in tension 
due to the uplifting side of the tank must be removed. 
This was achieved by applying the loads in the second 
step (seismic forces) in increments of 25% of the total 
seismic force. For example, in the first iteration, the 
tank was loaded to 25% of the total seismic forces to 
determine springs in tension. The springs that were in 
tension were then removed, and the seismic load was 
increased to 50%. This would continue until the tank was 
in equilibrium with no springs in tension. Once the ten-
sion springs had been identified and removed, the final 
spring configuration was determined, and the analysis 
for finding the buckling modes shapes was conducted. 
For capturing the tank uplift springs were used rather 
than computationally expensive contact algorithm, so 
that the analysis was computationally less expensive. 
Furthermore, for the given problem the spring algorithm 
is able to capture the behavior of the tank uplift.

The OOR imperfections use the final spring layout 
with no springs in tension. 100% of the seismic forces 
and 100% of the hydrostatic and gravity forces were 
used to determine the mode shapes for Tank 1. For 
Tanks 2, 3 and 4, however, the load to cause buckling 
occurred well before 100% of the seismic forces. There-
fore, the buckling mode shape for Tanks 2, 3, and 4 were 
determined for 70%, 60%, and 40% of the seismic forces 
and 100% of the hydrostatic and gravity forces, respec-
tively. The failures of each of the tanks will be discussed 
in more detail in the proceeding section; this section 
avoids a discussion of the failure of the tank for clarity. 
Due to the limited data on the value of the imperfec-
tion amplitude for OOR imperfections, the limits for 
construction dimension tolerances were used. Accord-
ing to API 650 Section 7.5, the allowable deviation in 

the shell radii is 0.75 in. (19 mm) and 1.25 in. (32 mm) for 
tanks with diameters of 40 ft (12.2 m) and 80 ft (24.4 m), 
respectively. Therefore, the buckling shape determined 
for each tank from the bifurcation analysis was scaled 
to achieve a maximum OOR corresponding to these tol-
erances based on their geometry. Rotter [41] has also 
suggested an OOR imperfection amplitude according to 
the following equation which was also investigated for 
each of the tanks

where in Eq. (4), which is must be dimensionally consist-
ent, δ is the magnitude of the imperfection in inches (mm), 
t is the thickness of the bottom shell course in inches 
(mm), R is the tank radius in inches (mm), and a is the con-
struction quality factor. The construction quality factor is 
specified to be 1.0 for “normal construction,” 1.5 for “qual-
ity construction,” and 2.5 for “very high quality construc-
tion.” The most critical case is thus for an assumed “normal” 
construction quality which was investigated in this report. 
The corresponding imperfection results in magnitudes for 

(4)�

t
=

0.06

a

√

R

t

Fig. 7  Buckled mode shape to be used for OOR imperfections for 
Tank 1 with and without OOP imperfections magnified 20 times



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1566 | https://doi.org/10.1007/s42452-019-1597-7

Tanks 1 through 4, respectively, of 0.71 in. (18 mm), 0.84 in. 
(21 mm), 0.46 in. (12 mm), and 0.46 in. (12 mm). Note that 
Rotter’s approach on OOR imperfection was adopted by 
New Zealand standard and European Standard as well.

For tanks with OOR and OOP imperfections, the same 
procedure described above was used for determining the 
spring layout for the tank with the OOR imperfection. The 
OOP buckling mode shape would then be determined 
based on the spring configuration for the tank with the 
OOR imperfection. In all cases, the spring layouts between 
the perfect tanks and the tanks with the OOR imperfec-
tions were nearly identical. Figure  7 shows the mode 
shape, which is magnified by 20 times, for Tank 1 deter-
mined using the bifurcation procedure for the conditions 
with just the OOR imperfections and for the combined 
OOR and OOP condition.

3  Results

This section discusses the behavior of the tanks under seis-
mic loads using the FEMs described in Sect. 2. The discus-
sion is broken into four parts to provide a clear layout of 
the procedures used to conduct the analysis. The first sec-
tion consists of the behavior of the tanks without imper-
fections and the global failure phenomena observed. The 
second and third sections describe the failure of the tanks 
with the OOR and OOP imperfections. The final section 
combines the OOR and OOP imperfections. The tanks 
without imperfections are used as benchmarks to com-
pare to the tanks with OOR and OOP imperfections. The 
failure mechanisms observed for each of the conditions 
without imperfections are also examined.

