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Abstract

:

When damaged by an earthquake, a general structure suffers only primary damage such as in the structure’s collapse, whereas a fluid storage structure can cause secondary damage such as environmental contamination or personal injury due to leakage of its internal fluid. In this study, the flow characteristics of fluid inside a fluid storage structure during an earthquake were analyzed, and an equation to calculate the dynamic hydraulic pressure of the fluid acting on the structure during an earthquake was proposed. The seismic load applied to the fluid storage structure was modified to satisfy the design response spectrum in 300 frequencies so that sufficient earthquake energy was obtained in any natural frequency of the fluid storage structure. In addition, the flow characteristics of the fluid inside the fluid storage structure were examined according to the shape change of the seismic wave and the ratio of the height of the fluid to the width of the fluid storage structure. A resulting equation for calculating the hydraulic pressure reflecting the fluctuation characteristics of the fluid was derived, and structural analysis was performed based on this equation and equations proposed by prior research to compare the member force and the hydraulic pressure in a dangerous section. As a result, it was confirmed that the equation proposed in this study showed similar values to previously proposed equations and could obtain fairly reliable results. Therefore, based on the proposed equation in this study, it is possible to calculate hydraulic pressure by reflecting the free-water surface fluctuation characteristics of fluid inside a fluid storage structure during an earthquake.
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1. Introduction


Around the world, the magnitude and the frequency of seismic activity are increasing, and so too are the effects on property and human lives. The 1999 Taiwan earthquake resulted in over 2000 casualties and some 10 billion dollars of damage to property, and the earthquake of magnitude 7 in Haiti in 2010 caused tens of thousands of casualties, with the collapse of social infrastructure resulting in massive economic losses. The earthquake and tsunami that occurred in Japan in 2011 resulted in more than 10,000 lost lives as well as the explosion at and subsequent leakage of hazardous radioactive isotopes from the Daiichi nuclear power plant. When a structure is damaged due to an earthquake, general structures incur only primary damage such as collapse, but fluid storage structures can cause secondary damage such as environmental pollution or personal injury from the escape of internal fluid. To prevent such disasters, it is important for a fluid storage structure to accurately contain the flow characteristics of the fluid inside the structure and for the fluid dynamic pressure acting on the structure to be accurately calculated [1].



To calculate the hydraulic pressure of a fluid, Westergaard [2] developed a theoretical equation for the hydraulic pressure acting on a structure when an earthquake occurs in a vertical dam, ands proposed an approximate solution. Based on the approximate solution, some of the water stored in the reservoir is loaded on to the dam body as an additional mass, and the concept of generating a load equal to the hydraulic pressure on the dam body by the seismic force applied to the added mass during an earthquake was additionally proposed. Housner [3,4] proposed a mechanics-based method of modeling the dynamic effects of fluid inside a fluid storage structure by seismic loads as convective mass and impact mass, assuming that the structure wall is a rigid body, and Chopra [5,6,7,8] found a theoretical solution to the hydraulic pressure generated during earthquakes in a vertical dam in a lake composed of compressible fluid. Fischer [9] conducted a study on a brief seismic response analysis method for flexible tanks based on the boundary solution induced by the analysis, and Haroun [10] proposed a method of modeling a structure as an axisymmetric finite element (FE) for the detailed seismic response analysis of a cylindrical fluid storage tank and analyzed the fluid region using a fluid-added mass matrix based on the boundary analysis method. Due to the recent development of numerical analysis techniques, various analysis techniques that can directly model fluid inside a fluid storage structure have been proposed. Through such analysis methods, studies have begun to analyze flow characteristics inside a fluid storage structure under seismic loads and to compare and analyze similarities with experiments. However, most of these studies only estimate the fluctuation characteristics of internal fluid by repeatedly loading the same load or using a sine wave, so it is difficult to estimate the fluid flow characteristics and hydraulic pressure generated by a real earthquake [11]. Several other dynamic hydraulic pressure studies have analyzed the flow characteristics of fluid inside a fluid storage structure when a real earthquake occurs as well as the hydraulic pressure acting on the wall of a fluid storage structure [12,13]. However, each real earthquake has its own characteristics, so any analyzed fluid flow characteristics and hydraulic pressure cannot necessarily be considered representative results for all earthquakes.



