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ABSTRACT
Article info: Background: Aboveground steel storage tanks are critical infrastructure in the oil,

gas, and petrochemical industries, and maintaining their safe operation following an
earthquake is of particular importance from economic, environmental, and safety
perspectives. One of the main factors contributing to the seismic vulnerability of these
tanks is their connection to the foundation and the potential for base uplift. In
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Revised: 17 March 2026 unanchored tanks, base uplift can lead to stress concentration, undesirable
Accepted: 20 March 2026 deformations, local buckling of the shell and bottom plate, reduced operational
Published: 22 June 2026 capacity, and even leakage of hazardous materials. Therefore, evaluating effective

measures to control this phenomenon and improve the seismic resilience of storage
tanks is an important aspect of performance-based design. This study investigates the
effect of a mechanical anchorage system on the seismic performance and resilience of
aboveground steel storage tanks and compares its effectiveness with that of an
unanchored tank under different seismic hazard levels.

Methods: The seismic behavior of an aboveground steel storage tank equipped with
a mechanical anchorage system was investigated and compared with that of a similar
unanchored tank. Performance was evaluated through seismic analyses at different
hazard levels to assess the effects of anchorage on structural response, vulnerability,
and the ability to maintain or recover operational performance. Three hazard levels
corresponding to return periods of 75, 475, and 975 years were considered. The main
evaluation criteria included functional performance, structural damage severity,
operational stability, and the ability of the tank to return to its operational condition
following an earthquake.

Results: The results showed that at the 75-year hazard level, no significant difference
was observed between the anchored and unanchored tanks, and both configurations
exhibited acceptable performance. At the 475-year design-level hazard, the
unanchored tank experienced an approximately 4%-6% reduction in functional
performance, whereas the mechanically anchored tank maintained operational
stability. At the 975-year hazard level, the unanchored tank suffered severe structural
damage, making repair economically impractical. In contrast, the anchored tank
remained in a recoverable state and was able to recover its initial operational

Keywords: performance after repair.

Seismic Resilience Conclusion: The results indicate that the use of a mechanical anchorage system
Ground-Supported Steel Tanks improves the seismic performance and resilience of aboveground steel storage tanks
Anchorage Condition by reducing base uplift and limiting local shell damage. Therefore, mechanical
Nonlinear Seismic Response anchorage can be considered an effective strategy for the seismic design and retrofit
Damage Assessment of storage tanks, particularly in areas with moderate to high seismic hazard.
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Introduction

boveground steel liquid
storage tanks are among the
most important components
of «civil and industrial
infrastructure, since they play
a vital role in the storage and
distribution of water, fuel, and
other essential liquids
required for normal operation and post-
earthquake emergency response. Seismic
damage to such tanks may lead not only to
structural failure, but also to severe
functional disruption, economic loss,
environmental consequences, and delay in
service recovery. For this reason, the seismic
performance of steel tanks has long been an
important topic in earthquake engineering
research. Previous studies have extensively
investigated the dynamic behavior of
anchored and unanchored tanks under
earthquake excitation and have highlighted
critical response mechanisms such as
hydrodynamic pressure, sloshing, shell
buckling, uplift, and base instability.
Nevertheless, many of these studies have
primarily focused on demand parameters
and local failure modes, while less attention
has been given to the broader concept of
seismic resilience. In recent years, resilience-
based assessment has emerged as an
important framework for evaluating
structural systems not only in terms of their
ability to withstand seismic loading, but also
in terms of their capacity to limit damage,
maintain functionality, and recover rapidly
after an earthquake. In this context, the
anchorage condition of steel tanks can be
regarded as a major parameter affecting
both structural response and post-
earthquake performance. However, the
specific effect of tank anchorage on
resilience-oriented performance has not yet
been sufficiently clarified. Therefore, the
present study aims to evaluate the influence
of anchorage condition on the seismic
resilience of aboveground steel tanks. The
novelty of the study lies in linking the seismic
response characteristics of anchored and
unanchored tanks to resilience-related
indicators, thereby providing a more
comprehensive engineering interpretation
of the role of base restraint in tank
performance.
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Methods

