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The precise simulation of three-dimensional fluid-structure interaction (FSI) phenomena has always been a hot
topic in computational mechanics. To solve FSI problems, a bidirectional coupling strategy technique between
the Smoothed Particle Hydrodynamics (SPH) method and Finite Element Method (FEM) is proposed based on
a single-layer particle boundary technique in this paper, enabling efficient three-dimensional coupling between
fluid particles and solid elements. Within the proposed SPH-FEM coupling framework, a mapping relationship is
constructed between surface meshes and single-layer SPH particles, where the surface meshes share nodes with
solid elements to transmit external loads. At the same time, the single-layer particles serve as solid boundaries
for the SPH solver. The approach eliminates the need for additional boundary treatments and node arrange-
ments required in conventional SPH-FEM coupling algorithms, significantly improving data exchange efficiency
between the SPH and FEM modules. The model introduces a boundary shield algorithm and permits different par-
ticle/mesh resolutions at the fluid-structure interface, enabling the simulation of three-dimensional FSI problems
with complex geometries. Afterwards, the improved SPH-FEM coupling model is adopted to carry out numerical
simulations of typical FSI problems, such as the water impact of a wedge, the deformation of an elastic plate
under dam-break flows, the flexible floating body under dam-break flows, and the dynamic response of a flexible
ship under waves. The numerical results are compared and verified with reference results, proving the computa-
tional accuracy of the SPH-FEM coupling algorithm in the FSI problem and broadening the application prospects
of the SPH method in engineering problems.

1. Introduction To address complex FSI problems, researchers have developed var-

ious numerical approaches, among which mesh-based methods have

In computational mechanics and engineering applications, fluid-
structure interaction (FSI) phenomena characterized by large defor-
mations, strong nonlinearities, and multi-material interactions are
prevalent across marine engineering, aerospace systems, and geohazard
simulations (Groenenboom and Siemann, 2015; Siemann and Langrand,
2017). Such problems typically involve complex physical processes, in-
cluding violent fluid impacts, free-surface evolution, and coupled struc-
tural responses (Zhang et al., 2021b), posing significant challenges for
numerical methods in balancing accuracy, stability, and computational
efficiency (Groenenboom and Siemann, 2015; Zhang et al., 2017). Con-
sequently, the numerical simulation of complex FSI problems remains a
critical research challenge in computational mechanics and engineering
problems.
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long dominated the field, including Finite Volume Method (FVM) (Barth
et al., 2018), Finite Element Method (FEM) (Bathe, 2007), and Finite
Difference Method (FDM) (Huang et al., 2019). Having been developed
over several decades, these mesh-based approaches possess rigorous
mathematical foundations and well-established numerical analysis the-
ories, with comprehensive studies on their stability, convergence, and
error estimation characteristics. However, such methods face inherent
challenges when handling moving boundaries and extreme free-surface
deformations, which significantly limit their flexibility in FSI simula-
tions. The Arbitrary Lagrangian-Eulerian (ALE) method has emerged as a
primary approach for FSI numerical modeling (Kjellgren and Hyvérinen,
1998; Basting et al., 2017; Jacob et al., 2021), which employs separate
fluid and structural meshes to simulate different phases. Nevertheless,
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\begin {equation}\label {eq:SPHequation} \begin {cases} \frac {D \rho _{i}}{D t}=-\rho _{i} \sum _{j}\left (\boldsymbol {u}_{j}-\boldsymbol {u}_{i}\right ) \cdot \nabla _{i} W_{i j} V_{j}+\delta h c_{0} D_{i}\,, \\ \frac {D \boldsymbol {u}_{i}}{D t}=-\frac {1}{\rho _{i}} \sum _{j}\left (p_{i}+p_{j}\right ) \nabla _{i} W_{i j} V_{j}+\frac {\boldsymbol {F}_{i}^{ad}}{\rho _{i}} + \boldsymbol {g}+\alpha _{1} h c_{0} \frac {\rho _{0}}{\rho _{i}} \sum _{j} \pi _{i j} \nabla _{i} W_{i j} V_{j}\,, \\ \frac {D \boldsymbol {r}_{i}}{D t}=\boldsymbol {u}_{i}\,, p=c_{0}^{2}\left (\rho -\rho _{0}\right )\,, \\ D_{i}=2 \sum _{j} \psi _{j i}\left (\boldsymbol {r}_{j}-\boldsymbol {r}_{i}\right ) \cdot \nabla _{i} W_{i j} V_{j} /\left |\boldsymbol {r}_{j}-\boldsymbol {r}_{i}\right |^{2}\,, \\ \pi _{i j}=\left (\boldsymbol {u}_{j}-\boldsymbol {u}_{i}\right ) \cdot \left (\boldsymbol {r}_{j}-\boldsymbol {r}_{i}\right ) /\left |\boldsymbol {r}_{j}-\boldsymbol {r}_{i}\right |^{2}\,, \\ \boldsymbol {F}^{ad}_{i} = \alpha _{2} \rho _{0} c_{0} h \langle \nabla \left (\nabla \cdot \boldsymbol {u}\left (\boldsymbol {r}\right )\right )\rangle _{i} = \alpha _{2} \rho _{0} c_{0} h \sum _j (K_j + K_i) \nabla _i W_{ij} V_j \,, \\ K_i = \langle \nabla \cdot \boldsymbol {u} \rangle _{i} = \sum _j \boldsymbol {u}_{ji} \cdot \nabla _i W_{ij} V_j\,, \\ \psi _{i j}=\left (\rho _{j}-\rho _{i}\right )-0.5\left [\langle \nabla \rho \rangle _{i}^{L}+\langle \nabla \rho \rangle _{j}^{L}\right ] \cdot \left (\boldsymbol {r}_{j}-\boldsymbol {r}_{i}\right )\,. \end {cases}\end {equation}
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$c_{0} \geq 10\sqrt {{p_{\max }}/{\rho _{0}}}$


\begin {equation}c_{0} \geq 10{\max }(U_{\max },\sqrt {{p_{\max }}/{\rho _{0}}})\,, \label {Xeqn2-2}\end {equation}
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\begin {equation}\langle f(\boldsymbol {x})\rangle =\frac {1}{\gamma (\boldsymbol {x})} \int _{\boldsymbol {y} \in \mathbb {R}} f(\boldsymbol {y}) W(\boldsymbol {x}-\boldsymbol {y}) d \boldsymbol {y}\,, \label {Xeqn3-3}\end {equation}


\begin {equation}\begin {aligned} \langle \nabla f(\boldsymbol {x})\rangle = &\frac {1}{\gamma (\boldsymbol {x})}\int _{\boldsymbol {y} \in \mathbb {R}} f(\boldsymbol {y}) \nabla W(\boldsymbol {y}-\boldsymbol {x}) d \boldsymbol {y} \\ & -\frac {1}{\gamma (\boldsymbol {x})} \int _{\boldsymbol {y} \in \partial \mathbb {R}} f(\boldsymbol {y}) \boldsymbol {n}(\boldsymbol {y}) W(\boldsymbol {y}-\boldsymbol {x}) d \boldsymbol {y}\,, \end {aligned} \label {Xeqn4-4}\end {equation}
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\begin {equation}\gamma (\boldsymbol {x})=\int _{\boldsymbol {y} \in \mathbb {R}} W(\boldsymbol {x}-\boldsymbol {y}) d \boldsymbol {y}\,. \label {Xeqn5-5}\end {equation}


\begin {equation}\label {SPH of single-layer} \begin {cases} \gamma _{i}=\sum _{j \in F} W_{i j} V_{j}\, \\ \langle f\rangle _{i}=\frac {1}{\gamma _{i}} \sum _{j \in B} f_{j} W_{i j} V_{j}\,, \\ \left \langle \nabla f\right \rangle _{i} =\frac 1{\gamma _i}\left (\sum _{j\in F}f_{j} \nabla _i W_{i j} V_{j}-\sum _{j \in B} f_{j} \boldsymbol {n}_{j} W_{i j} S_{j}\right )\,, \end {cases}\end {equation}
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\begin {equation}\label {densitySPH} \begin {aligned} \frac {D \rho _{i}}{D t}=&-\frac {1}{\gamma _{i}}\rho _{i} \sum _{j \in F}\left (\boldsymbol {u}_{j}-\boldsymbol {u}_{i}\right ) \cdot \nabla _{i} W_{i j} V_{j}+\delta h c_{0} D_{i} \\ &+\frac {1}{\gamma _{i}} \sum _{j \in B} \rho _{j}\left (\boldsymbol {u}_{j}-\boldsymbol {u}_{i}\right ) \cdot \boldsymbol {n}_{j} W_{i j} S_{j}\,, \end {aligned}\end {equation}


