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Abstract
Liquid-containing structures, including steam generators, water-cooling systems, in-containment refueling water storage 
tanks, suppression tanks, and tritiated water storage facilities, are integral components of nuclear reactor systems and are 
crucial for ensuring operational safety and stability. Traditional seismic analysis methods often struggle to accurately pre-
dict the dynamic behavior of such structures, particularly under transient events such as earthquakes. This paper presents a 
comprehensive study that applies the hybrid Eulerian–Lagrangian method to analyze fluid–structure interactions within these 
structures. The efficacy of this method for capturing the complex dynamics induced by liquid movement is demonstrated 
through simulations conducted primarily in a vertical storage tank. A comparative analysis with traditional response-spectrum 
analysis methods underscores the limitations of conventional approaches, particularly in terms of accounting for nonlinear 
free-surface motions and dynamic velocity distributions. The structural response of the tank containing liquid calculated using 
the hybrid Eulerian–Lagrangian method is approximately twice that calculated using the response-spectrum method, whereas 
in the case of a tank without liquid, the response is the same. Additionally, a high dynamic stress distribution exists near the 
liquid level of the structure. This study addresses the intricate interplay between structural components and fluid dynamics, 
thereby extrapolating insights from tanks to enhance safety protocols and design considerations for future nuclear devices.

Keywords  Liquid-containing structures · Nuclear reactors · Seismic analysis methods · Hybrid Euler–Lagrangian method · 
Complex dynamics

1  Introduction

   As the global demand for sustainable and clean energy 
escalates amidst ongoing environmental and resource chal-
lenges, nuclear energy emerges as a pivotal technology 
capable of transforming the energy landscape. Facilities 
such as Generation IV nuclear reactors [1, 2], international 
thermonuclear experimental reactors [3], and Chinese fusion 

engineering testing reactors [4] exemplify the cutting-edge 
advancements in harnessing nuclear power. Given the criti-
cal importance of these technologies, ensuring the opera-
tional safety and stability of nuclear reactors is of paramount 
importance. A crucial aspect of safety is a comprehensive 
seismic analysis of liquid-containing structures, as detailed 
in Table 1 [5–12].

One of the primary concerns in the seismic analysis of 
liquid-containing structures is the phenomenon of slosh-
ing, which can significantly affect the dynamic response 
of a system [13, 14]. Sloshing refers to the movement of 
liquid in partially filled containers and can lead to substan-
tial hydrodynamic loads on a structure, potentially com-
promising its integrity during seismic events. Probabilistic 
assessment methods based on numerical simulations can 
more accurately predict sloshing behavior while consid-
ering uncertainties in ground motion characteristics and 
tank geometry [15, 16]. Energy dissipation systems, such 
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as damped floating roofs, have proven to be effective in 
mitigating sloshing effects in steel tanks under earthquake 
loading [17, 18]. Comprehensive studies have emphasized 
the need for advanced numerical methods to capture nonlin-
ear effects and fluid–structure coupling in sloshing dynam-
ics [19]. These investigations underscore the limitations of 
simplified analytical models and highlight the importance of 
three-dimensional analysis, particularly for nuclear reactor 
applications, in which safety margins are critical.

However, traditional seismic analysis methods often fail 
to accurately predict the dynamic behavior of these struc-
tures during transient events such as earthquakes, primar-
ily because of their limited ability to account for complex 
fluid–structure interactions (FSI) [20–25]. Considerable 
research has been conducted to better understand the inter-
actions between seismic events and liquid-containing struc-
tures and to demonstrate the significance of these interac-
tions for structural safety and integrity [26–29]. Despite 
these advancements, the current methodologies often lack 
precision in fully capturing the spectra of fluid dynamics and 
structural responses.

To address FSI problems involving liquid storage tanks, 
which involve complex interactions between fluids and 
solid structures under various loading conditions, recent 
advancements have facilitated the development of numer-
ous sophisticated numerical methods. These methods can 
be broadly categorized into particle, grid, and finite-ele-
ment methods, each offering unique advantages in mod-
eling FSI. Particle-based methods offer a Lagrangian per-
spective on fluid and particle dynamics. Smoothed particle 
hydrodynamics (SPH) is used for fluid dynamics simu-
lations and provides significant flexibility by eliminating 
the need for a mesh. This is particularly advantageous 
for simulations involving extreme deformations [30–32]. 

However, the SPH can suffer from stability and accuracy 
issues if not carefully implemented. The discrete element 
method (DEM), which is primarily used for granular 
materials rather than fluids, can be combined with fluid 
dynamics simulations in hybrid approaches such as CFD-
DEM for fluid-particle interactions [33–35]. Grid-based 
methods, such as the immersed boundary method (IBM) 
and the Lattice Boltzmann Method (LBM), offer alterna-
tive approaches. The IBM employs a Eulerian descrip-
tion for fluids combined with a Lagrangian framework for 
structures, avoiding the need for body-fitted meshes and 
simplifying simulations involving complex geometries and 
large deformations [36–38]. The LBM provides a meso-
scopic approach to fluid dynamics simulations, excelling 
at handling flows with complex boundary conditions and 
intricate geometries, owing to its parallel-processing 
capabilities  [39–41]. Finite-element methods include 
the arbitrary Lagrangian–Eulerian (ALE) and coupled 
Eulerian–Lagrangian (CEL) methods. The ALE method 
addresses problems in which large mesh distortions occur 
by allowing the mesh to move and deform independently 
of its material [42–44]. Although this is effective for large 
deformations, its setup and computation can be intricate 
and time-consuming. The CEL method combines the 
strengths of both descriptions, providing robust solutions 
for dynamic material interactions, although it requires 
extensive computational resources to accurately resolve 
phase interfaces [45–47]. A notable variant of the finite-
element framework is the spectral finite-element method 
(SFEM), which combines spectral accuracy with finite-
element flexibility to achieve exponential convergence for 
smoothing problems [48–50]. Table 2 summarizes the var-
ious methods used in fluid–structure interaction analysis, 
highlighting their unique features and typical applications.

