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ABSTRACT 
 

In PWR severe accident scenarios, involving a relocation of corium (core melt) into the lower head, the 
possible failure mode of the reactor pressure vessel (RPV), the failure time, the failure location and the final size of 
the breach are regarded as key elements, since they play an important part in the ex-vessel phase of the accident. 

Since the TMI accident that occurred in United States in 1979, many theoretical and experimental 
investigations, relating to lower head mechanical behaviour under severe thermo-mechanical loading in the event of 
a core meltdown accident have been performed. Despite this impressive effort, some key issues conditioning the 
severe accident management had not been sufficiently investigated and particularly the phenomenology and kinetics 
of vessel breaching and the final state of the RPV (small hole or "guillotine" break). So there was a need to calculate 
the breach propagation in the RPV, and therefore the final breach section, in order to assess the risks of complete 
unzipping of the vessel, which are of major safety concerns with regards to molten corium ejection and ex-vessel 
initial conditions. 

In the framework of a CEA research programme, conducted in partnership with IRSN, EDF and INSA 
Lyon, Compact Tension (CT) specimens have been tested to characterize the tear resistance of various French RPV 
16MND5 steels at very high temperatures ranging from 900°C to 1100°C. The aim of this experimental program was 
to contribute to the definition of a tearing criterion by identifying the related material parameters at temperatures 
representative of the real severe accident conditions. The influence of metallurgic composition on the kinetics of 
tearing was taken into account as a previous work on different RPV steels has shown a possible loss of ductility at 
high temperature depending on the initial chemical composition of the vessel material. A failure criterion, noted Gfr, 
related to the dissipated fracture energy and developed at CEA in a previous work for the ductile crack propagation 
at moderate temperatures was proposed and extended to the high temperatures: it is founded on energetic parameters 
such as the J integral proposed by Rice and was shown to be a material characteristic and applicable to large ductile 
crack. The paper present the method used to simulate the crack propagation in the 16MND5 CT specimens and 
investigate the ability for the material Gfr value to be used for the prediction of tearing propagation at high 
temperatures. 

 
BACKGROUND 

 
In the event of a severe core meltdown accident in a pressurised water reactor (PWR), core material can 

relocate to the lower head of the vessel resulting in significant thermal and pressure loads to the vessel. The potential 
for failure of the pressure vessel makes possible the release of core material towards the containment.  

The mode, timing, and size of lower head failure are of prime importance in the assessment of core melt 
accidents because they define the initial conditions for ex-vessel events such as core/basemat interactions, 
fuel/coolant interactions, and direct containment heating. Of equal importance is the understanding of the mechanism 
of lower head creep deformation and failure, as well as developing predictive modelling capabilities to better assess 
the consequences of ex-vessel processes should lower head failure occur. 

Since the TMI accident that occurred in United States in 1979, many theoretical and experimental 
investigations, relating to lower head mechanical behaviour under severe thermo-mechanical loading in the event of 
a core meltdown accident have been performed. During the TMI-2 exercise serious attempts of predicting the margin 
to failure of the Reactor Pressure Vessel (RPV) were made using conventional mechanical tools and were reported 
by [1]: they faced specific difficulties related to the failure criteria and material data used. This implies that state-of-
the-art lower head failure modelling was not fully mature and the understanding of the thermal and mechanical 
problems associated with lower head failure was incomplete. The need to better understand the physical phenomenon 
relating to lower head deformation led CEA to launch in 1995 a research program “RUPTHER”[2] [3] [4] [5] aiming 
at developing improved modelling of the vessel behaviour. The “RUPTHER” R&D project ended in 1999 and 
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produced new results in the characterisation and modelling of high temperature (until 1300°C) deformation and 
damaging behaviour of French vessel steel 16MND5. 

Despite this impressive effort, some key issues conditioning the severe accident management had not been 
sufficiently investigated and particularly the phenomenology and kinetics of vessel breaching and the final state of 
the RPV (small hole or "guillotine" break). So there was a need to calculate the breach propagation in the RPV, and 
therefore the final breach section, in order to assess the risks of complete unzipping of the vessel, which are of major 
safety concerns with regards to molten corium ejection and ex-vessel initial conditions. 

