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Abstract: A coupled numerical calculation method combining smooth particle hydrodynamics (SPH) and the finite element method (FEM) was implemented to investigate the seismic response of horizontal storage tanks. A numerical model of a horizontal storage tank featuring a free liquid surface under seismic action was constructed using the SPH–FEM coupling method. The stored liquid was discretized using SPH particles, while the tank and supports were discretized using the FEM. The interaction between the stored liquid and the tank was simulated by using the meshless particle contact method. Then, the numerical simulation results were compared and analyzed against seismic simulation shaking table test data to validate the method. Subsequently, a series of numerical models, considering different liquid storage volumes and seismic effects, were constructed to obtain time history data of base shear and top center displacement, which revealed the seismic performance of horizontal storage tanks. Numerical simulation results and experimental data showed good agreement, with an error rate of less than 18.85%. And this conformity signifies the rationality of the SPH–FEM coupling method. The base shear and top center displacement values obtained by the coupled SPH–FEM method were only 53.3% to 69.1% of those calculated by the equivalent mass method employed in the current code. As the stored liquid volume increased, the seismic response of the horizontal storage tank exhibited a gradual upward trend, with the seismic response increasing from 73% to 388% for every 35% increase in stored liquid volume. The maximum von Mises stress of the tank and the supports remained below the steel yield strength during the earthquake. The coupled SPH–FEM method holds certain advantages in studying the seismic problems of tanks with complex structural forms, particularly due to the representation of the flow field distribution during earthquakes by involving reservoir fluid participation.
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1  Introduction

In the petrochemical industry, horizontal storage tanks are extensively utilized for storing combustible and explosive industrial raw materials and processing materials. Ensuring the seismic safety of horizontal storage tanks has long been a paramount concern in the industry. The destruction caused by strong seismic activity can lead to a cascade of significant secondary disasters, including leaks, fires, explosions, and environmental pollution. Therefore, it is imperative to prioritize the seismic safety of horizontal storage tanks. A horizontal storage tank is a complex structural system comprising a tank body, supporting members, the stored liquid, and accessory components such as interfaces, valves, and vents. The tank body consists of cylindrical steel walls with heads at both ends, while steel saddle-type supports are commonly used for the supporting members. Due to the presence of stored liquid, the seismic response of these tanks exhibits highly intricate characteristics, including tank and support vibrations, stored liquid sloshing, and coupling vibration between the tank wall and the stored liquid. Currently, seismic design specifications for horizontal storage tanks typically overlook the sloshing of the stored liquid and simplify the tanks as single mass point systems [1–3]. With the modern petrochemical industry witnessing a trend of increasingly large tanks, the impact of stored liquid sloshing on tanks and supports during strong earthquakes cannot be ignored. Simultaneously, the assumption of a single mass point system fails to adequately reflect a tank’s dynamic response under extreme loads. Therefore, investigating the seismic response characteristics of horizontal storage tanks during strong earthquakes is warranted.

Currently, the majority of research pertaining to the seismic response of storage tanks primarily focuses on vertical configuration [4–6] and spherical configuration [7–9], while comparatively little attention has been given to exploring the seismic behavior of horizontal storage tanks. The fundamental approaches for investigating the impact of seismic response in horizontal storage tanks encompass theoretical analyses, experimental studies, and numerical simulations. Moiseev et al. [10] employed the Ritz variational method to calculate the liquid vibration frequencies within a static vessel with free surface boundaries. Fox et al. [11] utilized angle-preserving transform calculations to determine the upper and lower limits of liquid vibration frequencies in a half-full horizontal cylindrical vessel under small amplitude lateral vibrations. Mciver et al. [12,13] engaged in an extensive analysis to compute the two-dimensional swaying frequency for reservoirs at various depths in a horizontal cylindrical vessel subjected to gravity, providing both upper and lower limits for minimum symmetric and minimum antisymmetric modal frequencies. Hasheminejad et al. [14] conducted a study to investigate the impact of horizontal longitudinal side baffles on the transverse sway frequency of semifilled horizontal elliptical tanks. The investigation was carried out under the assumptions of rigid tank walls and linear potential flow theory. In related work, Hasheminejad et al. [15] developed a semianalytical model to analyze the transient liquid sway in a half-full horizontal elliptical section descriptor subjected to arbitrary lateral acceleration. Their model relied on a combination of linear potential flow theory and the angle-preserving transformation method. The study examined the influence of the tank aspect ratio, acceleration holding time, and baffle presence on the characteristics of liquid sway. Nezami et al. [16] developed a two-dimensional mathematical model to analyze the wobbling behavior of a half-full horizontal cylindrical vessel with an eccentric hole containing a viscous incompressible fluid under lateral acceleration. The model was based on a combination of linear potential flow theory and the angle-preserving transformation method. The study investigated the impact of the lateral acceleration holding time, hole eccentricity distance, and radius on the dynamic response of stored liquid. In related work, Kolaei et al. [17] considered viscous, spinless, and incompressible stored liquid. They developed a transient lateral sway model for fluid in suspended tank vehicles using linearized free surface boundary conditions and the bipolar coordinate transformation method. The study involved calculating the fluid velocity potential and dynamic pressure. Hasheminejad et al. [18] developed a three-dimensional model to simulate the natural swaying of stored liquid in a horizontal cylindrical vessel. The model was based on linearized potential theory, the separation of variables method, and the translational addition theorem of the cylindrical Bessel function. Their study aimed to investigate the impact of vessel length, liquid filling depth, and other factors on the swaying frequency of stored liquid. Lyu et al. [19] proposed a simplified mechanical model for a horizontal storage tank that accounted for soil–tank–liquid interactions. The model was derived from potential flow theory and soil model theory. Their findings revealed that soil–tank–liquid interactions intensified the base shear force, overturning bending moment, and wave height of the swaying stored liquid. Notably, this effect was particularly pronounced under soft field and medium soft field conditions. Han et al. [20] presented a semianalytical solution to determine the linear liquid sway frequency and vibration pattern in a three-dimensional partially filled horizontal cylindrical vessel. Their analysis assumed that the stored liquid was viscosity-free and incompressible. The study focused on investigating the influence of liquid storage depth and vessel length on the sway phenomenon. Han et al. [21] proposed a semianalytical solution to examine the dynamic characteristics of a partially filled horizontal cylindrical vessel. This time, the analysis considered the effect of free liquid surface sway. The researchers investigated the impact of various system parameters on both the intrinsic frequency of the vessel shell and the sway frequency of the stored liquid surface. Their findings revealed the presence of a coupling effect between the vibration of the shell and the sway of the free liquid surface.

