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1. Introduction

Steel tanks designed in cylindrical forms are one of the shell structures which are widely used in industrial
facilities. In geometric terms, these tanks have a very small thickness compared to the other dimensions and thus are
categorized as thin walled structures which should consider the buckling failures. The buckling failure of tanks
containing liquids is possible in various modes. In this paper instability of cylindrical shell wall which occurs under
simultaneous loading of axial compression and high internal pressure, is considered. This instability generally
occurs near the base. The present study demonstrates that increasing the internal pressure and the yielding of the
wall near the base, decreases flexural stiffness and increases the local displacement of the cylindrical shells. In other
words, the resultant circumferential membrane stress increases and inelastic buckling occurs. This instability near
the base is known as “Elephant Foot Buckling”. This paper provides a proposal for strengthening cylindrical shells
against elephant foot buckling using FRP. Some efforts have been done on this subject [1-3]. The aim of this paper
is to investigate the strengthening of thin metallic cylindrical shells by local application of FRP to increase the
elephant’s foot buckling strength. Finite element analysis of shells has been used in the present paper in order to
obtain the effect of strengthening tanks using FRP on the increase of elephant foot buckling resistance. In order to
achieve the behavior of cylindrical shell when being strengthened by FRP, accurate modeling of composite fibers
and adhesive has been applied, and its appropriate dimensions and locations are presented.

2. Finite element model definition

The finite element software package ABAQUS [4] was employed to simulate the samples in this study. The
samples geometry has been chosen in such a way that the radius to thickness ratio of them is in a suitable scale of
the real conditions. It is assumed that the tank is completely filled with liquid and the hydrostatic load is exerted on
the wall. The thickness of the tank is considered uniform at height. The steel cylinder was modeled using element
S4R. The properties of composite and steel materials are properly defined. To evaluate the performance of
composite materials, the linear elastic behavior of undamaged materials along with Hashin theory is modeled in the
software which offers four modes of failure in the form of fibers tension, fibers compression, matrix tension and
matrix compression. Starting of the failure in this model depends on the point of material stiffness degradation. The
CFRP is modeled in the form of unidirectional fiber, in horizontal direction with the thickness of 0.2 mm.

The simply-supported boundary conditions at the lower base of the shell are considered in the analysis. The
cylindrical tank is loaded in order to achieve the combination of maximum axial and circumferential stress which
leads to the occurrence of elephant foot buckling, in the way axial force are exerted from above in the presence of
the internal hydrostatic pressure. In the samples studied in this paper, internal hydrostatic pressure loading is
increased only in the highest value. The purpose of this kind of loading is to increase circumferential stress and
study its effect on elephant foot buckling of the samples near the base. The procedure of loading in the finite
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element analysis is divided into two steps. In the first step, through nonlinear static analysis of the loading, the
internal pressure is hydrostatically applied and then while keeping its effect, in the second step and through Riks
analysis, the axial load is exerted above the cylindrical sample. In samples which are strengthened by FRP, the
interaction between the steel and FRP is modeled considering the properties of adhesive.

3. Results and discussion

3.1. The effect of changes in geometry on the capacity of cylindrical tanks

To study the effect of changes in geometry on tanks capacity, under different internal pressures and axial forces,
some samples with various ratios of thickness to radius have been considered. The ultimate capacity of the tanks
under various internal pressures shows the significant impact of internal pressure on reducing the capacity of these
tanks due to the axial force. Internal pressure-axial force interaction diagram is provided for all samples in various
ratios of thickness to radius in Fig. 1.

0.7
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0.6 M tYR=1:714 1:1250
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: . 7 w1833
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Fig. 1. The interaction of internal pressure-axial force in various thickness to radius ratios

3.2. The effect of strengthening FRP composite materials on the capacity of cylindrical tanks

In order to study the effects of strengthening FRP composite materials on the capacity of cylindrical tanks, 8
cylindrical tanks with the same geometric conditions are considered which are categorized as follows: 6 samples
with maximum changes of hydrostatic pressure ranging from 0.05 to 0.2 MPa and two samples under mere internal
pressure and mere axial force in the two conditions of with or without FRP application. FRP height in this condition
is modeled according to the elephant foot buckling wave length of 20 mm and FRP materials location starting from
the base. Internal pressure-axial force interaction diagram of these tanks are illustrated in Fig. 2 in the two
conditions of strengthened with and without FRP.

1.2
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0.8 4

0.6 0.8 1 1.2
PRItry

Fig. 2. The interaction of internal pressure-axial force in the samples with and without FRP
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3.3. The effect of FRP height on the capacity of strengthened tanks

To study the effect of FRP height on the capacity of strengthened tanks, 25 cylindrical samples are modeled. The
FRP heights of the samples vary from 10 to 50 mm starting from the base and are under the internal pressure
ranging from 0.05 to 0.2 MPa. The optimal and minimum FRP height of 20 mm which is consistent with the
elephant foot buckling wave length is advisable.

3.3. The effect of FRP location on the capacity of strengthened tanks

To study the effect of FRP position on the capacity of strengthened tanks, 5 cylindrical samples under the axial
force and with the internal pressure of 0.1 MPa and a fixed height of 20 mm for FRP, are investigated. The position
of FRP composite materials have changed by upward movement starting from the base. The results of sample
analysis shows that locating FRP in the area of elephant foot buckling occurrence which is positioned near the base
can lead to the best strengthening result.

4. Conclusions

In this paper, elephant foot buckling and retrofitting of steel thin walled cylindrical shells against that, using FRP
composite materials were investigated. The present results indicate the usefulness of this method of retrofitting to
prevent the occurrence of elephant foot buckling.

- Evaluation of ultimate capacity of tanks in different internal pressures show that increasing in the internal pressure,
leading to reduction in the capacity of the tanks due to axial force.

- The results show that in higher ratios of thickness to radius in tanks, the combination of internal pressure and axial
force leads to a lower buckling resistance. In other words, buckling occurs in lower load combinations in these
tanks.

- Evaluation of ultimate capacity of strengthened tanks in different internal pressures shows the positive effect of
FRP composites at the buckling resistance. Increase in the buckling resistance at higher internal pressures is much
more.

- The optimal and minimum FRP height which is consistent with the elephant foot buckling wave length is advisable
in strengthening tanks against elephant foot buckling.

- The results of samples analysis show that locating FRP in the area of elephant foot buckling occurrence which is
positioned near the base can lead to the best strengthening result.
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