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INTRODUCTION 
Structural mechanics is devoted to engineering structures behaviour under various loading. This scientific 
discipline grew up very rapidly with the emergence of the finite element method to calculate complex 
structures. Structural mechanics is mainly based on the theory of continuous media, the formalism of which 
leads to the compatibility equations and the governing (static or dynamic) equilibrium equations. Behaviour 
laws issued from mechanics of materials works and written under a macroscopic form close the system. 
Focusing on DEN applications, structural mechanics crosses other disciplines used to determine loads in 
particular, thermal science and fluid mechanics. 
 
As nuclear field is concerned, specificity of structural mechanics results from: 

• the standard of very high safety requirement, which have induced the concept of structural integrity, 
• the little number of prototypes experiments that could be made, 
• the complexity of nuclear system with various coupled components and associated accidental 

scenarios. 
These specific characters have generated a strong R&D for complex systems modelling and for validation on 
experimental mock ups. 
 
Historically, Structural Mechanics started in the sixties at CEA in reason of first French nuclear reactor 
constructions: research reactors, and later, first generation of electricity generating stations. Then in the early 
seventies, CEA developed the Fast Breeder Reactors concept, outlined the need for advanced methods and 
tools in structural mechanics; this involved both computational tools and design criteria. Finally, in the 90s, 
the know-how was turned to the more common Light Water Reactors. Today, structural mechanics 
applications at CEA/DEN are oriented towards: 

• Technical support of safety assessment or re-assessment of CEA nuclear installations (research 
reactors, hot cells laboratories, waste treatment units), 

• Research and development in support of electricity generating plants 
• Support to the design and operation of nuclear propulsion reactors 
• Development and validation of methods for the future “fourth generation” (Gen IV) reactors  

 
Consequently, CEA’s present activity in structural mechanics covers a wide range of works: 

• Design of nuclear components and systems 
• Studies and expertises on safety related issues 
• Development of computational software and engineering methods 
• Applied research 

 
The present report gives an overview of the ongoing programmes focused on applied research. After a 
general presentation of the research effort in structural mechanics at CEA/DEN, the research programmes 
will be described. Some key points about future orientation are outlined in a final synthesis. 
 
 
1 - GENERAL FEATURES OF R&D IN STRUCTURAL MECHANICS AT THE NUCLEAR 
ENERGY DIVISION 
 
1.1 - Overview of Nuclear Energy Division activities in Mechanics of Structures 
The Nuclear Energy Division is conducting a wide range of activities in Structural Mechanics and Thermo 
mechanics encompassing research activities, development, applied studies and design of nuclear and 
research equipment. The research and development effort devoted to creating and validating calculation 
methods and assessment procedures, is closely linked with the industrial problems submitted by internal or 
external nuclear clients. The activities in Structural Mechanics are conducted mainly by the Section of 
Mechanical and Thermal Studies (SEMT), and for a few specific applications by: 

• the Section of Innovative Systems Studies (SESI), 
• the Section of Industrial Reactor Technology (STRI), 
• the Section of Transfer Modelling and Nuclear Measures (SMTM), 
• the Section of Technologies and Advanced Process (STPA). 

Localization of these sections are indicated on the organisation charts situated at the end of this document. 
 
1.1.1 – The Section of Mechanical and Thermal Studies (SEMT) 
The Section of Mechanical and Thermal Studies has a 92 person staff, including 61 senior engineers. The 
SEMT hosts 8 doctoral students, 3 post-docs and 3 foreign collaborators from India and China. 
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The SEMT manages advanced studies and research in mechanical structures looking for new efficient and 
validated computation procedures. The same approach is always used: mixing of experimentation and 
modelling, integration and capitalization of knowledge in general purpose mechanical codes. 
SEMT is made up of a drawing office and four laboratories: 

• The Structural Integrity and Design Codes Laboratory (LISN): the laboratory develops and validates 
new methods for assessing the integrity of mechanical structures (fracture mechanics, fatigue, 
creep, damage, … ). Furthermore, for reducing margin included in design rules, the laboratory works 
out new rules based on simplified methods or numerous finite element computations and validated 
on experiments. These methods are finally submitted to the technical support of the regulatory 
bodies for acceptation. 
The laboratory uses an integrated approach that closely and simultaneously combines 
experimentation and modelling. To deal with the scale effect in fracture mechanics, tests cover the 
identification of mechanical parameters of behaviour and damage: 
- at laboratory scale : on test pieces as well as highly instrumented analytical tests, 
- at industrial scale : demonstrations on quasi-components (tubes, plates, elbows or connection 
pieces). 