Most of the theoretical analyses mentioned above were grounded in linear potential flow theory and assumed that stored liquid is nonviscous and nonpressurizable. These analyses primarily focused on investigating the shaking characteristics of stored liquid when at rest or subjected to external forces, with less emphasis on the dynamic response of horizontal tanks during intense earthquakes. In light of this, Lyu et al. [22] conducted seismic simulation shaking table experiments to examine the dynamic responses of horizontal storage tanks when subjected to transverse horizontal earthquakes. The study specifically analyzed storage pressure, wave height, and tank base shear as key parameters. Zhu et al. [23] achieved simultaneous reduction on the isolator displacement and sloshing response of a base-isolated liquid storage tank by using negative stiffness dampers. Zhu et al. [24] developed a combined base-isolation system consisting of natural rubber bearings and a novel rate-independent damping device to achieve a simultaneous reduction in the hydrodynamic pressures and sloshing heights of liquid storage tanks. The complexity of ground vibration records in terms of spectrum, amplitude, and duration, coupled with the choice of water instead of actual stored liquid for safety considerations, resulted in challenges such as high costs and an inability to accurately depict the flow field distribution characteristics of stored liquid. Therefore, a comprehensive study of the dynamic responses of horizontal storage tanks under seismic conditions is needed. With the advancements in computer computing power, numerical simulation methods have emerged as a valuable research approach due to their cost-effectiveness and efficiency. Drosos et al. [25] assumed that stored liquid has no viscosity and undergoes linear motion. They divided the stored liquid into pulsating and convecting masses and utilized the finite element method to construct a numerical model for a horizontal storage tank. Their model allowed for determining the natural sloshing frequency of the stored liquid and the distribution of wall pressure induced by sloshing in a liquid reservoir at any given filling height. Similarly, Karamanos et al. [26] considered a horizontal cylindrical vessel with stored liquid that experiences minimal free surface sloshing when subjected to external excitation. They employed a triangular finite element variational formulation to calculate the sloshing frequency of the reservoir. Saghi et al. [27] employed a coupled finite element–boundary element algorithm to simulate liquid sloshing in a horizontally oriented rectangular vessel. Their study assumed a stored liquid without viscosity and analyzed the impact of different aspect ratios of the vessel on the sloshing pressure experienced by the tank walls. Ketabdari et al. [28,29] developed numerical models for partially filled horizontal vessels with rectangular, cylindrical, and elliptical sections. They utilized a coupled finite element–boundary element algorithm, assuming an incompressible and nonviscous stored liquid. Their investigation focused on exploring the influence of section geometry on reducing stored liquid sloshing.

