
IOP Conference Series: Materials Science and Engineering

PAPER • OPEN ACCESS

Numerical investigations of dam-break flow
impacting on an elastic beam using various FSI
coupling algorithms
To cite this article: Wenjie Zhang et al 2023 IOP Conf. Ser.: Mater. Sci. Eng. 1288 012018

 

View the article online for updates and enhancements.

You may also like
Fibre-optic measurement of strain and
shape on a helicopter rotor blade during a
ground run: 1. Measurement of strain
Stephen W James, Thomas Kissinger,
Simone Weber et al.

-

Robust fluid-structure interaction analysis
of an adaptive airfoil using shape memory
alloy actuators
Theodoros Machairas, Alexandros
Kontogiannis, Anargyros Karakalas et al.

-

Ion Pairing, Clustering and Transport in a
LiFSI-TMP Electrolyte as Functions of Salt
Concentration using Molecular Dynamics
Simulations
Diego E. Galvez-Aranda and Jorge M.
Seminario

-

This content was downloaded from IP address 58.247.22.226 on 11/09/2023 at 03:58

https://doi.org/10.1088/1757-899X/1288/1/012018
/article/10.1088/1361-665X/ac736d
/article/10.1088/1361-665X/ac736d
/article/10.1088/1361-665X/ac736d
/article/10.1088/1361-665X/aad649
/article/10.1088/1361-665X/aad649
/article/10.1088/1361-665X/aad649
/article/10.1149/1945-7111/abf0d8
/article/10.1149/1945-7111/abf0d8
/article/10.1149/1945-7111/abf0d8
/article/10.1149/1945-7111/abf0d8
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvTZBrZAApKZayIKXltoV_aWIAlZJOmyQoGSY1dJMMxZktPqw1MFfEShm-IBFnxg4a9qrzLJYj0RctxaMRzHSUCQKJGnjPzusEoMl2uXTSB_LV3atypIxBxM8Jmt9q7wf6AtCx8Dtlp56B-6W5ZgTojkhsNNwS5Gg0H0G63QG8PDjRKw2o6E4IAAtotixKep-f4jcpre0U-yv7jHX2kbl1mavE115IKIUrL1XCeMvD8u8I_cPqQiXMwkNLkmOamai6q5cmT225fcdqN5FgIhpjXXY5i2SYoABr5n0dzzPJpFPIyWKVF&sai=AMfl-YSXXxTsnVqyUZ0SAnoJCsZH7UjZTijLnImd6d2rUvlJqyR_AYqJkQppfZ_M-T29gImoe3Fe11J6n9QiZkE&sig=Cg0ArKJSzDtq7TaVy9be&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/244/registration%3Futm_source%3D244Registration%26utm_medium%3DIOP%26utm_campaign%3D244Reg%231677251741763-50b756b8-9560


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

The 12th International Workshop on Ship and Marine Hydrodynamics
IOP Conf. Series: Materials Science and Engineering 1288  (2023) 012018

IOP Publishing
doi:10.1088/1757-899X/1288/1/012018

1

 

 

 

 

 

 

Numerical investigations of dam-break flow impacting on an 

elastic beam using various FSI coupling algorithms 

Wenjie Zhang1, Xiaolong Yang2 and Jianhua Wang1* 

1 Computational Marine Hydrodynamics Lab (CMHL), School of Naval Architecture, 

Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghai, China 
2 Offshore Oil Engineering Co. Ltd., Tianjin, China 

*Corresponding author: jianhuawang@sjtu.edu.cn 

 
Abstract. The occurrence of green water and slamming in severe sea conditions can often be 

simplified as a dam-break problem. The flow characteristics of dam-break are similar with those 

on a ship's deck and can result in structural damage. In this study, the fluid-structure interaction 

(FSI) of dam-break flow impacting on an elastic beam is investigated based on CFD-FEM 

method. The FSI coupling is solved in a partitioned manner. The fluid field is solved by 

OpenFOAM and the structure is calculated by self-developed code using FEM. The two-way 

coupling algorithm has been implemented to update the mesh of the fluid field. An investigation 

on mesh independence and the comparison of results with other methods have been conducted 

to validate the simulation results. After that, three types of FSI coupling algorithms have been 

utilized to examine the impact on both computational accuracy and efficiency. It is studied that 

the computational accuracy of all three FSI coupling algorithms is in good agreement. The FSI 

coupling algorithm utilizing weak iteration exhibits excellent performance in terms of both 

computational accuracy and efficiency. For the strong coupling algorithm, it is crucial to make 

a rational selection of the outer and inner iteration numbers in PIMPLE loops. 