\begin {equation}\label {momentumSPH} \begin {aligned} \frac {D \boldsymbol {u}_{i}}{D t}=&-\frac {1}{\gamma _{i}}\sum _{j \in F}\left (\frac {p_{i}+p_{j}}{\rho _{i} }\right ) \nabla _{i} W_{i j} V_{j}+\boldsymbol {g} + \frac {1}{\rho _{i}}\boldsymbol {F}_{i}^{ad}\\ &+\frac {1}{\rho _{i}} \alpha h c_{0} \rho _{0} \sum _{j \in F} \pi _{i j} \nabla _{i} W_{i j} V_{j} \\ &+\frac {1}{\gamma _{i}} \sum _{j \in B} \left (\frac {p_{i}+p_{j}}{\rho _{i} }\right ) \boldsymbol {n}_{j} W_{i j} S_{j}\,. \end {aligned}\end {equation}
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\begin {equation}\label {eq:ghostparticle} p_{j}=\frac {\sum _{j \in F}\left [p_{i}+\rho _{i}\left (\boldsymbol {a}_{j}-\boldsymbol {g}\right ) \cdot \boldsymbol {r}_{ij}\right ] W_{i j}}{\sum _{i \in F} W_{ij}}, j \in B\,,\end {equation}
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\begin {equation}\label {SPHtimestep} \begin {cases} \Delta t_a = 0.25 \min _i \sqrt {\left | \frac {h_i}{\bm {a}_i} \right |}, \quad \Delta t_c = \text {CFL} \min _i \frac {h_i}{c_0}\,, \\ \Delta t = \min (\Delta t_a, \Delta t_c)\,, \end {cases}\end {equation}
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\begin {equation}\label {eq:criteria} \begin {cases} \delta \boldsymbol {u}_{i}=-\sum _{j \in B_{k}}\left (\boldsymbol {u}_{i}-\boldsymbol {u}_{j}\right ) \cdot \mathbb {N}_{j} / N_{k} \,,\\ j \in B_{k}, \text { if }\left |\boldsymbol {r}_{i j}\right |<k_{a} d_{0} \text { and } \boldsymbol {r}_{i j} \cdot \boldsymbol {n}_{j}<k_{b} d_{0} \text { and } l<0 \,,\\ \mathbb {N}_{j}=\boldsymbol {n}_{j} \otimes \boldsymbol {n}_{j}\,, l=\left (\boldsymbol {u}_{i}-\boldsymbol {u}_{j}\right ) \cdot \boldsymbol {n}_{j}\,, \boldsymbol {r}_{ij} = \boldsymbol {r}_{i} - \boldsymbol {r}_{j}\,, \end {cases}\end {equation}
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\begin {equation}\bm {X} = X_{\alpha }\bm {e}_\alpha \, , \,\,\,\alpha =1,2,3\,, \label {Xeqn12-12}\end {equation}
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\begin {equation}\begin {cases} \rho (\bm {X},t)J(\bm {X},t) = \rho _0(\bm {X})\,,\\ \frac {\partial \sigma _{\beta \alpha }}{\partial x_\beta } + \rho f_\alpha = \rho {a}_\alpha \,,\\ \rho \dot {e} = D_{\alpha \beta } \sigma _{\alpha \beta }\,,\\ \sigma ^{\nabla } = \sigma ^{\nabla } (D_{\alpha \beta }, \sigma _{\alpha \beta }, \text {etc.})\,,\\ D_{\alpha \beta } = \frac {1}{2} \left ( \frac {\partial v_\alpha }{\partial x_\beta } + \frac {\partial v_\beta }{\partial x_\alpha } \right )\,, \end {cases} \label {Xeqn13-13}\end {equation}
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\begin {equation}J = \left | \frac {\partial x_\alpha }{\partial X_\beta } \right | = \begin {vmatrix} \frac {\partial x_1}{\partial X_1} & \frac {\partial x_1}{\partial X_2} & \frac {\partial x_1}{\partial X_3} \\ \frac {\partial x_2}{\partial X_1} & \frac {\partial x_2}{\partial X_2} & \frac {\partial x_2}{\partial X_3} \\ \frac {\partial x_3}{\partial X_1} & \frac {\partial x_3}{\partial X_2} & \frac {\partial x_3}{\partial X_3} \end {vmatrix}\,. \label {Xeqn14-14}\end {equation}


\begin {equation}\begin {cases} \left ( n_\beta \sigma _{\beta \alpha } \right ) \bigg |_{A_s} = \overline {f_\alpha }\,, \\ v_\alpha \bigg |_{A_v} = \overline {v_\alpha }\,, \end {cases} \label {Xeqn15-15}\end {equation}
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\begin {equation}\label {shape_function_scalar} u_\alpha (x,y,z,t) = N_i(x,y,z)u_{\alpha i}(t)\,,\end {equation}
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\begin {equation}\bm {u} = \bm {N}\bm {u}^{fe}\,, \label {Xeqn17-17}\end {equation}
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\begin {equation}\begin {cases} \bm {M} \bm {a}(t) + \bm {f}^{int} = \bm {f}^{ext}\,,\\ \bm {M} \bm {a}(t) + \bm {K} \bm {u}(t) = \bm {Q}(t)\,, \end {cases} \label {Xeqn18-18}\end {equation}


$\bm {a}(t)$


$\bm {u}(t)$


$\bm {f}^{int}$


$\bm {f}^{ext}$


$\bm {M}$


$\bm {K}$


$\bm {Q}$


\begin {equation}\bm {M} = \sum _{fe} \bm {M}^{fe},\quad \bm {K} = \sum _{fe} \bm {K}^{fe},\quad \bm {Q} = \sum _{fe} \bm {Q}^{fe},\quad \label {Xeqn19-19}\end {equation}


\begin {equation}\begin {cases} \bm {M}^{fe} = \int _{V} \rho \bm {N}^T \bm {N} \, dV\,,\\ \bm {K}^{fe} = \int _{V} \bm {B}^T \bm {\sigma } \bm {B} \, dV\,,\\ \bm {Q}^{fe} = \int _{V} \bm {N}^T \bm {f}_v \, dV + \int _{S_{\sigma } } \bm {N}^T {\bm {f}_s} \, dS\,, \end {cases} \label {Xeqn20-20}\end {equation}
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\begin {equation}\bm {\sigma } = [\sigma _{11}\quad \sigma _{22} \quad \sigma _{33}\quad \sigma _{23}\quad \sigma _{13}\quad \sigma _{12}]^T\,, \label {Xeqn21-21}\end {equation}
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\begin {equation}\bm {B}_{i} = \begin {bmatrix} \frac {\partial N_i}{\partial X_1} & 0 & 0 & 0 & \frac {\partial N_i}{\partial X_3} & \frac {\partial N_i}{\partial X_2} \\ 0 & \frac {\partial N_i}{\partial X_2} & 0 & \frac {\partial N_i}{\partial X_3} & 0 & \frac {\partial N_i}{\partial X_1}\\ 0 & 0 & \frac {\partial N_i}{\partial X_3} & \frac {\partial N_i}{\partial X_2} & \frac {\partial N_i}{\partial X_1} & 0 \end {bmatrix}^T\,. \label {Xeqn22-22}\end {equation}
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\begin {equation}\label {FEMstepsize} \begin {cases} \Delta t_{s} = \alpha _{t} \Delta t_{cr}\,,\\ \Delta t_{cr} = \min _e \frac {l_e}{c_e}\,, \end {cases}\end {equation}
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\begin {equation}\label {SPH-FEMforce} \begin {aligned} \bm {F}_{j}=&\sum _{i \in F} V_{i} \left ({p_{i}+p_{j}}\right ) \bm {n}_{j} W_{i j} S_{j}, \, \text {if} \, \boldsymbol {r}_{i j} \cdot \boldsymbol {n}_{j}>0 \,, \end {aligned}\end {equation}
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\begin {equation}\label {SPH-FEMtimestep} \begin {cases} \Delta t_{cr} = \min _e \frac {l_e}{c_e}\,,\\ \Delta t_{el} = \alpha \Delta t_{cr}\,,\\ \Delta t_{fe} = \min (\Delta t_f, \Delta t_{el})\,,\\ \Delta t_s = \min (\Delta t_{fe}, (t_f + \Delta t_f - t_s))\,. \end {cases}\end {equation}
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frequent remeshing of the fluid domain is often required in simulations
involving complex structural configurations, substantially increasing the
computational complexity of numerical simulations.

Meshless methods demonstrate distinct advantages (Hwang et al.,
2016; Sun et al., 2021; Gotoh et al., 2021; Sun et al., 2017; Khayyer
et al., 2022a; Zhang et al., 2024) in simulating FSI problems charac-
terized by large deformations, moving boundaries, and multi-material
systems. Compared to conventional Eulerian mesh-based approaches,
meshless methods can more naturally handle complex boundary vari-
ations and multi-material interactions, making them particularly suit-
able for free-surface flows, FSI problems, and multi-phase interactions.
Currently, the typical meshless methods include the Smoothed Particle
Hydrodynamics (SPH) method and the Moving Particle Semi-implicit
(MPS) method (Li et al., 2020). The SPH method was originally proposed
by Gingold and Monaghan (1977) and Lucy (1977) for simulating non-
axisymmetric phenomena in astrophysics. However, owing to its unique
meshless nature and Lagrangian formulation, the SPH method was soon
introduced into fluid mechanics and has undergone significant develop-
ment, emerging as an important approach for fluid simulations (Liu and
Zhang, 2019; Liu and Liu, 2010). The core concept of the SPH method
lies in its kernel approximation theory, which discretizes the govern-
ing equations of fluid dynamics through particle approximation. In the
SPH framework, each particle carries independent physical properties
and evolves according to fluid dynamics principles within a Lagrangian
framework. SPH method directly characterizes fluid dynamic behavior
through particle motion, thereby exhibiting remarkable advantages in
continuum mechanics problems involving large deformations, moving
boundaries, strong convection, and multi-phase coupling (Dominguez
et al., 2022; Guan et al., 2024a; Lyu et al., 2021; Liu et al., 2025; Wu
et al., 2025).

Over nearly five decades of development, the SPH method has
achieved significant advancements in both theoretical frameworks and
numerical algorithms, with marked improvements in computational ac-
curacy and stability. Particularly in areas such as numerical dissipa-
tion control, boundary treatment, and particle repositioning for complex
flow fields, researchers have proposed various enhancement schemes,
rendering SPH more efficient and precise for simulating complex flow
phenomena (Antuono et al., 2010; Crespo et al., 2015; Cercos-Pita,
2015; Lyu et al., 2022; Xu et al., 2025).