Table 1   Liquid-containing 
structures in nuclear reactors

Reactor Accessory system Specific components Internal fluids

Fission reactor Reactor pressure vessel [5] Vessel Moderator
Coolant

Cooling system [6] Steam Generator Water
In-containment refueling water
storage tank system [7]

Storage tanks Water

Circulating water system [8] Cooling towers Water
Fusion reactor Liquid plant in cryoplant [9] Cold boxes Liquid He

Compressors Liquid N 
2

Tanks
Cooling water systems [10] Cooling towers Water

Basins
Vacuum vessel pressure
suppression system [11]

Large leak tanks Water
Small leak tanks

Tritiated water storage area [12] Drain tanks Water
Collection tanks
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In this context, the hybrid Eulerian–Lagrangian (HEL) 
method represents a significant advancement in FSI analysis 
of nuclear reactor systems. The HEL method merges the 
robustness of the CEL method with the flexibility of the 
ALE method, enhancing the simulation accuracy by dynami-
cally adapting the mesh based on the physical demands of 
the scenario. This method addresses complex challenges 
such as nonlinear free-surface motions and dynamic velocity 

distributions, which are often inadequately captured by tra-
ditional response-spectrum analysis. A comparative illus-
tration shown in Fig. 1 highlights the superiority of this 
approach over conventional methods and demonstrates its 
capability to capture the critical dynamics essential for the 
safety and stability of nuclear reactors. This comprehensive 
approach improves the understanding of seismic behaviors 
in liquid-containing structures, bolsters design and safety 

Fig. 1   (Color online) Response 
of liquid-containing structures 
during seismic event using the 
HEL method

Table 2   Overview of key features for FSI numerical simulation methods

Method Fluid
representation

Solid
representation

Coupling
approach

Computational
cost

Accuracy Typical applications Unique features

SPH Lagrangian Lagrangian Strong Moderate Moderate to high Free-surface flows
Impact problems

Particle-based

DEM Eulerian/DEM
Combination

Discrete particles Weak High Moderate to high Granular flows
Particle-fluid interac-

tions

Particle interactions

IBM Eulerian Lagrangian Weak Moderate Moderate Biofluid mechanics
Flexible structures

Simplified coupling

LBM Mesoscopic Lagrangian Weak Low Moderate Porous media
Multiphase flows

Mesoscopic modeling

ALE Eulerian Lagrangian Strong High High Large deformations
Complex geometries

Mesh flexibility

CEL Eulerian Lagrangian Strong High High Large deformations
Extreme loading 

conditions

Handles fluid–structure 
interaction

Large deformations
SFEM Eulerian/ALE Lagrangian Strong High Very high Problems requiring 

high accuracy
Wave propagation

Higher-order basis 
functions

Spectral convergence
HEL Eulerian/ALE

Combination
Lagrangian Strong High High Large deformation

Impact problems
Combines strengths of 

CEL & ALE
for enhanced seismic 

analysis
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assessment processes, and potentially contributes to a more 
robust nuclear energy infrastructure.

2 � Methods

2.1 � Response‑spectrum analysis method

   The response-spectrum analysis method is essential for 
evaluating structural responses to transient dynamic events. 
This characterizes the peak response of a simple harmonic 
oscillator modeled as a single-degree-of-freedom (SDOF) 
system under such events [51, 52]. In the absence of exter-
nal forces, the governing equation for an SDOF system is 
expressed as:

With the introduction of the undamped natural frequency 
�0 =

√
k

m
 and the damping ratio � =

c

2
√
km

 , and by focusing 
on relative displacement, this equation simplifies to:

Given specific values of �0 , � , and base acceleration b̈(t) , 
along with initial conditions xr(0) = 0 , ẋr(0) = 0 , the sys-
tem’s relative displacement xr(t) , velocity ẋr(t) , and accel-
eration ẍr(t) , as well as the absolute acceleration ẍ(t) , can be 
calculated. The acceleration spectrum Sa(𝜔0, 𝜉, b̈(t)) denotes 
the maximum relative acceleration resulting from the ground 
acceleration.

For multi-degree-of-freedom systems, eigenmode analy-
sis followed by modal superposition simplifies the system 
into decoupled modal equations. Each mode j is represented 
by

The maximum amplitude for mode j, when subjected to a 
load in the direction n, leverages the response spectrum at 
the natural frequency �j and a structural participation factor 
Γnj to yield q̂nj . This methodology highlights the combina-
tion of the response-spectrum value and participation factor 
as the key to determining the peak amplitude of an eigen-
mode. The application of this analysis considers multiple 
natural frequencies within the range of the design spectrum, 
which requires amalgamation of the responses. The final 
step involves combining the modal responses to calculate the 
physical quantities of interest using the appropriate modal 
combination methods.

The response-spectrum method is a widely recognized 
and accepted approach for seismic analysis, and is exten-
sively utilized in various industries, including chemical 
engineering, civil construction, and nuclear power plant 

(1)mẍ + c(ẋ − ḃ) + k(x − b) = 0.

(2)ẍr + 2𝜉𝜔0ẋr + 𝜔2

0
xr = −b̈.

(3)q̈j + 2𝜉𝜔jq̇j + 𝜔2

j
qj = −𝜙T

j
Mb̈.

design [53–55]. Its widespread adoption has been reflected 
in its incorporation into numerous international building 
codes and standards. For instance, it is a critical component 
of the seismic design procedures in Eurocode 8 that provides 
guidelines for designing earthquake-resistant structures 
across Europe [56]. This method is prominently featured 
in the American Society of Civil Engineers’ ASCE 7-16 
standard, which sets minimum design loads for buildings 
and other structures in the United States [57]. The Interna-
tional Building Code incorporates ASCE 7 as a reference 
for seismic design provisions, including response-spectrum 
analysis [58]. The popularity of this method stems from 
its ability to estimate structural responses to earthquake 
excitations, making it particularly valuable for the design 
stages and safety assessments. Its widespread acceptance 
and proven track record in various fields make it an ideal 
benchmark for comparison with newer analytical methods 
such as the HEL method proposed in this study.

