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Abstract. Nuclear power plant (NPP) structures play a crucial role in protecting the safety of the
whole plant. Overall, NPP structures have complex shapes and large dimensions. Therefore, the
decision of an appropriate finite element model for seismic response analysis is important. This
study presents a brief review of various numerical modelling approaches for seismic evaluation
performance of NPP structures. Different conventional models, i.e. lumped-mass stick model
(LMSM), full three-dimensional finite element model (3D FEM), elastic solid element model
(ESM), and multi-layer shell model (MLSM), which have been applied in modelling nuclear
structures, are introduced. Also, the advantages and drawbacks of those models are analysed.
Furthermore, a new model namely, beam-truss model (BTM), which is recently proposed, is
highlighted. It reveals that LMSM is the most simplified approach for structural modelling of
NPP structures. However, it is normally used for linear analyses and not able to simulate the
local behaviours and vertical responses of the complex NPP structures. Even though 3D FEM is
the most sufficient method for nonlinear seismic response analyses, this approach is very time-
consuming and costly computation. MLSM and BTM are recommended as practical and efficient
models for nonlinear analyses of NPP structures.

Keywords: nuclear power plant structure; numerical modelling; seismic performance; beam-
truss model; multi-layer shell model.

1. Introduction

Nuclear power plant (NPP) structures have been known as the crucial parts of nuclear engineering. Even
though those structures are designed strictly, however some accidents around the world showed that
NPP structures can be vulnerable to earthquakes. Therefore, the seismic performance evaluation of such
structures is always needed.

The finite element method has been the most popular approach for evaluating seismic responses of
nuclear structures. Since NPP structures have complex forms and large dimensions (Figure 1), thus,
selection of an efficient numerical model is very important [2]. It is dependent on the computational
capacity and purposes of the analyses, a simplified or a sufficient model is employed. So far, the analysts
and researchers in the nuclear engineering field have commonly applied two kinds of numerical
modelling: (1) lumped-mass stick model (LMSM) and (2) full three-dimensional finite element model
(3D FEM). The LMSM approach has been widely used in the last few decades since it is the simplest
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method [3-23]. Meanwhile, 3D FEM is also applied for evaluating seismic performances of various NPP
structures [24-38].

Figure 1. Cutting view of Advanced Power Reactor 1400 NPP [1].

Some other numerical approaches including elastic solid model (ESM), multiple layer shell model
(MLSM), and beam-truss model (BTM) can be also used for seismic performance analyses of NPP
structures. This paper presents a short review on applying various numerical modelling schemes for the
seismic response analysis of NPP structures. Also, the applicable capacity of each model is assessed.

2. Lumped-mass stick model

Known as the simplest approach, LMSM simulates the real structures using a series of beam elements
with lumped masses at element nodes, as depicted in Figure 2. Thus, this method reduces the
computational effort significantly. Numerous studies highlighted that LMSM can approximate global
responses of the sufficient method (i.e. 3D FEM) in linear analyses [20-23, 39-41]. However, to perform
nonlinear dynamic analyses, LMSM is still facing challenges, especially considering local behaviours
and vertical responses. To overcome this deficiency, Park and Hofmayer [42] proposed a nonlinear
flexural and shear model for the seismic design of NPPs. Nevertheless, this approach focused mostly on
the nonlinear model for beam elements, meanwhile, the NPP structures (e.g. reactor containment
building and auxiliary building) are made by a lot of shear walls.

Typical following steps can be employed to implement LMSM.
e Decide the length of beam elements with consideration of changing sections and connecting to
other structural members or critical equipment.
Calculate the equivalent section properties for each beam element.
Calculate the lumped masses, which are assigned to nodes.
Assign boundary conditions and applied load.
Obtain the structural responses.
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Figure 2. Illustration of the LMSM approach.

3. Elastic solid element model

ESM is one of the most effective models for verifying the simplified models such as LMSM. This
approach uses linear solid elements such as tetrahedrons, hexahedrons, or pentahedrons types, as shown
in Figure 3. The limitation of this method is only consideration of linear analyses. Some studies utilized
ESM in seismic performance analyses and evaluations of NPP structures [20-21, 24-25]. To conduct
this model, the following procedure can be used.

Construct the dimensions of the model.

Define and assign the material properties.

Control and determine the mesh size.

Assign boundary conditions and applied load.

Obtain the structural responses.
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Figure 3. [llustration of the elastic solid model.