Fig. 8  Global failure of Tank 1 for 25% seismic load increments with no imperfections. Mid-surface von Mises stresses are plotted. Legend 
shows the stresses in psi for the last step (100% of the load) of the analysis



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1566 | https://doi.org/10.1007/s42452-019-1597-7 Research Article

3.1  Global failure

The tanks experienced a global stability failure as the seis-
mic forces were increased for the conditions of geometri-
cally perfect tanks and the conditions for the tanks with 
imperfections. The global failure mechanism observed 
for each of the tank failures was elephant’s foot buckling. 

The elephant’s foot buckling is global failure because the 
radial deflection is larger than the tolerable value of 0.05R 
or 20t as indicated by EN 1993-4-1 [57]. The elephant’s 
foot buckle occurred either near the base-to-shell con-
nection or at the abrupt change in shell thickness for the 
tanks which used a base shell thickness of 0.25 in. (6 mm). 
Note that the base shell thickness of 0.25 in. (6 mm) is 

Fig. 9  Global failure of Tank 4 for 25% seismic load increments with no imperfections. Mid-surface von Mises stresses are plotted. Legend 
shows the stresses in psi for the last step (50% of the load) of the analysis



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1566 | https://doi.org/10.1007/s42452-019-1597-7

the minimum base shell thickness prescribed by API 650. 
Figures 8 and 9 are provided to better visualize how the 
elephant’s foot buckle developed as the seismic forces 
were increased for Tanks 1 and 4, respectively. Note that 
diamond-shaped buckling was not observed in any of 
the tank models under consideration. This result was 
somewhat expected because diamond-shaped buckling 
typically happens in very thin shells such as stainless steel 
wine storage tanks (NZSEE) [31].

Figures 8 and 9 show the global failure (elephant’s foot 
buckling) for Tanks 1 and 4; the stress contours are for von 
Mises membrane stresses and are provided only for refer-
ence of where stress concentrations appear throughout 
the analysis. Therefore, in Figs. 8 and 9, stress legends are 
only provided corresponding to the last step of the analy-
sis. It is apparent that at the initial stage at the end of the 
first step, which includes only the hydrostatic and gravity 
forces acting on the tank, the stress begins to build up on 
the side of the tank in which the seismic forces are acting 
(positive x-direction). On the opposite side, the tank base 
begins to uplift from the foundation. Another interest-
ing observation is that for both tanks there are distinct 
increases in shell stress at the location of shell course junc-
tions where the maximum stress in a given shell course is 
located at the junction. This is expected as the shell thick-
nesses decrease between shell courses the shell stresses 
will increase. Moreover, the maximum shell stress in a 
given shell course is expected at the bottom of the course 
due to the increase in the hydrostatic and impulsive hydro-
dynamic pressure distributions increase with increasing 
liquid depth.

The load–deformation response of each of the tanks 
without imperfections is presented in Fig. 10. The verti-
cal axis in Fig. 10 represents the amount of seismic force 
being applied to the tank walls. Note that the hydrostatic 
and gravity loads are also applied in the first step, but are 
not increased by any amount with the increase of seismic 

force. The horizontal axis represents the deformation in the 
x-direction of the tank (the direction the loads are applied) 
at the node that experiences the most deformation in the 
x-direction. For a given tank, the same node is used to read 
deformation values for different load levels. The deforma-
tions have been normalized by a factor of (Rt)0.5, where R 
is the tank radius and t is the thickness of the bottom shell 
course, for convenience in order to eliminate any unit con-
versions. The failure level is defined as the point at which 
the tank can no longer dissipate the seismic forces without 
undergoing substantial deformations. The deformations 
exhibited were in the form of the elephant’s foot buckling 
at the shell base (Figs. 8, 9), and the point at which the 
buckle starts to develop in the tank shell corresponds to 
the plateau in Fig. 10. There is an apparent trend between 
the aspect ratio (H/R) and the tank failure, whereas the 
aspect ratio decreases, the seismic forces required to 
cause the onset of failure increases. Moreover, the level 
of failure that is achieved in the tank under the seismic 
loads can be correlated quite well to the overturning sta-
bility ratio, called the anchorage ratio, J, prescribed by API 
650. It was shown in a companion paper that the amount 
of seismic force to induce failure in the tank was nearly 
equivalent the force at which API 650 estimated the tank 
system would become unstable [28]. However, in order to 
avoid further discussion of this rather lengthy conclusion, 
the readers are referred to the companion paper [28]. The 
load–deformation responses presented for each of the 
perfect tanks are used for the comparative response of 
the tanks with imperfections in the proceeding sections.