• The Structures and Systems Mechanics Laboratory (LM2S) carries out advanced studies and 
research in non-linear mechanics in strong interaction with various disciplines (for example Thermo-
Hydraulic-Mechanics for waste repository). Its mains activities are : 
- development of numerical tools predicting the thermo-mechanical behaviour of fuel assemblies, 
- modelling reinforced or pre-stressed concrete building during its entire life or accidental events: 
fire, loss of coolant accident, etc. 
- modelling residual stresses induced by welding, 
- modelling of tearing of PWR components during severe accident. 

• The Seismic Mechanics Laboratory (EMSI) : its main activities are : 
- equipment qualification, 
- models development and validation for reinforced concrete building, metallic frames and 
equipment, 
- expert valuations 
The experimental programs are manifold: shear walls, piping systems, core behaviour, fuel storage 
racks, tanks, storage casks, electrical devices…  

• The Fast Dynamics and Vibration Laboratory (DYN) combines research, advanced studies and 
experiments in the following fields : 
- flow induced vibrations and fluid-structure interaction, 
- rotor dynamics, … 
- non-linear vibrations and induced wear, 
- fast dynamics : impacts, crash of various projectiles, pipe whip, mechanical consequences of 
internal explosions … 

Finally, the laboratories have the particularity to set together those skills, rallying abilities. 
 
1.1.2 – The Section of Innovative Systems Studies (SESI) 
The Section of Innovative Systems Studies (SESI) expertise covers the fields of thermal-hydraulics, reactor 
operation and safety, mechanics, materials, fuel and economics of nuclear systems (the reactor with fuel 
cycle coupled potentially with an industrial process). In mechanics, SESI is involved in studies for innovative 
Reactors: behaviour and damage of steels in creep or creep-fatigue situations, welded junctions, graphite 
structures, improvement of design rules and codification … 
 
With more than fifty persons CEA staff, the SESI hosts many graduates, postgraduates and foreign 
collaborators .Five people’s works in structural mechanics. 
 
The Design of Innovative Systems Laboratory (LCSI) has in charge the evaluation, the feasibility 
demonstration and the conceptual design of innovative nuclear reactor systems, especially the gas cooled 
systems (HTR, VHTR and GFR). The LCSI has also in charge the pre-conceptual design studies of the 
Experimental and Technology Demonstration Reactor (ETDR) which will be the first gas cooled fast reactor 
ever built. 
 
These studies require multidisciplinary capabilities including structural and fracture mechanics competence. 
This competence is used to carry out mechanical analyses of some key issues of innovative reactors (like 
the use of 9Cr steel for GFR vessel or the resistance of HTR graphite blocks). The laboratory is involved in 
the on-going discussions and analyses of design rules which should be applied to these innovative reactors 
(RCC-MX, RCC-MR). The mechanic activity implies the use of computer codes and design rules with strong 
connections to the design activity of the laboratory and relies also on the network of CEA mechanic 
specialists. 
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1.1.3 – The Section of Industrial Reactor Technology (STRI) 
The Section of Industrial Reactor Technology (STRI) has a 65 person staff and is made up of three 
laboratories, dealing with severe accident mastering, contamination transport, and core hydromechanics. 
The STRI is in charge of performing studies for reactor manufacturers and operators, in order to improve the 
design of components, the operating procedures and the safety analysis reports. More particularly implies in 
structural mechanics, the Core Hydromechanics Laboratory (LHC) conducts advanced studies and performs 
full scale experiments in hydraulics and mechanics up to PWR nominal conditions. This is applied to two 
major aims: 

• the qualification of PWR fuel assemblies, control rods and rod cluster control assemblies in normal 
or accidental configuration (under a seismic event), 

• the study of thermal fatigue in PWR T piping where two different temperatures fluid mix. 
 
1.1.4 - The Section of Transfer Modelling and Nuclear Measurement (SMTM) 
The Section of Transfer Modelling and Nuclear Measurement (SMTM), though the Reactor Transfer and 
interaction Modelling Laboratory  (LMTR) studies physics phenomena, develops and qualifies models in the 
field of thermal transfers and thermo hydraulics inside components (steam generators, condenser, 
exchanger, …). In particular, one could note the studies on the influence of the biphasic flow topology on the 
fluid structure interaction in collaboration with the SEMT. 
 