1. Introduction 

In the field of marine engineering, the issue of wave slamming on structures is a prevalent phenomenon 

that requires specialized attention. In severe sea conditions, vessels frequently encounter the phenomena 

of green water and slamming. These phenomena can often be theoretically and numerically verified and 

studied through simplified problems that share similar fundamental flow characteristics, such as the 

dam-break problem. Greco[1] have concluded that the occurrence of dam-break type (type DB) water-

on-deck scenarios in ocean engineering is more prevalent than that of plunging wave type (type PW). 

Many experiments and numerical simulations have investigated the interactions between dam-break 

flow and an obstacle , especially in cases where the structures exhibit elasticity. 

Liao[2] has conducted experimental studies on dam break with an elastic baffle. Yilmaz[3] devised an 

experiment to investigate the interaction between a dam-break flow and an elastic sluice gate. Hu[4] has 

studied the interactions of an elastic vertical wall in periodic waves. The measurements obtained from 

experimental studies are now widely accepted as standard data for comparing numerical algorithms and 

developing computational solvers. The impact of a dam-break flow on an elastic beam is a typical case 

for studying the interaction between nonlinear fluid dynamics and structures. Numerical results of many 

scholars have been compared with benchmark experiment measurements to validate their solvers and 
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algorithms (Khayyer[5], McLoone[6], Mitsume[7], Ryzhakov[8], Walhorn[9], Wu[10], Zheng[11]). The 

phenomenon encompasses the dynamics of free surface evolution and breaking, as well as the interaction 

with structures through climbing and deformation. Accurately predicting impact loads and describing 

fluid-structure interaction are critical for evaluating structural safety. 

In this paper, the problem of dam-break flow impacting on an elastic beam is investigated with 

various FSI coupling algorithms numerically. The simulation is conducted using the CFD-FEM method 

with OpenFOAM and a self-developed structural solver to calculate the bending of a cantilever beam. 

The two-way coupling algorithm has been implemented, and the fluid field mesh is updated using the 

displacement Laplacian method in OpenFOAM. A study on mesh independence and comparison of 

results with other methods has been conducted to validate the simulation results. Three types of FSI 

coupling algorithms have been utilized to examine the impact on both computational accuracy and 

efficiency. 

2. Numerical methods 

2.1.  Fluid governing equations 

The continuity and momentum Navier-Stokes equations for incompressible Newtonian fluid are given 

as follows: 

 ∇ ∙ 𝑼 = 0 (1) 

 
𝜕𝑼

𝜕𝑡
= −

1

𝜌
∇𝑝 + 𝜈𝑘∇2𝑼 + 𝒈 (2) 

where 𝜌 is the fluid density, 𝑝 is the pressure, 𝜈𝑘 is the kinetic viscosity, 𝑼 is the velocity vector of flow 

fluid ,and 𝒈 is the gravitational acceleration vector. 

2.2.  Structure governing equations 

The structure in this study is simplified as a cantilever beam model with one fixed end and one free end. 

Based on the theory of Finite Element Method (FEM), structure dynamic governing equations are given 

as follows: 

 𝑀𝒙̈(𝑡) + 𝐶𝒙̇(𝑡) + 𝐾𝒙(𝑡) = 𝑭(𝑡) (3) 

where M, C and K represent mass matrix, damping matrix and stiffness matrix of the cantilever beam 

respectively. The dimension of each matrix is two times of node numbers of the discrete FE model. The 

vectors of 𝒙(𝑡), 𝒙̇(𝑡) and 𝒙̈(𝑡) are displacement vector, velocity vector and acceleration vector at the 

previous time t, respectively. Vector 𝑭(𝑡) is external load acting on the beam and the source term of the 

structure dynamic governing equation. 