3.2  Out‑of‑plumbness imperfections

The out-of-plumbness (OOP) of a tank is the amount of 
relative displacement of the top of the shell with respect 
to the shell-to-base connection. Tanks 1 and 3 had a total 
OOP tilt of 2.4 in. (6.1 cm) and Tanks 2 and 4 had a total 
OOP tilt of 3.36 in. (8.5 cm). As previously discussed, the 
OOP imperfection magnitudes were determined using 
the API 650 dimensional construction tolerances, which 
is prescribed as 0.5% of the tank height. Therefore, the 
corresponding OOP imperfection magnitude as a per-
centage of the tank radius are 0.5%, 0.7%, 1.0%, and 1.4%, 
respectively.

Figure 11 shows OOP load–deformation curves for each 
of the tanks compared to the perfect tank configuration. 
The behavior of each tank with the OOP imperfections 
were not identical, therefore, the axes minimum and maxi-
mum values for the percent dynamic load and arc length 
were changed for each tank to better show the distinction 
between the perfect tank and imperfection tank responses 
in Fig. 11. Tanks 1, 2, and 3 all reached a maximum dynamic 

Fig. 10  Load–deformation curves for each of the tanks with no 
imperfections
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load at which point no more load could be applied without 
resulting in large deformations—this is characterized by 
the distinct “plateau.” Tank 4, on the other hand, reached 
a distinct maximum value for the applied dynamic load, 
which was quickly followed by a drop in the applied load 
to cause large deformations in the tank. This observed 
behavior for Tank 4 was consistent between the perfect 
and imperfect tank for each of the tanks. Therefore, the 
difference in behavior between Tanks 1, 2 and 3 and Tank 4 
could be attributed to the fact that Tank 4 has the highest 

aspect ratio of 2.8, indicating that Tank 4 is largely unstable 
for the given dynamic loading.

The maximum dynamic load achieved at failure for 
each of the tanks are shown in Table 6. The values are 
presented as a percentage of the seismic load applied 
to the tank. The difference between the perfect tank and 
tank with the OOP imperfection are also provided. The 
amount of reduction in the buckling strength of the shell 
is commonly referred to as the knock-down factor, which 
is the ratio of the stress reached in the imperfect shell to 
the buckling stress to cause failure in the perfect tank, 
and is also provided in Table 6.

For each tank, it is apparent that the OOP imperfec-
tion caused a slight drop in the seismic load to cause 
failure. The largest total drop in load was for Tank 1 at 
6%; the smallest knock-down factor was 0.92 for Tank 
2. Moreover, there seems to be no correlation between 
the amount of OOP deformation as a fraction of the tank 
radius and the amount of reduction in seismic load-
carrying capacity. For example, Tank 4 had the largest 
tilt with respect to the tank radius at 1.4%, but had the 
largest knock-down factor. Tank 3, however, had the sec-
ond smallest tilt with respect to the radius at 0.7%, but 
had the smallest knock-down factor. The difference in 
the theoretical hoop stress equations and the FEM stress 

Fig. 11  Load–deformation curves for each tank with OOP imperfections and their respective perfect tank response

Table 6  Maximum seismic load-carrying capacity for perfect tanks 
and tanks with out-of-plumbness imperfections

a The difference is provided as the perfect tank load minus the OOP 
imperfection tank load
b The ratio is provided as the OOP imperfection load divided by the 
perfect tank load

Tank ID Perfect tank 
(%)

OOP imperfec-
tion (%)

Difference 
(%)a

Ratiob

1 100 94 6 0.94
2 77 71 6 0.92
3 57 54 3 0.95
4 41 39 2 0.95
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results for the impulsive and convective pressure distri-
butions observed during model verification were on the 
order of 10%. Thus, a difference in the maximum seismic 
loads achieved in the perfect tanks and OOP tanks that is 
less than the margin in error of the FEMs alone is rather 
insignificant. It can be therefore concluded that, for the 
tanks assessed in this study, the OOP imperfection alone 
does not pose a significant risk to the tank during a seis-
mic event.