The maturation of the Total Lagrangian SPH (TLSPH) model has no-
tably advanced the capability in simulating elastic responses. Numer-
ous researchers have made outstanding contributions to TLSPH algo-
rithms for FSI problems (Khayyer et al., 2018b,a; Shimizu et al., 2022).
Khayyer et al. (2022b) developed a fully meshless 3D solver for hydroe-
lastic problems by coupling SPH with Hamiltonian formulations, extend-
ing its capability through anisotropic composite structure simulations.
Sun et al. (2021) integrated the §*-SPH model with the TLSPH frame-
work to establish an FSI-SPH model for elastic bodies, employing multi-
resolution discretization in the fluid domain and maintaining uniform
spatial resolution at fluid-structure interfaces. Additionally, SPH-based
FSI solvers with different resolution configurations for fluids and solids
have been developed and validated against benchmark cases (Khayyer
et al., 2021).

However, the conventional approach of using single-resolution par-
ticles for solid elasticity simulation leads to excessive particle counts
in solids (Zhang et al., 2011). Furthermore, the time step limited by
sound speed in solid simulations remains restrictive, posing challenges
for full-scale 3D elastic structure simulations. Compared to traditional
mesh-based methods, SPH still exhibits gaps in both accuracy and com-
putational efficiency (Vacondio et al., 2021; Chen et al., 2022).

The FEM, with its well-established theoretical foundation and high
precision, has been widely adopted in solid mechanics and structural
dynamics (Bathe, 2007). However, FEM encounters substantial difficul-
ties when handling large fluid deformations, topological changes, and
free surfaces - particularly requiring frequent remeshing under severe
element distortion. Consequently, coupled SPH-FEM approaches have
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emerged as a promising solution for simulating FSI problems (De Vuyst
et al., 2005).

Both SPH and FEM belong to the Lagrangian framework, inherently
capable of tracking material motion and deformation. The shared char-
acteristic provides a unified kinematic description and facilitates effi-
cient data transfer mechanisms for their coupling, making SPH-FEM hy-
brid approaches particularly valuable for multi-physics and multi-scale
simulations (Hermange et al., 2019; Yao et al., 2023). As a meshless
method, SPH demonstrates superior capability in handling large fluid
deformations, free-surface flows, and complex boundary conditions (An-
tuono et al.,, 2010; Zhang et al., 2021a). Conversely, FEM excels in
modeling small deformations, structural mechanics, and precise bound-
ary enforcement (Huebner et al., 2001). Their synergistic integration
enables the SPH-FEM algorithm to simultaneously resolve large-scale
fluid motions and fine-scale structural deformations, thereby achieving
multi-scale and multi-physics FSI simulations (Marrone et al., 2016).
The coupled SPH-FEM algorithm not only effectively addresses com-
plex fluid-structure interactions but also achieves an optimal balance
between computational efficiency and numerical accuracy (Zhang et al.,
2011).

SPH-FEM coupling algorithms have achieved significant advance-
ments in recent years (Yao et al.,, 2023; Li et al.,, 2024). The most
commonly used SPH-FEM coupling strategy at present is the contact
force method, also known as the master-slave contact algorithm. John-
son (1994) implemented a rigid coupling scheme that fixes SPH par-
ticles to adjacent FEM nodes, with stresses at the interface computed
using neighboring particles and interfacial particles. The algorithm typ-
ically employs a penalty function method to apply contact forces at the
fluid-structure interface, preventing SPH particles from penetrating fi-
nite elements. It has been widely implemented in commercial software
such as LS-DYNA for solving a range of full-scale complex engineering
problems (Groenenboom et al., 2019; Topalovi¢ et al., 2021), includ-
ing bridge blasting simulations (Karmakar and Shaw, 2021; Saha and
Karmakar, 2025), debris flow impacting bridges (Yao et al., 2024), and
marine structure collisions (Hasanpour et al., 2021).

De Vuyst et al. (2005) proposed an alternative method that treats
FEM nodes as SPH particles, introducing a particle contact algorithm to
directly compute interaction forces between nodes and particles. Com-
pared to master-slave contact algorithm, this approach simplifies im-
plementation by eliminating the need for explicit contact surface con-
struction or normal vector calculations. After that, Fourey et al. (2017)
proposed a high-accuracy SPH-FEM coupling model by generating fixed-
ghost particles at the coupling interface. Based on the work of Fourey
et al. (2017), Hermange et al. (2019) extended this SPH-FEM coupling
model to three-dimensional engineering problems, achieving simula-
tions of tire water-splashing. Fuchs et al. (2021) introduced a novel
SPH-FEM coupling strategy based on a Dirichlet-Neumann partitioned
approach to facilitate information exchange between the fluid and solid
domains. Zhang et al. (2021c) developed a new virtual particle coupling
strategy for SPH and FEM, which proves highly effective for simulating
violent sloshing involving deformable baffles or container walls with
variable geometry.

The approaches mentioned above often require additional particle
arrangements at the SPH-FEM fluid-structure interface to ensure ro-
bustness in SPH computations, which generally leads to modeling the
interface with multiple layers of elements or particles. However, model-
ing complex structures such as thin-walled components poses significant
challenges in engineering applications, as excessively fine mesh or par-
ticle sizes tend to result in prohibitively high computational costs(Shi
et al.,, 2026). Therefore, (Caleyron et al., 2013) proposed a novel
SPH-FEM coupling model, which for the first time adopted a single-
layer particle boundary to discretize thin-walled structures. Chen et al.
(2022) developed a flux-based coupling method using a single-layer
particle boundary algorithm, incorporating multi-resolution discretiza-
tion for fluid and structure domains. The accuracy of the algorithm
was systematically validated through 2D benchmarks. Subsequently,
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Gao and Fu (2024) extended the single-layer particle boundary ap-
proach to fluid-shell interaction by proposing a three-dimensional mesh-
less framework based on SPH coupled with semi-meshless thin shells.
Shi et al. (2026) presented a 3D SPH-FEM coupling model for model-
ing FSI problems based on the single-layer particle boundary technique,
where Mindlin-Reissner shell elements are employed in FEM for struc-
tural modeling to reduce geometric complexity and improve computa-
tional efficiency. Chen et al. (2025) conducted similar work, employing
a degenerated continuum theory to describe the dynamic behavior of the
shell structure, and applied it to the simulation of a three-dimensional
ship hull section water entry.

Currently, full-scale SPH-FEM coupling simulations for three-
dimensional solid elements primarily rely on commercial software based
on the contact force method (Groenenboom et al., 2019; Guan et al.,
2023) or employ additional virtual particle techniques (Hermange et al.,
2019). Research on three-dimensional SPH-FEM coupling using a single-
layer particle boundary has largely focused on fluid-shell interactions
(Gao and Fu, 2024; Shi et al., 2026), while its application to coupling
with three-dimensional solid elements remains relatively limited. There-
fore, an enhanced SPH-FEM coupling model based on an improved
single-layer particle boundary algorithm (Guan et al., 2024b) is pro-
posed in this paper, which is well-suited for solving three-dimensional
FSI problems in hydrodynamic scenarios. The surface mesh of solid
elements directly serves as the single-layer particle boundary for the
SPH domain, while the forces exerted by SPH fluid particles on bound-
aries are interpolated as surface loads for FEM computation. Notably,
the information transfer and interpolation at fluid-structure interfaces
are achieved without requiring additional virtual particles, significantly
simplifying the complexity of the algorithm and improving the effi-
ciency of SPH-FEM data exchange at complex elastic boundaries. Fur-
thermore, the model introduces a boundary shield algorithm and allows
for different particle and mesh resolutions at the fluid-structure interface
(Guan et al., 2024b), which enhances its capability to solve full-scale
three-dimensional FSI problems with complex geometries in hydrody-
namic scenarios. The proposed method has been rigorously validated
through a series of three-dimensional benchmarks, demonstrating its su-
perior computational accuracy and efficiency in solving FSI problems.

This paper is structured as follows: Section 2 introduces the SPH
model, FEM algorithm, and coupling strategy employed in this work.
Section 3 validates the improved SPH-FEM coupling algorithm through
three benchmark cases: water impact of a wedge, impact of dam-break
flow on an elastic baffle, and motion of a flexible floating structure under
dam-break flow. The numerical results demonstrate excellent agreement
with reference data, confirming the computational accuracy of the pro-
posed coupling model. Furthermore, the enhanced SPH-FEM approach
is successfully applied to simulate a scaled ship model subjected to wave
impact in Section 4, demonstrating its capability for solving large-scale
complex FSI problems. Finally, Section 5 summarizes the key conclu-
sions and discusses potential research directions.

2. SPH-FEM Coupling model
2.1. SPH Model of fluid domain

Fluids are typically treated as nearly incompressible in most ap-
plications, as density variations are generally minimal. Building on
this concept, Monaghan and Gingold (1983) developed the Weakly-
Compressible Smoothed Particle Hydrodynamics (WCSPH) method by
using a density-based state equation to compute pressure. However,
early WCSPH implementations revealed significant pressure oscillations
in liquid simulations due to the weak compressibility assumption. To
address this issue, researchers have proposed various enhanced WCSPH
formulations that reduce pressure fluctuations. As highlighted by Sun
et al. (2023), one particularly effective approach is the §-SPH model
introduced by Antuono et al. (2010), whose governing equations are
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presented below:
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In the governing equations, p and p, denote the current and refer-
ence densities of fluid particles, V represents particle volume, p indicates
hydrodynamic pressure, and D/ Dt stands for the material (Lagrangian)
time derivative. u and r correspond to particle velocity and position,
where subscripts i and j identify central and neighboring particles re-
spectively. W is the kernel function with 4 as its smoothing length, and
g represents gravitational acceleration (Lyu et al., 2024).