The damping term of structural system is very complex, and in the engineering, the format of 

Rayleigh damping has been widely accepted. Rayleigh damping is a linear combination of mass and 

stiffness of the structure: 

 𝐶 = 𝛼1𝑀 + 𝛼2𝐾 (4) 

where 𝛼1 and 𝛼2 are the proportional coefficients foe the mass and stiffness, respectively, and given as: 

 (
𝛼1

𝛼2
) =

2𝜍

𝑓𝑛1+𝑓𝑛2
(

2𝜋𝑓𝑛1𝑓𝑛2
1

2𝜋

) (5) 

where 𝑓𝑛1 and 𝑓𝑛2 are the natural frequencies at the first and second modes, respectively; and 𝜍 is the 

damping ratio of the structure. 

2.3.  Newmark’s method 

The Newmark’s method is one of the direct integration methods to solve structure dynamic equations 

by assuming the relationship between displacement vector, velocity vector and acceleration vector of 
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FE model[12]. Using the Newmark’s method, the velocity and the acceleration at the time t + Δt can be 

calculated as: 

 𝒙̇(𝑡 + Δ𝑡) = 𝒙̇(𝑡) + (1 − 𝛾)Δ𝑡𝒙̈(𝑡) + 𝛾Δ𝑡𝒙̈(𝑡 + Δ𝑡) (6) 

 𝒙(𝑡 + Δ𝑡) = 𝒙(𝑡) + Δ𝑡𝒙̈(𝑡) + (
1

2
− 𝛽) Δ𝑡2𝒙̈(𝑡) + 𝛽Δ𝑡2𝒙̈(𝑡 + Δ𝑡) (7) 

where 𝒙(𝑡 + Δ𝑡), 𝒙̇(𝑡 + Δ𝑡) and 𝒙̈(𝑡 + Δ𝑡) are the displacement, velocity and acceleration at the next 

time step t + Δt; Δt is the constant time-interval. Newmark factors of 𝛾 and 𝛽 affect the stability and 

reliability in the integration method, which are usually taken as 0.25 and 0.5, respectively. 

2.4.  FSI coupling algorithms 

The FSI coupling algorithms can be divided as one-way coupling and two-way coupling by judging 

whether the flow fluid field grid is updated with structure deformation. Actually, one-way coupling is 

not truly couple between fluid and structure as the structure is still rigid for fluid calculation. Besides, 

the FSI coupling algorithms can also be classified into partitioned explicit algorithm, partitioned implicit 

algorithm and monolithic algorithm by judging the FSI solving procedures. The partitioned explicit 

algorithm is also classified as weak coupling of FSI, because the fluid and structural solutions cannot be 

satisfied by their respective governing equations at the same time at each time step. With the same 

judging criterion, partitioned implicit algorithm and monolithic algorithm are classified as strong 

coupling algorithms of FSI. The details will be described deeply below. 

2.4.1.  Two-way coupling algorithm. In this study, two-way coupling algorithm between structural 

deformation and fluid mesh update has been adopted to satisfy the geometrical compatibility and the 

equilibrium conditions on the interface. The coupling process is shown in Figure 1. It should be 

emphasized that the developed two-way coupling algorithm in this work is suitable for both 3D and 2D 

cases. 

 
(a) FSI data exchange from fluid to structure. 

 
(b) FSI data exchange from structure to fluid boundary mesh. 

Figure 1. The schematic diagram of two-way FSI coupling process. 

Firstly, the pressure and viscous force are integrated at each structural element to obtain the 

concentrated force acting on the beam model. Then, the concentrated forces are transformed as 
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distributed loads and the structural deformations at each element node are calculated. After that, a cubic 

spline interpolation function is adopted to calculate coordinate updates of points of boundary meshes in 

fluid field. Finally, the update of fluid mesh deformation is executed. 