In order to characterise the timing, mode and size of a possible lower head failure (LHF) of the RPV in the 
event of a core meltdown accident, several large-scale LHF experiments were performed at SANDIA National 
Laboratories under the USNRC/SNL LHF program [6]. The experiments examined lower head failure at high 
pressures (10 MPa in most cases) and with small through-wall temperature differentials. Another more recent 
USNRC/SNL LHF program, called the OLHF program [7], has been undertaken in the framework of an OECD 
project. This was an extension of the first program and dealt with low and moderate pressures (2 MPa to 5 MPa) but 
with large through-wall temperature differentials. The objective of these experiments was to provide data for model 
development and validation. CEA-Saclay actively participated in the one-fifth scale USNRC/SNL LHF and OLHF 
programs: accident scenario development and numerical interpretation of the experimental results, either employing 
finite element models [9] or simplified models [10] developed from analytical equations. The final goal was to 
demonstrate the ability of such models to realistically describe reactor accident scenarios. As reported in [8], the 
LHF and OLHF experimental results could be modelled numerically but more accurately with 3D finite element 
codes and the failure time predictions obtained agreed reasonably well with the experimental values. However, the 
final size of the failure still remained an open issue. Indeed, the LHF and OLHF programs highlighted the variability 
of the failure behaviour of RPV materials near to 1273K (Fig. 1, either brittle or ductile) as previously observed in 
the framework of the RUPTHER program.  

 

 
Fig. 1: Characterisation creep tests on LHF/OLHF steels 

 
In order to clarify the origin of the variability of the RPV failure behaviour (which seemed to depend 

strongly on the material microstructure, and which has a direct influence on the final breach size), CEA initiated in 
2003 a new research programme in collaboration with IRSN and INSA Lyon. The development of an adequate 
rupture criterion for the 3D finite element models taking into account the variability in material behaviour was part 
of one objective of this new research program. As reported in [18], Compact Tension (CT) specimens have been 
tested to characterize the tear resistance of various French RPV 16MND5 steels at very high temperatures ranging 
from 900°C to 1100°C. A failure criterion, noted Gfr, related to the dissipated fracture energy and developed at CEA 
in a previous work for the ductile crack propagation at moderate temperatures [15] [16] was proposed and extended 
to the high temperatures with some assumptions: it is founded on energetic parameters such as the J integral 
proposed by Rice [17] and was shown to be a material characteristic and applicable to large ductile crack. The paper 
presents the method used to simulate the crack propagation in the 16MND5 CT specimens and investigate the ability 
for the material Gfr value to be used for the prediction of tearing propagation at high temperatures. 

 
PREDICTION OF TEARING PROPAGATION: THE GFR APPROACH 

 
We briefly present the method allowing to simulate the ductile tear of 3D cracks via the Gfr parameter 

developed within the framework of the S. Marie thesis [14] [15] [16]. This thesis proposes an engineer approach 
allowing the prediction of cracks evolution in large-sized real components starting from parameters determined on 
characterization tests (CT specimens). This approach is based on the energy dissipated in the process of rupture 
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during propagation: the energy single scalar parameter Gfr, which is intended to be applicable and transposable from 
laboratory specimens to components, represents the energy necessary to the damage mechanisms before the 
extension of crack. This local criterion however can, under certain conditions, be connected to a variation of the 
plastic part of the J integral proposed by Rice [17] what makes it possible to deduce a criterion relatively simple to 
implement. A crack initiation criterion was also validated within the framework of the thesis. For further details, the 
reader can refer to [15] [16], particularly as concerns how the concept is derived from a local energy dissipation in a 
finite element calculation.  

It thus seemed relevant to try to use the Gfr criterion, by adapting it to the high temperatures, for the 
prediction of RPV tearing propagation. The application of this method, developed for modelling ductile tearing under 
moderated temperatures, at the high temperatures levels relevant to PWR severe accident conditions is the subject of 
the work presented in this paper. Nevertheless the transposition of the Gfr criterion to the phenomena studied here 
however raises some theoretical questions which will be presented below. 