1.1.5 - The Section of Technologies and Advanced Process (STPA) 
The Section of Technologies and Advanced Process (STPA), through the Gas Piping and Components 
Technologies Laboratory (LTCG), develops the helium components technology in support of the Gas Cooled 
Reactor program. The LTCG conducts design and thermo-mechanical studies of He components and circuits 
and performs qualification experiments in GCR representative conditions (temperature, pressure, chemistry). 
 
 
1.2 – Original tools 
1.2.1 – Numerical tools 
CAST3M is a general-purpose software using a finite elements discretisation. It is a modular tool of more 
than 480 operators and 344 procedures on named objects, with an oriented object language that allows the 
user to solve a large scope of problems. All the internal variables are accessible to skilled users. Main 
applications are elastic and elastic-viscous-plastic analyses, buckling, fracture mechanics, modal or seismic 
analysis … 
 
EUROPLEXUS is a general-purpose software optimised for fast dynamics applications. For the last two 
years, EDF and SNECMA have been involved in its development and SAMTECH is in charge of commercial 
distribution. This code, which uses an explicit numerical method, is able to cope with large displacements of 
complex structures, with or without participating fluid, or articulated systems. Materials could exhibit non-
linear behaviour. Solid and liquid impacts are dealt with through a Smooth Particles Hydrodynamics method 
 
1.2.2 – Experimental facilities 
Experimental work is conducted on a few major testing facilities, the first two facilities located in Saclay and 
the last two facilities in Cadarache: 

• TAMARIS, which is a set of shaking tables : 
- three shaking tables of medium size : VESUVE, TOURNESOL, MIMOSA, 
- one large size shaking table (biggest one in Europe) : AZALEE, 100 t, 6 m x 6 m, 3 excitation 
axis, 8 actuators 
- one reaction wall, 
- one pit for slender specimens excited by some actuators : IRIS 

• RESEDA, a set of 25 general-purpose mechanical test devices for up to 500 tons (traction, creep, 
complex loading history). 10 presses or test rigs allow testing large size quasi-components. 
Furnaces suited each geometry to ensure thermal conditions up to 1600°C. RESEDA includes also: 
- ORION, a Dropping Tower that permits gravity drops of a 1000 kg mass from a height of 8 m. 
- 2 cold water loops (with a velocity up to 10 m/s) for flow-induced vibrations on tube bundles. 
- one pressurized hot water specific loop (150 bar – 320°C, up to 4 m/s) with PWR chemistry used 
for the fretting and reciprocating sliding wear test rigs. 

• HERMES, which is composed of two test facilities designed to simulate the reactor geometry and its 
thermal hydraulics conditions. One hydraulic loop designed for flow rates up to 1200 m3/h, 
temperature up to 170 °C and pressure up to 3MPa can accommodate one test section with two fuel 
assemblies. In case of a seismic test, the excitation is provided by an hydraulic jack. This facility is 
dedicated to the hydromechanics evaluation of fuel assembly and control rod line (vibrations, fluid 
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velocity fields). The other hydraulic loop operates at nominal PWR conditions (315°C, 15.5Mpa, flow 
rate up to 800 m3/h) and is designed to simulate axial and transverse flow redistributions on one fuel 
assembly. Pressure drop coefficients and fretting wear evaluation of components can be assessed in 
this facility. 

• FATHER, which is an 8 MW power facility, which has been designed with two major objectives: to 
learn how the temperature fluctuating field is generated and to reproduce damage on the mock-up. 
The tee-mixing mock-up presents large dimensions, close to those of the real component. The 
FATHER facility allows fatigue tests to be performed in steady conditions for several hundred hours. 
In the mock-up, a realistic mixture velocity (4 m/s) and a large “delta T” (over 160°C) can be 
generated. Some instrumented tests can also be performed in order to measure the thermal 
fluctuations at the T-pipe internal walls. 