2.2 � Ground motion acceleration synthesis

     This study employs a synthetic approach to generate 
artificial ground motions, aiming to simulate earthquakes’ 
transient and dynamic nature accurately. This methodol-
ogy integrates the modification of an initial random process 
guided by a predetermined Power Spectral Density Function 
(PSDF) and enveloped within a user-selected shape [59]. 
This approach ensures that the generated ground motions 
possess the requisite statistical properties and dynamic char-
acteristics that are reflective of actual seismic events.

The PSDF, which is calculated based on a predefined 
velocity target spectrum ( Sv ), plays a fundamental role in 
the synthetic method. This step is critical because the PSDF 
encapsulates the frequency content necessary to simulate 
realistic earthquake motions. Subsequently, the ground 
motion is synthesized by adding sinusoidal waves, each with 
specific amplitudes ( An ) and phase angles ( Φn ), as follows:

where X(t) represents the artificial ground motion at time t, 
�n is the angular frequency, and n denotes the nth sinusoidal 
wave in series. This formulation ensures that the simulation 
captures the periodic nature of the seismic waves, repre-
senting a wide range of earthquake scenarios. To reflect the 
transient characteristics of earthquakes accurately, station-
ary sinusoidal processes were modulated by a determinis-
tic envelope, I(t), chosen from the envelope shape module. 
This modulation results in an artificial ground motion, Z(t), 
embodying both the temporal and spectral features of seis-
mic events:

(4)X(t) =
∑
n

An ⋅ sin(�nt + Φn),
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The amplitude vectors and phase angles were systematically 
varied to simulate different earthquake profiles, maintaining 
the same overall spectral characteristics but different tem-
poral properties.

The generation of artificial acceleration is inherently 
iterative and aims to refine the simulated ground motion 
until it aligns closely with the target response spectrum. This 
iterative process involves adjusting the PSDF by comparing 
the desired and computed response spectra at the control 
frequencies. The adjustment is governed by

where G(�)i+1 denotes the recalculated PSDF. This iterative 
refinement continues until the response spectrum of the gen-
erated motion closely matches the target spectrum, thereby 
ensuring that the synthetic ground motion is statistically 
valid and representative of the modeled seismic risk profile.

2.3 � HEL method

   To accurately reflect the mechanics involved in transition-
ing between the Lagrangian and Eulerian descriptions for 
FSIs, we focus on two pivotal concepts, viz. the material 
derivative and continuity equation, alongside the utiliza-
tion of the Reynolds transport theorem for bridging the gap 
between the two descriptions [60, 61].

2.3.1 � Material derivative in fluid dynamics

The material or substantial derivative links the Eulerian and 
Lagrangian descriptions by describing the rate of change of 
a fluid property (e.g., velocity and density) experienced by 
a moving particle:

where D�
Dt

 is the material derivative of the property � , u is 
the velocity field, and ∇� is the gradient � . This equation 
captures the temporal change in � at a fixed location and the 
change due to the motion of the fluid itself, aligning with the 
Eulerian viewpoint while describing the Lagrangian particle 
dynamics.

2.3.2 � Continuity and momentum equations

Reynolds Transport Theorem (RTT) plays a crucial role in 
converting between system (Lagrangian) and control volume 

(5)Z(t) = I(t) ⋅
∑
n

An ⋅ sin(�nt + Φn).

(6)G(�)i+1 = G(�)i

⎛⎜⎜⎝
S
(�)
v

S
(i)

v(�)

⎞⎟⎟⎠

2

,

(7)
D�

Dt
=

��

�t
+ (u ⋅ ∇)�,

(Eulerian) approaches. This allows the application of con-
servation laws (mass, momentum, and energy) over a con-
trol volume that encompasses the moving system, effectively 
bridging the gap between the descriptions:

where V(t) and S(t) are the time-dependent volume and sur-
face enclosing the fluid or structure, u is the velocity of the 
fluid relative to surface S; and n is the outward unit normal 
to S.

2.3.3 � Coupling mechanism via virtual work

The coupling of fluid and structure in FSIs through the vir-
tual work principle involves ensuring that the sum of all 
virtual work contributions equals zero, which reflects the 
equilibrium state. This principle can be expressed through 
the virtual work equation, which, in its generalized form for 
FSIs, is as follows:

where Vf and Vs denote fluid and solid volumes, respectively. 
�f and �s are the fluid and solid densities, respectively. af and 
as are the acceleration fields of the fluid and solid, respec-
tively. �uf and �us represent the virtual displacements of the 
fluid and solid, respectively. �s denotes the stress tensor of 
the solid. ��s denotes the virtual strain tensor of the solid. 
Sf is the surface on which the external tractions tf act on the 
fluid. bf represents the body force per unit mass (e.g., grav-
ity) acting on a fluid. Sfs is the interface surface between the 
fluid and solid. fc is the contact force of the fluid-solid inter-
face per unit area. �ufs represents the virtual displacement 
at the fluid-solid interface.

The penalty function method is applied at the fluid–struc-
ture interface ( Sfs ) to enforce the compatibility and no-pen-
etration constraints as

where kc denotes the penalty stiffness coefficient that 
enforces the constraint, Δufs denotes the relative (penetra-
tion) displacement between the fluid and solid at the inter-
face, which should be minimized.

This equation ensures that any penetration between the 
fluid and solid is resisted by a force proportional to the 
penetration depth, effectively coupling the fluid and solid 
domains through the virtual work performed by the contact 
forces. This mechanism allows for consistent and physically 

(8)
d

dt ∫V(t)

� dV = ∫V(t)

��

�t
dV + ∫S(t)

�(u ⋅ n) dS,

(9)
∫Vf

�faf ⋅ �uf dV + ∫Vs

�sas ⋅ �us dV + ∫Vs

�s ∶ ��s dV

= ∫Sf

tf ⋅ �uf dS + ∫Vf

�fbf ⋅ �uf dV + ∫Sfs

fc ⋅ �ufs dS,

(10)fc = kcΔufs,
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accurate interactions between the fluid and solid phases in 
the simulations, enabling the practical analysis of complex 
FSI within the HEL method framework.

