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1. PARTICIPATION IN R&D PROGRAMNMES

Spain collaborates in a number of international research efforts in the general area of

containment design and performance with special emphasis on severe accidents.

As mentioned in our brief presentation in Session I of this meeting, there is a Spanish

presence in the following programmes:

LOFT (OECD)

LACE (EPRI)

ACE (EPRI)

ICAP (NRQ)

- PHEBUS (CEA/IPSN)
Shared Cost Actions (CEC)

I

]

It 1s considered that participation in this type of international programmes provides the

nost effective means of achieving progress for our country.
In the rest of this presentation, we shall concern ourselves with only one of the above

efforts which, in our view, has a special significance and constitutes the source of

important uncertainties in the area of containment performance.

2. SHARED COST ACTION ON CONTAINMENT STUDIES

Spain is participating in two shared cost projects of the Commission of Europezan
Communities in the research area of containment studies within the activity "Survev of
the status of the apalytical capability for predicting the structural response of NPP
concrete containment buildings to severe loading conditions”. We will refer specifically to
the project entitled "Analytical Capability for Predicting Structural Response of NPP
Concrete Containments to Severe Loads". The work is being conducted by Technica Ltd

of the United Kingdom and Principia S.A. and the University of Madrid in Spain with



collaboration from the CSN (Nuclear Safety Council).

The investigations cover both reinforced and pre-stressed concrete containments. The

project includes the following tasks:

I. Relevant conditions under which the containment behaviour must be known
(pressures, temperatures, strainrates, etc).

2. Review and assessment of the state-of-the-art in constitutive bzhaviour of
concrete, including both reinforced and pre-stressed concrete.

3. Review and assessment of the state-of-the-art in numerical modelling of

concrete structures, specifically concrete containments under severe accident loads,

The project has been active since January 1988 and is scheduled to be completed in the

next few months.

3. RESULTS QBTAINED TO DATE

As this is an on-going project, all results must be taken as preliminary and the

conclusions as tentative,

3.1 CONDITIONS OF APPLICABILITY

Unfortunately, all concrete constitutive laws are esentially empirical in nature, that is,
the mathemarical form of the law is not naturally inherited from a phyvsical principle.
Hence, there is always danger in extrapolating the laws bevond their experimental basis.
Among other things, different curve-fits would result in different extrapolations. This
applies, not just to untested stress or strain conditions, but also to stress or strain paths,

rotation of axes, strainrates, temperatures, etc.
Because of the above considerations, it is important to specify the range of conditions
for which a given law is expected to be effective. In the present situation, as a result of

a brief review of severe accident studies, the following conclusions were proposed:

A) The numerical simulation of concrete containments subjected to severe



loading conditions requires detailed knowledge of the global behaviour of concrete and
the interaction with reinforcing or prestressing members. Tensile behaviour is specially
important, particularly during softening. It is also important to determine the response of
concrete to mixed-mode loading and, in some cases, its crushing characteristics. In all

these cases, the behaviour must be known up to and bevond fracture.

B) Accidents resulting in interpal pressurization of the containment usually have
monotonically increasing proportional stress paths. Even in more complex load cases,
such as aircraft impact, it is normally unnecessary to account for the effects of rotation

of principal axes. Such effects are therefore considered of lesser importance here.

C) Strainrates may play an important role. Those of interest extend from 0 to
10/sec , with the faster ones corresponding to aircraft impact loads. Although there are
scenarios with even greater strainrates (eg. rigid missile impacts), the range considered

appears to be sufficient for our purposes.

D) Temperature limits are more difficult to specify, as all cases of direct core-
concrete interaction would lead to exceedingly high temperatures. After review of the
literature, it seems necessary to determine well concrete behaviour for conditions up to
100°C, and very convenient for temperatures up to about 300°C. The local interaction
region, where higher temperatures may take place, requires a treatment which escapes

from structural analysis.

3.2 CONSTITUTIVE BEHAVIOUR OF MASS CONCRETE

The extensive review of constitutive theories conducted has indicated that the following

conclusions may be extracted:

1) Mechzanical descriptions which include softening and fracture pose strong
mathematical and numerical problems. Some tvpe of localization ecriteria must be used
in conjunction with softening equations to achieve consistent results. Cohesive Crack
Models (in which strain localizes in a stress-transferring crack) and Crack Band Models
(in which strain localizes in a band of fixed material thickness) are currently avalaible,
Non-local approaches may provide a deeper understanding and a better description of

localization processes in the future, but are still under development.



2) Classical approaches to inelasticity and fracture of concrete (sudden failure occurs
when some stress or strain criteria are met) Jead to mesh unobjective results, Morever,
numerical results converge to a wrong result when the mesh is indefinitely refined.
Models using such types of fracture criteria cannot be used with confidence to predict

structural behaviour.

3) For tensile or nearly tensile behaviour, cohesive crack models provide a consistent
framework for analyvsis of concrete fracture. Their usefulness is limited in large

structures where multiple cracking is likely to occur.

