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In the Euratom 4 th Framework Program of the European Commission, REVISA Project
deals with the Reactor Vessel Integrity under Severe Accidents. One of the tasks
consists in the experimental validation of the models developed in the project. To do
this, a benchmark was designed where the participants use their models to test the
results against an experiment.
The experiment called RUPTHER 15 was conducted by the co-ordinating organisation,
CEA (Commissariat a I'Energie Atomique) in France. It is a "delayed fracture" test on a
notched tube. Thermal loading is an axial gradient with a temperature of about 1130°C
in the mid-part. Internal pressure is maintained at 0.8 MPa.
This paper presents the results of Finite Element calculations performed by Framatome-
ANP using the SYSTUS code. Two types of analyses were made:
• one based on the "time hardening" Norton-Bailey creep law
• the other based on the coupled creep/damage LemaTtre-Chaboche model.
The purpose of this paper is in particular to show the influence of temperature on the
simulation results. At high temperatures of the kind dealt with here, slight errors in the
temperature measurements can lead to very large differences in the deformation
behaviour.

Introduction

This paper describes the finite-element calculation on a notched tube subjected to
internal pressure and thermal loading. Objective of the numerical exercise is to compare
predictive tools for the PWR pressure vessel behaviour in case of severe accidents such
as core melting.

The benchmark experiment, called RUPTHER 15, was conducted by Commissariat a
I'Energie Atomique (C.E.A) in the framework of the REVISA (REactor Vessel Integrity in
Severe Accident) project. RUPTHER 15 is a "delayed fracture" test on a notched tube
made of French pressure vessel steel 16 MND 5. Thermal loading is an axial
temperature gradient with the higher temperature (Tmax = 1130°C) in the mid part of the
tube. Internal pressure is maintained at 0.8 MPa until rupture occurs.

Two types of analyses are presented :
• one based on the "time hardening" Norton creep law
• the other based on a coupled LemaTtre and Chaboche model.

The purpose of this paper is to show the influence of temperature on the simulation
results. Due to systematic measurement errors, the original axial temperature profile
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given in [1] was found to be too low. A corrected temperature distribution was provided
in [2] and is discussed in the following.

Finite Element Model and Hypotheses

All calculations were performed with SYSTUS finite-element code (version SGI 3.03)
developed by SYSTUS International [3]. The geometry of RUPTHER 15 tube is taken
from the specification detailed in reference [1]. It is 2700 mm high. External diameter is
95 mm. Wall thickness is equal to 5mm. Further dimensions are shown on figure 1. An
external circular notch is machined in the middle of the tube. The cylinder is cap ended
with flat rigid plates

e = 5 mm

R; =42.5 mm

Z axis

= 47.5mm

h = 270mm

y

h/2 = 135

2 mm

Figure 1.Geometry of the RUPTHER 15 cylinder.

The following hypotheses have been used in the FE calculation :
• 2D axisymmetric calculation and mid plane symmetry (although experimental thermal

loading is not axisymmetric and not symmetric with respect to the mid plane section).
• Calculations are performed in an updated Lagrangian formulation to account for large

displacements-large strains. The pressure vectors are updated with the deformed
structure, such that the pressure is always orthogonal to the updated deformed
mesh.

Besides the axisymmetry, mid plane symmetry allows to model only one half of the
RUPTHER tube with symmetry conditions. The mesh contains 310 elements and 835
nodes. Q8 ("2008" for SYSTUS) and T6 ("2006" for SYSTUS) elements with reduced
integration are used. Q8 and T6 are isoparametric elements with 8 nodes (4 gauss
points) and 6 nodes (3 gauss points), respectively. There are 8 elements in the
thickness in the minimal section of the notch as can be seen in figure 2.