Westergaard and Housner proposed well-known equations for calculating hydraulic pressure that have been applied in actual designs. However, Westergaard’s equation is suited to dams, not to other types of structures, because Westergaard’s equation does not take into account the width of a structure (or the width of the fluid), only the height. Therefore, even if a structure’s width changes, the hydraulic pressure of the fluid always remains constant. Housner’s equation, on the other hand, is suited to a broader range of structures, but even so, many storage tanks designed based on Housner’s equation were damaged by the Alaska earthquake of 1964 [14]. This study proposes an equation for calculating the hydraulic pressure of fluid that can be used in the design of a fluid storage structure when a seismic load is applied. Various design codes provide standards for seismic loads; the most detailed standards are presented by the U.S. Nuclear Regulatory Commission Regulatory Guides (U.S. NRC RGs). For example, U.S. NRC RG 1.60 presents design response spectra for various damping ratios (0.5%, 2%, 5%, 7%, 10%), and U.S. NRC RG 1.122 presents detailed requirements for seismic loads to be applied to a design. The detailed requirements for seismic loads presented in U.S. NRC RG 1.122 are as follows:




	
The response spectrum obtained from the seismic load should cover the design response spectrum in the damping ratio used in the seismic response analysis;



	
When calculating spectral values (e.g., spectral acceleration) from artificial seismic waves, the frequency interval for calculating spectral values should be sufficiently small.








The U.S. NRC RG 1.122 presents the criteria for frequency intervals for calculating spectral values from multiple damping ratios, and U.S. NRC RG 3.7.1 provides criteria for frequency intervals for calculating spectral values from single damping ratios. This study was conducted by generating a seismic load that satisfies the various requirements proposed by the U.S. NRC RGs. To do this, the seismic load was generated using the software, SIMQKE [15]. However, the seismic load generated by SIMQKE cannot satisfy the U.S. NRC RGs. Lilhanand [16,17] conducted a study on a technique that can cover the response spectrum by modifying the seismic load using the impact response function. The technique proposed by Lilhanand is sufficient to modify the seismic load created by SIMQKE to satisfy the U.S. NRC RGs. The seismic load used in this study was modified using the technique proposed by Lilhanand to satisfy the U.S. NRC RGs.



There are many factors that influence the behavior of the fluid inside a fluid storage structure when a seismic load is applied. The most accurate results can be obtained when research is conducted considering all factors, but in reality that is almost impossible. Therefore, it is very important to select the factor(s) that most sensitively affect(s) the fluctuation characteristics of the fluid. In this study, the seismic load shape and the ratio of the width of the structure and the height of the fluid were selected as important factors among a number of factors. The ratio of the width of the structure to the height of the fluid is closely related to the shape of the fluid. If fluids with different heights are stored in structures having the same width, the total volume and mass of the fluid are different, and this most greatly influences the fluid fluctuation characteristics when a seismic load is applied. The seismic load shape was selected as an important factor because the effect of the shape of the seismic load on the fluctuation characteristics of the fluid cannot be clearly known. This is because even if the seismic load satisfies a design code, it is difficult to derive consistent results if the fluid shape fluctuates according to changes in shape. The peak acceleration is also considered to be an important factor influencing the fluctuation characteristics of the fluid. However, in general, design codes clearly state the peak acceleration (e.g., Korean Highway Bridge Design Code: 0.154 g, U.S. NRC RGs: 0.3 g). The peak acceleration of 0.3 g was applied based on the U.S. NRC RGs because it can yield the most conservative results.



The experiment was performed by varying the ratio of the width of the fluid storage structure to the height of the fluid. The experiment result was used as verification data of Abaqus, the commercially available FE analysis software. If the verification result of the program secured sufficient validity to replace the experiment, the program could be used to analyze various variables. The most important consideration in the FE model applied in this study was fluid. Various elements have been proposed to apply fluid to an FE model, and smoothed-particle hydrodynamics (SPH) elements have recently been used in large deformation problems such as fluid [18,19,20,21]. Therefore, the fluid was modeled using SPH elements as its reliability has been verified in previous work.