The term located at the far right of the continuity equation describes
density diffusion, while the right term of the momentum equation is ar-
tificial viscosity. According to Antuono et al. (2012), the parameter &
generally adopts a fixed value of 0.1 across different scenarios. The con-
cept of artificial viscosity was first proposed by Monaghan and Gingold
(1983), and it contributes to a more uniform distribution of particles in
the flow field, enhancing the precision of particle approximation.

The value of «, follows the suggestions in literature (Guan et al.,
2024a; Sun et al., 2021), which is set to 0.1. Additionally, Sun et al.
(2023) proposed the acoustic damper term (Ff"), which can suppress
pressure oscillations and leads to a smoother pressure field. Studies in
Sun et al. (2023) confirm that the coefficient a, can range from 0 to 1
without altering the time step size, and «, is set to 0.5 in this paper.

¢y serves as a crucial adjustable parameter in the weakly compress-
ible assumption. The selection of ¢, requires careful consideration: an
undersized value compromises the weakly compressible assumption,
while an excessive value significantly increases computational cost due
to the direct correlation between ¢, and the time step size in WCSPH
methods. For computational efficiency, artificial sound speed is gener-
ally adopted instead of physical sound speed. Monaghan (2005) demon-
strated that setting ¢, at 10 times the maximum flow velocity effec-
tively maintains density variations below 1%, thereby preserving the
weakly compressible condition. Furthermore, under scenarios involving
violent impacts or substantial hydrostatic pressure, an additional con-
straint ¢ > 104/pax/Po is adopted (Antuono et al., 2011). Therefore,
the artificial sound speed is determined by the following equation:

¢o = 10max(Uyaer v Prmax/ £0) @
where U,,, and p,,, represent the estimated maximum flow velocity

and pressure, respectively. U,,, is calculated based on the peak veloc-
ity of moving bodies in the simulation, while p,,, is derived from the
hydrostatic pressure at the deepest fluid region.

In practical computations, the kernel function W is conventionally
considered to vanish when |x — y| > kh, where kh defines the support
domain radius of W. Following the Wendland kernel function (Wend-
land, 1995) adopted in this study, the coefficient k is set to 2, and h
is uniformly specified as 1.25 times the initial fluid particle spacing
throughout our simulations.

When the support domain of W is bounded, it can be decomposed
into two distinct regions: the computational domain R and the bound-
ary domain odR. As illustrated in Fig. 1, the outer normal vector of
boundaries is specified as pointing toward the fluid domain. Under such
truncation conditions, the SPH interpolation formula can be written as
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- Boundary

Fig. 1. Sketch of SPH kernel approximate support domain.

Kernel support domain

O Fluid particle
Fig. 2. Sketch of single-layer particle boundary.

(Cercos-Pita, 2015):
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where y(x) is the Shepard normalization factor and defined as:
r(x) = W(x—y)dy. )
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The single-layer particle boundary algorithm can discretize struc-
tures into a single layer of boundary particles. Compared to
conventional fixed-ghost particle methods, this approach requires fewer
particles but necessitates additional geometric information. Specifically,
accurate computation of the kernel truncation effects at fluid-boundary
interfaces requires both normal vectors and surface area information for
each boundary particle (Chen et al., 2021). A schematic representation
of this technique is provided in Fig. 2.

The SPH method constructs its integration domain through discrete
particles, where the computational domain is represented by fluid parti-
cles and boundaries are discretized using single-layer particles. Through
particle approximation, the integral form of the kernel function can be
converted into a discrete summation formulation, which is shown in Eq.

(6).

Vi = ZjeF WuV]
(Fi=2ZienfiW,V;. 6)

vi
1
(Vf); = V_I(ZjeF fiViWw,v; — ZjeB fj"jVVqu) B

The equations are defined within the fluid domain F and boundary

B, where n ; and S indicates the outward normal vector and area of

boundary particles.
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Therefore, by reformulating the governing equations of the 5-SPH
model according to Eq. (6), the following modified continuity and mo-
mentum equations that properly account for support domain truncation
effects can be obtained (Guan et al., 2024b):

Dp; 1
o =P Y (u; —u;) - V,W,;V; + 8hey D,
i jer
< @
+t z/’j("j u;) - W;S;,
L jeB
Du; pi +p;
sa-ly ( - ’)V,-VVuVj+g+iF?”
Dt Vi ier pi Pi
1
+ ;"hCOPOZ”ijViWuVJ ®)
i JEF
pi+p;
+lz<—’ J>njVV,-ij.
Vi ieB Pi

The physical interpretations of the parameters in Eq. (7) and Eq. (8)
remain consistent with those in Eq. (1). When boundary terms vanish
and y; equals 1, these equations reduce to the form of Eq. (1).

The pressure of boundary particles can be obtained by interpolation
of fluid particles (Guan et al., 2024b), which can be calculated as:

_ Yjer it ri(a; - g) Wy ;

! ier Wy
where a; is the acceleration of solid particles.
The time step for the SPH module can be determined according to
the following formula:

€ B, (©)]

%) At, = CFLmin, 2 |
a; <))

At, = 0.25min, "‘

(10)
At = min(At,, At,),

where CFL denotes the Courant number, which is 1.25 in the simu-
lations. The time integration scheme used for SPH simulations is ex-
plicit, which is the fourth-order Runge-Kutta (RK4) algorithm (Lyu et al.,
2021).

When the geometry of structure boundaries is relatively simple, a
uniform single-layer particle distribution can prevent the penetration of
fluid particles. However, structural geometries are often highly complex
in practical engineering problems, requiring finer particles to accurately
represent these intricate surfaces. The adoption of a single-resolution
particle arrangement for such complex boundaries may lead to an ex-
cessive number of particles. Consequently, adopting a multi-resolution
single-layer particle distribution for complex boundary construction can
significantly enhance computational efficiency.

Guan et al. (2024b) proposed an enhanced boundary shield tech-
nique, which improves the single-layer particle boundary method to
maintain strong robustness even under multi-resolution particle distri-
butions. The essence of the boundary shield algorithm lies in the appli-
cation of a velocity correction to fluid particles that are about to pene-
trate the boundary. The expression for this velocity correction is given
as follows:

Su; =~ cp, (w;—u;) -N; /Ny,
j € B,. if)r,.j|<kado and r;; -n; < kydgand <0, (11)

N;=n;®n;,l= (u,-—uj) L =r—rg,
where d,, denotes the maximum boundary particle spacing, and ’r,- /l rep-
resents the particle distance. B, indicates the boundary particles satisfy-
ing the specified conditions, while N, denotes the number of boundary
particles satisfying the specified conditions. k, and k, represent two cri-
terion parameters, respectively. The criterion / < 0 can ensure that only
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fluid particles that are about to cross the boundary will be subjected to
the velocity correction.

The boundary shield technique is not only applicable to multi-
resolution particle distributions, but also ensures computational robust-
ness when dealing with thin-walled structures. The particle size for con-
structing thin-walled boundaries is smaller, and the normal of particles
on both sides of the thin-walled boundaries is opposite, so the kernel
function scope of fluid particles can easily cross thin-walled boundaries.
If there are fluid particles on the other side of the thin-walled bound-
ary, the interpolation integral term of the fluid particles and boundary
particles on the other side of the thin-walled boundary precisely will
cancel out. If there are no fluid particles on the other side of the thin-
walled boundary, the fluid particles may penetrate the boundary, but
the boundary shield technique ensures the robustness of calculations.

Typically, k, is set to a value less than 1 to ensure that veloc-
ity corrections are applied only to fluid particles in proximity to the
solid boundary. Meanwhile, k, determines the normal effective range
of the velocity correction. Guan et al. (2024b) has demonstrated that
the boundary shield algorithm has little impact on the momentum and
energy conservation at interfaces. if k, is taken as 0.75 and k, as 0, the
influence is negligible.

2.2. FEM Model of solid domain

In continuum mechanics, the space occupied by a deformable body
at the initial time ¢ = 0 is referred to as the initial configuration, while its
occupied space at the current time is termed the current configuration.
In our study, the updated Lagrangian formulation is selected for FEM
calculations, where the reference configuration aligns with the current
configuration (Bathe, 2007).

To facilitate the expression of governing equations, tensor index no-
tation is introduced in this section. For instance, the position of a mate-
rial point in the reference configuration can be expressed as:

X=X, a=123, (12)

where e, denotes the basis vectors in the Cartesian coordinate system,
and X, represents the components of the position.

The governing equations of the updated Lagrangian framework are
expressed as follows (Qian and Zhang, 1995):

X, DI(X, 1) = pp(X),
0054

ax, T Pfy = pay,

pé = Daﬂcaﬁ s (13)
oV = O'V(Daﬁ,o'aﬁ, etc.),

N L]
Daﬂ ) <z)xﬂ + ox, |’

where a, denotes the acceleration components of material points in the
current configuration, p represents the density, f, indicates the body
force components, v, stands for velocity components, e is the specific
internal energy, o, represents the components of the Cauchy stress ten-
sor, and D, denotes the components of the deformation rate tensor.
oV signifies the objective stress rate used in constitutive relations. The
Jaumann stress rate is suitable for solving explicit large rotation/strain
problems. Due to the large rotation of solid deformation in benchmarks,
the objective stress rate calculation in this algorithm adopts the Jau-
mann stress rate. J is the determinant of the deformation gradient ten-
sor, which is named the Jacobian determinant and expressed as (Bathe,
2007):

dx 0x] x|
aX; 09X,  0X3
_ 0x, _ | 9x dx; 0x) (14)
“lox. | |9x X, 0X3 ("
B 0x3 0x3 0x3

X, 0X,  0X,
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In the updated Lagrangian framework, the boundary conditions are
specified as follows:

A as)

where 7, represents the surface force acting on the deformed elements,
A, denotes the boundary of surface forces, and A, indicates the veloc-
ity boundary. The boundary conditions provide essential kinematic and
dynamic constraints for the motion and deformation of the continuum
body.

