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Introduction

Over the past two decades, devastating events such as the 2004 Indian Ocean tsunami, the
2011 Tohoku tsunami, the 2018 Palu tsunami, and the 2018 Sunda Strait tsunami have
inflicted irreparable economic and environmental losses on coastal communities. These
massive waves, often generated by submarine earthquakes or seafloor landslides, propagate
across the ocean at high speeds and, upon approaching shorelines, transform into highly
rapid and turbulent bore flows. The occurrence of such flows has caused extensive damage
to various structures, including bridges, buildings, and industrial facilities. Field and
experimental studies have demonstrated that, unlike wind loads and storm surge waves,
tsunami-induced pressure can target only specific portions of a structure. Due to the non-
uniform and pulse-like nature of tsunami pressure, many structures designed solely to resist
wind or ordinary waves have exhibited inadequate performance under tsunami loading.
Consequently, a precise understanding of tsunami-structure interaction and the
development of retrofitting strategies tailored to this type of loading has become a research
priority in coastal regions.

Given the widespread deployment of oil, gas, and chemical storage facilities in coastal
zones, aboveground steel storage tanks (ASTs) are among the structures most severely
exposed to tsunami risk. These tanks, with their thin shells and lightweight walls, are
inherently vulnerable to horizontal forces induced by floodwaters. Field evidence from the
2004 and 2011 tsunamis indicates that damage to such tanks has included sliding, flotation,
overturning, and local or global buckling of the shell walls. In addition to structural
damage, the leakage of hazardous materials from damaged tanks can result in irreversible
environmental catastrophes. Therefore, assessing the stability of these tanks under tsunami
loading and proposing effective strengthening measures is of paramount importance, not
only from a structural engineering perspective but also from an environmental risk
management standpoint.

Method

This study investigates the use of an additional stiffening ring to improve the buckling
performance of an open-top aboveground storage tank with a fixed base under tsunami-
induced pressure. The geometry of the investigated tank is presented in Table 1. The
selected tank is assumed to be in service, and the shell thickness of each course is provided
in Table 2. The stiffening rings installed at the upper portions of open-top tanks to enhance
stability under wind loads are classified as wind girders. The objective of this study is to
repurpose wind girders as auxiliary stiffening rings at various elevations to evaluate their
effect on the buckling capacity of tanks under tsunami loading. This study compares the
buckling behavior of tanks with and without stiffeners at different heights under tsunami
pressure. Two load patterns were applied to the tank models: gravitational force for the
self-weight of the structure and tsunami pressure as an external load. Linear buckling
analysis (LBA) and geometric nonlinear analysis including imperfections (GNIA) are
performed in this study using the finite element software ANSYS.

Results

The pressure-displacement curves extracted from numerical studies indicated that with
proper placement of stiffeners into the tank shell, buckling resistance of more than 70%
can be achieved. Other results showed that the tank with stiffener not only has better
stability against the pressure caused by tsunami flood flow, but also shows good
performance despite having geometric imperfections.
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Conclusions

The primary objective of this paper was to investigate the effect of stiffening rings on the
stability of open-top steel storage tanks under tsunami-induced pressure. Three types of
stiffeners, selected in accordance with API 650, were added to the tank as auxiliary
appendages. Computational fluid dynamics (CFD) was employed to determine the pressure
exerted by the fluid on the tank walls, enabling the extraction of the external tsunami
pressure distribution on the shell. Following the extraction of the pressure distribution,
linear buckling analysis (LBA) and geometric nonlinear analysis including imperfections
(GNIA) were utilized to examine the influence of the stiffeners on the stability of the
sample tank. From the analyses, it can be concluded that the optimal location for placing
the stiffener is approximately at half the liquid filling depth above the tank base, whereas
positioning them at twice the filling depth above the base does not alter the buckling
resistance of the tank under tsunami pressure. The use of stiffeners alone increased the
buckling resistance of the model by more than 70%. A larger cross-sectional area of the
stiffener does not necessarily enhance the buckling resistance of the tank, and comparable
high resistance can be achieved with smaller cross-sections. Hence, further complementary
studies with a greater number of specimens are warranted. The relative positioning of tanks
and their proximity to one another can influence the magnitude of tsunami pressure exerted
on their walls. Therefore, the performance of tanks with additional stiffeners under dense
configurations could be examined in future studies. The use of stiffening rings in steel
storage tanks significantly enhances their resistance to tsunami-induced pressures. Proper
design and placement of stiffeners contribute to reducing failures, lowering repair costs,
and mitigating environmental hazards. This renders them a valuable consideration in the
design of tanks located in coastal regions.
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