3 � Analysis of methods

3.1 � Response‑spectrum analysis of seismic

3.1.1 � Configuration of optimization

The response-spectrum method is a foundational analyti-
cal tool in the seismic analysis of liquid-containing struc-
tures for nuclear reactor systems. In this study, we employ 
a parametric approach to investigate the sensitivity of the 
seismic response to key structural and liquid parameters 
using response-spectrum analysis, a method widely applied 
in seismic optimization studies [62]. This study is focused 
on vertical storage tanks, which are critical components of 
nuclear facilities, and evaluates three primary parameters: 
liquid level, tank height, and wall thickness. This parametric 
study aims to quantify the influence of structural parameters 
on the seismic response, while simultaneously assessing the 

impact of liquid parameter variations on the seismic behav-
ior of vertical tanks.

Figure 2a illustrates the study’s structural analysis and 
optimization flowchart. The structural system under investi-
gation comprises a tank body, skirt supports, and upper and 
lower butterfly heads. The focus of this research is on the 
wall thickness, which varies from 5 mm to 60 mm, explicitly 
targeting the sections of the tank in direct contact with the 
contained liquid. The tank height is adjusted from 7 m to 
12 m; however, these modifications do not change the sup-
port structures. Specifically, the height of the skirt support 
structure is 0.6 m, and its thickness is 50 mm throughout the 
analysis. The design strategically sets the liquid level within 
the tank to accommodate a range between 0 m and 6.4 m, 
ensuring that it covers all potential tank volumes. Utilizing 
the central composite design (CCD), a comprehensive set 
of parametric design models is generated. These models are 
evaluated using the kriging response surface methodology, 
which is a robust technique for modeling and analyzing com-
plex systems [63, 64]. The evaluation criteria encompass a 
variety of indicators, such as modal shape and frequency, 
maximum equivalent stress sustained by the structure, and 
total displacement under seismic conditions.

Fig. 2   (Color online) Response of liquid-containing structures dur-
ing seismic event using the response-spectrum method. a Structural 
analysis and optimization flowchart; b Boundary conditions of the 

response-spectrum analysis; c Horizontal and vertical response spec-
trum of 5% damping; d Dominant structural modes with significant 
modal mass ratios in principal directions
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The loads impacting the structural system include gravity 
and hydrostatic pressure, with the structural base secured by 
fixed supports, as shown in Fig. 2b. Seismic response analy-
sis is conducted based on the response spectra of the equip-
ment close to the ground, as shown in Fig. 2c [65–67]. While 
conventional structural design often utilizes standard code-
based spectra, such as those from ASCE to 7-16 [57], in this 
study, we employ a specific spectrum obtained from ITER 
documentation. This approach is justified by the unique 
requirements of nuclear facilities, which necessitate more 
stringent seismic safety considerations that align with inter-
national standards for nuclear safety, such as those published 
by the International Atomic Energy Agency (IAEA) [68].

Figure  2c illustrates the seismic response spectrum 
derived from ITER documentation and used in this analysis. 
The spectrum incorporates two seismic levels: Seismic Level 
1 (SL-1) and Seismic Level 2 (SL-2), which are defined by 
the IAEA for nuclear power plant design. SL-2, equivalent to 
the Safety Shutdown Earthquake, represents the maximum 
potential earthquake for which the plant must safely shut 
down. SL-1, corresponding to the Operating Basis Earth-
quake, denotes the seismic level at which the plant should 
remain operational. In the context of ITER, SL-2 is used 
to design safety-important structures, systems, and compo-
nents, whereas SL-1 is applied to conventional structures 
and systems. Due to the rotational axis symmetry inherent 
in the structural design, the seismic responses in the X and 
Y directions are assumed to remain consistent under the 
same seismic intensity. This assumption is crucial as the 
focus is on the methodologies, not on the impact of vary-
ing response-spectrum amplitude or parameters. Selecting 
a universal response spectrum ensures that the findings are 
widely applicable and relevant to the method’s generalizabil-
ity while adhering to the specialized requirements of nuclear 
facility design.

To further characterize the structural behavior under seis-
mic conditions, a modal analysis was performed. Figure 2d 
shows the modal analysis results, highlighting the dominant 
structural modes in the principal directions. The analysis 
reveals the modes with significant modal mass ratios, pro-
viding insight into the structure’s dynamic behavior under 
prestressed conditions.

The material properties of both the solid and fluid com-
ponents, which are critical for the seismic analysis, are pre-
sented in Table 3. Figure 3 shows the minimum and average 
true stress–strain curves for the 304 stainless steel, providing 
critical insights into the material’s behavior under dynamic 
conditions.

The response-spectrum analysis method for assessing 
the seismic response of storage tanks in nuclear reactors 
has provided insights into their dynamic behavior. We used 
complete quadratic combination and square root of sum of 
squares to aggregate periodic vibration modes, while the 

missing mass method summed rigid body modes. These 
methods enable analysis by accounting for multiple vibra-
tional modes. The analysis, considering frequencies from 
0 Hz to 240 Hz, includes periodic and rigid modes. The 
selected frequency range ensures that the structural natu-
ral frequency remains distant from the seismic frequency 
of 33 Hz, effectively reducing the impact of seismic events.

