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a b s t r a c t

Buckling behavior of large steel tanks under measured settlement has been researched and analyzed in
this paper. The settlement prediction model based on Poisson curve is established by applying least
square principle and Lagrange quadratic interpolation. Settlement of each measuring point at any time
can be obtained applying this prediction model. The discrete settlement data at any time beneath the
tank wall is transformed into global settlement expression distributed in the circumferential direction by
using the method of Fourier series expansion. Settlement variation with time beneath the tank wall is
predicted accurately then. Based on the predicted settlement beneath the tank wall at any time, bucking
behavior of the tank is researched by numerical simulation method and the critical buckling time of the
tank is predicted. Hydrostatic pressures are applied to inner surface of the tank wall to research the
buckling behavior of the tank with different liquid storage. The present method is applied to a fixed roof
tank and result shows that the tank wall presents stable linear variation under settlement in initial stage.
As time and settlement increase, a typical snap-through buckling occurs to the tank wall, which indicates
that the buckling analysis method presented in this paper can be used to predict the buckling behavior of
the tank effectively. Buckling behavior analysis of a floating roof tank with the same size and under the
same settlement with the fixed roof tank is also made. It indicates that compared to the buckling of fixed
roof tanks, the radial displacement on the top of the floating roof tank wall is regarded as the controlling
factor to determine the tank failure.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Large vertical cylindrical steel tanks are widely employed in
various industries. The tank wall is welded using several cylind-
rical shells with the same or different thickness. Since the thick-
ness to diameter ratio is very small, the tanks are regarded as a
typical kind of thin-walled structure [1–4]. As key equipment in
national strategic oil reserves, large vertical steel tanks are mostly
constructed on the coastal soft soil foundation. Uneven soil de-
position and non-uniform load distribution will lead to settlement
of the tank base [5]. Stress redistribution and deformation will
occur in tank wall because of settlement, which may make the
tank unable to continue work as usual and occurrence of buckling
leading to instability of the tank.

Buckling behavior of tanks has attracted attention of some re-
searchers in recent years. Zhao et al. [6,7] researched buckling
behavior of floating roof tanks and fixed roof tanks under

harmonic settlement. Effects of tank geometric parameters on the
static and buckling behavior were researched by parametric ana-
lysis method and the settlement criterion was presented. Based on
this, Zhao et al. [8,9] researched buckling behavior of floating roof
tanks under global differential settlement and localized differ-
ential settlement. Result showed that local buckling occurred at
the eave wind girder under global differential settlement, which
could be taken as the serviceability limit state of the tanks; for
short tanks with a relatively small height to radius ratio, the
maximum radial displacement of the tank wall was regarded as
the ultimate limit state, for tall tanks with a large height to radius
ratio, the snap-through buckling of the tank wall should be con-
sidered as the ultimate limit state; tanks under localized differ-
ential settlement were more likely to suffer snap-through buck-
ling, which was related to the degree of localization. Buckling of
the tanks with a floating roof and a conical roof subjected to
harmonic settlement was researched by Gong et al. [10–12]. The
critical harmonic settlement for different wave numbers was ob-
tained and parametric study was applied to analyze the relations
between critical harmonic settlement and structure parameters.
Godoy et al. [13,14] applied experimental testing to study fixed
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roof tanks under localized support settlement. Result was obtained
combining finite element simulation analysis, which showed that
the equilibrium path of the tank was highly nonlinear. Jonaidi et al.
[15] combined theoretical derivation, finite element analysis and
laboratory test to analyze the displacement and stress distribution
of floating roof tanks with a constant thickness and a variable
thickness under harmonic settlement. Structural parametric study
was done and the settlement criteria was presented based on that.
In addition, static behavior of tanks under different settlement,
including displacement and stress of tank wall, had also been
analyzed by some researchers [16–23].