2. Shaking Table Test with Scaled Model and Verification Analysis


Applying seismic loads to a fluid storage structure is practically limited when trying to experimentally identify all factors that affect the dynamic characteristics of a free-water surface in a fluid storage structure. Therefore, in order to replace the experimental limitations analytically, a scaled model test was performed, and an analysis was conducted with the smoothed-particle hydrodynamics (SPH) method, a fluid–structure interaction analysis technique, and the results of the experiment and the analysis were compared and analyzed.



2.1. Shaking Table Test with Scaled Model


In order to verify the similarity between the fluid–structure interaction analysis applying the SPH method and the scaled model test, an acrylic tank was constructed with the shape and specifications shown in Figure 1. The dimensions of the tank were 500 (width), 400 (height), and 10 (thickness), and the heights of the fluid inside the tank were 125 and 200 mm, which were 25% and 40% of the width of the tank, respectively. The shaking table used in the test loaded the seismic load on to the scaled model through displacement control. The shaking table experiment was performed using the time-displacement of the real earthquake shown in Figure 2a, and the time-acceleration acting on the scaled model was measured using an accelerometer attached to the bottom of the shaking table. The measured time-acceleration curve is shown in Figure 2b.



When the same seismic load was applied, as the ratio of the width of the fluid storage structure and the height of the internal fluid changes, the maximum sloshing height, free-water surface shape, and time-sloshing height of the fluid were experimentally confirmed, and the results are shown in Figure 3 and Table 1. When the ratio of the fluid height and the width of the fluid storage structure (h/B) was 0.4, the time for the maximum sloshing height to occur was 6.000 s, and the measured maximum and minimum sloshing heights of the fluid were 308.0 and 168.0 mm. Considering the initial fluid height of 200 mm, the maximum fluid height rose to 154% of the initial fluid height, and the minimum height fell to 84% of the initial fluid height. In addition, when h/B was 0.25, the time for the maximum sloshing height to occur was 6.020 s, and the maximum and the minimum sloshing heights of the fluid generated at this time were measured as 247.0 and 95.0 mm. Considering the initial fluid height of 125 mm, the maximum sway height of the fluid rose to 198% and the minimum sway height fell to 76%. From these experimental results, it can be seen that as h/B increases, the maximum and the minimum sloshing heights of the fluid tend to decrease.




2.2. Verification Analysis


For comparison between the scaled model test and the analysis, a seismic analysis was performed with the structural analysis model shown in Figure 4 using Abaqus. In the analysis, the acrylic tank was modeled by applying an 8-node solid element (C3D8R), and the fluid was modeled by applying a continuum particle element (PC3D). The continuum particle element is a one-node element, having the solid characteristic of a three-DOF system and developed for the analysis of phenomena that cause extreme deformation, such as fluid flow or structure collapse. The material properties of the acrylic tank were determined based on the research of Vesenjak et al. [22], and the unit weight, elastic modulus, and Poisson’s ratio of the fluid and acrylic tank are as shown in Table 2. A linear Us-Up Hugoniot was used for the linear equation of state to determine the fluid flow characteristics (Abaqus/Analysis User’s Guide Volume III, Materials 2014), and it can be expressed as Equation (1). The parameters applied to the linear equation are shown in Table 2.


   u s  =  C 0  +  S 1   U p   



(1)




where    C 0    and    S 1    define the linear relationship between the linear shock velocity, and    U p    is the particle velocity.



The maximum and minimum sloshing height and occurrence time of the fluid water surface obtained from the experiment and analysis are compared and shown in Figure 5 and Table 3. When the ratio of the fluid height and the width of the fluid storage structure (h/B) was 0.40, the time for the maximum sloshing height to occur was 6.000 s in the experiment and 6.020 s wan the analysis. It was confirmed that the maximum sloshing height by the experiment and analysis occurred at almost the same time. When h/B was 0.25, the time for the maximum sloshing height to occur was 6.020 s in the experiment and analysis. When h/B was 0.40, the maximum sloshing height of the water surface occurred at 308.0 mm in the experiment and 317.0 mm in the analysis, confirming that the error between the experiment and the analysis was 2.839%. In addition, the minimum sloshing height of the water surface occurred at 168.0 mm in the experiment and 160.0 mm in the analysis, confirming that the error between the experiment and the analysis was 5.0%. When h/B was 0.25, the maximum sloshing height of the water surface was 247.0 mm in the experiment and 249.0 mm in the analysis, confirming that the error between the experiment and the analysis was 0.810%. In addition, the minimum sloshing height of the water surface was 95.0 mm in the experiment and 97.0 mm in the analysis, confirming that the error between the experiment and analysis was 5.0%. Based on the above results, it was confirmed that the fluid–structure interaction analysis by the SPH method predicts the dynamic properties of the fluid surface very accurately.