3.1.2 � Results and discussion

The sensitivity of the structural response to various param-
eters under different design conditions is depicted in Fig. 4. 
This sensitivity distribution diagram illustrates the positive 
and negative correlations of parameters such as tank height 
and liquid level with the seismic response indicators. The 
tank height significantly influences the evaluation and opti-
mization parameters, whereas the liquid level has minimal 
impact on the structural modes. This observation aligns with 
the results obtained from the prestressed modal analysis, 

Table 3   Material properties of components in the analysis

Material Parameter Value

316 L
(20◦C , 1 atm)

Density 7930 kg/m3

Young’s modulus 200 GPa
Poisson’s ratio 0.3
Plastic parameters Refer Fig. 3 for details
Speed of sound 5265 m/s

Water
(20◦C , 1 atm)

Density 1000 kg/m3

Dynamic viscosity 0.001 Pa·s
Speed of sound 1483 m/s

Fig. 3   (Color online) Minimum and average true stress–strain of 
316 L
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indicating that the static load response predominantly deter-
mines the structural response under seismic conditions.

The analysis results are clearly depicted on the response 
surface, as illustrated in Fig. 5. This visualization deline-
ates the influence of each study parameter on the seismic 
performance targets. These insights provide a quantitative 
basis for the ongoing optimization of tank structural designs, 
with the aim of enhancing their safety and efficacy under 
seismic conditions.

The tank wall thickness and height response surfaces 
against seismic performance indicators, such as the 
first-order mode, structural displacement, and stress, are 
depicted in Fig. 5a–Fig. 5c. These visualizations show 
the influence of parameters on seismic performance tar-
gets. Figure 5a shows that tank body height dominates 
the first-order natural frequency under prestress. When 
the tank height is high enough, the first-order natural 
frequency will be close to or lower than the rigid body 
frequency of 33 Hz, implying that earthquakes have a neg-
ligible effect on low-height tanks. Combining Fig. 5b and 

Fig. 5c, we observe that the normalized seismic response 
under stress prestressing mode can be represented by 
maximum relative displacement and maximum equiva-
lent stress. This result does not combine structural self-
weight condition responses, only seismic ones. These 
insights provide a basis for optimizing tank structural 
designs to enhance safety under seismic conditions. By 
analyzing these parameters, this investigation character-
izes the tank’s seismic response, contributing to under-
standing dynamic behavior of liquid-containing structures 
in nuclear facilities.

We identified the optimal structural parameters for tank 
design: a height of 7 m corresponding to highest natural 
frequency, wall thickness of 30 mm for structural integrity, 
and liquid level of 4.8 m (75% of internal height). These 
parameters, selected based on preliminary tests, provide a 
foundation for future tank design and safety assessments. 
The modal mass analysis shown in Fig. 6 reveals the con-
centration of the modal mass within the first two modes 
on a logarithmic scale. This concentration indicates the 
initial modes’ critical role in the seismic response, with 
the dominant mode at a characteristic frequency of 145 Hz 
classified as rigid owing to its high frequency relative to 
the periodic modes.

The tank’s maximum displacement and equivalent 
stress levels are analyzed, and the specific locations of 
these maxima are identified and documented in Table 4. 
These findings provide a basis for evaluating structural 
safety and reliability according to the criteria of the RCC-
MR [69] code or ASME VIII Div. 1 [70] and Div. 2 [71]. 
This evaluation is crucial to ensure the integrity and safety 
of nuclear reactor components under seismic conditions.

Fig. 4   (Color online) Sensitivity distribution diagram

Fig. 5   (Color online) Structural response from response-spectrum analysis with error bars representing variability due to liquid-level height. a 
First mode frequency; b Total displacement; c Equivalent stress
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3.2 � Time‑history analysis of seismic

3.2.1 � Implementation of the HEL method model

This study utilizes the HEL method to evaluate the 
dynamic responses of a liquid-containing structure under 
seismic excitation. This modeling approach divides the 

system into two computational domains: the Euler domain, 
which represents the fluid dynamics within the tank, and 
the Lagrangian domain, which simulates the structural 
dynamics of the tank, as shown in Fig. 7. The integration 
of these domains enables a detailed representation of FSI 
under seismic loading, capturing both the complex motion 
of the fluid and structural deformation.

The Euler domain simulates fluid behavior under seis-
mic excitation through a finely meshed Eulerian grid, cap-
turing wave propagation, sloshing, and pressure distribu-
tion. The Lagrangian domain models the tank’s structural 
response using a refined mesh for precise simulation of 
deformation, stress distribution, and stability during seis-
mic events.

Three observation points monitor the seismic response: 
the top observation point, liquid-level side point, and 
dynamic peak point. The top observation point, located 
at the tank’s highest edge, tracks global displacement and 
deformation under seismic excitation, providing insights 
into structural performance and stability.

The liquid-level side point corresponds to the maxi-
mum liquid level under dynamic conditions, moving with 
changes in liquid height caused by seismic forces. The 
point position tracks within ±25% of the static initial liq-
uid height to represent the liquid’s fluctuating behavior 
throughout the seismic response.

Fig. 6   (Color online) The relative modal mass as a function of eigen-
frequency

Table 4   Assessment of 
maximum displacement 
and equivalent stress under 
diverse conditions (Tank 
parameter: Tank height: 7 m, 
wall thickness: 30 mm, liquid 
level: 75% of the tank’s internal 
height)

Load Condition Maximum 
total
displacement 
(mm)

Location Maximum 
equivalent
stress (MPa)

Location

Statics Hydrostatic pressure
and gravity

0.216 Bottom
of tank

5.434 Connection
between
skirt support
and tank

Dynamics Seismic
(SL-1)

0.016 Top
of tank

0.314

Combinations Statics and dynamics 0.217 Bottom
of tank

5.443

Fig. 7   (Color online) Seismic 
time-history analysis model for 
structural dynamics. a Bound-
ary conditions and markers for 
the three observation points; b 
Lagrangian domain; c Eulerian 
domain
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The dynamic peak point represents the location within the 
Lagrangian domain where the maximum structural response 
occurs under seismic excitation. This point varies with time 
depending on the dynamic interaction between the fluid and 
structure, capturing the peak displacement or stress experi-
enced by the tank walls during the seismic event. Identifying 
this point is crucial for assessing the structural safety and 
integrity of the tank as it provides insights into the areas 
experiencing the highest strain and potential failure risks.