Two types of boundary conditions are used :
• condition of symmetry on the mid plane section : uz = 0
• application of vertical load proportional to internal pressure to represent the cap end

effect: P = - Rt Pi, where P,- is the applied pressure, R,- is the inner radius and Re

is the external radius.
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The loading sequences are taken from the specification report [2]. For the thermal
loading, the axial temperature distribution is extracted from [1] and [2]. During the
RUPTHER 15 experiment, the temperature profile was recorded using an infrared
camera. The measured distribution in [1] is approximated by a 4th order polynomial:
T = 1,1745x10-6xz4-4,3352x1(r4xz!5 + 4,0514x1(r2xz2- 5,8431 xz+ 1093,5
The corrected polynomial approximation in [2] is given by:
T=1,21696x10-6xz4-4,38780x1(r4xz3 + 4,01338x1Cr2xz2-6.05774xz+ 1129.86

Figure 2. Mesh of half a cylinder

A representation of the two temperature profiles is shown in figure 3. Compared to the
old profile, one notices an increase of the maximal temperature by about 30 K in the new
profile. In this paper, the results of finite element simulations with the new temperature
profile are presented and then the influence of small temperature changes is discussed.

Time evolution of the temperature profile is based on the results given by a
thermocouple located 2 mm above the notch (where crack initiated during the
experiment). A piecewise linear approximation of experimental record was made and
used for computation.

As for the mechanical load, internal pressure is applied at 30 minutes from the beginning
of the test, to increase linearly from 0. to 0.8 MPa in 10 minutes. Then it is kept constant
till the failure of the specimen.

Material Model and Failure criterion

Computations are made using two models available in SYSTUS finite elements code :
• "time hardening" Norton-Bailey creep law where damage evaluation is performed

after the finite element analysis
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coupled damage viscoplastic model developed by LemaTtre and Chaboche [5].
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Figure 3. Approximations of the axial thermal gradient

Definition of a damage variable D which represents the state of deterioration of the
material gives us a failure criterion. The failure is obtained for D = 1. If D = 0, there is no
damage in the material. We have considered an isotropic damage. A more detailed
definition of damage can be found in [4] and [5].

In the Norton Bailey Creep Law, the material behaviour is given by e = Cla
N'tNl-

where Ci, N-i, and N2 are the Norton-Bailey parameters. Their identification has been
made by CEA [6] in the framework of the REVISA project and is given in table 1. The
estimation of the damage variable is made by a simplified method called the Larson-
Miller Parameter (LMP) approach. The calculation of damage is performed after the
finite element computation and therefore it is supposed that damage does not
influence the mechanical behaviour:

dt

1000 L

ln(oyM)= A-BxLMP

The evaluation of the damage is based on a linear time-damage accumulation
(Robinson's rule). It does not give a physical estimation of the damage value. The
second and third equation gives the failure time as a function of von Mises stress.
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TfC)
600
700
800
900
1000
1100
1200
1300

Ci (Mpa.s)
2.778 x10~1&

7.909 x10"1u

3.191 x10"a

5.815 x10"s

2.279x10-'
4.467 x10-b

2.552 x10-b

8.776 x10"b

Ni
4.58
2.70
2.25
2.37
2.43
2.27
2.65
1.97

N2

0.69
0.77
0.72
0.74
0.69
0.58
0.72
0.85

Table 1. Coefficients of Norton-Bailey creep law for 16 MND 5

The coupled damage viscoplastic model is much more complex than Norton/LMP
approach. It is based on the work of LemaTtre and Chaboche [5]. They adopted a
thermodynamics approach. Advantages of this model are that:
• the degradation of the material properties due to the damage accumulation is

explicitly taken into account by the model,
• there is no need of a particular rupture law such as LMP or Robinson. Damage

variable is directly incorporated in the model and the failure time is reached
when the condition D = 1 is fulfilled.

The main equations of the coupled model are given below :

Uastic scoplastic I . xfhermal \

5

E \-D El-D iJ

Jxiscoplastic j£_ jp r V

" 2 aeq

eq

{\-D)KT MM

where:
«&is the strain tensor.

v is the Poisson's coefficient.
E is the Young's modulus.
GXj is the stress tensor.