3. Results


When a seismic load of different shapes with the same peak acceleration satisfying the design code act on a fluid storage structure, the flow characteristics of the fluid surface can be analyzed. In addition, when the same seismic load acts on a fluid storage structure, the flow characteristics of the fluid surface were identified as the ratio of the width of the fluid storage structure, and the height of the fluid changed. Based on this result, this study proposes an equation that can estimate the shape of a fluid surface as the ratio of the width of a fluid storage structure and the height of fluid surface changes. In addition, the validity of the proposed equation in this study was verified by comparing the proposed equation with equations proposed by previous research.



3.1. Dynamic Behavior of Fluid Surface According to the Seismic Load Shape


In order to understand the dynamic characteristics of a fluid surface according to the shape of the seismic wave, SIMQKE was used to generate five seismic waves with arbitrary shapes. Since the seismic load randomly created by SIMQKE could not satisfy the design code, the seismic load was modified through a seismic load correction method, and the modified seismic load was compared with the design response spectrum proposed in U.S. NRC RG 1.60. Figure 6 shows the seismic load applied to the fluid–structure interaction analysis (left side) and the comparison of the response spectrum calculated by the modified seismic load and the design response spectrum (right side).



The element and material characteristics of the numerical analysis model applied to the fluid–structure interaction were the same as the model applied to the verification analysis. The shape, specification, and height of the fluid are as shown in Figure 7.



Table 4 shows the time when the maximum sloshing height occurred on the fluid surface and the maximum sloshing height and the minimum sloshing height of the fluid surface, and Figure 8 shows the shape at the time when the maximum sloshing height occurred on the fluid surface. The maximum sloshing height of the fluid surface was measured as 363, 363, 369, 368, and 369 mm, and the minimum height was measured as 180, 183, 183, 184, and 182 mm, depending on the seismic load. The seismic loads that generated the value of 369 mm, which is the largest of the maximum sloshing heights of the fluid surface generated by the five artificial seismic loads, were Case 3 and Case 5, and the seismic loads that generated the smallest sloshing height of 363 mm were Case 1 and Case 2. When comparing the maximum sloshing height generated by the five earthquake loads, it was found that the difference between the largest and the smallest values of the maximum sloshing height was about 1.6%. When comparing the minimum sloshing height generated by the five seismic loads, the difference between the largest and the smallest values of the minimum sloshing height was about 2.2%, confirming that the shape of seismic loads was not affected the maximum and minimum sloshing height. Comparing the shape of the fluid surface generated by different shape seismic loads showed an error of up to 9.244% at all points, meaning that the seismic load shape was not affected by the shape of the fluid surface, or maximum and minimum sloshing height.



The seismic load applied in this study followed the U.S. NRC RGs. Seismic loads generated according to the U.S. NRC RGs had a value similar to the design response spectrum in all calculated frequencies. In other words, even if the shape of the seismic load applied in this study was different, converting it into a response spectrum meant that it had similar spectral acceleration values in all calculated frequencies. This means that in the frequency corresponding to the natural frequency of the fluid inside the fluid storage structure, if the seismic load spectral acceleration of different shapes was the same, the fluid fluctuation shape occurred similarly.




3.2. Dynamic Characteristics of Fluid Surface According to the Ratio of Fluid Height and Structure Width


The h/B was set at 200, 250, 300, 350, and 400 mm (h/B: 0.4, 0.5, 0.6, 0.7, and 0.8) in order to estimate the dynamic characteristics of the fluid surface according to the ratio of the width of the fluid storage structure to the initial fluid height. The specifics of the structure applied to the analysis are shown in Figure 9, and the analysis was performed by applying the seismic load shown in Figure 6a.