After discretizing the deformable structure using finite elements, the
displacement u, at any point within an element can be interpolated from
the nodal displacements u,,;(#) of element nodes, which is expressed as
follows:

Uy (x, ¥, 2,1) = Ni(x, y, 2)ug (1), (16)

where i denotes the node index, which ranges from 1 to 8 for the eight-
node hexahedral element. The N;(x,y,z) is the shape function of ele-
ments, and its matrix form of Eq. (16) is given by:

u=Nu'*, a7

where fe represents the finite element, N is the shape function matrix,
and u/* denotes the nodal displacement matrix of finite elements.

The system equations of motion after finite element discretization
can be expressed as follows:

Ma(t)+f“" — fexr ,
Ma(n) + Ku(®) = Q(),

18

where a(¢) and u(f) represent the nodal acceleration and displacement
of the deformable body, respectively. f and f**' denote the internal
nodal force and external nodal force, while M, K, and Q correspond
to the mass matrix, stiffness matrix, and load matrix of the deformable
body, respectively. The system matrices are assembled from the element
matrices of each finite element, with their specific expressions given
below (Wu and Gu, 2012):

M=) M K=K 0= 0" 19
fe fe fe

M/ = [, pNTNdV,
K'¢= [, B"oBaV, (20)
Q/¢=[,N"f,dv + [, NTf.dS,

In the finite element formulation, f, and f represent the body force
and surface force, respectively. Given the known element shape func-
tion matrix N, along with specified external loads, material density,
and gravitational acceleration, both the element mass matrix M/¢ and
element load matrix Q¢ can be readily determined through direct com-
putation. The primary computational challenge lies in the solution of
the element stiffness matrix K/¢, which fundamentally corresponds to
the determination of the internal nodal forces f™.

In the expression of the element stiffness matrix K/¢, & represents
the stress tensor, which is defined as:

T
6=[o), op o033 033 o3 opl, (21

The element strain-displacement matrix B is constructed by assem-
bling nodal strain-displacement matrices B;, analogous to the assembly

of shape function matrices. The nodal strain-displacement matrix B; for
node i is expressed as:

T
N, ON; aN;
Boaov oo B E
_ i i i
B;=| 0 X, 0 oxX. 0 ox, | - 22)
0 0 aN; oN; oN; 0
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Fig. 3. Calculation process of finite element method.

After obtaining the node stiffness matrix, the element stiffness matrix
can be obtained based on the stress tensor ¢, and then the internal forces
can be solved. To ensure the computational stability of reduced integral
units, the Flanagan Belytschko hourglass control algorithm (Flanagan
and Belytschko, 1981) is adopted to apply hourglass force in the finite
element module. If the ratio of hourglass energy to internal energy does
not exceed 5%, then the calculation is stable.

In the present algorithm, the finite element module employs an
explicit central difference method for time integration. The time step
size in the central difference scheme is determined by the character-
istic length of the finite elements. For large deformation problems of
solids, where the characteristic length of finite elements undergoes sig-
nificant changes, a variable time step central difference method must be
adopted. The FEM time step size A¢, is calculated as follows:

Aty = a, At ,

At,,. = min, i—i s
where q, is a constant step factor (typically taken as 0.9, with any value
less than 1 being acceptable). ¢, represents the sound speed in the fi-
nite element. For elastic materials, the wave speed ¢, is calculated as
¢, = \/E(l —v)/[(1 + v)(1 = 2v)p], where E represents the Young mod-
ulus and v denotes its Poisson ratio, while the characteristic element
length I, for an eight-node hexahedral element is defined as the ratio of
the element volume to its maximum surface area, ensuring proper con-
sideration of both material properties and geometric characteristics in
the time integration scheme.

The complete calculation process of the finite element module is
shown in Fig. 3.

(23)

2.3. SPH-FEM Coupling algorithm

In the FEM module, hexahedral solid elements are primarily em-
ployed to discretize elastic bodies with various geometric config-
urations. The quadrilateral facets of hexahedral elements serve as
fluid-structure interfaces. The modeling of finite elements is mainly
completed in Hypermesh. After generating solid elements, the face of
solid components is extracted to generate surface meshes, so the solid
elements and surface meshes share nodes, meaning all surface nodes are
inherently contained within the solid element node set.

The SPH module utilizes the single-layer particle boundary algorithm
to simulate solid walls, capable of constructing boundaries with arbi-

trary geometric complexity. During SPH-FEM coupling initialization, the
single-layer particle boundary is directly interpolated from the FEM sur-
face mesh, where the center of the surface mesh serves as the single-layer
particle boundary for the SPH computational domain. The coupling in-
terface between SPH domain and FEM elements is illustrated in Fig. 4.

In the SPH-FEM coupling process, the data transfer between SPH
particles and FEM nodes is illustrated in Fig. 5. The FEM surface mesh,
serving as the critical interface coupling the FEM elements with the SPH
computational domain, not only shares nodes with the solid elements
but also functions as the wall boundary for the SPH domain.

Within the SPH-FEM coupling framework, a mapping relationship is
established between the FEM surface mesh and a single layer of SPH par-
ticles. The surface mesh array stores corresponding node indices, where
the positions and velocities of nodes determine the positions and ve-
locities of the associated SPH particles. Additionally, the connectivity
sequence of the nodes dictates the normal vectors of the corresponding
SPH particles, while the area of the quadrilateral surface elements de-
fines the associated particle areas. At each time step of the SPH-FEM
computation, the position, velocity, normal vector, and area of the SPH
particles are dynamically generated based on the nodal information of
the surface mesh. These data provide the boundary terms required for
the interpolation calculations of SPH fluid particles.

Traditional SPH-FEM coupling methods often introduce additional
particles or nodes at the interface, along with associated overhead for
neighbor search and force mapping. In contrast, the present method di-
rectly maps the FEM surface mesh to SPH boundary particles, reducing
interface data redundancy and simplifying force transfer.

The fluid force acting on a single-layer particle F; can be obtained
through the following formula:

Fy =Y Vi(pi+p;)mW;;S;. ifry; -n; >0, 24
ieF

Here, F denotes the SPH fluid domain, while the definitions of other
symbols remain consistent with those in Eq. (8). Criterion r; ;on; >0
can ensure that the force calculation on the boundary particles under
thin-walled structures only considers particles on the same side, with-
out considering the influence of particles on the other side of thin-walled
structures. After obtaining the fluid forces acting on the single-layer par-
ticles, the corresponding forces at the center of surface meshes are deter-
mined through the mapping relationship between single-layer particles
and surface meshes. These forces are then interpolated to the nodes of
the surface mesh using shape functions. Since the solid elements share
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Fig. 5. Data transfer between SPH particles and FEM nodes.

FEM module
Ay
;. ___________________________________________________________________________ :
! 1 Ats |
i Internal force External force | | Node information : Update node
!'| calculation of nodes calculation of nodes calculation i position
; !

Surface mesh

Force interpolation

Update position and normal

| Single-layer particle |

Update particle | | Fluid pressure Density change Internal force Boundary force Update fluid
linked list calculation rate calculation calculation calculation physical quantities
Ay
SPH module

Fig. 6. Computational procedure of the SPH-FEM coupling algorithm.

nodes with surface meshes, the surface loads on the solid elements are
thereby obtained, which serve as the external nodal forces in the finite
element module computations. The complete computational procedure
of the SPH-FEM coupling algorithm is illustrated in Fig. 6.

In Fig. 6, At, represents the time step for the SPH module, deter-
mined according to Eq. (10), while Az, denotes the time step for the
FEM module, obtained from Eq. (23). In this study, both the SPH and
FEM modules employ adaptive time step schemes. Typically, the FEM
time step Ar; is smaller than the SPH time step At,. To ensure the

stability of coupled computations, Az, is modified in Eq. (23) through
the following expression:

At,, = min, i—e ,
At, = alt,,, (25)
Aty, = min(At, At,),

Aty =min(At ., (t; + Aty —1).
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Fig. 7. Geometric sketch of water impact model for an elastic wedge.

Eq. (25) ensures that Az, of the FEM module remains smaller than
At of the SPH module, while also preventing the final time step Az, in
the FEM module from exceeding the computational boundary.

In the SPH-FEM coupling algorithm, during the time step Ar, the
following procedures are sequentially executed: First, the linked-list up-
date and neighbor particle search are performed in the SPH module to
identify interacting particle pairs. The pressure of SPH fluid particles
is then computed based on the equation of state, followed by the cal-
culation of density variations and hydrodynamic forces acting on the
particles, along with the update of flow field information.

Concurrently, after obtaining the pressure field of SPH particles, the
hydrodynamic forces acting on the single-layer particles are calculated
via Eq. (24). These forces are subsequently interpolated to the nodes of
surface meshes using shape functions, serving as surface loads for the
FEM computation and contributing to the nodal force calculations of
FEM elements.