By carefully defining these three observation points, the 
HEL method can effectively capture the global and localized 
seismic responses of the system, thereby enabling a com-
prehensive evaluation of the FSI. This approach provides 
a robust and secure framework to accurately simulate the 
complex dynamics of liquid-containing structures subjected 
to seismic loading.

The primary function of the Euler domain is to simulate 
fluid behavior under seismic excitation, emphasizing the 
need for a finely meshed Eulerian grid to accurately cap-
ture intricate fluid phenomena. Conversely, the structural 
response of the tank encapsulated within the Lagrangian 
domain necessitates a similarly detailed mesh to ensure the 
precision of the structural dynamics simulations.

The synergy between these domains through 
Euler–Lagrange coupling offers a nuanced understanding of 
the interplay between fluid dynamics and structural integrity 
under seismic loading. This methodology enhances the accu-
racy of seismic response predictions and provides a compre-
hensive framework for analyzing the complex interactions 
inherent in fluid–structure systems.

3.2.2 � Grid independence analysis

Grid independence analysis is critical in numerical simula-
tions to ensure mesh size does not unduly influence results. 
The objective is to identify an optimal mesh resolution 
balancing computational efficiency and solution accuracy. 

We used the response surface method to assess mesh size 
impacts in Eulerian and Lagrangian domains on FSI dynam-
ics within the HEL method. The simulation involves a tank 
filled to 75% with liquid under gravitational loading to ana-
lyze fluid–structure interaction. The HEL method captures 
this dynamic interaction effectively. Figure 8 shows the grid 
independence analysis results, illustrating mesh size effects 
on calculation cost and structural response, focusing on 
maximum displacement and stress.

Three key metrics evaluated mesh adequacy: calculation 
cost, maximum displacement, and maximum stress. A static 
analysis under hydrostatic pressure and gravity was per-
formed alongside the dynamic HEL simulation, serving as 
a baseline for comparison, represented by the blue curve in 
the X-Z plane in Fig. 8. The results show mesh resolution’s 
importance in the Lagrangian domain for accurate struc-
tural response. In both methods, maximum displacement and 
stress occurred at the tank bottom’s geometric center, though 
magnitudes varied between analyses due to different load-
ing conditions. The calculation cost of the HEL method FSI 
simulation, shown in Fig. 8a, depends heavily on mesh sizes 
in both domains. When the Eulerian domain has small mesh 
while the Lagrangian domain remains coarse, computational 
time increases significantly with potential convergence 
issues. This discrepancy is observed because the Eulerian 
domain needs finer resolution for accurate fluid dynamics 
modeling. As shown in Fig. 8b and Fig. 8c, while simulation 
shows approximate convergence at larger grid sizes around 
800 mm, the convergence is weak and rapidly diverges with 
further refinement. This phenomenon suggests that coarse 
meshes may not be sufficient to resolve the intricate FSI 
accurately, particularly in transient analyses, as larger mesh 
sizes smooth out critical interaction details (leading to inac-
curate predictions of structural responses).

As the mesh is refined, the grid sizes of Eulerian and 
Lagrangian domains must be matched and sufficiently 
refined for convergence and accuracy in HEL simulations. 

Fig. 8   (Color online) Response of liquid-containing structures during the seismic event using the HEL method. a Calculation cost; b Total dis-
placement; c Equivalent stress
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A mesh size of approximately 200 mm in both the domains 
balances the calculation cost and accuracy. Optimal results 
are achieved when the Eulerian domain uses a mesh size of 
100 mm × 100 mm × 100 mm and the Lagrangian domain 
uses 80  mm × 80  mm × 80  mm. This correspondence 
between grid sizes is crucial for accurate fluid–structure 
coupling and reliable outcomes.

Figure 9 presents tank liquid levels from empty to high, 
designated as L1 through L4. This classification enables 
assessment of how liquid levels affect dynamic response and 
structural stresses under seismic conditions. The analysis is 
crucial, as liquid presence can alter stress distribution and 
deformation patterns. This classification helps formulate 
safety measures and enhance liquid storage facility design 
in nuclear reactors.

The modeling area consists of two domains, as shown 
in Fig. 7: the “Tank” represents the Lagrangian domain, 
while the “Whole fluid domain” represents the Euler domain 
encapsulating it. As detailed in Table 5, the grid sizes in 
both domains are matched to maintain solution accuracy. 
The Lagrangian domain contains two layers of grids in the 
thickness direction to capture the tank’s structural dynam-
ics during seismic response. Liquid phases L1 through 
L4 in Table 5 serve only as initialization parameters and 
reflect material volume fractions within the mesh. The 
Euler domain’s grid size remains constant while fluids flow 
between grids, interacting with structure and fluid, whereas 
the Lagrangian domain follows material motion. The Cou-
rant–Friedrichs–Lewy (CFL) condition stays below one to 
ensure numerical stability.

3.2.3 � Ground motion acceleration synthesis

Ground motion selection is crucial in time-history dynamic 
analysis, with multiple recorded motions used for average 
structural responses. We used synthetic records from the 
ITER-specific response spectrum, ensuring consistency 
with the response-spectrum analysis and confirming direct 
comparability between the HEL and response-spectrum 
methods. The ITER spectrum reflects seismic hazard con-
siderations for nuclear facilities that recorded motions may 

not represent. Synthetic records enable control over fre-
quency content and duration, ensuring alignment with the 
design spectrum. For this study’s specific site and hazard 
level, recorded ground motions may inadequately match the 
target spectrum without excessive scaling. The study aims 
to compare the HEL method with the response-spectrum 
method, using synthetic records to maintain consistency 
while accurately reflecting the facility’s design basis. This 
approach enables direct evaluation of the HEL method in 
fluid–structure interaction analysis.