4. Multi-layer shell model

Since the NPP structures contain a lot of shear walls, thus, numerical models of those structures can be
developed using smeared MLSM, as illustrated in Figure 4. The shell element comprises of different
layers, which represent used materials. In NPP structures, reinforced concrete material is predominant.
It should be noted that nonlinear material properties are assigned to defined layers. Basically, the concept
of MLSM is based on the theoretical background of mechanics of composite materials. One typical
advantage of MLSM is that it can consider the in-plane and out-of-plane interaction and the in-plane
flexural-shear responses of reinforced concrete walls [43-45].
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Figure 4. Multi-layer shell model approach.

The typical advantage of this modelling scheme is capable of simulating nonlinear behaviours of wall-
type structures. Because this model reduces the number of degrees of freedom significantly compared
with those of ESM, the computational effort is lessened. The following steps can be used to implement
MLSM.

Construct the dimensions of the model.

Define the nonlinear material properties.

Define the material layers with assigned properties.

Assign boundary conditions and applied load.

Obtain the structural responses.

5. Full 3D FE model

3D FEM, which contains details of concrete and reinforcements, is the most accurate method in
structural numerical modelling, as shown in Figure 5. We can use typical commercial finite element
software such as ANSYS, ABAQUS, or LS-DYNA to construct 3D FEM. Each software has a series of
specific models for materials. Since 3D FEM separates concrete and reinforcing bars in meshing, thus,
the number of degrees of freedom much higher than that of other models. Additionally, a contact element
should be used to connect concrete and rebars. Also, the nonlinearity of material models can be
considered in this approach. Accordingly, the computational effort in nonlinear dynamic analyses of full
3D FEM is extremely time-consuming and costly.
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Figure 5. Full 3D finite element model.
6. Beam-truss model

To overcome the limitations of the aforesaid models, a simplified but efficient model, namely beam-
truss model (BTM), is proposed to perform seismic responses of NPP structures [2]. This numerical
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method divides the wall into a series of beam and truss elements, as depicted in Figure 6 [2, 46-48]. Two
superiorities of BTM are identified: (1) the simplicity of the modelling and (2) possible simulation of
nonlinear behaviours of large NPP structures. It is a promising approach for numerical modelling of
nuclear structures. So far, the first application of BTM for seismic fragility analyses of reactor
containment building was conducted by Nguyen et al. [2]. More detailed descriptions and further
analyses can be found in the study [2].

7. Qualitative assessment of various numerical modelling schemes

Quantitative assessments of the aforementioned modelling schemes are presented in Table 1 [2]. The
qualitative assessment criteria of those numerical models include analysis method, computation time,
structural response, and memory consumption. LMSM is a very simple, quick-running, and excellent
approach for linear analyses. ESM is simple to construct a model and good at macro and micro
simulations, but it is also bounded within linear analyses. Noting that the macro (i.e. global) response
represents the floor displacements/accelerations or internal forces. Meanwhile, the micro response
characterizes the local simulations such as stresses, strains, or cracking in structural members. 3D FEM
is excellent in performing global and local nonlinear behaviours however, it is complicated in modelling
process and very time-consuming in computation. Based on the assessments, BTM is recommended as
a beneficial modelling scheme since it satisfies the requirement of nonlinear dynamic performance as
well as less computational time. Moreover, MLSM is considered as the second option for seismic
performance evaluation of NPP structures.

Reactor containment building Beam-truss model

Figure 6. Beam-truss element model scheme.

Table 1. Quantitative assessment of various modelling schemes

Criteria LMSM ESM MLSM 3D FEM BTM
Erlllll:ar CUENZE Quick Medium Quick Medium Quick
Nonlinear :
srllets (e - - Long Extremely long Medium
Global response Excellent Excellent Excellent Excellent Excellent
Local response - Medium Medium Excellent Medium
Memory . Trivial Medium Medium Huge Small
consumption
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8. Conclusions

Five numerical modelling schemes, which are lumped-mass stick model (LMSM), elastic solid-based
finite element model (ESM), multi-layer shell model (MLSM), full 3D finite element model (3D FEM),
and beam-truss model (BTM), for using in the seismic performance evaluation of NPP structures are
briefly reviewed in this paper. The advantages and limitations of each model are demonstrated. LMSM
is the most simplified approach for structural modelling of NPP structures. However, it is normally used
for linear analyses, and is not able to simulate the local behaviours and vertical responses of the complex
structures such as reactor containment buildings or auxiliary buildings. 3D FEM is the most sufficient
method for nonlinear seismic response analyses. Nevertheless, this approach is very time-consuming
and costly computation. Meanwhile, ESM is only used for linear analyses. Finally, MLSM and BTM
are recommended as practical and efficient models for nonlinear analyses of NPP structures.
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