3. Benchmark validations
3.1. Numerical simulation of water impact for an elastic wedge

The water impact of an elastic wedge serves as a classical FSI bench-
mark. Although geometrically simple, its entry process involves com-
plex FSI phenomena, including fluid impact, structural deformation, and
dynamic response. Moreover, the existence of semi-analytical solutions
and reference results (Khayyer et al., 2018a; Zhang et al., 2022) en-
ables validation of numerical algorithms in terms of accuracy, stability,
and convergence when addressing FSI problems. Based on the works
of Scolan (2004), Khayyer et al. (2018a) and Zhang et al. (2022), the
constant-velocity water impact process of an elastic wedge is simulated
to verify the computational accuracy of the proposed SPH-FEM coupling
algorithm for solving hydroelastic problems.

3.1.1. Numerical model of water impact for an elastic wedge

The numerical model for the water impact of an elastic wedge in
this case is illustrated in Fig. 7. The wedge has a single-side length of
600 mm, a thickness of 40 mm, and a width of 100 mm. In the numerical
model, SPH fluid particles are used to construct the water tank, with
the fluid domain dimensions being 2000 mm x 100 mm x 1000 mm. The
wedge impacts the water surface at a constant velocity of 30 m/s. At the
initial computational moment, the bottom of the wedge is tangent to
the water surface. Four monitoring points (A, B, C, D) are placed at the
quarter points along one side of the wedge to measure the displacement
and pressure.

The modeling of solids is primarily divided into two components:
the tank walls are constructed using the single-layer particle boundary
algorithm, while the wedge is modeled with FEM elements. The body
of the wedge is discretized using hexahedral elements, with its surface

Table 1
The numerical parameters of water impact for
an elastic wedge.

Modules Parameters Values
SPH Fluid density p, 1000kg/m?
SPH Sound speed ¢, 400m/s
FEM Solid density p, 2700kg/m?
FEM Elastic modulus E 67.5 GPa
FEM Poisson ratio v 0.33
SPH/FEM Time ¢ 0.0025s

represented by quadrilateral elements that share nodes with the hex-
ahedral elements. The single-layer particle boundary of rigid walls is
composed of triangular elements, mainly based on STL (Standard Trian-
gle Language) files (Guan et al., 2024b).

To ensure the wedge maintains a constant velocity during water en-
try, the nodes near its symmetry axis are constrained to retain only trans-
lational degrees of freedom in the Z-direction, with a fixed velocity of
30m/s. According to the setting of Khayyer et al. (2018a), the numerical
parameters of water impact for an elastic wedge are shown in Table 1,
where f represents the fluid domain and s represents the solid domain.

3.1.2. Numerical results of water impact for an elastic wedge

Scolan (2004) performed a theoretical analysis of slamming pressure
during wedge water entry by integrating the Wagner model, deriving
semi-analytical solutions for both the deflection and pressure distribu-
tion of the elastic wedge throughout the water impact process. In our
study, the semi-analytical and simulation results are adopted as bench-
mark references.

Before conducting the numerical simulation of water entry, a conver-
gence analysis is carried out to determine the particle resolution within
the SPH domain and the mesh resolution in the FEM module. Addition-
ally, the efficacy of the boundary shield algorithm is validated within
the context of the SPH-FEM coupling framework.

Three distinct particle/mesh resolution configurations are selected:
Ax;/Ax;=10mm/10mm, Ax,/Ax,=5mm/10mm, and Ax,/Ax,=
5mm/5 mm. Numerical simulations of the wedge water entry process are
conducted at different resolutions, from which the deflection history at
Point C is extracted. The results are compared with the semi-analytical
solutions from Scolan (2004) for validation. The deflection curves at
Point C for the various resolution schemes are presented in Fig. 8.

The deflection curves at Point C under three different parti-
cle/mesh resolution schemes demonstrate excellent agreement, con-
firming that the computational results have converged when the
resolution is finer than Ax,/Ax;=10mm/l0mm. Owing to the
short duration of the wedge impact event and the high compu-
tational efficiency of the improved SPH-FEM coupling algorithm,
the simulation at the Ax,/Ax; = 5mm/5mm resolution requires only
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Fig. 8. Comparison of deflection curves between SPH simulation results of dif-
ferent resolutions and reference results (Scolan, 2004).

5 hours. To achieve a more refined fluid-structure interface, the
Ax;/Ax; =5mm/5mm resolution is adopted for all subsequent SPH-
FEM simulations of the water impact process.

Simultaneously, the case with a particle/mesh resolution of
Ax;/Ax; =5mm/10mm is selected to analyze the effectiveness of the
boundary shield algorithm based on the single-layer particle technique
under multi-resolution conditions in this section. A comparative analy-
sis of the simulation results for wedge water entry with and without the
application of the boundary shield algorithm is presented in Fig. 9.

At the particle/mesh resolution of Ax,/Ax, = 5mm/10 mm, the res-
olution of fluid particles differs from that of solid elements. With-
out applying the boundary shield algorithm, significant penetration
phenomena are observed at the fluid-structure interface. In contrast,
the implementation of the boundary shield algorithm effectively sup-
presses fluid particle penetration at the interface. Under the resolution of
Ax;/Ax, =5mm/5mm, where the fluid and solid resolutions are iden-
tical, no noticeable particle penetration occurs even without the bound-
ary shield algorithm, and the results are essentially consistent with those
obtained using the algorithm.

As detailed in Guan et al. (2024b), the robustness and effectiveness
of the boundary shield algorithm based on the single-layer particle tech-
nique have been thoroughly demonstrated. The algorithm maintains
computational stability in flow field simulations when particles and
grids are uniformly distributed, while effectively preventing fluid par-
ticle penetration in cases of multi-resolution or non-uniform discretiza-
tion, thereby ensuring computational robustness. The solver in our study
uses the cell-linked list algorithm for neighbor particles, and the in-
crease of boundary particles in the cell does not significantly affect the
calculation efficiency, so the size of boundary particles can be smaller
than the spacing between fluid particles. At the same time, due to the
support domain radius of the kernel function being 2.5 times the spac-
ing between fluid particles, the spacing of boundary particles should not
exceed twice that of fluid particles. Therefore, the size of finite element
meshes can be smaller than the spacing between fluid particles, but up
to twice the spacing between fluid particles.

Consequently, the boundary shield algorithm is uniformly applied in
all subsequent SPH-FEM simulations.

Upon completion of the simulation for the water entry, the pressure
data from monitoring points A, C, and D are extracted. Khayyer et al.
(2018a) and Zhang et al. (2022) also conducted numerical simulations of
the water impact process for a wedge and obtained a series of numerical
results with the ISPH (Incompressible SPH)-SPH and MPS-FEM model.
The comparison between simulation results and reference results is pre-
sented in Fig. 10. The pressure curves obtained through the SPH-FEM
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coupling algorithm show agreement with the reference results, particu-
larly at the pressure peaks, which can validate the computational accu-
racy of the proposed algorithm for solving FSI problems involving elas-
tic structures. However, certain discrepancies exist between SPH-FEM
simulation results and the semi-analytical solution. It is noted that the
MPS-FEM and ISPH-SPH results also show certain discrepancies from
the semi-analytical solution. The semi-analytical solution is derived un-
der the assumption of incompressible fluid, whereas actual numerical
simulations inherently involve pressure fluctuations and numerical os-
cillations, leading to the observed discrepancies.

Then, the pressure and stress contours of Khayyer et al. (2018a) are
selected as reference data for comparison. The simulation results ob-
tained through the proposed SPH-FEM coupling algorithm in our study
are compared with the ISPH-SPH simulation results in Fig. 11.

In the SPH-FEM simulation results of this case, the fluid particles are
visualized using pressure contours, while the solid elements are repre-
sented by contours of the stress component o,,. Both the fluid pressure
field and the wedge stress field remain stable throughout the simulation
process. Compared to the simulation results of Khayyer et al. (2018a),
the pressure distribution at the fluid-structure interface in this study ap-
pears less smooth. This phenomenon is attributed to pressure oscillations
caused by non-uniform particle distribution during the mesh-to-particle
conversion process. However, the oscillations do not adversely affect the
overall computation of the flow field or the stress field calculation of the
wedge.

Notably, the pressure and stress contours obtained from the SPH-
FEM coupling algorithm demonstrate excellent agreement with the
ISPH-SPH simulation results during water impact, particularly at the
moment of slamming, which can validate the computational accuracy
of the improved SPH-FEM coupling algorithm proposed in our study for
simulating water entry problems of elastic structures.

3.2. Numerical simulation for impact of dam-break flow on an elastic

baffle

Dam-break flow impacting an elastic baffle represents a classic FSI
problem involving elastic bodies, which serves as a benchmark case
widely adopted for validating the computational accuracy of numerical
algorithms in FSI simulations. Based on the work of Shi et al. (2024),
the same condition for the impact of dam-break flow on an elastic baf-
fle is selected to validate the computational accuracy of the improved
SPH-FEM coupling algorithm proposed in this study.

3.2.1. Numerical model for impact of dam-break flow on an elastic baffle

The numerical model for the impact of dam-break flow on an elas-
tic baffle is illustrated in Fig. 12. The simulation scenario is configured
within an enclosed tank with dimensions of 584 mm X 80 mm X 365 mm.
The fluid domain is initially positioned on the left side of the tank, with
dimensions of 146 mm x 80 mm X 292 mm, representing the initial state
of the dam-break flow. An elastic baffle with dimensions of 12mm x
80 mm x 80 mm is placed 292 mm from the left side of the tank. Point P
is located at the midpoint of the top edge of the elastic baffle.

In the numerical simulation, SPH fluid particles are employed to
model the dam-break flow, while the tank walls are constructed us-
ing the single-layer particle boundary algorithm. The elastic baffle is
discretized with finite elements, where its main body is meshed with
hexahedral elements and its surface is represented by quadrilateral el-
ements that share nodes with the hexahedral elements. All degrees of
freedom of the nodes on the bottom surface of the elastic baffle are con-
strained to zero, maintaining a fixed connection with the tank bottom.
According to the setting of Shi et al. (2024), the numerical parameters
of dam-break flow impact on an elastic baffle are shown in Table 2.