 
Engineering methodology for the Gfr Approach for Simulating Propagation 

Several ways to consider the Gfr approach were developed [15]. A simplified one, with some limitation for 
its applicability (see [15]) has been selected in this work: in the case of an extension of crack from a to a+Δa, the 
geometrical interpretation of Gfr shows that this parameter can be connected to the plastic part of the total energy 
dissipated by rupture (area ABCD ranging between the two load-displacement curves with stationary crack 
corresponding to the two lengths of crack considered in Fig. 2). 
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Fig. 2: Estimation of the energy U dissipated by rupture 

 
The methodology developed for simulating propagation (move from Point A to Point C on the actual 

behaviour curve of the specimen in Fig. 2) is based on the calculation of load-displacement curves with stationary 
crack and J values and is intended to be applicable and transposable from laboratory specimens to components. This 
methodology is based on Eq. 1 and on the assumption that Gfr is a constant value during crack propagation: 

 
( ) a)()( aa,aaa, Δ−= Δ+ δδ plplfr JJG  (1) 

 
where Δa represents the extension of crack considered, Jpl,a the plastic component of the J integral calculated 

in the configuration before crack propagation and δ the imposed displacement. This relation between Gfr and J makes 
it possible to propose a solution for propagation modelling using only finite elements calculations with stationary 
crack. 
 
Propagation 

In the case of complex crack growth, for example surface cracks, the propagation is not uniform along the 
front and the relevant parameter to simulate the propagation cannot be the increment Δa but is the displacement 
increment. Beginning at Point A, the opening increment dδ (δi+1=δi+dδ) is imposed for the original stationary defect 
(ai non uniform along the tip). Calculation of the local plastic values of J along the crack tip for point B associated to 
the value of Gfr gives the local progress of the crack by the following formulae: 

 
( ) ( )( )ipliplfr ii

JJG δδ a,1a,
1.a −=Δ +

−  (2) 
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From this relation, the progression of the crack is not necessarily uniform as Jpl,ai varies along the crack 
front. Knowing the propagation of each point of the tip, it is necessary to simulate the behaviour of the structure for a 
new stationary crack shape, up to the displacement δi+1 imposed on Point B. Point C is then obtained.  

As we have seen, it is necessary to calculate the behaviour of the structure and the J integral values with 
stationary cracks of different sizes. This is achieved by resorting to finite element calculations. The simulations 
presented in this paper have been carried out using CAST3M CEA finite element code [19]. 

 
Initiation of propagation 

Propagation starts when J for the initial defect (non-uniform along the crack front) reaches the value of Ji. In 
the initial configuration, elastoplastic calculation makes it possible to know, for each point of crack front, the loading 
force for which the value Ji is reached. With an elastic simulation, it is then possible to deduce the Ji plastic part (Ji,pl) 
for each point of this front and replacing Jpl,a (δa) into Eq. 1 by this value allows the determination of the extension of 
crack once the propagation starts (J>Ji): 

 
( )( )pliiplfr JJG

i ,1a,
1.a −=Δ +

− δ  (3) 
 

MATERIAL CHARACTERIZATION: EXPERIMENTS ON CT SPECIMENS 
 
General Description of the Experimental Program 

The objective of these tests was to acquire knowledge on the phenomenon of tearing of 16MND5steel at 
very high temperatures by carrying out simple quasi-static tests. Compact Tension specimens are often used for 
fracture mechanic studies and the determination of material properties. However, due to the high temperature 
conditions representative for severe accidents conditions, CT specimens used in this study don’t have a standard 
geometry and some dimensions have been increased [18].  

In order to highlight the variability in the tearing behaviour of 16MND5 materials, materials originating 
from different generations of reactor have been examined. The programme first consisted in carrying out an 
inventory of the properties and metallurgical compositions of materials used for French RPV (private contract 
between IRSN and FRAMATOME). Five materials were then selected for the whole study, having metallurgical and 
mechanical properties sufficiently different, while remaining within the permitted 16MND5 steel material 
specification. Within the framework of the Compact Tension experimental programme two of the five selected steels 
have been tested: “RUPTHER” steel (extracted from a 16MND5 forged steel part intended for use in a RPV vessel 
for the primary coolant circuit) and “KRAKATOA” steel (corresponds to older RPV PWR steel with higher sulphur 
content). 