The aforementioned methods failed to consider the significant sloshing experienced by the free surface of stored liquid due to intense earthquakes. When the free liquid surface exhibits nonlinear behavior, such as breaking waves and splashing, the above methods struggle to accommodate the substantial deformation of the mesh, leading to calculation failure. To address this issue, the smooth particle hydrodynamics (SPH) method utilizes gridless Lagrangian particles instead of grid cells [30,31]. This method demonstrates remarkable adaptive properties and effectively addresses the challenge of large deformations of stored liquid during earthquakes, thus preventing computational failure caused by the excessive deformation of finite element grids. Furthermore, the SPH method possesses excellent numerical stability and enables direct determination of the internal flow field distribution within complex-shaped objects. However, when simulating solids, the SPH method exhibits lower computational accuracy and efficiency compared to the finite element method. Additionally, there are challenges in applying boundary conditions within SPH. Therefore, an effective approach to investigate such problems involves integrating the strengths of both methods through a penalty function-based point–surface contact algorithm. Although the SPH–FEM coupling method has found widespread applications in marine engineering [32], blast resistance engineering [33,34], and high-speed impacts [35,36], its use for studying the impacts of stored liquid sloshing in storage tanks during earthquakes remains relatively limited.

This paper utilizes the SPH–FEM coupling method to develop a numerical model for a horizontal storage tank with a free liquid surface. The validity of the numerical model is assessed by comparing simulation results of tank acceleration and strain, obtained under specific ground vibrations, with data from seismic shaking table tests. Subsequently, three different liquid-filling coefficients are analyzed using two separate models: the SPH–FEM coupled model and the equivalent mass model employed in the current code. The goal is to comprehensively investigate the impact of stored liquid sloshing and stored liquid volume on base shear and top center displacement, as well as to explore the characteristics of fluid flow distribution during the seismic process.

2  SPH–FEM Coupling Method

The smoothed particle hydrodynamics (SPH) method is a Lagrangian particle-based approach grounded in meshless theory. This method achieves precise and stable numerical solutions by discretizing the object of study into a set of arbitrarily distributed particles. Each particle represents an interpolation point with its own independent physical quantity. By employing kernel function interpolation, the SPH method can effectively solve partial differential equations under diverse boundary conditions. Compared to the finite element method (FEM), the SPH method offers the advantage of simulating the complex dynamics of free liquid surfaces without the need for additional nodes. The SPH method, which is based on the free motion of particles, overcomes issues such as “excessive cell deformation” and excels in addressing large fluid deformations, fragmented waves, and other highly nonlinear problems. Therefore, this paper adopts SPH particles for discrete liquid storage. The core challenge in the SPH method lies in effective kernel approximation and particle approximation.

2.1 Fundamentals of the SPH Method

2.1.1 Kernel Approximation

Let r represent a vector at one location in space and r′ represent the vector at another location. Similarly, let f(r) and f(r′) denote the respective field variables associated with r and r′. Then, the representation of f(r) can be expressed as an integral form involving the Dirac function, as shown in Eq. (1).

f(r)=∫Ω0f(r′)δ(r−r′)dr′(1)

Here, Ω represents the volume domain of the integral involving r, while δ(r−r′) refers to the Dirac function, as illustrated in Eq. (2).

δ(r – r′)={1,  r = r′0,  r ≠ r′(2)

Eq. (1) implements the kernel approximation of the SPH method. However, due to the nonexistence of an ideal Dirac function, it becomes necessary to construct a kernel function that approximates the Dirac function instead, as depicted in Fig. 1. This process enables the transformation of arbitrary field variables into an integral form.
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Figure 1: Kernel approximation of the SPH

Eq. (3) illustrates the kernel approximation of a physical quantity in the SPH method at a specific spatial point.

⟨f(r)⟩=∫f(r′)W(r−r′,h)dr′(3)

Here, W(r−r′,h) represents the kernel function, r′ denotes a specific spatial position vector within the defined domain, h signifies the smoothing length, and κ represents the smoothing factor.

Eq. (4) illustrates the kernel approximation of spatial derivatives for a given physical quantity.

⟨∇⋅f(r)⟩=∫S0f(r′)W(r−r′,h)⋅ndS−∫Ω0f(r′)⋅∇W(r−r′,h)dr′(4)

Here, n represents the unit normal vector of the face domain S.

2.1.2 Particle Approximation

The particle approximation involves discretizing the integral operation (3) or (4) into a summation operation. This entails obtaining the function value at each particle by performing a weighted average of the function values across all particles within the particle support domain, utilizing the kernel function. To control the range of summation, the SPH method employs a smooth radius, yielding more accurate results. Please refer to Fig. 2 for additional details.
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Figure 2: Particle approximation of SPH

Eq. (5) demonstrates the particle approximation of the physical quantity f(r) at particle i.

⟨f(ri)⟩=∑j=1Nmjρjf(rj)W(ri−rj,h)(5)

Eq. (6) represents the particle approximation of the spatial derivative at particle i.

⟨∇⋅f(ri)⟩=∑j=1Nmjρjf(rj)⋅∇W(ri−rj,h)(6)

Here, j represents any particle within the support domain of particle i. Meanwhile, N denotes the total number of particles present in the support domain of particle i. mj is the mass of particle j, and ρj is the density of particle j.

2.1.3 System of N–S Equations for Reservoir Fluids in SPH Form

The liquid storage in the horizontal storage tank is governed by the Navier–Stokes equations for a continuous medium, as represented by Eq. (7).