3.2.2. Numerical results for impact of dam-break flow on an elastic baffle
Prior to conducting the numerical simulation of dam-break flow im-
pacting an elastic baffle, a convergence analysis must first be performed
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Fig. 9. Comparison of fluid-structure interface under different resolutions and boundary shield algorithms.
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Fig. 10. Comparison of pressure curves at different measuring points between simulation results and reference results (Scolan, 2004; Khayyer et al., 2018a; Zhang
et al., 2022) during the water impact process of an elastic wedge.

Table 2 on the particle resolution of the SPH computational domain and the
The numerical parameter of dam-break flow mesh resolution of the FEM module. Three distinct particle/mesh reso-
impact on an elastic baffle. lution configurations are selected: Ax,/Ax, =5mm/3mm, Ax,/Ax =

3mm/2mm, and Ax,/Ax, =2mm/2 mm. Numerical simulations for the

Modules Parameters Values . . .
impact of dam-break flow on an elastic baffle are conducted at different

SPH Fluid density o, 1000kg/m? resolutions, and the lateral displacement at Point P is extracted for com-

SPH Sound speed ¢, 30m/s arative validation. The displacement curves at Point P for the various

FEM Solid density p, 2500 kg/m? parative v : placement curv v

FEM Elastic modulus E 1 MPa resolution schemes are presented in Fig. 13.

FEM Poisson ratio v 0 When the particle/mesh resolution is finer than Ax,/Ax, =

SPH/FEM  Time Is 3mm/2 mm, the displacement curve at Point P begins to demonstrate

convergence. At the resolution of Ax ;/Ax; = 2mm/2 mm, the improved

10
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Fig. 11. Comparison of pressure and stress contours between SPH-FEM results (left) and reference results (Khayyer et al., 2018a) (right) for the water entry process.
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Fig. 12. Geometric sketch for impact of dam-break flow on an elastic baffle.
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Fig. 13. Comparison of displacement curves of SPH-FEM results with different
resolutions.

SPH-FEM coupling model requires only 24 hours to simulate 1 second
of physical time for the impact of dam-break flow on an elastic baf-
fle. To achieve a more refined fluid-structure interface, the Ax,/Ax, =
2 mm/2 mm resolution is adopted for all subsequent SPH-FEM coupling
numerical simulations.
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Fig. 14. Comparison of displacement curves between SPH-FEM results and ref-
erence results (Shi et al., 2024; Peng et al., 2021; Liang et al., 2025).

Peng et al. (2021) conducted numerical simulations for the impact
of dam-break flow on an elastic baffle with the same parameters using a
coupled SPH-RKPM (Reproduction Kernel Particle Method) model, ob-
taining a series of numerical results. Shi et al. (2024) and Liang et al.
(2025) adopted a coupled SPH and Peridynamics (PD) model to conduct
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Fig. 15. Comparison of pressure and stress contours between SPH-FEM results (top) and reference results (bottom) (Shi et al., 2024) for dam-break flow impact on

an elastic baffle.

Fig. 16. Geometric sketch of flexible floating body under dam-break flow impact.

the same numerical simulations. Therefore, their simulation results are
selected as reference data for comparison. The computational results for
the displacement at Point P of the baffle obtained through the proposed
SPH-FEM coupling model in this study are compared with the reference
results, as shown in Fig. 14. These models demonstrate consistent peak
values and variation trends in the lateral displacement of the baffle,
validating the computational accuracy of the SPH-FEM coupling model
proposed in this paper for handling FSI problems involving elastic bod-
ies. However, due to differences in the boundary reflection conditions
and damping, some discrepancies are observed in the later phase of the
oscillation curves between the simulation results.

Simultaneously, the simulation results for the impact of dam-break
flow on an elastic baffle at different instances are extracted. The fluid

12

particles are visualized using pressure contours, while the solid elements
are represented by Von Mises stress contours. Throughout the simula-
tion, both the fluid pressure field and the solid stress field remain stable.
The results are compared with the simulation outcomes from Shi et al.
(2024), as shown in Fig. 15.

Based on the displacement curve of Point P and the contour plots,
it can be observed that during the initial stage of the dam-break flow
impacting the elastic baffle, the fluid domain begins to break up and
form the dam-break flow. At 0.14 s, the dam-break flow reaches the elas-
tic baffle. While the bottom of the baffle remains fixed, its main body
starts moving rightward. By 0.22s, the lateral displacement of the elas-
tic baffle reaches its maximum value, accompanied by maximal bending
deformation. Simultaneously, the Von Mises stress at the bottom of the
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Fig. 17. Comparison of sway displacement curves of SPH-FEM results with dif-
ferent resolutions.

baffle reaches its maximum value. After 0.22s, the elastic baffle begins
to return toward its original position. At 0.62s, it completely returns to
its initial position and starts moving leftward. Subsequently, the baffle
enters an oscillatory state.

According to Fig. 15, the Von Mises stress contours of the elastic baf-
fle obtained through the SPH-FEM coupling algorithm show excellent
agreement with the simulation results from the SPH-PD coupling algo-
rithm. Furthermore, the deformation state of the elastic baffle and the
fluid splash morphology are also highly consistent, demonstrating the
computational accuracy of the proposed SPH-FEM coupling algorithm
in handling FSI problems involving elastic bodies.

It should be noted that the stress contours in the SPH-PD simulation
results from the reference (Shi et al., 2024) employed a customized col-
orbar, where the red region representing higher stress values is broadly
distributed. The colorbar difference stems from the different visualiza-
tion software: ParaView for the reference and Tecplot for our simula-
tion results. Each software applies its own native color mapping scheme,
hence the visual discrepancy. These differences are solely attributable to
post-processing techniques rather than computational inconsistencies.

Additionally, the Von Mises stress distributions obtained with the
SPH-FEM coupling algorithm at resolutions of Ax,/Ax; =3 mm/2mm
and Ax;/Ax;=2mm/2mm achieve computational accuracy compa-
rable to that of the SPH-PD algorithm at resolutions of Ax,/Ax, =
I mm/2mm and even Ax/Ax, = 0.5mm/1 mm. The results confirm that
the proposed SPH-FEM coupling algorithm exhibits superior robustness
and higher computational efficiency.

3.3. Numerical results of flexible floating body under dam-break flow
impact

The free motion response of flexible floating bodies under water im-
pact represents a common FSI problem in naval architecture and ocean
engineering. When such structures are subjected to fluid loads from
waves in marine environments, they exhibit complex motion responses
and structural deformations. Based on the work of Zhang et al. (2022),
the case of a flexible floating body under dam-break flow impact is sim-
ulated to validate the computational accuracy of the improved SPH-FEM
coupling algorithm proposed in this paper.

3.4. Numerical model of flexible floating body under dam-break flow
impact

The numerical model for the flexible floating body under dam-
break flow impact in this case study is illustrated in Fig. 16. The
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Table 3
The numerical parameters of flexible floating
body under dam-break flow impact.

Modules Parameters Values
SPH Fluid density p 1000kg/m?
SPH Sound speed ¢, 30m/s
FEM Solid density p 625kg/m’
FEM Elastic modulus E 0.1/10 MPa
FEM Poisson ratio v 0.3
SPH/FEM Time ¢ 1.2s

scenario involves a semi-enclosed tank with dimensions of 1020 mm X
180 mm x 200 mm. The fluid computational domain consists of two parts:
one situated at the bottom of the tank with dimensions of 1020 mm X
180 mm x 60 mm, and another located on the left side of the tank, rep-
resenting the initial state of the dam-break flow, with dimensions of
100 mm X 180 mm X 60 mm.

A flexible floating body is positioned 280 mm from the left side of the
tank. The body has a rectangular shape with dimensions of 340 mm x
60 mm X 30 mm, and is centered along the Y-direction of the tank. The
floating body is in a state of buoyancy-gravity equilibrium. The density
of the flexible floating body is 625 kg/m?, resulting in an immersed depth
of 18.75 mm.

In the SPH-FEM simulation, the tank walls are modeled using the
single-layer particle boundary algorithm, while the flexible floating
body, being a solid structure, is discretized with hexahedral elements
for its main body and quadrilateral elements sharing nodes with the
hexahedral elements for its surface. All nodal degrees of freedom of the
floating body are unconstrained. According to the setting of Zhang et al.
(2022), the numerical parameters of flexible floating body under dam-
break flow impact are shown in Table 3.

Prior to conducting the numerical simulation of the flexible floating
body motion under dam-break flow impact, a convergence analysis is
first performed for the case with elastic modulus E = 10MPa to eval-
uate the particle resolution of the SPH computational domain and the
mesh resolution of the FEM module. Three distinct particle/mesh reso-
lution configurations are selected: Ax,/Ax; =5mm/5mm, Ax,/Ax, =
3mm/3mm, and Ax,/Ax; =2.5mm/2.5mm. Numerical simulations of
the flexible floating body motion under dam-break flow impact are car-
ried out at different resolutions. The sway displacement of the flexible
floating body is extracted for comparative validation, and the sway dis-
placement curves for the various resolution schemes are presented in
Fig. 17.

When the particle/mesh resolution is finer than Ax,/Ax, =
3mm/3mm, the sway displacement curve of the flexible floating
body begins to demonstrate convergence. Therefore, to balance com-
putational efficiency and accuracy, the particle/mesh resolution of
Ax;/Ax; =3 mm/3 mm is selected for subsequent SPH-FEM simulations
of the flexible floating body motion under dam-break flow impact.