Following the ground motion acceleration synthesis 
methodology (described in “Method”), in this study, we 
develop the intensity function using the Saragoni & Hart 
envelope [72], which characterizes seismic wave maximum 
amplitude over time. This generates representative seismic 
input within the I(t) envelope, as shown in Fig. 10. The 
time–acceleration curves for SL-1 scenario show horizon-
tal peak ground acceleration of 0.060 g and vertical peak 
acceleration of 0.045 g. The generated motions maintain 
an average error below 10%, demonstrating high fidelity in 
synthetic accelerogram representation.

The structural form in this section aligns with the struc-
ture described in Table 4. The primary analysis condition 
includes 75% of the tank’s internal height specified in 
Table 5, corresponding to the L4 liquid level. This condition 
examines the structural performance under significant load. 
The structure is also analyzed under three other liquid-level 
conditions to ensure comprehensive understanding across 
operational scenarios, ensuring robust conclusions.

3.2.4 � Results and discussion

   The analysis of fluid sloshing and structural response under 
seismic excitation provides insights into the dynamic inter-
action between liquid and tank structure. Figure 11 presents 
curves showing the temporal variation in maximum slosh-
ing height of liquid within the water tank, analyzed using 
the HEL method. This graph captures the liquid’s dynamic 
response under seismic excitation. The results indicate that 
at 4 s, the L4 liquid sloshing height reaches its maximum 
value, corresponding to the intensity of the synthetic ground 

Fig. 9   (Color online) Clas-
sification of the structure at 
various liquid levels. a Level 
L1 (empty), 0.0 m; b Level L2 
(low), 1.6 m; c Level L3 (half), 
3.2 m; d Level L4 (high), 4.8 m
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motion in Fig. 10. In contrast, for the L2 and L3 liquid lev-
els, the maximum values occur around 8 s. This delay may 
be due to liquid mass inertia and damping effects within the 
tank structure. The tank of the L1 liquid level is empty, and 
therefore, no sloshing height exists. These findings dem-
onstrate seismic loading’s impact on fluid behavior. The 
variations in sloshing heights across different liquid levels 

emphasize the need for assessing fluid–structure interactions 
during seismic events for optimizing tank design and struc-
tural integrity.

A series of snapshots of fluid sloshing within the tank 
under seismic excitation at two liquid levels were captured 
at intervals, as shown in Fig. 12. The minimum value for 
explicit stress in the cloud chart was set at 1 MPa to enhance 

Fig. 10   (Color online) Synthetic ground motion and corresponding response spectra. a Acceleration time history in the horizontal direction; b 
Corresponding response-spectrum envelope; c Acceleration time history in the vertical direction; d Corresponding response-spectrum envelope

Table 5   Finite-element model parameters for the HEL method in seismic response analysis

Component Material Domain Element type Number of 
elements

Min element size (mm3) Smallest stable 
time increment (s)

CFL

Tank 316 L Lagrange 8-node element C3D8R 30816 74.05 × 72.36 × 12.85 1.76 × 10-6 0.720
Whole fluid domain Water Euler 8-node element EC3D8R 118188 100.00 × 100.00 × 100.00 0.026
Liquid of L1 Water Euler 8-node element EC3D8R 0 100.00 × 100.00 × 100.00 0.026
Liquid of L2 Water Euler 8-node element EC3D8R 19978 100.00 × 100.00 × 100.00 0.026
Liquid of L3 Water Euler 8-node element EC3D8R 40410 100.00 × 100.00 × 100.00 0.026
Liquid of L4 Water Euler 8-node element EC3D8R 59565 100.00 × 100.00 × 100.00 0.026



Investigation of dynamic seismic response in liquid‑containing structures for nuclear reactors… Page 13 of 19  97

visibility of fluid sloshing effects on structural stresses. 
These images show stress distribution changes on the tank 
structure over time. The circumferential stress is uniform 
below the liquid surface due to hydrostatic pressure. Above 
the liquid surface, liquid sloshing causes notable changes in 
structural stress distribution through fluid-wall interaction.

The stress and displacement responses are extracted at 
0.01 s intervals, as shown in Fig. 13, using an upper envelope 
method to standardize structural response curves. Figure 13b 

and Fig. 13c show higher stress levels at elevated liquid vol-
umes compared to reduced volumes. Using the HEL method, 
stress values at intermediate to high liquid levels (L2-L4) are 
approximately double those from response-spectrum analy-
sis. In scenarios without liquid, both methods yield compa-
rable stress magnitudes. This difference occurs due to two 
factors: increased liquid sloshing amplitude at higher levels 
enhances fluid inertial forces (shown in Fig. 13d, Fig. 13e, 
and Fig. 13f), and hydrostatic pressure intensifies at higher 
fluid levels. While stress levels near the liquid surface do not 
reach peak levels seen elsewhere, they remain high relative 
to maximum stress points.

As the seismic event progresses, the relative displace-
ment of the structure peaks between 8 s to 10 s, despite 
reduced acceleration. This indicates a nonlinear and delayed 
displacement response, showing cumulative effects under 
seismic influences. The structural response reflects a com-
plex interplay of factors accumulating over time. This is sup-
ported by maximum values observed for L2 and L3 liquid-
level sloshing, as shown in Fig. 11. The alignment of these 
maxima with structural displacement peaks demonstrates 
fluid dynamics’ influence on structural behavior during 
seismic events. The HEL analysis shows that the average 
relative displacement at three observation points equals the 
response-spectrum analysis result, while the peak-to-peak 
value is approximately twice that of the response-spectrum 
analysis result. This finding in Fig. 13d, e, f aligns with 
stress results in Fig. 13b and Fig. 13c for the liquid-con-
taining tank, highlighting the importance of considering 

Fig. 11   (Color online) Maximum sloshing wave heights over time 
under seismic loading based on the HEL method (Smoothed results)

Fig. 12   (Color online) Tempo-
ral evolution of structural stress 
distribution in seismic time-
history analysis. a Level L3; b 
Level L4
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both instantaneous and cumulative responses in structural 
analysis.