{dρdt=−ρ∂νβ∂rβdναdt=1ρ∂σαβ∂rβdedt=σαβρ∂να∂rβ(7)

Here, t denotes time, ν represents the velocity vector, ρ signifies the density, σ refers to the stress tensor, α and β denote the three-axis directions, and e represents the internal energy per unit mass.

By applying Eq. (6) to discretize the velocity partial differential term on the right-hand side of the first equation in Eq. (7), a continuity equation is established in the form of SPH, as shown in Eq. (8).

⟨dρidt⟩=∑j=1Nmj(νiβ−νjβ)⋅∂W(ri−rj,h)∂riβ(8)

Here, νi and νj represent the velocities of particles i and j, respectively.

By applying Eq. (6) to discretize the partial differential term of the stress tensor on the right-hand side of the second equation in Eq. (7), the momentum equation is established in SPH form, as shown in Eq. (9).

⟨dνiαdt⟩=∑j=1Nmjσiαβ+σjαβρiρj⋅∂W(ri−rj,h)∂riβ(9)

Here, σiαβ and σjαβ represent the stress tensors of particles i and j, respectively.

By applying Eq. (6) to discretize the velocity partial differential term on the right-hand side of the third equation in Eq. (7), the energy equation is established in SPH form, as shown in Eq. (10).

⟨deidt⟩=12∑j=1Nmj(piρi2+pjρj2)(νiβ−νjβ)⋅∂W(ri−rj,h)∂riβ+μi2ρiεiαβεjαβ(10)

Here, pi and pj represent the pressures of particles i and j, εiαβ and εjαβ are the strain tensors of particles i and j, respectively, and μ denotes the fluid viscosity coefficient.

Eqs. (8)–(10) collectively constitute a set of discrete Navier–Stokes equations for SPH. Given the significant influence of the kernel function construction method on computational efficiency, it is essential to establish a kernel function that meets specific conditions. The B-spline function is chosen as the kernel function because of its smooth curves, absence of sharp corners, and its versatility in representing various geometric shapes, including straight lines, circular arcs, curves, and surfaces [37]. Eq. (11) illustrates this choice.

W(R,h)=1πh3{(2−R)34−(1−R)3,0≤R<1(2−R)34,1≤R<20,R≥2(11)

Here, R=|r−r′|h.

2.2 SPH–FEM Coupling Algorithm

The SPH–FEM coupling algorithm is employed to facilitate the interaction between the tank wall and stored liquid. The key challenge lies in efficiently transferring the kinetic parameters of the SPH particles from the nearest location to the finite element. In this study, the dynamic parameters of the SPH particle are applied to the finite element surface using the point–plane contact penalty function method. This method treats the finite element as the contact master surface and the SPH particle as the slave node. The penalty function is simplified as a contact spring, which manifests as normal stiffness connecting the finite element and the SPH particle, as shown in Fig. 3. At each time step, the penalty function detects whether there is penetration between the SPH particle and the finite element surface. If there is no penetration, it remains untouched. However, if penetration occurs, a contact force is introduced to limit the SPH particle penetration into the surface of the finite element. The estimation of normal stiffness is performed using the equation below [37]:
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Figure 3: Contact between SPH and FEM

k=f×E(12)

Here, f is a factor between 0.1 and 10, E represents the bulk modulus of elasticity for the reservoir fluid.

The SPH–FEM coupled computational flow is illustrated in Fig. 4. In this approach, the Navier–Stokes system of equations for stored liquid is solved using the jumping frog explicit integration method, while the kinetic Eq. (13) for the tank is solved using the central difference method.
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Figure 4: Calculation process of SPH–FEM contact algorithm

MU¨+CU˙+KU=−MU¨g+FC(13)

Here, M, C and K represent the mass matrix, damping matrix, and stiffness matrix of the tank, respectively. The variables U¨, U˙ and U denote the acceleration, velocity, and displacement of the tank at a specific moment. Additionally, U¨g represents the acceleration of the ground at that moment, and FC denotes the contact force.

The assumption is made that SPH particles in the support domain of the FEM node exert contact forces on the node, and FEM nodes in the support domain of the SPH particles exert contact forces on the particles. The contact force between the FEM node and the SPH particles is expressed by Eq. (14).

FC=∑j=1Nmjρj⋅miρiKNW(ri−rj)N−1W(havg)N⋅∇jW(ri−rj)(14)

Here, havg represents the average value of the interparticle smoothing length and corresponds to the contact penalty stiffness.

