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ABSTRACT

Numerical analyses of the behaviour of a NPP core-catcher under core melt down accident
have been carried out. The capability of different numerical models to predict the behaviour
of this structure has been scrutinised. A thermo-elastic-plastic model for concrete at elevated
temperatures including cracking and thermomechanical interaction strains has been developed
for this analysis. Comparisons with the results obtained with a simplified model are
presented. Particular attention has been paid to the effects of thermomechanical interaction on
the predicted behaviour of the foundation raft. Neglecting this phenomenon leads to a strong
overestimation of thermal induced cracking in the structure.

1. INTRODUCTION

Realistic material models have to be developed to allow accurate predictions and analysis of
NPP reinforced concrete structures under severe accident conditions. In the particular case of
a hypothetical core melt down accident, core-catcher and reinforced concrete foundations are
submitted to extremely high temperatures. In that case, it is necessary to be able to evaluate
risks of corium melt propagation through concrete cracks. High temperatures induce strong
chemical and physical changes that alter the mechanical behaviour of concrete. An accurate
numerical model for fracture of concrete under such conditions must then be able to include
major induced phenomena : highly temperature dependent mechanical properties of the
material and influence of mechanical loading on the physical process of thermal expansion of
concrete. The aims of this paper are to scrutinise the capability of different numerical models
to describe accurately the behaviour of a NPP core-catcher under high corium temperature
loading and to analyse the consequences of different approaches on the predicted behaviour
of this particular structure. This investigation is carried out through the comparison of the
results obtained with two different models developed in the finite element code
CASTEM2000. Particular attention is paid to the effects of thermomechanical interaction on
the predicted behaviour of the structure. Finally, this study allows us to define experimental
as well as numerical needs for a more realistic modelling of such structures.
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2. TYPICAL CORE-CATCHER CONFIGURATION

As presented on figure 1, an axisymmetrical reinforced concrete foundation raft is considered
in core-catcher configuration. Two 25c¢m thick layers of ceramic material are settled in the
central area, protecting concrete from melting and chemical erosion. A 1m thick HTR
aluminous concrete layer is placed under ceramic protective layers in order to ensure a second
thermal protection of concrete foundation.
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Figure 1 : Typical core-catcher configuration

Steel reinforcement is very dense in that kind of construction. Steel modelling has strongly
influenced general meshing of the structure [1]. Horizontal as well as vertical reinforcement
have been modelled considering equivalent in-plane stiffness condition. Eight and six nodes
isoparametric elements have been used for concrete. Fine meshing has been adopted in zones
subjected to high thermal gradients. Vessels as well as internal structures stiffnesses strongly
influence the global mechanical behaviour of the foundation raft. The internal structures and
the cylindrical parts of the vessels have then been modelled considering equivalent stiffness
conditions. Finally, axial and radial stiffness of the soil have been modelled by shell elements
with equivalent elastic unilateral behaviour. Figure 2 presents the finite elements mesh used
for concrete, while figure 3 shows the meshes used for both steel, vessels, internal structures
and soil.
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Figure 2 : Finite elements mesh used for ~ Figure 3 : Finite elements mesh used for steel,
concrete vessels, internal structures and soil
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3. THERMAL ANALYSIS UNDER CORE MELT DOWN ACCIDENT CONDITIONS

A non-linear transient thermal analysis has first been carried out to study temperature
propagation in the foundation raft and to define thermal loading [2]. An optimal mesh has
been used for this thermal analysis including one part of the surrounding soil in order to take
into account soil-structure thermal exchanges. The variations of the thermal characteristics of
concrete with temperature have been considered. The molten corium is assumed to spread
uniformly on the ceramic layers. The initial temperature of the corium has been evaluated to
2500°C. The analysis of temperature distributions emphasises the major observations listed in
table 1. The thermal flux is found to reach the bottom of the foundation raft at 20 days after
the accident. Only the central part is affected by a significative increase of temperature.
Figure 5 presents for example the isothermal curves obtained at 81 days after the accident and
projected over the mechanical mesh.