The high temperature tests were all made in the same furnace under vacuum or under inert atmosphere 
(argon) conditions, on a servo-hydraulic INSTRON test bench as reported in [18]. The Electrical potential drop 
measurement (EPD) in the vicinity of the notch has been used to determine the propagation of the crack and the 
opening of the notch was determined by means of a laser scan micrometer. Tests were carried out after a precracking 
phase with different crack opening displacements in order to obtain different amounts of crack propagation at the end 
of the test. The aim was to determine calibration curves which relate the final EPD to the propagation of the crack. 
From theses curves, it is possible to calculate the extent of crack propagation during each test.  
 
Results of the Tests 
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material "A" at 920°C 

Final displacement: 16 mm 
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material "B" at 900°C 
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Fig. 3: Material behaviour at 900°C 
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Results of the tests performed on CT specimens for “RUPTHER” steel (referred as Material A) and 
“KRAKATOA” steel (referred as Material B) are given Fig. 3 to Fig. 5. For more details, the reader can refer to [18]. 
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material "A" at 1010°C 

Final displacement: 16.9 mm 

 

 
material "B" at 1000°C 

Final displacement: 11.9 mm
Final propagation: 6.3 mm

Fig. 4: Material behaviour at 1000°C 
 
For material A (“RUPTHER” steel) at 1000°C, rupture appears to be due to necking and the damage occurs 

by formation of macroscopic cavities without propagation: Ji and Gfr values are then not available (see Tab. 1). As no 
tearing was obtained at 1000°C for material A, we did not perform any test at 1100°C with this material. 
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material "B" at 1100°C 

Final displacement: 11.9 mm 
Final propagation: 7.3 mm 

Fig. 5: Material B behaviour at 1100°C 
 

Analysis of the tests has been carried out according to the A16 appendix of RCC-MR (2002): from the 
formulae and methods proposed, an experimental evaluation of the J integral has been performed. The experimental 
method proposed in the framework of Marie’s thesis [14] has been used to determine the tearing propagation 
modulus Gfr [18]. It is important to note that although an influence of the viscosity was expected, the experimental 
results were very clear and leaded to consistent results, indicating that for the CT tests, the viscosity effect could be 
neglected to model the crack tearing at high temperature: this conclusion has probably to be assessed again for 
loading situation where observed strain rates will be higher. Values obtained for the J integral at crack initiation Ji 
and the plastic strain dissipation rate Gfr are given in Tab. 1 and confirm the different tearing behaviour between the 
two selected materials (less ductile behaviour for “KRAKATOA” steel). 

 
“RUPTHER” steel “KRAKATOA” steel 

920°C Ji = 300 kJ/m2 Gfr = 74 kJ/m2 900°C Ji = 125 kJ/m2 Gfr = 47 kJ/m2 
   1000°C Ji = 62 kJ/m2 Gfr = 32 kJ/m2 
   1100°C Ji = 72 kJ/m2 Gfr = 23 kJ/m2 

Tab. 1: Ji and Gfr values 
 
CT SPECIMENS FAILURE PROPAGATION - SIMULATION WITH THE GFR APPROACH 

 
A series of 3D finite element calculations have been carried out with the finite element code CAST3M [19] 

using the Gfr approach to simulate the experiments on CT specimens presented above. The averaged initial defect 
obtained after the fatigue phase is considered in the simulations and ½ of the specimens is meshed (full thickness to 
model the non uniform propagation) with symmetry conditions (see Fig. 6). Taking advantage of the intrinsic quality 
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of the J integral as regards independence of the domain for which it is calculated, an excessively dense mesh should 
not be necessary. Nevertheless, we recall that the transposition to high temperatures associated to high and non 
uniform strain rates along the crack front raises some problems linked to the non independence of the J value of the 
domain for which it is calculated (differences of about 20% was encountered in the simulations).But, the initial 
objective was, in a very pragmatic way, only to investigate the ability for the material Gfr value to be used for the 
prediction of tearing propagation at high temperatures without any theoretical questions about the validity of the 
method for the phenomena studied here. 