3  Modeling and Verification

3.1 Subjects of Study

This paper investigates a symmetric double-bearing horizontal cylindrical storage tank [22] depicted in Fig. 5. In the tank, the X-axis represents the vertical direction, the Y-axis signifies the axial direction, and the Z-axis denotes the horizontal transverse direction. One end of the horizontal storage tank is secured to the foundation using foot bolts, while the other end is also fixed to the foundation with foot bolts but allows sliding along the tank axis. The tank is constructed from Q345R steel with a wall thickness of 6 mm, and the saddle support is welded using 8 mm thick Q235A steel. The tank is designed to withstand earthquakes with a maximum acceleration of 0.1 g.
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Figure 5: Horizontal storage tank size

3.2 Numerical Modeling

Abaqus software was utilized to develop a coupled SPH–FEM model (“Model A”) of the horizontal storage tank. The stored liquid was discretized into PC3D granular units representing SPH particles, while the tank and support were discretized using S4R four-node curved thin-shell units, depicted in Fig. 6. Initially, three models were created: A85, A50, and A15 corresponding to filling coefficients of 0.85, 0.5, and 0.15, respectively. These coefficients represent different storage capacities, with 0.85 indicating maximum capacity, 0.5 representing operating condition capacity, and 0.15 representing overhaul condition capacity. Additionally, a finite element model (“Model B”) of the horizontal storage tank was established using the equivalent mass method. The corresponding finite element models for the three filling factors were B85, B50, and B15. The equivalent mass method simplifies the tank and stored liquid by treating them as a centralized mass point connected to a cantilever beam to form an equivalent system. This model neglects the impact of liquid sloshing on the dynamic response of the tank. By comparing the dynamic responses of Model A and Model B under the same earthquake, the study examines the effects of factors such as stored liquid sloshing and stored liquid volume on the seismic response.

[image: images]

Figure 6: SPH–FEM model of the horizontal storage tank

The number of elements in Models A85, A50, and A15 is presented in Table 1.
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Both the tank and the saddle support are constructed from steel and modeled using a follow-hardening bilinear elastoplastic material model that adheres to the von Mises yield criterion, as depicted in Eq. (15).

{σ=Esε,ε<εeσ=σy+Et(ε−εe),ε≥εe(15)

Here, σ represents stress, ε indicates strain, σy corresponds to the yield stress, εe represents the maximum elastic strain, Es denotes the elastic modulus, and Et stands for the tangential modulus. Both σy and Et significantly influence the inelastic properties of the steel.

The tank body is made of Q345R and the saddle support is made of Q235A. The mechanical property parameters for Q345R and Q235A are provided in Table 2.
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The stored liquid, considering the presence of a free liquid level, is described using the Mie–Grüneisen equation in the form of Us–Up, as presented in Eq. (16).

p=ρ0c02η(1−s)2(1−Γ0η2)+Γ0ρ0Em(16)

Here, ρ0 represents the reference density of the stored liquid, c0 indicates the propagation speed of sound in the stored liquid, η corresponds to the nominal volumetric compressive strain of the stored liquid, s and Γ0 are constants associated with the stored liquid, and Em denotes the internal energy per unit mass of the stored liquid. The parameters of the stored liquid can be found in Table 3.
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3.3 Model Rationality Verification

To assess the rationality of the coupled SPH–FEM model for horizontal storage tanks, a numerical simulation is conducted by subjecting “Model A85” to the El Centro (EW) ground vibration record with a peak acceleration of 0.2 g along the Z-direction. The results of the numerical simulation are compared with experimental data obtained from seismic simulation shaker tests on the tank, as referenced in the literature [22]. Fig. 7 shows a comparison between the numerically simulated dynamic time–history response of the tank and the experimental data. In Fig. 7a, the maximum relative error of the acceleration at the middle of the tank wall is found to be 18.85%, while in Fig. 7b, the maximum relative error of the strain value at the same location is 10.43%. Overall, the numerical simulation results exhibit closer agreement with the experimental data, thus substantiating the rationality of the coupled SPH–FEM model.
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Figure 7: Calculation result verification

4  Selection and Spectral Characterization of Ground Vibration Records

4.1 Sources of Ground Vibration Records

To investigate the dynamic responses of horizontal storage tanks during earthquakes, this study selected three ground vibration records from the strong earthquake database: El-Centro 270, GMR 000, and NWH 360. The characteristic parameters of the ground vibration records are shown in Table 4.
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4.2 Comparison of Fourier Amplitude Spectra

The Fourier amplitude spectra of the three ground vibration records were obtained using the fast Fourier transform method, illustrating their distribution and proportion of vibration components at various frequencies, as depicted in Fig. 8. Fig. 8 demonstrates that El-Centro 270 is predominantly distributed within the 1–6 Hz range, GMR 000 within 1.5–7.5 Hz, and NWH 360 primarily within 0.5–4 Hz. Overall, the three ground vibration records exhibit a notable presence of high-frequency components.
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Figure 8: Fourier amplitude spectra of the records