3.3  Out‑of‑roundness imperfections

Out-of-roundness is an imperfection that occurs within a 
given shell course and is a displacement of the shell with 
respect to the undeformed configuration. As previously 
mentioned, the amplitude of the OOR imperfection per-
mitted by API 650 during construction is 1.25 in. (32 mm) 
for Tanks 1 and 2 and 0.75 in. (19 mm) for Tanks 3 and 4. 
Moreover, Rotter [41] developed a simple expression to 
account for OOR imperfections in the tank shell based on 
the quality of construction. The OOR imperfection ampli-
tudes for Tanks 1 through 4, respectively, assuming a nor-
mal construction quality, were determined to be 0.71 in. 
(18 mm), 0.84 in. (21 mm), 0.46 in. (12 mm), and 0.46 in. 
(12 mm). Therefore, each of the tanks was assessed for 

two magnitudes of OOR imperfections corresponding to 
the API 650 provisions and the NZSEE recommendations 
for normal construction. Note that it is possible to have 
a higher quality construction with more stringent OOR 
imperfection tolerances for tanks designed according to 
the NZSEE document.

Figure 12 shows the load–deformation curves for each 
of the tanks with the API 650 and NZSEE imperfection 
levels and their corresponding perfect tank responses. 
The node with maximum hoop stress at the initiation of 
buckling was selected for plotting the load–deformation 
curves. Each of the tanks appears to undergo responses 
due to the OOR imperfections in quite different man-
ners. The imperfections induced in Tanks 1 and 2 slightly 
reduced the load-carrying capacity compared to the 
perfect tank. The load–deformation behavior of Tanks 1 
and 2, as the seismic loads are applied, with and with-
out imperfections tends to be the same—the maximum 
load is achieved in the shell followed by a plateau of large 
deformations. Tank 3, to much surprise, was able to reach a 
higher seismic load by inducing the OOR imperfection into 
the tank compared to the perfect tank. It should be noted 
that the maximum failure load achieved in Tank 3 occurs 
at a much higher deformation compared to the perfect 
tank condition. However, the increase in strength of Tank 

Fig. 12  Load–deformation curves for each tank with OOR imperfections and their respective perfect tank response
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3 could be attributed to the fact that the location of the 
imperfection and the location of the elephant’s foot buck-
ling may not perfectly align with each other. Therefore, 
the imperfection could potentially help to strength the 
area around the elephant’s foot buckle that develops as 
the seismic forces are applied to the tank. Tank 4 reaches 
a distinct maximum load point for the perfect tank. How-
ever, by incorporating the imperfections, this distinct point 
is removed, and the tanks with imperfections appear to 
undergo a more prolonged failure. Thus, it appears that 
Tanks 3 and 4 undergo a softening effect in the steel due 
to the OOR imperfections where two to five times more 
deformation is required to reach the maximum failure load 
compared to their respective perfect tank conditions.

One common characteristic amongst each of the tanks 
is that the selected two imperfection amplitude levels 
appeared to have little effect on the response of the tank. 
In other words, the API 650 and NZSEE imperfection ampli-
tudes produced essentially the same response in the tank 
despite the API 650 amplitudes being almost double that 
of the NZSEE amplitudes.

Table 7 shows the magnitudes of the maximum loads 
achieved in the shell at the instance of failure for each of 
the tanks with the API 650 and NZSEE imperfection ampli-
tudes. Tanks 1 and 4 both had a knock-down factor of 0.98, 
while Tank 2 had a knock-down factor of 0.99. Tank 3 had 
an increase in strength with knock-down factors of 1.07 
and 1.04 for the API 650 and NZSEE provisions, respec-
tively. Therefore, it appears that the introduction of the 
OOR imperfections in the shell of the tanks results in a ran-
dom behavior. Moreover, for the tanks that did experience 
a reduction in the load-carrying capacity under the seismic 
loads with the OOR imperfections, the reduction in the 
capacity was only on the order of 1–2%. Thus, it can again 
be concluded that the tanks OOR imperfections using 
the API 650 imperfection amplitudes do not significantly 
affect the behavior of the tanks under seismic loads. The 
NZSEE recommendation for OOR imperfection amplitude 
also appears to be satisfactory despite having a smaller 
magnitude for each of the tanks.