Figure 10 shows the shape of the fluid surface at 7.300, 6.790, 8.050, 12.930, and 12.910 s, which are the times when the maximum sloshing height of the fluid surface occurs. As shown in Table 5, as the ratio h/B of the fluid height and the width of the structure increased from 0.4 to 0.8 by 0.1, the maximum sloshing height was measured as 287, 338, 398, 471, and 500 mm, and the minimum sloshing height was measured as 156, 206, 240, 287, and 338 mm. However, when h/B was 0.8, the maximum sloshing height could not be accurately measured because the fluid surface was in contact with the upper slab.



Table 6 shows the fluid height to structure width ratio (h/B) and the initial fluid height to maximum sloshing height ratio (h’/h) based on the results shown in Table 5 and Figure 10. It can be seen that as the h/B decreases, that is, as the ratio of the fluid height to width of the fluid storage structure decreases, the maximum sloshing height of the fluid increases.



Through regression analysis of the fluid height to structure width ratio (h/B) and the initial fluid height to maximum sloshing height ratio (h′/h), it was confirmed that there is a relationship between Equation (2) and that the correlation coefficient R2 was 0.811.


    h ′  h  = − 0.376  (   h B   )  + 1.568  



(2)




where   B   is the width of the fluid storage structure,  h  is the initial fluid height, and   h ′   is maximum sloshing height. Table 7 shows the relationship between h/B and the ratio of the initial fluid height and the minimum sloshing height (h″/h). It can be seen that the smaller the h/B, that is, the lower the ratio of the fluid height and the width of the fluid storage structure, the lower the minimum sloshing height of the fluid. Through regression analysis of the fluid height to structure width ratio (h/B) and the initial fluid height to maximum sloshing height ratio (h″/h), it was confirmed that there was a relationship between Equation (3) and the correlation coefficient R2 of 0.848.


    h ′  h  = 0.126  (   h B   )  + 0.738  



(3)







In this study, the shape of the fluid surface during a seismic load was assumed to be a straight line (the most simplified form) and can be represented as Equation (4).


  f  ( x )  = α · x + β  



(4)




where α is the amplitude coefficient due to the fluctuation of the fluid surface and β is the coefficient related to the initial height of the fluid, shown as Equation (5) by the shape function of the fluid surface.


  f  ( x )  =  {  0.502    (   h B   )   2  − 0.83  h B   }  x +  {  − 0.376  h B  + 1.568  }  h  



(5)




where   B   is the width of the fluid storage structure, and  h  is the initial fluid height. Table 8 shows the comparison of the maximum sloshing height and minimum sloshing height of the fluid surface by numerical analysis and the proposed equation. The maximum sloshing height of the fluid shown by the numerical analysis and the proposed equation showed a difference of 1.186~3.040%, and the minimum sloshing height showed a difference of 0.734~2.791%. Therefore, the sloshing height of the fluid surface by the proposed equation and numerical analysis were similar.




3.3. Proposal and Verification of Dynamic Hydraulic Pressure Calculation Method


The method for calculating the dynamic hydraulic pressure proposed in this study is based on the method proposed by Housner. Therefore, as shown in Figure 11, the dynamic hydraulic pressure of the fluid was divided into convective components and impulsive components, and the dynamic hydraulic pressure of the convective and impulsive components could be calculated by Equations (6) and (7).


  m  ( z )  =   z −  {  − 0.376  h B  + 1.568  }  h    {  0.502    (   h B   )   2  − 0.83  h B   }     ρ ω    ,   z >  h  m i n    



(6)






  m  ( z )  = B ·  ρ ω    ,   z ≤  h  m i n    



(7)




where   B   is the width of the fluid storage structure,  h  is the initial fluid height,    h  m i n     is the minimum of sloshing height, and    ρ ω    is the weight density. In order to verify the proposed equation in this study, methods proposed by existing work and that of this study were used to apply dynamic hydraulic pressure to an arbitrary structure to compare the member forces of a dangerous section. The structure size applied in the analysis was 10.0 (width) and 5.0 m (height), and it was assumed that 3.0 m of fluid was contained in the structure with the thickness of the wall 0.3, upper slab 0.3, and floor slab 0.5 m. For time-history analysis, a numerical analysis model was generated using MIDAS, the commercially available FE analysis program, and the seismic load shown in Figure 6b was applied.