4.3 Comparison of Acceleration Response Spectra

Seismic acceleration response spectra reflect the impact of ground shaking spectral characteristics on the dynamic response of engineering structures. Fig. 9 illustrates the corresponding elastic response spectra, calculated for a 5% damping ratio, linear–elastic, single-degree-of-freedom system, with a peak acceleration of 0.2 g, under the influence of three ground shaking recordings.
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Figure 9: Acceleration response spectra of the records

According to Fig. 9, the spectral profiles of El-Centro 270 are primarily concentrated within the period range of 0.2–0.5 s, with a peak acceleration of 0.560 g observed at a period of 0.58 s. Similarly, the spectra of GMR 000 exhibit a concentration range of 0.1–0.6 s, where the maximum acceleration reaches 0.887 g at a period of 0.14 s. Furthermore, the spectral values pertaining to NWH 360 are mainly concentrated within the period range of 0.2–1 s, with a peak acceleration of 0.737 g observed at a period of 0.68 s.

5  Seismic Response Analysis

For this study, due to the lengthy duration of the chosen ground vibration records and the computational limitations, the input parameters consist of data ranging from the initial arrival of the acceleration value 0.3αmax the final arrival of the value on the records. Additionally, the peak acceleration for all three ground vibration records was uniformly adjusted to 0.2 g. An acceleration of 0.2 g corresponds to a seldom occurred earthquake that affects the tank. Subsequently, each ground vibration record was individually input into Models A85, A50, A15, B85, B50, and B15 along both the Z-axis and Y-axis of the tank to analyze their respective seismic responses. Notably, the peak acceleration ratio between the Z-axis and Y-axis of the input seismic records was set at 1:0.85. During earthquakes, horizontal storage tanks commonly experience shearing of the foot bolts between the support and the foundation, as well as separation at the interface between the tank top and the external pipeline. Therefore, this paper selects the bottom surface of the support and the midpoint of the tank’s top as the sampling locations for analysis.

5.1 Seismic Response Results

Fig. 10 displays base shear along the Y-direction of Model A85 and Model B85 under the action of Centro-270. Similarly, Fig. 11 shows the top center displacement along the Y-direction of Model A50 and Model B50 under the action of GMR 000. Furthermore, Fig. 12 illustrates the base shear along the Z-direction of Model A15 and Model B15 under the action of NWH 360.
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Figure 10: Base shear along the Y-direction of the tank with the liquid-fill factor of 0.85 under the action of Centro-270
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Figure 11: Top center displacement along the Y-direction of the tank with the liquid-fill factor of 0.5 under the action of GMR 000
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Figure 12: Base shear along the Z-direction of the tank with the liquid-fill factor of 0.15 under the action of NWH 360

Table 5 presents the maximum value of base shear and its corresponding occurrence time for the horizontal storage tank in the Z-direction. Similarly, Table 6 provides the maximum value of base shear and its occurrence time for the horizontal storage tank in the Y-direction. Additionally, Table 7 displays the maximum value of the top center displacement in the Z-direction and its time of occurrence. Finally, Table 8 shows the maximum value of the top center displacement in the Y-direction and its corresponding occurrence time.
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Table 9 presents the maximum values of the tank von Mises stresses and stored liquid sloshing wave heights during the occurrence of maximum base shear in various directions. Similarly, Table 10 provides the maximum values of tank stresses and stored liquid sloshing wave heights during the occurrence of maximum top center displacement in different directions for horizontal storage tanks with varying stored liquid volumes.
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Fig. 13 displays the von Mises stress distribution of the tank at the moment of maximum top-center displacement in the Z-direction for Model A50 during the El Centro 270. Fig. 14 illustrates the wave height distribution of stored liquid sloshing at the moment of maximum top-center displacement in the Z-direction for Model A50 during the El Centro 270. An analysis of Fig. 13 reveals that the maximum von Mises stress in the horizontal storage tank predominantly occurs at the corners of the saddle support and the adjacent tank wall during the peak seismic response. Furthermore, an examination of Tables 9 and 10 demonstrates that as the liquid filling coefficient increases, the maximum von Mises stress in the horizontal storage tank also increases. However, it remains below the yield strength of both the tank wall and support materials. Therefore, no damage was observed in the tank or supporting structures during the earthquakes.
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Figure 13: Tank von mises stress at maximum top-center displacement in the Z-direction
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Figure 14: Wave height at maximum top-center displacement in the Z-direction for model A85

5.2 Influence of Stored Liquid Sloshing

The study investigated the ratios between the maximum base shear values of Model A and Model B in the Z-direction under different earthquakes and filling coefficients, depicted in Fig. 15. An analysis of Fig. 15 demonstrates that when the filling coefficient is 0.15, the average maximum base shear value of Model A in the Z-direction is 59.8% of that of Model B. Likewise, at a filling coefficient of 0.5, the average maximum base shear value of Model A in the Z-direction is 58.2% of Model B’s, while at a filling coefficient of 0.85, it increases to 69.1% compared to that of Model B. In summary, Model A demonstrates smaller base maximum shear values in the Z-direction compared to Model B.