 
 

 
Crack front mesh during propagation 

Fig. 6: 3D mesh of the CT specimens 
 
Tensile curves at different strain rates ranging from 10-5 to 5.10-3 s-1 determined on characterisation tests 

without any defect for both materials were used together with the Ji and Gfr values reported in Tab. 1 associated to an 
isotropic hardening plastic model. It is thus possible to obtain the behaviour of the specimens, point by point, with a 
set of stationary curves. Results are presented Fig. 7 to Fig. 10 (red curves: finite element calculations with different 
stationary defects, green curves: propagation simulation with Ji and Gfr, dark and blue curves: experimental results). 

 

Fig. 7: “RUPTHER” steel at 920°C Fig. 8: “KRAKATOA” steel at 900°C 
  

Fig. 9: “KRAKATOA” steel at 1000°C Fig. 10: “KRAKATOA” steel at 1100°C 

Initial Mesh
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It can be seen that the Gfr approach seems to allow reproducing quite well the propagation phase (slope of 

the load-displacement curves compared to the green curve) while the initiation is not correctly predicted (remark: no 
initiation at all could be predicted with Ji = 300 kJ/m2 for “RUPTHER” material at 920°C, this value has been 
decreased to Ji = 270 kJ/m2 to investigate possible experimental discrepancies and identification difficulties at 
elevated temperatures).  

The results in terms of propagation are given Tab. 2: results are difficult to interpret as the final tear is often 
not obtained in the simulations due to numerical difficulties that appear at the last stages of propagation. 

 
 Displacement at initiation (mm) Propagation (mm) 
 Simulation Test End of simulation Test 
“RUPTHER” 920°C 9.6 8.4 3.0 2.2 – 3.9 
“KRAKATOA” 900°C 4.4 4.2 6.3 6.3 – 8.6 
“KRAKATOA” 1000°C 3.3 3.3 6.8 3.8 – 6.3 
“KRAKATOA” 1100°C 6.4 5.2 4.8 4.5 – 5.3 

Tab. 2: Simulation of propagation 
 
In order to free oneself from the difficulties to identify properly the Ji value, simulations were carried out by 

considering an adapted value of Ji on the load-displacement curve (Ji = 161 kJ/m2 corresponding to 5 mm of 
displacement for “RUPTHER” at 920°C and Ji = 83 kJ/m2 corresponding to 2 mm of displacement for 
“KRAKATAOA” at 900°C). The results obtained are presented Fig. 11 and Fig. 12 and seem to confirm that the 
propagation phase is well reproduced by the Gfr criterion once the value of Ji allows a good prediction of the 
initiation phase. 

 

Fig. 11: “RUPTHER” steel at 920°C - modified Ji Fig. 12: “KRAKATOA” steel at 900°C - modified Ji 
 
In conclusion, the results obtained seem to demonstrate the capacity of the Gfr criterion to model the tearing 

propagation at high temperature. But, it should however be noticed that tensile characterization tests at various strain 
rates remain nevertheless very limited (in particular at necessary higher strain rates observed along the crack front) 
and make thus difficult any premature conclusion on the Gfr parameter as a candidate for a tearing criterion at high 
temperature. In addition, as already mentioned, the transposition of the approach based on the integral J to high 
temperatures is not demonstrated (non independence of the integral J to the integration domain due to important and 
non uniform strain rates along the defect front). 

 
CONCLUSION 

 
A failure criterion, noted Gfr, related to the dissipated fracture energy and developed at CEA in a previous 

work for the ductile crack propagation at moderate temperatures was extended to the high temperatures and used to 
simulate the crack propagation in 16MND5 CT specimens in order to investigate its ability to be used for the 
prediction of tearing propagation at high temperatures (PWR lower head failure prediction in case of severe 
accident). Although results obtained seem to demonstrate this capacity, some opening issues remain and particularly 
the transposition of this approach based on the integral J to high temperatures where viscosity effects can be very 
important is not demonstrated.  



Transactions, SMiRT 21, 6-11 November, 2011, New Delhi, India Div-II: Paper ID# 91 
 

8 

A better understanding of physics is necessary and the modelling with a more conventional local approach 
with a damage variable and taking into account viscosity would make it possible to establish the link with the models 
usually used for the ductile crack growth and to be free from the problems of validity of the Gfr approach. 
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