4) Smeared crack band models, conceived as a numerical approximation to crack
models, provide an alternative way to model tensile fracture of concrete. The size of the
finite elements must equal the assumed thickness of the crack band. Conversely, if the

size of the elements is chosen a priory, the softening curve must be correspondingly

adjusted.

5) The knowledge about cohesive crack or crack bands in mixed mode is scarce as is
the supporting experimental evidence. Two complementary approaches are needed: a
consistent theoretical devolopment for cohesive cracks in mixed mode and a carefully

designed experimental programme.

6) The fracture behaviour in compression is less understood. It has been experimentally
shown that strain localization takes place during softening in compression. No model has
been found which is able to represent consistently the observed behaviour. For the
moment, the only mesh objective approach seems to be the use of softening stress-strain

relations within a band formulation.

7) Models based on internal variable formulations, or damage models, are stress-strain
path dependent formulations that may display easily the softening behavicur. However,
if no special precautions are taken, they lead to mesh unobjective results in the same
way as the sudden failure models. Hence, they should be used zlways in a band
formulation. It is not evident that a single band thickness exists for all deformation

modes.

8) Since the band thickness cannot be experimentally determined, the softening curve

ought 10 be adjusted to the selected finite element size to preserve energy dissipation,



which is not possible with this type of formulation. Morover, the softening branches in
these models are usually fitted to experimental results on the assumption of homogeneous
stresses and strains, which is not realistic. Furthermore, a svstematic analvsis of
bifurcation conditions for one of the models showed that Jocalized modes can happen
before the softening regime begins. A deeper analvsis of the response of damage models
must be carried out before they can be used with confidence in structural analysis, with

the possible exception of nearly tensile stress paths.

9) Except for the damage-based model of Shah (which does not include softening), the
treatment of rate dependence in concrete is based on models in which the rate appears
simply as a parameter modifying the observed response, rather than in an integrated
way. These models are fitted to experimental results obtained under constant rate

situations and cannot be extended to variable rate situations in a straightforward manner.

10) The theoretical time-independent framework for cohesive crack models is not
easily extended to time-dependent cases. It appears that the condition for crack initiation
must depend on the previous historv, hence on strain-rates in general, and crack
evolution must depend on crack opening history, hence on crack opening rates. Both
equations must be adequately matched for incipient cracking, that is, the description
must be continuous at the moment of crack formation. This is not easilv achieved and

more theoretical work is needed in this area.

11) Hygro-thermal effects have been traditionally handled by assuming additive
decompositions of strain into instantaneous, creep, thermal and shrinkage components.
Only a model developed by Bazant et al displays a cross effect between thermal and
shrinkage strains, and includes an additional component due to cracking. However, the
cracking term, which is the only one that may represent softening and fracture, is not
coupled to the evolution of temperature and moisture content. Such models are
developed primarily to describe concrete behaviour in the strain hardening regime, not

in the softening (fracture) regime.

12) Cracking of concrete in tension for high temperatures and variable moisture
content situations could be handled by a modified cohesive crack aproach, or a
corresponding band approach, by letting the crack initiation condition and softening
curves depend on temperature and moisture content. In order to develop such models,

more experimental research is needed on the shape of the softening curves for different



temperatures and moisture contents.

3.3 STEEL-CONCRETE BOND

The representation of reinforced or prestressed concrete requires, besides knowledge
about the mass concrete behaviour, some description of the steel-concrete interaction. In

this respect, the following tentative conclusions may be offered:

1) The steel-concrete bond is usually represented by means of a relation between shear
stresses and relative movements across the interface. Such relation may not be unique
and depend on external factors. Existing experimental evidence is considered insufficient

for validating relations valid under arbitrary loading conditions.

2) Simple models, with the required predictive capability, exist for cases of monotonic

loading.

3) The effect of cyclic loading has been studied and some models exist to represent
this behaviour. But, as their predictive capacity improves, their complexity increases in a

disproportionate fashion.

4) There is inadequate information about some aspects of bond behaviour relevant for
containment design, such as impact loading, sustzined loads and thermal effects. The
scarcity of experimental data under those conditions makes theoretical progress slow and

uncertam.

3.4 NUMERICAL MODELLING

Very lintle work has been conducted vet in the review of computer simulation of
containment behaviour, as this task was scheduled last in the project. However, some

preliminary ideas can already be offered:

1) It seems clear that segregated models (independently treating mass concrete, cteel
bars and tendons) are needed in order to represent realistically the behaviour of concrete

up to and bevond failure.



2) The numerical approach must be able to handle gross non- linearities, as well as
softening and localization, without ill behaviour of the solver. This is ﬁpecmlly delicate

for methods based on inverting matrices.

4. PLANS FOR THE FUTURE

It appears that the policy, from the regulatory authorities as well as from industry, will
be to continue participativy in research projects such as those mentioned earlier. In
particular further work supported by both the CSN and industry is foreseen in the area
of structurzl behaviour of concrete containments in the context of severe accident

conditions.