[image: images]

Figure 15: Effect of stored liquid sloshing on the base shear in the Z-direction

The study investigated the ratios between the maximum Y-base shear values of Model A and Model B in the Y-direction under different earthquakes and filling coefficients, depicted in Fig. 16. An analysis of Fig. 16 demonstrates that when the filling coefficient is 0.15, the average maximum base shear value of Model A in the Y-direction is 59.5% of that of Model B. Likewise, at a filling coefficient of 0.5, the average maximum base shear value of Model A in the Y-direction is 53.3% of Model B’s, while at a filling coefficient of 0.85, it increases to 56.0% compared to that of Model B. In summary, Model A demonstrates smaller base maximum shear values in the Y-direction compared to Model B.

[image: images]

Figure 16: Effect of stored liquid sloshing on the base shear in the Y-direction

The study investigated the ratios between the maximum top-center displacement values of Model A and Model B in the Z-direction under different earthquakes and filling coefficients, depicted in Fig. 17. An analysis of Fig. 17 demonstrates that when the filling coefficient is 0.15, the average maximum top-center displacement of Model A in the Z-direction is 33.1% of that of Model B. Likewise, at a filling coefficient of 0.5, the average maximum top-center displacement of Model A in the Z-direction is 32.9% of Model B’s, while at a filling coefficient of 0.85, it increases to 53.7% compared to that of Model B. In summary, Model A demonstrates smaller top-center maximum displacement values in the Z-direction compared to Model B.
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Figure 17: Effect of stored liquid sloshing on the top-center displacement in the Z-direction

The study investigated the ratios between the maximum top-center displacement values of Model A and Model B in the Y-direction under different earthquakes and filling coefficients, depicted in Fig. 18. An analysis of Fig. 18 demonstrates that when the filling coefficient is 0.15, the average maximum top-center displacement of Model A in the Y-direction is 55.9% of that of Model B. Likewise, at a filling coefficient of 0.5, the average maximum top-center displacement of Model A in the Y-direction is 49.6% of Model B’s, while at a filling coefficient of 0.85, it increases to 57.3% compared to that of Model B. In summary, Model A demonstrates smaller top-center maximum displacement values in the Y-direction compared to Model B.
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Figure 18: Effect of stored liquid sloshing on the top-center displacement in the Y-direction

The analysis conducted above indicates that a SPH–FEM coupled model that takes into account the impact of stored liquid sloshing within a tank exhibits a lower seismic response compared to the conventional equivalent mass model. The analysis reveal that the equivalent mass method, which disregards the influence of liquid sloshing, overestimates the seismic response of horizontal storage tanks. It leads to an escalation in saddle base shear, tank axial stresses, tank tangential stresses, tank circumferential stresses, and the average stresses within the effective cross-section of the saddle bearings as predicted by the equivalent mass method. Consequently, seismic design based on the outcomes of the equivalent mass method analysis may necessitate an augmentation in the thickness of the tank wall and the number and size of ground bolts. This, in turn, can result in escalated construction expenses and unnecessary resource misallocation.

5.3 Influence of Stored Liquid Volume

In Fig. 19, the effects of various liquid filling coefficients on the maximum base shear in the Z-direction of Model A are compared. When the liquid filling coefficient is 0.5, the average value of the maximum base shear in the Z-direction is 1.96 times higher than when the liquid filling coefficient is 0.15. Similarly, when the liquid filling coefficient is 0.85, the average value of the maximum base shear in the Z-direction is 3.27 times higher compared to when the liquid filling coefficient is 0.15. In general, the maximum base shear in the Z-direction of Model A increases as the stored liquid volume increases.

[image: images]

Figure 19: Effect of liquid storage volume on the base shear in Z-direction

In Fig. 20, the effects of various liquid filling coefficients on the maximum base shear in the Y-direction of Model A are compared. When the liquid filling coefficient is 0.5, the average value of the maximum base shear in the Y-direction is 1.73 times higher than when the liquid filling coefficient is 0.15. Similarly, when the liquid filling coefficient is 0.85, the average value of the maximum base shear in the Y-direction is 2.65 times higher compared to when the liquid filling coefficient is 0.15. In general, the maximum base shear in the Y-direction of Model A increases as the stored liquid volume increases.
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Figure 20: Effect of liquid storage volume on the base shear in Y-direction

Fig. 21 presents a comparison of the effects of various liquid filling coefficients on the maximum displacement at the top-center in the Z-direction of Model A. The results indicate that when the liquid filling coefficient is 0.5, the average value of the maximum displacement at the top-center in the Z-direction is 2.09 times higher compared to when the liquid filling coefficient is 0.15. Similarly, when the liquid filling coefficient is 0.85, the average value of the maximum displacement at the top-center in the Z-direction is 4.88 times higher than when the liquid filling coefficient is 0.15. In general, the maximum displacement at the top-center in the Z-direction of Model A increases with an increase in stored liquid.
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Figure 21: Effect of stored liquid volume on the top-center displacement in the Z-direction