After performing the time-history analysis of the FE model considering the fluid, the bending moment, shear force, and reaction force generated in the dangerous section of the wall were compared, as displayed in Table 9. Comparing the total hydraulic pressure acting on the structure, the Housner model was 176.5 kN, which was about 80% of the existing and proposed models. The maximum bending moment and the maximum shear force in the dangerous section were estimated to be only about 50% of the Housner model compared with other existing models and the proposed models. Therefore, it was confirmed that the Housner model was underestimated compared with existing and proposed models. However, in the proposed model in which the dynamic hydraulic pressure of fluid was applied to the wall in the same form as the Housner model, the total hydraulic pressure acting on the structure was estimated to be 220.9 kN, indicating an error of 1–7% from the existing model. Therefore, it was confirmed that the hydraulic pressure calculated by the proposed model had similar values to the existing models, except for Housner’s model. When comparing the maximum bending moment and the maximum shear force in the dangerous section, the values calculated by the proposed model had similar values to all of the existing models except for Housner’s. From the results, it can be concluded that the structural analysis of a fluid storage structure by the proposed model can sufficiently secure the safety of a structure while approximately simulating the dynamic behavior of the fluid.





4. Conclusions and Future Work


In this study, an equation for calculating the hydraulic pressure generated by the fluid inside a fluid storage structure when a seismic load is applied was proposed. A critical factor in designing for earthquake resistance was the seismic load acting on a structure, precisely because of the uncertainty of the seismic load. Various design codes provide standards for seismic loads, but the U.S. NRC RGs provide the most detailed seismic load standards; therefore, in this study, seismic loads were generated to satisfy the U.S. NRC RGs. In order to satisfy the U.S. NRC RGs, a seismic load generated using SIMQKE was modified. The modification of the seismic load was performed by referring to Lilhanand’s study, and as a result, it was confirmed that the standards proposed by the U.S. NRC RGs were satisfied. Therefore, the results of this study are considered to reflect structural characteristics more accurately than study results using real earthquakes. This means that the results of this study are sufficiently conservative and can be prevented from leading to excessive results.



An experiment was performed on a fluid–structure interaction, and the result was used to verify the analysis program (Abaqus). The smoothed-particle hydrodynamics (SPH) method has been widely used to solve the problem of large deformation involving a fluid, and SPH was chosen for this study’s analysis method. Although reliability has been verified in prior studies, reliability was verified once again through the comparison of experiment and analysis. As a result, it was confirmed that the maximum sloshing height, minimum sloshing height, fluid surface shape, and time-sloshing height curve predicted by the SPH method used in this study were similar to the experimental results. Therefore, it is considered that sufficient reliability can be secured even by performing various parameter analyses using the SPH method.



Analysis of various variables was performed to calculate the hydraulic pressure of the fluid inside a fluid storage structure. First, the effect of the seismic load shape on the fluid fluctuation characteristics was analyzed. Seismic loads of five different shapes were applied to the same structure, and the fluid fluctuations were compared. As a result, even if the shape of the seismic load changed, the fluctuation characteristics of the fluid inside the fluid storage structure were unchanged. This is considered to be related to the seismic load characteristics used in this study. The shape of the seismic load used in this study was different, but the values of the spectral acceleration were similar when converted to a response spectrum. This means that even if the shape of the seismic load was different, if the structure had a similar spectral acceleration value in the natural frequency of the structure, the fluctuation characteristics of the fluid occurred similarly. Second, the effect of the structure width and fluid height on the fluid fluctuation shape was analyzed. It was confirmed that as the ratio of the width of the structure and the height of the fluid increased, the maximum sloshing height of the fluid decreased.



Various variables were analyzed, and based on the results, an equation for the fluid dynamic hydraulic pressure was proposed when a seismic load was applied. The equation proposed in this study can accurately derive the maximum and minimum sloshing height of the fluid. This means that the action point of the impulsive mass and the convective mass of the fluid can be accurately calculated. A more accurate calculation is consequently possible compared with the previously suggested formula. This is considered a very important part in the design of the structure. However, in this study, only the seismic load shape and the change in ratio of the initial fluid height to the structure width were used as variables when a seismic load with a peak acceleration of 0.3 g was applied to a rectangular structure. Therefore, with additional studies on the shape of the fluid storage structure, the change in the peak acceleration, and the stiffness of the structure, local goodness-of-fit estimates from a cross-validation analysis or with a training/test could be conducted.
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Figure 1. Scaled model and specification. 
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Figure 2. Input time-history curve and measured time-acceleration curve. 
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Figure 3. Shaking table test result for the scaled model. 
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Figure 4. Finite element model for validation analysis. 
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Figure 5. Comparison of sloshing height from experiment and analysis. 
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Figure 6. Modified earthquake and comparison of design and earthquake response spectrum. 
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Figure 7. Analytical model for evaluating the effects of earthquake of different shapes. 
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Figure 8. Comparison of fluid surface shape by earthquakes of different shapes. 
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Figure 9. Analytical model for evaluating the influence of fluid height and structure width. 
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Figure 10. Comparison of fluid surface shape from ratio of initial fluid height to structure width. 
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Figure 11. Dynamic pressure distribution of proposed model. 
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Table 1. Results summary of the scaled model shaking table test.
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h/B