3.4  Combination of out‑of‑plumbness 
and out‑of‑roundness imperfections

As a worst case scenario, the OOP and OOR imperfec-
tions were implemented into the models simultaneously. 
The OOP displacements were identical to those used in 
Sect. 3.2 for each respective tank. The OOR imperfec-
tion amplitudes were also the same as that for Sect. 3.3; 
both the API 650 construction tolerances and the NZSEE 
imperfection amplitude recommendation were used. 
The OOP and OOR were both oriented in the positive 
x-direction of the tank, which is the direction that the 
seismic forces were acting on the shell wall. It should be 
noted that the probability of the seismic forces acting on 
the tank in the exact direction of the OOP imperfection 
or the OOR imperfection is quite unlikely. Thus, the prob-
ability of the seismic forces acting in the direction of the 
OOP and OOR imperfections concurrently is low, but still 
could occur. Although, this section presents an unlikely 
scenario in real-life seismic event, it can be viewed as a 
lower bound solution in terms of seismic capacity.

Figure 13 shows the load–deformations curves for 
each of the tanks with both the OOP and OOR imper-
fections. Each of the tanks except for Tank 1 had expe-
rienced a drop in the maximum dynamic load that 
the tank could dissipate before undergoing excessive 
deformations. Tanks 1 and 2 had the same response 
between the perfect tank and tank with the OOP and 
OOR imperfections in terms of load–deformation. Tanks 
3 and 4 observed, again, the prolonged failure and sof-
tening effect due to the combination of the OOP and 
OOR imperfections. Tank 4 has a distinct peak dynamic 
load for the perfect tank condition but has a more pro-
longed failure with the combined OOP and OOR imper-
fections. This same response for Tank 4 was observed for 
both the OOP and OOR imperfections as was observed 
for the tanks with just the OOR imperfections (Sect. 3.3). 
Therefore, it is apparent that the OOR imperfections only 
are more influential in the tank response than the OOP 
imperfections. The results from Fig. 13 are quantified in 
Table 8.

The maximum reduction in load-carrying capacity was 
observed in Tank 4 with a knock-down factor of 0.93. 
Tanks 2, 3, and 4 all observed a reduction in capacity on 
average of 5% with respect to the perfect tanks. Tank 1 
appears to be an outlier as the imperfect tanks outper-
formed the perfect tank condition. As was concluded 
for tanks with OOR imperfections only, there is little dif-
ference between the tanks with amplitudes conform-
ing the API 650 construction tolerances and the NZSEE 
amplitude recommendations. Thus, it appears that a 
small decrease in the performance of the tank with both 
OOP and OOR imperfections can be expected for tanks 

Table 7  Maximum seismic load-carrying capacity for perfect tanks 
and tanks with out-of-roundness imperfections

a The ratio is provided as the OOR imperfection load divided by the 
perfect tank load

Tank ID Perfect 
tank 
(%)

OOR imperfec-
tion—API 650 
(%)

Ratioa OOR imperfec-
tion—NZSEE 
(%)

Ratioa

1 100 98 0.98 98 0.98
2 77 76 0.99 76 0.99
3 57 61 1.07 59 1.04
4 41 40 0.98 40 0.98
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with small OOR imperfection amplitudes (less than 1.25 
in, 32 mm). However, the decrease in the load-carrying 
capacity is quite negligible considering the expected 
error in the FEMs, and therefore, imperfections in general 
a not a critical factor to be considered for uplifting tanks 
experiencing seismic forces.