Further analysis shows that the structural acceleration 
response peaks at 2 s (refer to acceleration time–history 
curve and I(t) envelope in Fig. 10) represent the maximum 
instantaneous dynamic load from seismic activity. Intrigu-
ingly, as shown in Fig. 13d, Fig. 13e, and Fig. 13f, the rela-
tive displacement is minimized at this point, indicating that 
the maximum acceleration occurs at lower displacement 
values, likely due to phase lag between acceleration and dis-
placement. This minimal displacement suggests a dynamic 
counter-adjustment within the structure, explored through 
the HEL method across varying liquid levels.

4 � Comparison of methods

The maximum equivalent stress results from the HEL 
method without liquid, shown in Fig. 13b, c , align with the 
response-spectrum method results, despite minor temporal 
variations. This indicates negligible interaction between 
Eulerian and Lagrangian domains when no liquid is present. 
The empty Eulerian domain has minimal impact on stress 
results, making the stress response similar to traditional 
time-history analysis, with the HEL method effectively cap-
turing stress behavior.

However, with liquid present, as shown in Fig. 13b, c, 
the maximum equivalent stress from the HEL method is 
approximately twice that of the response-spectrum method. 
This difference occurs because the HEL method accounts for 
fluid–structure interaction, explicitly modeling the coupling 
between liquid and tank walls, leading to higher stress levels 
from fluid inertia and hydrodynamic pressure. The response-
spectrum method simplifies the system by neglecting this 
interaction, resulting in lower stress values, highlighting the 
HEL method’s superior capability in modeling fluid–struc-
ture coupling under seismic loading.

In contrast, the maximum total relative displacement 
results in Fig. 13e, f show significant differences between the 
methods. The HEL method produces larger displacements 
with greater fluctuations over time due to its time-domain 
formulation, which captures transient dynamics and high-
frequency vibrations often missed by the response-spectrum 
method. The explicit dynamics algorithm in the HEL method 
is sensitive to tra’nsient effects and numerical noise, leading 
to amplified displacements. The response-spectrum method, 
with its fixed damping ratio, yields smoother displacement 
responses, while the HEL method shows larger oscillations 
due to reduced damping effects. These differences highlight 
the HEL method’s ability to capture detailed dynamic behav-
ior. The comparison in Fig. 14a, d shows their advantages in 
seismic analysis of liquid-containing structures. In practical 
engineering, structural seismic analysis combines with other 

working conditions. The response-spectrum method calcu-
lates seismic response independently and combines param-
eters using various methods, potentially causing inconsisten-
cies in load combination processes.

The HEL method allows simultaneous application of 
various loads, including seismic loads, to the initial struc-
ture. This method considers fluid dynamic characteristics, 
providing accurate representation of real-world conditions. 
By integrating multiple loads, the HEL method eliminates 
inconsistencies from separate load combinations, ensuring 
reliable analysis of structural seismic response.

As shown in Fig. 14b, the response-spectrum method cap-
tures structural response to seismic loading. Based on SDOF 
models, it emphasizes the structure’s vibrational characteris-
tics. While providing robust initial assessment, it simplifies 
fluid dynamics by not accounting for fluid–structure interac-
tion in detail. The method predicts displacement based on 
predefined vibrational properties, potentially overlooking 
dynamics from fluid motion. The HEL method (Fig. 14e) 
incorporates detailed fluid and structural dynamics simu-
lation. Using synthesized seismic acceleration–time spec-
tra, it simulates interaction between structural components 
and contained fluid. Results indicate displacement patterns 
opposing foundational movement, showing fluid inertia’s 
influence on structural response. This method captures com-
plex fluid behaviors, including nonlinear surface motions 
and sloshing. The SDOF model needs to address these ade-
quately. The HEL method provides a comprehensive under-
standing of dynamic velocity and structural interactions dur-
ing seismic events. The analysis shows the limitations of the 
response-spectrum method in complex FSI scenarios; it fails 
to account for dynamic pressures and fluid motion effects. 
The HEL method reveals that fluid inertia can alter struc-
tural response, either acting as a damping force or enhancing 
response amplitude. This comparative analysis demonstrates 
that the HEL method provides a superior framework for 
understanding the intricate dynamics of liquid-containing 
structures under seismic loads. By accounting for FSI, it 
offers a more precise prediction of structural behavior, which 
is essential for designing safer nuclear facilities.

5 � Conclusion

The comparative analysis between the response-spectrum 
and HEL methods reveals an evolution in seismic safety 
assessment of liquid-containing structures in nuclear reac-
tors. The traditional response-spectrum analysis fails to 
accurately capture dynamic responses of structures critical 
to the operational safety of nuclear systems, such as vac-
uum pressure relief and cooling water system tanks. Our 
findings reveal that the response-spectrum method signifi-
cantly underestimates the maximum structural stress and 
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displacement values, particularly in scenarios involving 
complex FSI. The HEL method, using a robust model for 
simulating fluid dynamics and structure interaction under 
seismic loading, demonstrates superiority in predicting 
liquid-containing structures’ behavior under seismic influ-
ences. This method accounts for fluid nonlinear behavior, 
including sloshing and dynamic velocity, which are criti-
cal for reactor systems’ integrity. This research highlights 
the limitations of applying the response-spectrum method 
in addressing the challenges associated with nuclear reactor 
systems; this method neither effectively considers varying 
liquid levels nor captures instantaneous dynamic responses 
essential for safety evaluation. The HEL method provides 
a comprehensive framework that enhances seismic impact 
prediction accuracy, advancing nuclear reactor safety. It fills 

gaps left by traditional analysis techniques, offering detailed 
assessment of potential risks in operating nuclear reactors 
in seismic zones. In conclusion, this study advocates for 
adopting sophisticated analytical methods such as the HEL 
method for the design and safety evaluation of nuclear facili-
ties. Integrating such advanced simulation tools helps ensure 
critical infrastructure’s structural integrity against seismic 
threats, ultimately leading to safer and more reliable energy 
production technologies.
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