Maximum temperature reached by ceramic 2350 °C
Maximum temperature reached by normal concrete 450 °C
Maximum temperature reached under 6m of concrete 150 °C

Table 1 : Major results of the thermal analysis
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Figure 4 : Isothermal curves at 81 days after the accident

4. CONSTITUTIVE MATERIAL MODELS FOR CONCRETE AT TRANSIENT
ELEVATED TEMPERATURES

Calculations have been performed first with the use of a simplified model. The Drucker-
Prager model existing in the finite element code CASTEM2000 has been adapted in order to
consider temperature dependent properties and to simulate cracking behaviour in tension [1].
The common approach of uncoupling the thermal and thermo-mechanical problems has been
adopted. The total strain rate of concrete¢ is decomposed into the sum of an elastic strain
rate £°, a plastic strain rate £€° and a thermal expansion strain rate£®. A single temperature

independent loading and failure Drucker-Prager surface is used for both tension and
compression. Elastic properties of the material are reversibly temperature dependent. The use
of a single surface and hardening parameter is a rough assumption that leads in this model to
an elastic-quasi-perfectly-plastic behaviour in tension. In order to simulate cracking
behaviour and considering equivalent dissipated energy, tension strength of concrete has been
reduced by 40%. The corresponding uniaxial stress strain law-is presented on figure 5.
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Figure 5 : Uniaxial stress-strain law for
concrete used in the simplified model.

In order to describe more accurately the behaviour of concrete at transient elevated
temperatures, a numerical model has been developped and inplemented in the finite element
code CASTEM2000 at INSA de Lyon [4]. The common approach of uncoupling the thermal
and thermo-mechanical problems has also been adopted. However, investigation tests on
plain concrete [3] have shown that to describe the response of this material under combined
thermal and mechanical action it is necessary to abandon the usual assumption that thermal
strain and mechanical strain can be treated as mutually independent components. Thermo-
mechanical interaction strains have then to be taken into account. The total strain rate of
concrete € is then here decomposed into the sum of an elastic strain rate £€°, a plastic strain
rate €*, a thermal expansion strain rate ¢° and a thermo-mechanical interaction strain rate " :

=g +€P +&% +&" - )

The generalised multiaxial state of stress model proposed by Thelandersson [5] and by de
Borst and Peeters [8] has been adopted for the description of thermo-mechanical interaction.
The thermo-mechanical interaction strain rate is written as :

. ; . ok 1
git; = Hijklcle with Hijkl = f_'|:_78i58k1 +5(1 +YX6ik6jl +8ilsjk)} (2)

where 8ij is the Kroenecker symbol, o is the current stress tensor , T is the rate of heating, o
and f’co are respectively the coefficient of thermal expansion and the compression strength of
concrete. k and y are evaluated from transient creep tests. Elastic as well as plastic
properties are irreversibly temperature dependent. As shown on figure 6 a non smooth
multisurface yield criterion is used to describe concrete behaviour. Yield surfaces f,, are
function of stress tensor o, hardening parameter «;, and temperature T. A Drucker-Prager
type criterion is used for compression behaviour and is able to capture the changing shape of
failure surfaces with temperature. The experimental strength envelopes obtained by Kordina
et al [9] are shown in figure 7 together with the model curves. Agreement between predicted
and experimental strength envelopes is acceptable.
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Figure 6 : Yield surface Figure 7 : Biaxial compression
in two dimensional space strength envelopes

The plasticity condition f(c,x,,T)=0 is imposed on each active surface during the integration
process. Assumptions commonly used in plasticity theory with regard to mechanical
hardening are adopted: normality of the plastic flow and isotropic hardening. The isotropic
Rankine flow theory proposed by Feenstra [6] and implemented by Georgin [7] in the finite
element code CASTEM 2000 is used to describe cracking behaviour within the framework of
plasticity. As presented on figure 8, the uniaxial stress-strain laws proposed by Feenstra [6]
are used to describe both tension and compression behaviour of concrete. The ultimate plastic
strain gut in tension and guc in compression are obtained from the corresponding fracture
energies and the characteristic length. Figure 9 presents the different stress-strain laws used at
two different temperatures. As shown on figure 8, unloading behaviour is considered as
elastic both in tension and in compression. In tension, the unilateral closing of cracks during
unloading is then not correctly described. In the case studied here, this rough assumption
doesn’t influence strongly the predicted behaviour of the structure since only a few points are
submitted to one loading-unloading cycle.
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Figure 8 : Uniaxial stress-strain law for Figure 9 : Uniaxial stress-strain laws at
concrete used in the INSA model different temperatures (62>01)
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5. COMPARATIVE NUMERICAL THERMOMECHANICAL STUDIES