Fig. 22 presents a comparison of the effects of various liquid filling coefficients on the maximum displacement at the top-center in the Y-direction of Model A. The results indicate that when the liquid filling coefficient is 0.5, the average value of the maximum displacement at the top-center in the Y-direction is 1.76 times higher compared to when the liquid filling coefficient is 0.15. Similarly, when the liquid filling coefficient is 0.85, the average value of the maximum displacement at the top-center in the Y-direction is 2.95 times higher than when the liquid filling coefficient is 0.15. In general, the maximum displacement at the top-center in the Y-direction of Model A increases with an increase in stored liquid.
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Figure 22: Effect of stored liquid volume on the top-center displacement in the Y-direction

The analysis above demonstrates that the seismic response of horizontal storage tanks under identical seismic conditions exhibits a gradual increase as the stored liquid volume increases.

6  Conclusions

This paper presents and validates a method for simulating the seismic response of horizontal storage tanks. The method efficiently captures strong nonlinear behaviors, including large sloshing of the free liquid surface, broken waves, and splashing. The method investigates the impact of liquid storage sloshing and volume on the seismic response of horizontal storage tanks. Additionally, design and operational recommendations for horizontal storage tanks are provided. The study yielded the following conclusions:

(1) A numerical simulation method for analyzing the seismic response of horizontal storage tanks using the coupled SPH–FEM algorithm is proposed in Abaqus software. The proposed method can provide dynamic responses, including acceleration, strain, stress, base shear, displacement, and stored liquid sloshing of the tank. We compare the simulation results with the test data, and an obtained error rate of 18.85% demonstrates the method’s good consistency with the test data, thus validating its rationality.

(2) The SPH-FEM coupling method is compared with the conventional equivalent mass method to analyze the impact of stored liquid sloshing and stored liquid volume on the base shear and top displacement of the tank. The results demonstrate that under the same seismic effect, the dynamic response obtained by the SPH–FEM coupling method is 53.3%~69.1% of that obtained by the conventional equivalent mass method, indicating that the SPH–FEM coupling method yields a smaller dynamic response compared to the conventional equivalent mass method.

(3) The dynamic response of a horizontal storage tank exhibits a gradual enhancement trend as the stored liquid volume increases under the same seismic action. The seismic response increases by 73%~388% for every 35% increase in stored liquid volume.

(4) The maximum von Mises stresses in the tank and supports during an earthquake with a peak acceleration of 0.2 g were significantly below the yield strength of the steel. As a result, both the tank and the supports of the horizontal storage tank remained undamaged. Under the influence of rare earthquakes, a horizontal storage tank shows excellent seismic performance with a high degree of seismic redundancy.

(5) In general, horizontal storage tanks exhibit favorable seismic performance and remain undamaged during rare earthquake events. However, the seismic design should fully consider the influence of liquid sloshing, and the SPH-FEM coupling model provides a more accurate depiction of the seismic response of horizontal storage tanks. Horizontal storage tanks located in earthquake-prone areas should carefully manage the filling coefficient to mitigate the elevated risk of earthquake damage.
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Table 3: Material parameters of the stored liquid
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Table 8: Maximum Y-directional top center displacement
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Table 4: Characteristic parameters of ground vibration records
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Table 9: Maximum values of von Mises stress and wave heights at the onset of maximum base shear
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Table 7: Maximum Z-directional top center displacement
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Table 1: Number of elements in Model A

Element type  A85 AS50 AlS

S4R 8668 8668 8668
PC3D 76800 57024 25056
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Table 6: Maximum Y-directional base shear

Filling coefficient Model El Centro 270 GMR 000 NWH 360
Fy/kN  t/s Fy/kN  t/s Fy/kN  t/s
0.85 A85 4.89 2.85 4.76 6.37 5.28 5.29
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Table 2: Material parameters of steel

Material type p (kg/m?) E,(MPa) E,(MPa) v o, (MPa)

Q345R 7850 209 x10° 7.1 x10° 0.3 345
Q235A 7850 203 x10° 6.1 x10° 03 235
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Table 10: Maximum values of von Mises stress and wave heights at the onset of maximum top center

displacement
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Table 5: Maximum Z-directional base shear

Filling coefficient Model El Centro 270 GMR 000 NWH 360
F,/kN  t/s F,/kN  t/s F,/kN  t/s
0.85 A85 9.09 11.42 7.88 7.88 8.22 5.27
B85S 15.29 11.44 11.08 5.47 10.71 5.41
0.5 AS0 5.06 2.88 4.51 4.71 5.5 5.25
B50 9.14 11.70 10.92 4.65 7.05 5.41
0.15 AlS 2.54 4.13 2.58 5.29 2.58 5.31
B15 4.9 11.44 4.12 4.67 3.98 5.39
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