D is the damage variable.

'2
.3

1/2

is the cumulative viscoplastic strain rate.
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af} = atj —aaS v is the deviatoric stress tensor.

3 V'2

— GyO? \ is the equivalent Von Misses stress.

r is the isotropic hardening variable.
(.) is the Heaviside function.

- %(tf) = ax Supfo) + 3bx a H + (l - a - b)aeq is a damage criterion where a and b are
i

phenomenological constants such that 0 < b < 1.
CTJ is principal stress.
aH =((xii)/3 hydrostatic stress.

The five parameters N, M, K, A, and R depend on temperature. Their identification was
carried out by CEA in large displacements and large strains hypothesis [6]. The
parameters for the coupled model are given in Table 2.

As for the parameters a and b, unfortunately, these have not been identified. For
numerical reasons, a is taken as 0. This hypothesis is justified through the assumption of
isotropic damage consideration. Thus,

The value of b should not be equal to zero since
• it is a material sensibility parameter to triaxiality and
• hydrostatic stress has a major effect on the growth of

cavities responsible for the damage process.

The only case when we can have a and b equal to zero is uniaxial mechanical loading.
As mentioned earlier, b is not identified; therefore an adjustment of this parameter has
been made and tested on other RUPTHER creep tests. The value b=0.6 proposed here
is a proposal that gives coherent results with the set of parameters used and the FE
code SYSTUS. This suggestion should be validated by experimental creep tests on
notched specimens or in combined loading (tension and torsion) creep tests.

Other material properties concern Young's Modulus (Table 3) and Poisson's coefficient
which is supposed constant and equal to 0.3 for elastic deformations and 0.5 for the
inelastic deformations (to account for volume constancy). Finally, the values of the
thermal expansion coefficient used take into account the volume change due to phase
transformation during heating.

Results of calculations

The following results were obtained using the corrected temperature profile :
• Diametrical evolution is calculated on the node located in the centre of the mid plane

of the tube ( r = 43.5 mm ; z = 0 mm) - see figure 4.
• Total elongation is calculated on the node located at the middle of the top section -

see figure 5.
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Von Mises stresses are calculated on gauss points on internal and external sides of
the tube in the minimal section of the notch - see figure 6 for stress on internal side.
Radial, axial and circumferential stresses are calculated on Gauss points on internal
side of the tube in the minimal section of the notch.
Triaxiality factor and plastic von Mises strain are calculated on Gauss points on
external side of the tube in the minimal section of the notch - see figures 7 and 8.
The damage is calculated at the failure points as a function of time - see figure 9.
Evolution of von Mises stress on axial external line of the tube at experimental
rupture time is performed on external nodes.

Temperature(°C)
600
700
800
900
1000
1100
1200
1300

K(MPa,s)
1598.28
2547.02
2407.70
1223.54
610.98
287.68
141.03
388.52

M
14.68
11.76
8.14
8.99
7.84
5.39
9.36
13.4

N
6.65
3.5
3.11
3.22
3.51
3.91
3.69
2.32

A(MPa,s)
2318,0
1425,5
656,6
854,1
232,9
206,1
128,3
55,0

R( = k)
5,09
3,95
5,75
4,00
5,44
4,01
4,11
4,55

Table 2. Coupled damage viscoplasticity model parameters in large displacement-large
strains.

T(°C)

E (GPa)