The loads considered in the thermomechanical calculations include thermal loading, self
weight of the foundations, weight of corium, ceramics, vessels and internal structures, and
pressure inside the containment (cylinder effect and direct pressure on free surfaces). The
variations of the mechanical properties of normal and aluminous concrete with temperature
have been taken into account. Reinforcement steel has been considered elastic-perfectly-
plastic. Temperature dependent yield strength and Young’s modulus have been used. Vessels
and internal structures have been considered to behave elastically. Figure 10 and 11 present
the deformed shape of the foundation raft obtained with the model developed at INSA de
Lyon at different times after the accident. At t = 12 hours, pressure inside the containment is
the major load. Flexural cracks open at the bottom of the raft and direct tension cracks are
created at the junction raft-vessel uner cylinder effect. After 1 day, temperature becomes the
major loading and the central area of the structure experiences an important expansion. The
same global behaviour of the structure is obtained with the simplified model. Figure 12 and
13 present the axial displacements of different points in the raft in function of time, computed
with the INSA model considering two cases : Thermomechanical interaction neglected
(figure 12) and thermomechanical interaction taken into account (figure 13). These results
emphasise that the global expansion of the structural concrete with temperature increase is
strongly limited by the process of thermomechanical interaction.

e

Figure 10 : Deformed shape Figure 11 : Deformed shape
at 12 hours after the accident at 65 days after the accident
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Figure 12 : Axial displacements in the raft. Figure 13 : Axial displacements in the raft.
Thermo-mechanical interaction neglected. Thermomechanical interaction considered.

The consequences of the different approaches on the predicted damage is clearly emphasised

on figures 14 to 16 showing the isovalues of equivalent plastic strain in tension. When the
simplified model is employed (figure 14), the use of a reduced tensile strength of concrete
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leads to very strongly and extended cracked areas. On figure 14 and 15; cracked zones A and
A’ correspond to cracks initiated at 12 hours under containment pressure effect. Zones B and
C correspond to temperature initiated cracks. When thermomechanical interaction is
considered, no thermal initiated cracks occur (figure 16). The expansion of concrete is
strongly restrained by surrounding cold areas. Finally, the analysis of the tesults emphasises
little damage under compression in both cases. Yielding of steel only occurs in aluminous

concrete, under ceramic layers where yield strength is strongly decreased by extremely high
temperatures.
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Figure 14 : Damage in traction predicted with the simplified model at t = 65 days.
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Figure 15 : Damage in traction predicted with the INSA model at t = 65 days.
Thermomechanical interaction strains neglected.
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Figure 16 : Damage in traction predicted with the INSA model at t = 65 days.
Thermomechanical interaction strains taken into account.
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6. CONCLUSIONS

Numerical analyses have been carried out to simulate the behaviour of a NPP foundation raft
in core-catcher configuration under core melt down accident. The thermo-elastic-plastic
model developed at INSA de Lyon [4] for the description of the nonlinear and cracking
behaviour of concrete at elevated temperatures appears to be robust enough to carry out such
calculations. The use of a simplified model [1] underestimating the tensile strength of
concrete leads here to a strong overestimation of cracks propagation in the foundation raft.

The results obtained with different constitutive laws emphasise the major influence of
thermomechanical interaction strains on the predicted deformational behaviour and damage
of the structure. When thermomechanical interaction is neglected, thermal cracking in the
foundation raft is strongly overestimated. This major observation must obviously be
moderated considering the fact that the physical mechanisms of this phenomenon are not
perfectly known. Lack of experimental data concerning behaviour of concrete structures
under combined mechanical and high thermal loading becomes a major issue in numerical
modelling of reinforced concrete structures under severe accident conditions.

Finally, no attention has been paid here to the possible effects of usual creep of concrete and
reinforcement steel submitted to elevated temperatures on the long term behaviour of the
foundation raft. This issue should be undertaken in the future.
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