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INTRODUCTION 

Modeling of nuclear fuel cladding behavior during a Loss of Coolant accident (LOCA) is a principal 

requirement in reactor safety analysis, most former safety criteria were obtained from experiments during 

the 1970's, conducted mainly with fresh fuels. Changes in modern fuel design, introduction of new cladding 

materials and motivation towards higher burn-ups have generated a need to re-examine safety criteria and 

their continued validity. 

 

This led to the growing development of both experiments and simulations meant to address this need. The 

Halden IFA-650 [1] series of experiments for example, beginning in the early 2000's have clearly shown 

that existing criteria and experimental data are insufficient for the growing demand for higher burn-ups. 

 

Several codes for reactor core and fuel rod analysis exist nowadays, such as FRAPTRAN1.4
 
[2] or 

RELAP5-3D [3]. These are tailor-made codes, designed to predict general core behavior and fuel 

performance, and while they are also used in predicting core components behavior during accident 

conditions, including those of cladding ballooning and failure with good accuracy, they contain several 

limitations on modeling the full transient cladding thermo mechanical phenomena. Limitations such as 

mechanical models being one dimensional or in axisymmetric geometries only, relying mostly on analytical 

models therefore having further restricting assumptions in return for accuracy, etc. These limitations disable 

the simulation of several important aspects, such as modeling 3D azimuthal behavior for example.   

 

The objective of the current work is to develop a comprehensive numerical model for predicting zircalloy 

cladding thermo mechanical behavior during a LOCA. The model will eventually predicts full cladding 

ballooning and burst behavior followed by fuel relocation, for fuel rods that can be subjected to 3D 

distributed flux. 

The model is fully three dimensional and is created using the commercial FEM numerical simulation 

software ABAQUS
©

 applying coupled user subroutines to describe the complex material behavior during 

the process. 

  

The target model will eventually display wide simulation capabilities regarding thermo-mechanical 

phenomenon, and will grow into including multi physics couplings such as fluid-structure interactions, all 

relying on well tested commercial software. These capabilities will enable conducting computation on 

complex geometries as well as coupling to various physical phenomena. In addition, in contrary with most 

tailor made codes, the ABAQUS
©

 interface is user friendly and affords a high level of pre and post 

processing capabilities, as well as being widely available. 

 

The aim is to eventually validate and calibrate the model during the upcoming LORELEI single rod LOCA 

experiments in the French JHR reactor. 

  

 



PRELIMINARY RESULTS 

In order to validate the model as developed so far, initial results were compared with the chosen benchmark 

experiment and licensing code overview data from the HALDEN IFA650.2 [1] experiment for as-received 

cladding, originally meant for initial calibration before testing at higher burn-up fuels. 

 

Figure 1 describes the IFA650.2 [1] applicable and available initial experimental setup data by which the 

comparison was performed (Figure from reference [1]). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.  Halden IFA650.2 [1] experiment data for cladding geometry and user inputs. 

 

The current model utilizes the ABQUS/Explicit VUMAT or VUHARD user type subroutines to describe the 

complex Thermal Elasto-Viscoplastic material behavior through an adapted isotropic hardening algorithm. 

The subroutine can include the effects of Over-Oxidation, Cold Work, and Irradiation damages, as well as 

material anisotropy, annealing, and more. 

Most material properties are taken from MATPRO [3], FRAPCON3.4 [4], and FRAPTRAN1.4 [2] for 

Zircalloy thermo-mechanical properties. 

 

The current version does not yet however, contain an algorithm for material oxidation or ZrO2 layer growth 

and accepts those as constant through the process, given as inputs by the user along with several other user 

input options for calibration and control. 

 

Benchmark Comparison 

Table 1 displays the values calculated by the current model version compared with the HALDEN IFA650.2 

Experiment Data and the FRAPTRAN1.4 calculations of the same scenario, Figure 2 and Figure 3 display 

exemplary visualization of model results. 

 

Test/Parameter 
IFA650.2 

Experiment 

FRAPTRAN1.4 

Calculation 
Current Model 

Deviation from 

Experiment [%] 

Rapture 

Temperature [˚C] 
800 773 , 806 788 1.5 

Max. diametric 

cladding Strain [%] 
90 82 , 76 84.1 6.5 

Internal Pressure at 

Rupture [MPa] 
5.6 5.7 , 5.8 5.9 5.4 

Oxide Layer 

Thickness [µm] 
40-50 35 0 -- 

Axial Location of 

Rupture [mm] 
195-230 -- 236 2.5 

Cladding IFA650.2 Data 

Material Zircalloy 4 

Outer Diameter 9.5[mm] 

Wall Thickness 0.57[mm] 

Outer Oxide Layer Thickness 0[µm] 

Hydrogen content 0[ppm] 

Fuel Rod IFA650.2 Data 

Burn-up 0[MWd/kg] 

Active Length 500[mm] 

Total length of test rod 1040[mm] 

Radial Pellet-Clad Gap 0.035[mm] 

Fabrication Temperature 25˚C 



Table 1. Comparable Results (at Rupture point) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                     (a)                                                                                          (b) 

 

 

 

 

 

CONCLUSIONS 

 A comprehensive 3D model for clad ballooning and burst behavior prediction was proposed, relying on 

commercial FEM software with coupled user subroutines. 

 Current model displayed here is still in early development stages, preliminary results were compared to 

the simplified case of the IFA650.2 HALDEN Experiment for as-received material. 

 Preliminary results show good agreement with the IFA650.2 experiment. 

 Shown here are only the key comparable parameters, many more variables are tracked during the 

simulation and are available for more in-depth analysis of the problem. 

 Amongst Several significant advantages in using an advanced commercial numerical simulations 

software such as ABAQUS© is the far simpler and better detailed post-processing abilities. 

Figure 2. Example of Temperature distribution color-map of clad ballooning before rupture 

 

Figure 3. (a) Tangential component of logarithmic strain demonstrated on section view of inner clad diameter (b) Resulting 

stress-strain for the Thermal Elasto-Viscoplastic behavior (High temperature softening leading to hardening from high train 

rates) 
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