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a b s t r a c t

Sloshing refers to the movement of fluid that occurs when the kinetic energy of various
storage tanks containing fluid (e.g., excitation and vibration) is continuously applied to
the fluid inside the tanks. As the movement induced by an external force gets closer to
the resonance frequency of the fluid, the effect of sloshing increases, and this can lead to
a serious problem with the structural stability of the system. Thus, it is important to accu-
rately understand the physics of sloshing, and to effectively suppress and reduce the slosh-
ing. Also, a method for the economical measurement of the water level response of a liquid
storage tank is needed for the exact analysis of sloshing. In this study, a method using
images was employed among the methods for measuring the water level response of a liq-
uid storage tank, and the water level response was measured using an image filter process-
ing algorithm for the reduction of the noise of the fluid induced by light, and for the
sharpening of the structure installed at the liquid storage tank. A shaking table test was
performed to verify the validity of the method of measuring the water level response of
a liquid storage tank using images, and the result was analyzed and compared with the
response measured using a water level gauge.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid storage structures are used in various forms in a wide range of fields, ranging from small-scale water tanks (e.g.,
domestic and commercial water storage tanks and heat storage tanks used for heating and cooling devices) to large-scale
storage tanks (e.g., fuel storage tanks for ships and aircraft, fuel and oil storage tanks for various industrial facilities, and fuel
storage tanks for power plants). In particular, in the case of the fuel storage tanks used for important facilities, damage to the
society at large can occur when the safety is not secured, and thus, performances relevant to various design loads are
required.

When a dynamic load such as an earthquake is applied to a liquid storage structure, the hydrodynamic pressure acting on
the structure and the dynamic behavior of the structure can be significantly amplified due to the interaction between the
liquid inside the structure and the storage structure. Considerable damage can occur to the liquid storage tank when the
interaction between the fluid and the structure is not appropriately considered. This was observed in the 1964 Niigata
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earthquake, the 1964 Alaska earthquake, and the 1966 Parkfield earthquake. The investigation of the cause of the damage
revealed that the hydrodynamic pressure could be considerably amplified compared to a rigid body structure model. There-
fore, it was found that a method that analyzes a liquid storage structure by modeling it as a rigid body is not safe. In addition,
for the aforementioned earthquakes, more damage was observed in a liquid storage tank that had not been fixed on the
ground, indicating that the lifting of the liquid storage structure that had not been fixed on the ground had a significant effect
on the safety of the liquid storage facility. Since the aforementioned study, many other studies have been conducted on the
fluid-structure interaction [1,2], and the regulation states that the fluid-structure interaction should be considered during
the design of a water tank structure, and that the effect of lifting should be considered in the case of a liquid storage facility
that is not fixed on the ground [3].

The hydrodynamic pressure that occurs in a liquid storage tank due to the fluid-structure interaction can be divided into
the convective pressure, which is relevant to the sloshing movement of the free water surface of the fluid, and the impulsive
pressure, which is the pressure component due to the fluid that moves along with the wall of the structure. To understand
the hydrodynamic pressure and the resultant behavior of the structure, various numerical analysis and experiment methods
have been developed [4,5]. Many studies have been conducted on the fluid-structure interaction for a liquid storage struc-
ture due to the ground motion [6,7]. The hydrodynamic pressure that acts on the wall of a flexible water tank structure is
significantly amplified by the fluid-structure interaction and is divided into the convective pressure component, the impul-
sive pressure component, and the interaction pressure component. The interaction pressure component refers to the pres-
sure component that occurs due to the interaction between the flexible water tank structure and the fluid. It can be two to
three times larger than the impulsive pressure component, and its distribution is also different from that of the impulsive
pressure in a rigid body structure [8]. It has been reported that the pressure that is amplified by the fluid-structure interac-
tion is mostly the impulsive pressure component, and that the interaction has a minor effect on the convective pressure com-
ponent induced by sloshing [9]. The finite-element analyses and experiments that were conducted revealed that the fluid-
structure interaction also has a small effect on the behavior of the free water surface of fluid in the case of linear analysis, but
sloshing easily exceeds the linear limit even when the input ground motion is not large [10].

In the 2003 Tokachi-oki earthquake, a large-scale oil storage tank was damaged by sloshing due to the long-period earth-
quake, which resulted in a fire. This incident suggested that the effect of the second sloshing mode also needs to be consid-
ered [11]. With the recent increased demand for LNG storage facilities, analysis techniques considering the interrelation
among the ground, structure, and fluid have been developed [12–14]. The effectiveness of the analysis models and methods
developed in such studies can be verified using diverse methods, but verification needs to be performed through a shaking
table test to accurately reflect the dynamic behavior of fluid [15–18]. To analyze the sloshing of the fluid in a shaking table
test, the water level response is generally measured by installing a water level gauge at the ceiling. There are limited mea-
surement points, however, as well as difficulty measuring, depending on the measurement method used. Moreover, it can
cause severe noise. Therefore, a method for the simple and economical measurement of the water level response in a liquid
storage tank is necessary. With the recent introduction of economical and high-performance image devices, the image-based
water level response measurement has become an easily accessible method, and relevant studies on water level measure-
ment have been conducted. A study was conducted on measuring the fluid behavior with the use of images by manufactur-
ing a liquid storage tank using a transparent material [19,20], and another study was conducted on measuring the water
level response with an infrared camera using the temperature difference between the liquid storage tank and the fluid. Other
studies have measured the water level by directly installing a camera at the liquid storage tank, but the random noise caused
by the fluid fluctuation and the fluid reflection by the light made the water level measurement difficult. While there were
studies that measured the fluid velocity using PIV and PTV [21,22], not only would such a method require a transparent
material; it would also allow the injection of special particles, which could then be illuminated by a laser. Thus, there is a
need for a system and an analysis method for effectively measuring the water level of a full-scale liquid storage tank.

In this study, a method of measuring the water level in a liquid storage tank using images was suggested, and a commer-
cial digital camcorder was used as a sensor for measuring the water level response, considering the ease of use and the eco-
nomic feasibility. Template matching was used to measure the water level response, and the calculation was carried out at
the subpixel using image transform function, which corrects the geometric movement and error between the image without
deformation and the image with deformation. In addition, image filter processing was used for the reduction of the noise of
the fluid induced by the reflection of light, and for the sharpening of the edge of the structure installed at the liquid storage
tank. Therefore, a shaking table test was performed to verify the validity of the method of measuring the water level in a
liquid storage tank using images, and the result was analyzed and compared with the result of the response using a water
level gauge.

2. Water level estimation using images

2.1. Digital image processing

2.1.1. Template matching
Template matching is a method of calculating the similarity between a given template and an image in a specific space

[23–26], and it is typically performed with respect to the single characteristic of an image. It searches a similar pattern
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