In this study, the seismic behavior of
representative aboveground steel liquid
storage tanks was evaluated under different
anchorage conditions in order to assess their
resilience performance. Two configurations
of the same tank were considered: anchored
and unanchored. so that the effect of base
restraint on seismic response and post-
damage consequences could be clearly
identified. @~ The numerical modeling
framework was developed based on
accepted principles of tank dynamics and
fluid-structure interaction, in which The
contained liquid was represented using an
added-mass approach that primarily
accounts for the impulsive component of the
hydrodynamic response. This modeling
approach enabled the simulation of the main
dynamic characteristics of the tank-liquid
system while preserving the essential
features governing earthquake response.
The structural model was established to
capture the critical nonlinear mechanisms
associated with seismic loading, especially
those related to uplift behavior, stress
concentration near the shell-base
connection, and changes in load transfer
caused by anchorage condition. A set of
earthquake ground motion records was
selected as input for nonlinear dynamic
analysis, and the records were scaled in a
consistent manner to ensure meaningful
comparison between the considered cases.
Response-history analyses were then carried
out to obtain the main engineering demand
parameters relevant to tank performance,
such as overturning effects, base-related
demands, deformation response, and other
damage-sensitive response quantities. In the
subsequent stage, the analytical results were
interpreted within a resilience-oriented
framework. The estimated seismic demands
were related to probable damage states and
their associated consequences, including
repair needs, expected functional
impairment, and implications for post-
earthquake recovery. In this way, the
adopted methodology integrated structural
response assessment with damage and

Volume 20, Issue 52




The Role of Retrofitting in Improving the Resilience of Aboveground Steel Liquid Storage Tanks

consequence evaluation, allowing the effect
of anchorage on seismic resilience to be
investigated in a  systematic and
engineering-based manner.

Results

The results show that the anchorage
condition significantly influences the seismic
response and resilience performance of
ground-supported  steel tanks. The
unanchored configuration exhibited a more
pronounced nonlinear response due to uplift
and repeated separation-contact behavior at
the base, which modified the overall force
transfer mechanism and increased the
concentration of local demand in critical
regions. This type of response can increase
the likelihood of localized damage,
particularly in the shell-bottom connection
zone, and may consequently lead to greater
repair requirements and longer recovery
time after a strong earthquake. Although
unanchored behavior may reduce some
force components through partial uplift, the
resulting local deformation and instability-
related effects can adversely affect structural
integrity and operational continuity. In
contrast, the anchored tanks generally
showed a more stable response pattern and
better control of excessive deformation
demands. The restraint provided by
anchorage reduced uplift susceptibility and
improved the overall distribution of seismic
demand, leading to a lower probability of
severe local damage. From the viewpoint of
seismic resilience, this distinction is
particularly important because resilience
depends not only on whether collapse is
prevented, but also on the extent of physical
damage, the severity of functional loss, and
the time required for restoration of service.
The analyses indicate that anchored tanks
have a greater potential to maintain post-
earthquake functionality and to reduce
interruption in the operation of essential
liquid storage systems. The beneficial effect
of anchorage also becomes more evident at
higher seismic intensity levels, where
nonlinear mechanisms in unanchored tanks
become increasingly dominant. These
findings are consistent with the general
understanding that support condition
strongly affects tank vulnerability, but the
present study extends that understanding by
explicitly showing how anchorage influences
resilience-related outcomes. Therefore,

anchorage should be regarded not only as a
structural detailing measure, but also as a
key design variable in resilience-based
assessment and retrofit planning of steel
liquid storage tanks.

Conclusion

The present study investigated the effect of
anchorage condition on the seismic
resilience of ground-supported steel liquid
storage tanks through a response-based and
resilience-oriented analytical framework.
The results demonstrated that base restraint
has a decisive role in controlling seismic
behavior, damage tendency, and expected
post-earthquake performance. Unanchored
tanks were found to be more vulnerable to
uplift-induced nonlinear response and
localized damage concentration, which may
increase repair demand and reduce recovery
efficiency. By contrast, anchored tanks
exhibited more stable seismic performance,
lower vulnerability to critical damage, and
improved potential for maintaining service
continuity after earthquake events. The main
contribution of this study is the explicit
integration of anchorage-related response
characteristics with resilience-based
interpretation, which provides a broader and
more practical basis for performance
evaluation of steel tanks. The findings
suggest that anchorage design should be
considered not only from the perspective of
strength and stability, but also in relation to
damage mitigation, operational reliability,
and rapid recovery of infrastructure
systems. From an engineering standpoint,
the results may support decision-making in
seismic design and retrofit of steel storage
tanks, especially where such facilities are
part of essential lifeline networks. Future
research may expand this framework by
incorporating more detailed recovery
models, a wider range of tank geometries,
soil-structure interaction effects, and
quantitative economic loss assessment.
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