2.4.2.  Partitioned algorithm. Figure 2 shows the FSI solution procedures of both partitioned and 

monolithic algorithms. Partitioned algorithm allows for the application of different solvers for fluid and 

structure, respectively, in numerical simulations. This approach takes advantage of specialized 

computing software for both fluid and structural analysis. For this algorithm, data exchange between 

both fluid and structural solvers needs to be executed in each time step. If FSI calculations do not involve 

iterations in each time step, the algorithm is categorized as explicit and weak; otherwise, the algorithm 

is categorized as implicit and strong. The iterations of FSI in each time step ought to have its 

convergence criteria of structural deformations and fluid forces. In this study, convergence check is set 

by ensuring that the relative errors between adjacent iterations of structural displacements at each 

element node and fluid forces acting on each beam element are less than 5 × 10−3. Besides, in the 

program, the maximum number for iterations is limited to 50. 

  
(a) partitioned explicit algorithm. (b) partitioned implicit algorithm. 

 
(c) monolithic algorithm. 

Figure 2. The schematic diagram of partitioned and monolithic FSI coupling algorithms. 

For the monolithic algorithm, one solution framework ought to be built for fluid and structural 

calculation. Fluid and structure are discretized with only one method, and their governing equations are 

solved together in this framework. This algorithm, is absolutely regarded as strong coupling of FSI. 

However, it’s hard to build such solution framework for structures with complex geometric shapes. The 

studies presented below all pertain to partitioned algorithms. 

As the computational resource consumption of partitioned implicit algorithms is significant, some 

scholars have proposed a weak algorithm as an alternative. However, it still requires FSI iterations at 

each time step. Before proceeding, it is necessary to introduce the PIMPLE algorithm in OpenFOAM, 

as depicted in Figure 3. In OpenFOAM, a PIMPLE loop consists of an outer iteration and an inner 

iteration, with the latter being a PISO loop. Regarding the computation of fluid, it is mandatory to 

execute at least one outer iteration and one inner iteration. To ensure full solution of the fluid, both outer 

and inner iterations typically require more than one iteration. Some scholars strive for both accuracy and 

efficiency in numerical simulations, and have proposed a weak algorithm with iterations[13]. They opt to 

exchange FSI data after the completion of a PISO loop, rather than waiting for the entire PIMPLE loop 

to finish. Due to incomplete solution of the fluid field, this algorithm is considered weak. Furthermore, 

as it necessitates multiple iterations within a single time step, in this paper it is referred as weak iteration 

algorithm, distinguishing it from the partitioned explicit algorithm without iterations also classified as 

weak. Moreover, the strong algorithm discussed in this article specifically pertains to the partitioned 
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implicit method. The flowchart for numerical calculating with a strong algorithm differs from that of a 

weak iterative algorithm, as illustrated in Figure 4. 

 

Figure 3. The flowchart of PIMPLE algorithm in OpenFOAM. 

In the strong algorithm, FSI data exchange occurs between structural and fluid results after an outer 

iteration of the PIMPLE algorithm. In contrast, during the weak iteration algorithm, FSI data exchange 

takes place after an inner iteration of the PIMPLE algorithm. Since each outer iteration encompasses 

multiple inner iterations, this algorithm provides advantageous in minimizing superfluous PISO 

calculations. Furthermore, as both algorithms require convergence checks of FSI data, it can be predicted 

that if the PIMPLE outer iteration number is chosen as one, there will be no differences between the 

results obtained from either algorithm. However, the strong algorithm involves more unnecessary PISO 

loops, resulting in a wastage of computational resources. 

  
(a) strong algorithm. (b) weak iteration algorithm. 

Figure 4. The flowchart of strong algorithm and weak iteration algorithm. 

3.  Numerical setup 

A benchmark numerical simulation is utilized to investigate the interaction between a dam break and an 

elastic structure. A 2-D numerical domain of length 0.584 m and height 0.40 m is utilized to be consistent 

with the water tank from the other scholars’ studies[7, 8]. The volume of water (0.146 m wide and 0.292 

m high) is initially contained. The structure, which is 0.0012 m × 0.08 m, is placed 0.146 m downstream 

from the end of water volume, as shown in Figure 5. The coordinate system is defined with 𝑥 and 𝑧 

representing the horizontal and vertical components, respectively. The origin is located at the bottom 

left-hand corner of the domain. All boundaries are treated as walls with no-slip conditions, except for 

the top boundary which is considered as an atmosphere boundary with free inlet and outlet flow. 
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Figure 5. Diagram of the numerical setup for the dam break test case. 