20

195.7

200

198.9

400

174.2

500

160.8

550

147.4

600

132.2

650

90.6

700

47.7

800

32.2

950

27.9

1000

25.0

1200

15.6

Table 3. Values of Young's modulus.
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Figure 4. Diametrical evolution
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Due to limitation of space, only some of these results have been included in this paper,
in particular those where a comparison with experimental results is possible (Figures 4
and 5). It is observed that the mode of failure in the present case is creep. The two
models disagree about the location and the propagation of the crack. The LMP
approach predicts an initial crack on the external side of the tube in the minimal section
of the notch, very near the symmetry line of the tube. The damage is caused by high von
Mises equivalent stress and accumulated inelastic strain at this position. In the coupled
model, failure is predicted to occur first in the centre of the tube wall. This is due to the
stress triaxility which is higher in the middle of the tube wall than on the load-free
external surface. At the beginning of the damage evolution, the elements on the external
side of the tube show a higher level of damage since this is the location of highest von
Mises stress and accumulated inelastic strain. However, the stress triaxility which is
taken into account in the coupled model by the parameter b=0.6 gives rise to a fast
damage accumulations in the mid part and the internal pressurized side of the tube. The
point of maximum Mises stress moves to the internal side and failure initiation is
predicted at the centre of the tube wall.

Model

Norton - LMP
LemaTtre & Chaboche

Time to failure
(s)

4578
12608

Error(%)

-41 ,9%
60,0 %

Table 4. Predicted failure times for RUPTHER 15

experimental data
coupled model
Norton law

3,5

Figure 5. Total elongation.

The evolution of the damage variable at the point of failure initiation is given in figure 9.
The experimental failure time is 7882.3s. The predicted failure times and differences to
the experimental data are shown in Table 4.



Comparison of original and corrected temperature profiles

The results obtained with the corrected temperature profile represent a significant
improvement. The diametrical evolution in the simulation is still under-estimated, but -
compared to the original temperature profile - it is closer to the experimental results
(figure 10).

For time to failure, the calculation with the coupled model by LemaTtre and Chaboche
used in a large deformation formulation gives a much better estimation with the new
temperature profile. A comparison to the former results is shown in figure 9.

The estimation by the Larson Miller Parameter gives a more conservative estimation,
now. This was expected, since the parameters of the Larson Miller damage model were
identified in creep tests under constant loads and the assumption of constant stress
during the test. I.e. the reduction of cross-sectional area is not included in the
identification of parameters. The LMP approach thus gives conservative results for
specimens with large deformations.
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Figure 6. Von Mises stresses on internal side of the tube in the minimal section of the
notch.
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Figure 7. Triaxiality factor on external side of the tube in the minimal section of the notch
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Figure 8. Inelastic Von Mises strain on the external side of the notch of the minimal
section of the notch.
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Figure 9. Damage evolution with old and new temperature profile
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Figure 10. Diametrical evolution with old and new temperature profile
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Conclusions

The REVISA numerical exercise based on RUPTHER 15 creep test with SYSTUS finite
elements analysis code has been performed for a corrected (slightly higher) axial
temperature profile with two different material models :
• an uncoupled model with a "time hardening" Norton creep law / Larson Miller

Parameter approach with the large displacements - large strains hypothesis.
• a coupled damage-viscoplasticity model with large displacements-large strains.

The changed temperature distribution turned out to have large effects on the simulation
results. The higher temperature leads to a faster creep rate and thus reduced the
estimated time to failure in the simulation.
Both models have difficulties to predict experimental deformations of the specimen.
During the heating and loading phase, the diametrical deformation at the notch cross
section is predicted correctly. The following creep rate is under-estimated. This leads to
predicted diametrical deformations that are well below the experimental results. The total
elongation is slightly over-estimated in the simulation.
This behaviour is not very easily explainable. It is unlikely that there is a general problem
with the creep models. Both models give similar deformation results and it was shown in
similar experiments that they can be used under multiaxial loading. The results are very
sensitive to a change in temperature, so a possible reason could be that the corrected
temperature profile is still too low.
The failure time found by the uncoupled model (Norton-Bailey creep law + LMP) is
conservative. Failure is predicted very early at 4578 s compared to the experimental
rupture at 7882 s. This is due to the parameter identification with neglected deformations
in the LMP approach. The coupled model over-estimated the failure time by 60%.
However, the diametrical deformation at failure was in the same range for simulation and
experiment. This is a satisfying simulation result considering the high sensitivity of the
analysis to temperature.
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