 
1.3 – Collaborations 
 
1.3.1. - Collaboration with universities  
 

CEA/DEN 
laboratory 

University laboratory Research Topic Mean of collaboration 

LISN Ecole des Mines de 
Paris 

High temperature fracture mechanics doctoral thesis 

LISN Ecole Polytechnique 
(LMS) 

Thermal fatigue doctoral thesis 

LISN ENSMA (Poitiers) Thermal fatigue in tee junctions, damage, 
fracture mechanics 

doctoral thesis 

LISN Ecole Centrale de Lilles Mechanical behaviour of weld joints 
Transferability for ductile tearing 

doctoral thesis 

LISN University of Calcutta  
(India) 

Ductile tearing 
verification of the Gfr method 

professor's attachment

EMSI Ecole Nationale 
Supérieure de Cachan 

Study of dissipation phenomena in 
reinforced concrete building for modelling 
structural damping 

doctoral thesis 

LM2S Ecole Nationale 
Supérieure de Cachan 

Corrosion of rebars in concrete doctoral thesis 

LM2S Ecole Nationale 
Supérieure de Cachan 

Quantification of damage of concrete 
(cracking) by indirect measures: 
permeability... 

doctoral thesis 

LM2S Ecole Nationale 
Supérieure de Cachan 

Re-meshing : fields transfer in plasticity 
problems 

Student’s attachment 

LM2S Ecole Nationale des 
Ponts et Chaussées 
(Paris) 

Modelling damage of steel at very high 
temperature (severe accident for Reactor 
Pressure Vessel : Lower Head Failure) 

doctoral thesis 

LM2S Institut Français de 
Mécanique Avancée 
(Clermont Ferrand) 

probability doctoral thesis 

DYN SACAVEM 
Lisbon (Portugal) 

Rotor dynamics professor's attachment

DYN 
 

Ecole Centrale (Paris) wear contract 

DYN 
 

ENSTA (Paris) wear contract 

DYN INSA Lyon  Multi scale method (sub structuring 
method) 

doctoral thesis 

    
LHC 
 

LMA Structural non linear modal evaluation doctoral thesis 

LHC 
 

ECP wear Contract  

LHC 
 

EPUN  Flux meter development  

 
It is noticed that the number of ongoing doctoral theses has doubled for the last four years. 



AN OVERVIEW OF STUDIES IN STRUCTURAL MECHANICS page 8/107 
 
1.3.2. - Participation in European projects involving R&D 
 

CEA/DEN 
laboratory 

FP51 European project 
acronym 

Research Topic Work to be done 

LISN, 
LHC 

THERFAT thermal fatigue evaluation of a tee 
connection where two different 
temperature fluids mix 

Numerical modelling 

LISN INTEGRITY Integrity of repair welds in high 
temperatures plan operating under 
steady and cyclic load conditions 
lifetime of welding maintained at 
high temperature 

Experimental characterisation 
of 316SS and weld on plates 
and CT. 
Finite element modelling and 
lifetime assessment  

LISN VOCALIST Validation of constraint based 
assessment methodology in 
structural integrity (transferability of 
toughness from laboratory tests to 
industrial components) 

Pipe and specimen tests 
 

LISN ADIMEW Assessment of aged piping 
dissimilar metal weld integrity 

Test interpretation by finite 
element computations and 
analytical method 

LISN SMILE Structural margin improvement in 
aged embrittled RPV with load 
history effect (demonstration of the 
beneficial warm pre-stressing effect)

Validation of models through 
numerical benchmarking and 
experimental comparison 
proposal of guidelines 

EMSI ECOLEADER Validation of different FRP-
strengthening techniques on 
reinforced concrete frame in seismic 
zones 

trans-national access to 
TAMARIS for research teams 
or individual university 
researchers 

EMSI NEFOREE monitoring and control of shaking 
tables with a non-linear mock up. 

Design of a non linear mock-
up 
Test on three different 
shaking tables 

LM2S BENCHPAR Assessment of waste repository Thermo-Hydro-Mechanical 
modelling 

 
It is worth emphasizing that the ECOLEADER project provides access to the TAMARIS facility and so 
generates fruitful exchanges with a broad range of universities working on earthquakes. 
 