Zhang et al. (2022) conducted numerical simulations of the flexible
floating body motion under dam-break flow impact using the coupled
MPS-FEM algorithm, obtaining a series of numerical results. Therefore,
their simulation results are selected as reference data for comparison.
The computational results of the sway and surge displacement curves
for a flexible floating body with different elastic modulus (E = 0.1 MPa
and E = 10 MPa) obtained by the proposed SPH-FEM algorithm in this
study are compared with those from the MPS-FEM algorithm in Fig. 18.

The results from both algorithms show consistent sway and surge
displacements across different elastic modulus, validating the computa-
tional accuracy of the improved SPH-FEM coupling algorithm proposed
in this paper for handling FSI problems involving elastic bodies. Further-
more, the sway and surge displacements of the flexible floating body
with elastic modulus E = 0.1 MPa are significantly more pronounced,
demonstrating that the elastic modulus substantially influences the mo-
tion response of flexible floating bodies.
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Fig. 18. Comparison of sway and surge displacement curves between SPH-FEM results and reference results (Zhang et al., 2022) for an flexible floating body under

dam-break flow impact.
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Fig. 19. Comparison of pressure and stress contours between SPH-FEM results (right) and reference results (left) (Zhang et al., 2022) for an flexible floating body

under dam-break flow impact with E = 10 MPa.

The pressure and stress contour plots during the motion of the
flexible floating body under different elastic modulus are extracted
for comparison with reference results from Zhang et al. (2022), as
shown in Figs. 19 and 20. Fluid particles are visualized using pres-
sure contours, while solid elements are represented by Von Mises stress
contours.

During the motion of the flexible floating body, the dam-break flow
initially fractures and generates rightward propagating waves at the be-

ginning of the simulation. At 0.3 s, the wave impacts the flexible floating
body, causing deformation. By 0.54 s, the wave reaches the mid-section
of the floating body and lifts it upward. At this moment, the bending
deformation of the flexible floating body reaches its maximum, and the
Von Mises stress correspondingly peaks. Subsequently, the wave arrives
at the stern of the floating body by 0.78 s, and finally reaches the right-
side wall at 1.12 s, completing one oscillation cycle of the floating body.
The complete deformation of the flexible floating body with elastic mod-
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Fig. 20. Comparison of pressure and stress contours between SPH-FEM results (right) and reference results (left) (Zhang et al., 2022) for an flexible floating body
under dam-break flow impact with E = 0.1 MPa.

0.33m

3.8m

Fig. 21. Numerical model of wave impact on an elastic ship.

ulus E = 0.1 MPa is significantly larger than that with E = 10 MPa, par- show good agreement with reference solutions, the elastic boundaries
ticularly at 0.54s. in these benchmarks are relatively simple and feature regular geometric

Since the colorbar definitions differ between the SPH-FEM and MPS- shapes. The section extends the simulation to the deformation and mo-
FEM simulation results, the visualized Von Mises stress exhibits apparent tion response of an elastic ship under wave impact. The elastic ship pos-
discrepancies, although the actual simulated values are in good agree- sesses complex curved surfaces, thereby validating the feasibility of the
ment. In the SPH-FEM simulation with elastic modulus E = 0.1 MPa, improved SPH-FEM coupling algorithm proposed in this paper for han-
some fluid particles splash onto and accumulate on the left side of the dling FSI problems involving complex elastic boundaries.
top surface during the dam-break impact. Due to the relatively low elas-
tic modulus of the floating body, the bending deformation at its left end 4.1. Numerical model of wave impact on an elastic ship
at 0.3 s is more pronounced compared to the reference results.

Despite these minor differences, the pressure and stress contours dur- Buchner (2002) has demonstrated the feasibility of generating waves
ing the motion of the flexible floating body for both elastic modulus through dam-break flows. Therefore, the wave in this case is gener-
(E = 0.1 MPa and E = 10 MPa) show excellent agreement with the MPS- ated via a dam-break process. The numerical model for wave impact
FEM simulation results from Zhang et al. (2022). The consistency val- on the elastic ship is illustrated in Fig. 21. The numerical water tank
idates the computational accuracy of the improved SPH-FEM coupling has dimensions of 12m X 1.6 m x 2m. The fluid computational domain
algorithm proposed in this paper for addressing FSI problems involving consists of two parts: one located at the bottom of the tank with dimen-
flexible floating bodies. sions of 12m x 1.6m x 0.6 m, and another on the left side of the tank,

representing the initial state of the dam-break flow, with dimensions of
4. Numerical simulation of wave impact on an elastic ship 4mx1.6mx0.6m.
An elastic ship is positioned 5.5 m from the left side of the tank. The

In the benchmark cases presented in this paper, although the sim- principal dimensions of the ship are 3.8 m x 0.7m x 0.33 m. It is centered
ulation results based on the improved SPH-FEM coupling algorithm along the Y-direction of the tank, with its bottom tangent to the wa-
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Fig. 22. Pressure and stress contours of SPH-FEM simulation results for an elastic ship under wave impact.

Table 4
The numerical parameters of wave impact on
an elastic ship.

Modules Parameters Values
SPH Fluid density p, 1000kg/m?
SPH Sound speed ¢, 50m/s
FEM Solid density p, 500kg/m?
FEM Elastic modulus E 1 MPa
FEM Poisson ratio v 0.3
SPH/FEM Time ¢ 3s

ter surface. The detailed numerical model parameters are provided in
Fig. 21. According to the setting of Zhang et al. (2022), the numerical
parameters of wave impact on an elastic ship are shown in Table 4.

4.2. Simulation result of wave impact on an elastic ship

The wave impact scenario on the elastic ship is similar to the isolated
wave impact on a flexible ship hull described in Zhang et al. (2022),
which used a particle/mesh resolution of Ax,/Ax = 25mm/25 mm. The
simulation results in Zhang et al. (2022) are stable, so the particle/mesh
resolution of Ax,/Ax, =25mm/25mm is enough. To demonstrate the
computational efficiency of the proposed improved SPH-FEM coupling
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algorithm, the higher-resolution particle and mesh sizes are selected,
which are specifically Ax;/Ax; =20mm/20mm. Due to the relatively
complex geometry of the ship, it is difficult to use grids of the same size
for discretization. Therefore, the grid size of the ship varies from 0.5 mm
to 2mm according to the complexity of the surface, with a maximum
grid size of 2 mm. The configuration includes 1,920,000 fluid particles,
140,540 finite element hexahedral elements, and 192,520 single-layer
particles for solid wall boundaries.

The total computation time for simulating the wave impact process
on the elastic ship is 24 hours using an OpenMP-based 4-core CPU pro-
cessor (AMD Ryzen-5-5600). The detailed time distribution for each
module is as follows: SPH module accounts for approximately 80% of
the total time (about 19.2 hours). FEM module accounts for approxi-
mately 20% of the total time (about 4.8 hours).

Since the specific geometric configuration of the elastic ship in this
case does not exactly match that in Zhang et al. (2022), our study pri-
marily presents the results obtained with the improved SPH-FEM cou-
pling algorithm. Pressure and stress contours during the wave impact
process, along with deformation results of the elastic ship, are extracted
and shown in Fig. 22.

In Fig. 22, fluid particles are visualized using pressure contours,
while solid elements are represented by Von Mises stress contours. Dur-
ing the wave impact process on the elastic ship, the ship begins to sink at
the initial stage. The dam-break flow fractures and generates rightward
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propagating waves, which impact the elastic ship and induce deforma-
tion. By 1.5s, the wave reaches the midsection of the ship, at which
point the bending deformation of the elastic ship reaches its maximum
and the Von Mises stress correspondingly peaks. At 2.0s, the wave ar-
rives at the stern, and the bending deformation of the elastic ship begins
to recover.

During the deformation and motion of the elastic ship under wave
impact, despite its complex geometry, both the pressure distribution in
the fluid field and the stress distribution in the elastic ship remain stable
throughout the FSI process. The stability demonstrates the feasibility of
the improved SPH-FEM coupling algorithm proposed in this paper for
simulating FSI problems involving complex elastic boundaries.

5. Conclusions and prospects

This paper presents an improved SPH-FEM coupling model based on
the single-layer particle boundary algorithm, achieving efficient three-
dimensional coupling between fluid particles and solid elements. The
algorithm utilizes the FEM surface mesh as an information exchange
interface, leveraging both the shared-node characteristics between the
FEM surface mesh and hexahedral elements, and the mapping relation-
ship between the surface mesh and the SPH single-layer particle. By
eliminating the need for additional node or particle arrangements at
the fluid-structure interface typically required in traditional SPH-FEM
methods, the improved algorithm enhances information exchange effi-
ciency during coupled computations.

The proposed SPH-FEM coupling model introduces a boundary
shield algorithm, which enables the use of different particle and mesh
resolutions at the fluid-structure interface. The validation results from
benchmark cases demonstrate that the improved SPH-FEM coupling al-
gorithm can effectively simulate various FSI problems involving elas-
tic structures and solve full-scale three-dimensional FSI problems with
complex geometries in hydrodynamic scenarios.

Currently, structural discretization in the SPH-FEM coupling model
primarily relies on hexahedral elements, which present limitations for
modeling complex geometries. Besides, the algorithm is specifically de-
signed for FSI in hydrodynamic scenarios, where the fluid is limited to
liquids and the solid primarily to elastic bodies. In future research, we
plan to develop an enhanced SPH-FEM coupling framework that incor-
porates tetrahedral elements, shell elements, beam elements and other
fluid constitutive models for a wider range of scenarios.
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