As it can be seen from the review of previous literature, re-
searches about buckling of tanks under settlement are mainly
concentrated on harmonic settlement and the settlement that data
of each measuring point increases in equal proportion. However,
in the actual engineering, settlement does not satisfy the specific
modes like harmonic settlement, and the settlement characteristic
of each tank is different from each other. A new analysis method is
presented in this paper in order to obtain actual settlement var-
iation beneath the tank wall. The relationship between settlement
data and time for each measuring point has been obtained by
analyzing the settlement data variation and the settlement pre-
diction models for each measuring point are established. The
discrete settlement data at any time beneath the tank wall can be
transformed into settlement expression continuously distributed
along circumferential direction. Based on this, buckling behavior of
the tank under the settlement at any time has been analyzed. The
analysis method presented in this paper can truly reflect buckling
behavior of tanks under measured settlement and predict opera-
tion life and buckling strength capacity of in-service tanks. Re-
mediation treatment to the foundation can be conducted in ad-
vance if necessary according to the analysis result in order to
prolong the service time of tanks.

2. Settlement prediction model

2.1. Model selection

Large steel tanks always have big diameters and the capabilities
of the foundation around circumferential direction beneath the
tank wall are not identical. That differences, including non-uni-
form load distribution and effects of liquid filling and discharge on
the tanks in service, make the settlement amount and velocity
different around circumferential direction during the tank base
settlement. In order to analyze the settlement variation with time
of the tank wall bottom reasonably, the measuring points evenly
located around circumferential direction of the tank wall bottom
should be taken as the research object and the settlement varia-
tion with time for each measuring point needs to be researched
respectively. The settlement prediction model can be established
based on the measured settlement data and the relation between
settlement and time for each measuring point will be obtained to
predict settlement variation. This analysis method can reflect the
complete settlement process of the tank wall bottom with time
comprehensively.

The settlement characteristic of tank wall bottom corresponds
to deformation characteristic of tank foundation subjected to
loading. When the tanks are putted into operation, relatively small
displacement will appear to the tank foundation in the initial
stage, leading to slow settlement of the tank wall bottom. As time
and load increase, elastic deformation in some regions of the tank
foundation changes into plastic deformation and the settlement
amount and velocity will become larger. As time increases con-
tinuously, if the load does not exceed the critical bearing capacity
of the tank foundation, the settlement of foundation and tank wall

bottom will become smaller and smaller, until tends to stable
gradually.

Although for different tanks, the loads as well as the corre-
sponding settlements caused by specific liquid filling, discharge
and other operations will be different from each other. From the
macroscopic perspective, settlement of the tank wall bottom sa-
tisfies a general trend, which can be described that in the initial
stage the settlement increases slowly as time increases, as time
and load increase and variation of foundation property, the set-
tlement amount and velocity will become larger gradually, while
when it’s up to a certain degree, the settlement increase will be-
come smaller, until to zero approximately.

Considering about the above settlement characteristic of tank
wall bottom, the Poisson curve is selected as the settlement pre-
diction model for each measuring point. Poisson curve is generally
used to describe the complete process of things from occurrence to
development, until to stabilization, and the expression is shown as
follows
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where t is time, St represents the predicted settlement at time t, a,
b, k are positive undetermined parameters, which can be solved by
the known settlement data obtained from the measuring points.

2.2. Solution of the settlement prediction model

Based on the measured settlement data of different measuring
points at different times in actual engineering, the three-stage
method will be used to determine the parameters unknown in the
Poisson curve prediction model. The settlement data S1 to Sn, total
n values, corresponding to different time are assumed to be
measured at any measuring point. The undetermined parameters
in Poisson curve prediction model will be solved using these n
settlement data. The parameter n needs to be multiple of three, if
not, the obtained settlement data needs to be appropriately se-
lected to ensure that.

The factor r is defined as r¼n/3 and the following ones are
defined as
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Substituting Eq. (1) into Eq. (2), one obtains
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The parameter expressions can be obtained as follows by
combining Eqs. (3a), (3b) and (3c)
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