The Young’s modulus of structure is 𝐸𝑠 = 1.0 × 106 𝑁/𝑚2, density 𝜌𝑠 = 2.5 × 103 𝑘𝑔/𝑚2. In this 

study, the structural model is taken as Euler-Bernoulli beam model. Main parameter settings are shown 

in Table 1. Based on the results of a mesh independence analysis (section 3.1), the total number of cells 

in the fluid mesh is 111, 200. 

Table 1. Parameter settings of fluid and structure simulations. 

Parameters Value 

𝜌𝑠 1.0 × 103 kg/m2 

𝜈𝑠 1.0 × 10−6 m2/s 

g 9.81 m/s2 

𝜌𝑠 2.5 × 103 kg/m2 

𝐸𝑠 1.0 × 106 Pa 

∆𝑡 0.0001 s 

4. Results and discussions 

4.1.  Mesh independence study 

To validate the accuracy of the FSI solution, Table 2 shows the summarized mesh convergence study 

information and the discretization error resulting from mesh grids. The numerical time history results of 

horizontal top displacements in the structure are further compared with three meshes, as illustrated in 

Figure 6. 

Table 2. Mesh independence study parameters and structural deformation results. 

Mesh Cell Number Maximum Top Displacement Relative Error 

Coarse 80, 456 0.04548 m 4.4% 

Medium 111, 200 0.04263 m 2.1% 

Fine 153, 831 0.04355 m / 

The figure illustrates that all three meshes maintain a favorable time history shape of the beam top 

displacement, and exhibit relatively small computational errors in peak value. With consideration given 

to computational cost, it is concluded that a medium-sized mesh is the optimal choice for investigating 

the influence of different FSI algorithms in this study. 
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Figure 6. Comparison of the horizontal top displacement of beam with three different meshes. 

4.2.  Comparison with other methods 

Figure 7 shows the horizontal displacement of the uppermost point on the elastic beam versus time. The 

present results are obtained utilizing a mesh of medium size in this study, and show good agreement 

with the particle FEM results[8] and MPS-FEM results[7] during the main slamming procedure from 0.15s 

to 0.2s. The results of this paper are slightly different from those of other methods during t > 0.2s, which 

could be attributed to the simplification of bending by the Euler-Bernoulli beam model. 

 

Figure 7. Comparison of the top displacement of beam with different methods. 

4.3.  Comparison with different FSI coupling algorithm 

In this study, the developed program has implemented three types of FSI coupling algorithms: weak 

algorithm, weak iteration algorithm, and strong algorithm. Four cases are studied with varying PIMPLE 

outer and inner iteration numbers, as shown in Table 3. 

Table 3. Settings of PIMPLE outer and inner iterations with different coupling algorithms. 

Coupling Algorithms PIMPLE Outer Iterations PIMPLE Inner Iterations 

Weak 1 3 

Weak Iteration 1 3 

Strong (case1) 1 3 

Strong (case2) 2 3 

As stated in section 1.4.2, selecting the outer iteration number of one renders no discernible 

difference between the computational results produced by the weak iteration algorithm and strong 

algorithm. This is due to the fact that both algorithms differ solely in their PISO loop iteration numbers, 

while the result accuracy is governed by FSI convergence checks. In this scenario, the superfluous PISO 
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loop iterations are proved as redundant in a robust algorithm. The validation of this conclusion can be 

demonstrated through a comparison of the structural top displacement using three different coupling 

algorithms, as illustrated in Figure 8 and Table 4. 

 

Figure 8. Comparison of the top displacement of beam with different FSI coupling algorithms. 

The diagram demonstrates that the outcomes of the weak iteration algorithm are nearly 

indistinguishable from those of two cases of the strong algorithm. The table shows that weak algorithm 

and iterative algorithms yield a maximum relative error of 1% in the top displacement results. Moreover, 

the weak iteration and strong algorithms exhibit identical results in terms of maximum top displacement 

and time history of structural top displacement, thus confirming the previous conjecture. 

