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1. Introduction 
 

Because the zirconium alloy cladding is the first and 
important barrier to prevent a fission product release, its 
integrity is the most important concern. In the view of a 
mechanical integrity, stress and strain are key factors 
which affect to cladding’s performance during normal 
and or off-normal operation which induces force 
interaction between pellet and cladding. In order to 
evaluate stress and strain of cladding, one dimensional 
(1D) approach with various models have been proposed. 
[1, 2] 

In case of steady state and mild transient operation 
period, 1D model, which considers only radial direction 
of cladding, is able to calculate stress and strain of 
cladding efficiently.  However, in case of fast transient 
such as an Anticipated Operational Occurrence (AOO) 
a Reactivity Initiated Accident (RIA), it is difficult for 
1D model to simulate cladding’s stress and strain 
accurately due to its modeling limitation. Moreover, for 
Loss of Coolant Accident (LOCA), cladding’s large 
deformation, so called ‘ballooning’, has been observed. 
However, this large deformation cannot be understood 
by 1D modeling. Consequently, Finite Element (FE) 
modeling which can simulate a higher order 
deformation of structure is indispensable requirement to 
understand mechanical behavior of cladding during 
AOO, LOCA and RIA 

In this study, axisymmetric 2D FE module has been 
developed. The FE module employs effective-stress-
function algorithm which can be stable and accurate 
computations of stresses in finite element thermo-
elastic-plastic and creep analysis of metals. A brief 
description and verification results of newly developed 
2D FE module are presented.  To verify the developed 
module, commercial FE code ADINA was employed. 
[3] 

 
2. Needs of FE Module 

 
There are three mechanical forces which affect to 

cladding’s behavior during reactor operation.  Coolant 
pressure during whole operation period is the main 
force of cladding and this force result in a compressive 
stress to cladding.  Rod internal pressure is one of the 
main forces to cladding, especially, higher burnup or 
LOCA period.  Interfacial contact force generated by 

pellet cladding mechanical interaction can be critical 
severe during fast transient such as a RIA or AOO. 

At steady state condition, only creep is an important 
permanent deformation of cladding because stresses 
which are loaded to cladding do not exceed yield stress 
of cladding.  However, when fast transient or LOCA 
condition occurs, the applied stresses to cladding can 
exceed yield stress of cladding and mechanical integrity 
of cladding can be threatened. 

Previous studies have showed that the FE analysis 
should be used to simulate cladding’s mechanical 
behavior associated with experiments for off-normal 
operation condition. Especially, during LOCA, 
ballooning rupture is the key failure mode of cladding 
which is caused by high rod internal pressure as shown 
in figure 1. [4] 

 

         
 

Fig. 1 Ballooning rupture and its modeling 
 
To simulate a ballooning behavior of cladding, 2D or 

3D model should be introduced. Due to the progress of 
computing power, higher order and large scale FE 
analysis are widely adopted to understand stress-strain 
analysis of cladding during off-normal operation 
condition. For this purpose, we have developed higher 
order FE module to simulate the cladding behavior 
during off-normal condition. 

 
3. Overview of FE module 

 
The newly developed 2D FE module employed 

Effective-Stress-Function (ESF) algorithm due to its 
efficiency and convergence. The nonlinear analysis of 
thermo-elastic-plastic and creep conditions has attracted 
much attention in research and development. It is 
because a stable, accurate and computationally efficient 
solution can be difficult to achieve with rapidly varying 
material conditions. The ESF algorithm solves the 
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governing equations of the inelastic constitutive 
behavior by calculating the zero of the appropriate 
effective-stress-function: a functional relationship 
which involves as unknown only the effective stress. 
The basic incremental equations for thermo-elasto-
plasticity and creep are presented. The constitutive 
equations can be written in the form. [5] 
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Where for time t + ∆ t 

Stt   = deviatoric stress tensor 

'ett   = deviatoric strain tensor 
Ptt e  = plastic strain tensor 
Ctt e  = creep strain tensor 

m
tt   = mean stress 

m
tt e  = mean strain 

Ett  , tt   = Young’s modulus and Poisson’s ratio 
thtt e  = thermal strain 

 
4. Evaluation 

 
To verify the developed FE module, code-to-code 

benchmark was performed by using of commercial FE 
code ADINA under same conditions. 

The evaluation does not consider thermal load and 
creep yet. Four quadrilateral elements which include 8 
nodes were generated as shown in Figure 2. Plasticity 
behavior is defined as bilinear curve presented by 
elastic modulus and plastic modulus. Figure 2 also 
shows load, boundary conditions and time step for FE 
simulation.  

 

 
Fig. 2 Evaluation conditions 

 
For the evaluation, ADINA which has been widely 

used as reliable and efficient Finite Element procedure 
was employed. With identical conditions of FE module, 
initial yield stress and strain hardening were inserted to 
ADINA. As a result, Figure 3 shows comparison of 
Von Mises stresses on each element at 90 steps.  

Consequently, this agreement shows that the FE module 
is acceptable in terms of mechanical nonlinear behavior. 
To improve model accuracy, validation of the model 
should be carried out based on experimental data. 

 

 

Fig. 3 Comparison of von mises stress on each 
element 

 

5. Discussion 
 

Axisymmetric 2D FE module has been developed to 
simulate mechanical behavior of cladding during off-
normal operation condition.  The FE module was 
evaluated in terms of mechanical nonlinear behavior by 
comparison of commercial FE code results. Based on 
simulation results, the von mises stress of each element 
from FE module results shows a good agreement 
against that of ADINA. It demonstrates that algorithm 
of the module is acceptable to simulate plastic behavior 
with FE model. 

For the future, the FE module should be verified with 
various test cases using commercial FE code. 
Validations of the module are also planned with various 
experimental data.  Furthermore, development of 3D FE 
module which can be applied to fast transient such a 
RIA and AOO is progressing. 
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