4  Conclusion

Several unanchored aboveground, steel, welded, open-
top, flat-bottom, liquid-containing, storage tanks with 
geometric imperfections subjected to seismic forces 
were analyzed using Abaqus CAE 2016. The tanks had 
nonlinear materials, nonlinear geometry deformation 

properties, and a flexible soil foundation simulated by 
a series of elastic springs corresponding to a Class D 
soil. Two imperfection types were used. The first imper-
fection introduced into the tanks is the relative initial 
displacement of the top of the tank shell with respect 
to the shell-to-base connection and is referred to as 
an out-of-plumbness (OOP) imperfection. The second 
imperfection employed was the out-of-roundness (OOR) 
imperfection which is the relative initial deviation of the 
shell wall with respect to the anticipated shell orienta-
tion. The amplitudes for the OOR and OOP imperfections 
were chosen to match the construction tolerances pre-
scribed by API 650. Additional OOR imperfections toler-
ances suggested by NZSEE were also analyzed for each 

Fig. 13  Load–deformation curves for each tank with OOP and OOR imperfections simultaneously in the direction of the seismic load

Table 8  Maximum seismic 
load-carrying capacity for 
perfect tanks and tanks with 
out-of-plumbness and out-of-
roundness imperfections

a The ratio is provided as the OOP and OOR imperfection load divided by the perfect tank load

Tank ID Perfect tank 
(%)

OOP and OOR imperfec-
tions—API 650 (%)

Ratioa OOP and OOR imperfec-
tions—NZSEE (%)

Ratioa

1 100 103 1.03 106 1.06
2 77 74 0.96 72 0.94
3 57 54 0.95 54 0.95
4 41 38 0.93 39 0.95
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of the tanks. Several conclusion from this study can be 
drawn and include:

• OOP imperfections are very straightforward to imple-
ment into the FEMs. The most critical orientation of 
the OOP imperfection is when the seismic forces act 
concurrently with the OOP tilt direction.

• OOR imperfections are much more difficult to assess 
due to the unlimited imperfection shape and location.

• The effect of the OOP imperfections was seen to 
decrease the seismic buckling capacity of the tank for 
each of the tanks in this study. Tank 2 was observed to 
obtain the highest load reduction with a knock-down 
factor of 0.92 with respect to the perfect tank condi-
tion.

• The effect of OOR imperfections also slightly decreased 
the seismic buckling capacity of the tank for Tanks 1, 2, 
and 4 by a maximum amount of 2%, but increased the 
capacity for Tank 3 by as much as 7%.

• The combined effect of the imperfections occurring 
concurrently with the seismic loads is highly unlikely 
but it can be considered as a lower bound solution in 
terms of seismic capacity. Each of the tanks except Tank 
1 experienced a reduction in capacity between 4 and 
7%.

• There are both a decrease and increase in the load-
carrying capacity of the tanks with imperfections, in 
general, with respect to the perfect tanks. It can, there-
fore, be concluded that the effect of the imperfections 
is quite sporadic with no definitive trend given that the 
location of imperfections might not capture the worst-
case scenario in all the cases investigated.

• The effect of other types of imperfections, such as weld 
imperfections, shell thickness imperfections due to cor-
rosion and more random geometrical imperfections of 
dents and bulges, should be analyzed to determine the 
effect of the behavior of tanks under seismic forces.
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Appendix 1: API 650 and Housner’s hoop 
stress equations in imperial units

where in the above equations,  Ni,  Nc, and  pi all produce 
results with units of pounds per inch of shell thickness (lbs/
in). Therefore, to obtain the stress in the shell in psi, the 
value of  Ni,  Nc, and  pi must be divided by the shell course, 
in inches, under consideration. Variable descriptions and 
the units to be used for each of the variables are provided 
below.

Ac Convective spectral response parameter g-forces
Ai Impulsive spectral response parameter g-forces
D Diameter of the tank ft
G Specific gravity of the liquid Unitless
H Height of the tank ft
R Radius of the tank ft
Y Distance from liquid surface to analysis point ft
γl Unit weight of water Lbs/ft3

Appendix 2: API 650 and Housner’s hoop 
stress equations in SI units
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where in the above equations,  Ni,  Nc, and  pi all produce 
results with units of Newtons per millimeter of shell thick-
ness (N/mm). Therefore, to obtain the stress in the shell 
in MPa, the value of  Ni,  Nc, and  pi must be divided by the 
shell course, in mm, under consideration. The variables 
used in these equations are identical to those provided in 
“Appendix 1” section. The units to be used for each of the 
variables are provided below.

Ac Convective spectral 
response parameter

g-forces

Ai Impulsive spectral 
response parameter

g-forces

D Diameter of the tank m
G Specific gravity of the 

liquid
Unitless

H Height of the tank m
R Radius of the tank m
Y Distance from liquid sur-

face to analysis point
m

γl Unit weight of water N/m3
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