Table 4. Comparison of the maximum beam top displacement with different FSI coupling algorithms. 

Coupling Algorithms Maximum Top Displacement Relative Error 

Weak 0.04263 m 1.43% 

Weak Iteration 0.04187 m 0.38% 

Strong (case1) 0.04187 m 0.38% 

Strong (case2) 0.04203 m / 

Comparisons between the results of structural deformation and free surface at typical simulation 

times have been selected to investigate the influence towards fluid solution of different FSI coupling 

algorithms, as shown in Figure 9. 

   

   

   

   
(a) Weak algorithm. (b) Weak iteration algorithm. (c) strong algorithm. (case1) 

Figure 9. Snapshots of structural deformation and free surface with different FSI coupling algorithms. 
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Flow field calculations solved by the three algorithms are indistinguishable in the diagram. The 

maximum relative error in structural solutions being 1.43% may also imply only slight discrepancies 

among the results obtained from the three FSI coupling algorithms. 

Finally, the computational efficiency has been investigated and compared using three distinct FSI 

coupling algorithms, as illustrated in Table 5. It is evident that all FSI coupling algorithms have 

significantly increased the computational time. Weak iteration algorithm requires the least 

computational time increment among all algorithms and achieves the same computational accuracy as 

strong algorithm when the outer iteration number is set to one in PIMPLE loops. Besides, it has been 

observed that when the number of outer iterations doubles in PIMPLE loops for  case 1 and case 2 using 

strong algorithms, there is only a slight increase in computational time instead of doubling. The 

comparison of FSI iteration numbers between the two cases depicted in Figure 10 can provide an 

explanation for this phenomenon. 

Table 5. Comparison of the computational time with different FSI coupling algorithms. 

Coupling 

Algorithms 

Computational 

Clock Time 

Computational  

Time Increment 

Weak 17, 337 s / 

Weak Iteration 58, 714 s 238.7% 

Strong (case1) 65, 425 s 277.4% 

Strong (case2) 68, 636 s 295.9% 

As depicted in Figure 10, case 2 utilizing a strong algorithm requires fewer FSI iterations compared 

to case 1 employing the same algorithm. This phenomenon implies that while additional outer iterations 

may result in increased time costs during flow fluid computation directly, it can enhance the convergence 

rate of FSI iterations and is equivalent to reduce the number of PISO iterations required in the weak 

iteration algorithms. Therefore, it is crucial to make a rational selection of the outer and inner iteration 

numbers within PIMPLE loops in FSI strong coupling algorithms. 

 

Figure 10. Comparison of the FSI iteration numbers between different coupling algorithms. 

5. Conclusions 

In this study, a CFD-FEM solver employing various FSI coupling algorithms is developed to simulate 

the impact of dam-break flow on an elastic beam. The flow fluid field is computed using OpenFOAM, 

while the structural deformation is solved through a developed FEM code. The FSI algorithms, including 

the partitioned explicit algorithm and two types of partitioned implicit algorithms, are employed in the 

simulations to investigate their impact on both computational accuracy and efficiency. A mesh 

independence study and comparison of results with other methods are conducted to validate the 

computational findings. 

In terms of computational accuracy, all three FSI coupling algorithms exhibit good agreement with 

respect to free surface evolution and structural deformations with the maximum top displacement 
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relative error being 1.43%. Moreover, when the outer iteration number is set to one in PIMPLE loops, 

both strong and weak iteration algorithms yield identical solutions for fluid and structure. When the 

outer iteration number chosen as one, the strong algorithm incurs computational inefficiencies compared 

to the weak iteration algorithm in terms of computational efficiency. Besides, increasing the number of 

outer iterations can enhance the convergence of FSI iterations in strong coupling algorithm. Therefore, 

a higher setting for outer iteration number does not necessarily result in a significant increase in 

computational time. It is crucial to make a rational selection of the outer and inner iteration numbers 

within PIMPLE loops in FSI strong coupling algorithms. 
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