	
Type

	
Experiment




	
Height (mm)

	
Ratio (%)

	
Time (s)




	
0.40

	
Max.

	
308.0

	
154.0

	
6.000




	
Min.

	
168.0

	
84.0




	
0.25

	
Max.

	
247.0

	
198.0

	
6.020




	
Min.

	
95.0

	
76.0
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Table 2. Summary of elements and materials applied to validation analysis.
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Model

	
Type

	
Material Properties






	
Acrylic

	
C3D8R

	
Density

	
1180.00 kg/m3




	
Elasticity

	
3000.00 MPa




	
Poisson’s Ratio

	
0.35




	
Water

	
PC3D

	
Density

	
1000.00 kg/m3




	
Bulk Modulus

	
2150.00 MPa




	
Speed of Sound

	
1467.00 m/s











[image: Table] 





Table 3. Comparison of sloshing height between experiment and analysis.
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h/B

	
Type

	
Experiment

	
Analysis

	
Error Ratio

(%)




	
Height (mm)

	
Time (s)

	
Height (mm)

	
Time (s)






	
0.40

	
Max.

	
308.0

	
6.000

	
317.0

	
6.020

	
2.80




	
Min.

	
168.0

	
160.0

	
5.00




	
0.25

	
Max.

	
247.0

	
6.020

	
249.0

	
6.020

	
0.80




	
Min.

	
95.0

	
97.0

	
2.10
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Table 4. Summary of slushing heights generated by earthquakes of different shapes.
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	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Time (s)
	6.460
	7.750
	4.370
	3.765
	5.080



	Max. (mm)
	363.0
	363.0
	369.0
	368.0
	369.0



	Min. (mm)
	180.0
	183.0
	183.0
	184.0
	182.0
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Table 5. Maximum and minimum sloshing height according to h/B.
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	h/B
	0.4
	0.5
	0.6
	0.7
	0.8





	Time (s)
	7.300
	6.790
	8.050
	12.930
	12.910



	Min. (mm)
	156.0
	206.0
	240.0
	287.0
	338.0



	Max. (mm)
	287.0
	338.0
	398.0
	453.0
	500.0
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Table 6. Ratio of the initial fluid height to the maximum sloshing height according to h/B.
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	h/B
	0.4
	0.5
	0.6
	0.7
	0.8





	h’/h
	1.435
	1.352
	1.327
	1.294
	1.250
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Table 7. Ratio of the initial fluid height to the minimum sloshing height according to h/B.
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	h/B
	0.4
	0.5
	0.6
	0.7
	0.8





	h’/h
	0.780
	0.824
	0.800
	0.820
	0.845
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Table 8. Maximum and minimum sloshing height predicted by the proposed equation according to h/B.
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	h/B
	0.4
	0.5
	0.6
	0.7
	0.8





	Max. Diff. (%)
	1.213
	2.071
	1.186
	3.040
	1.376



	Min. Diff. (%)
	1.077
	2.791
	1.700
	0.756
	0.734
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Table 9. Comparison of member force from each model.
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	Housner
	Westergaard
	Karman
	Adapted Housner
	Proposed Model





	Moment (kN·m)
	276.9
	472.2
	465.2
	436.0
	473.5



	Shear Force (kN)
	176.5
	222.5
	218.5
	205.8
	220.9



	Reaction Force (kN)
	353.0
	445.0
	437.0
	411.6
	441.9



	Hydraulic Force (kN)
	176.5
	222.5
	218.5
	205.8
	220.9
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