1.3.3. - Participation in international benchmarks 
 

CEA/DEN 
laboratory 

Name of the 
benchmark 
(organisation) 

role object 

LM2S OLHF1 
(OECD) 

Specification & 
participation 

Severe accident on Reactor Pressure Vessel 
Lower Head Failure 
Comparison between Sandias' test and numerical modelling

LM2S ISP48 
(OECD) 

participation Containment integrity 
Comparison between Sandias' test and numerical modelling

EMSI CAMUS 
(IAEA) 

Specification & 
participation 

reinforced concrete structures using thin walls 
behaviour under near field earthquakes 

LISN FAT3D 
(OECD) 

Specification & 
participation 

Crack initiation and propagation by thermal fatigue 

 
 
1.4 – "Mechanics 2010": an analysis of needs and induced research programs in the 
field of Structural Mechanics 
1.4.1. – Context and general needs 
At the end of the nineties, the clients' demand was more and more prioritized by short-term concerns. In the 
same time, the nuclear field was no longer pushing forward the R&D in mechanics (for example: progress in 

                                                 
1 FP5 : 5th Framework Programme of the European Commission  
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middle frequency vibrations is largely due to the car industry). This is why, in this context, the SEMT decided 
to launch a reflection with the other CEA teams involved in nuclear mechanics, to go beyond short term 
contingencies and to anticipate future needs. This analysis showed that CEA would need new methods to 
determine with accuracy, or in a safe way: actual loading, lifetime of structures, margins with respect to new 
damage not taken into account at the present time. 
 
1.4.2. – Analysis of associated problematics 
To design and to build structures on the one hand, and to be able to prove safety, on the other hand, 
engineers always use the best of the state of the art (know-how and simplified methods). However, from a 
general point of view, tendency will be to handle more and more large and complex (non linear and coupled) 
problems thanks to the increasing capacity of computers and physical phenomena understanding. Sources 
of complexity can be divided into two categories depending on whether problem is static or not. 
 
In the first category, devoted to the evolution of structures with time, sources of complexity are the following : 

• materials have non linear behaviours, 
• structures or systems can be complicated (pre-stressed buildings, fuel assemblies, …), 
• materials and structures are not entirely defined because they are not homogeneous and they will be 

never completely characterised due to presence of unknown fractures (soils, reinforced concrete, 
…), or due to rough fabrication (with a large dispersion of geometrical data) as in civil engineering, 
piping, … 

• problems are often multidisciplinary as for example the thermo-hydro-mechanics problems 
encountered in waste repository concepts, or in the corrosion of rebars in reinforced concrete, …  

• sometimes, problems are focussed at interfaces between structures or materials for example : 
anchorage of iron in concrete with or without corrosion; wear in various environment between sliding 
or impacting rods, thermal striping of piping, cracks … 

 
In the second category, devoted to dynamic behaviour of structures, complexity comes from the dynamic 
aspect itself: even a very simple structure with small motion could have a complex response: this could 
happen if the excitation is complex or if a non-linearity exists (deterministic chaos). So, items being strictly a 
matter for this category, are the following : 

• complex excitations, like typically seismic signal or fluctuating pressure field induced by flow 
(turbulent flow excitations), 

• non-linear structures, like impacting ones (it has to be recalled that classical method dealing with 
random aspect of input signal does not work if the behaviour of structure is non linear), 

• coupling between flows and structures : fluid structure interaction could result in damping structural 
vibrations but also could give rise to dangerous instabilities, 

• crack propagation and condition of arrest for the problem of Pressurized Thermal Shock (cold) on 
embrittled reactor pressure vessel that could reduce its lifetime. 

Seismic mechanics: controlling seismic behaviour is of prime importance and it is a challenging topic 
because it combines all the delicate aspects of the problem: insufficient knowledge of seismic sources, of 
soil and sometimes of structures (as concrete building), insufficient modelling of soil-structure interaction, 
approximate behaviour of concrete structure elements (anchorage …). 
 
Structural vibrations are relevant to this category although their induced damages are also impacting the 
lifetime of structures: fatigue or wear are able to drastically reduce them. In the contrary, complexity in fast 
dynamics is more relevant to the first category. 
 
1.4.3. – Chosen methodologies 
To overcome this complexity, CEA teams should progress in refined numerical modelling and computing 
(algorithms, multi-scales methods, multi threading techniques, homogenisation …). Furthermore, uncertainty 
linked to temporal or spatial complexity should be mastered, and this should be achieved by generalising 
probabilistic techniques. 
 
In the same time, progress should be made to identify the model parameters by developing associated 
experimentation. Help of inverse method and refinement of measurement techniques will be necessary. 
Resort to validation experiments should be unavoidable. 
 
At last, simplified analysis taking into account the main phenomena involved by refined model and usable by 
engineers for design (parametrical studies) and diagnosis purposes will be always necessary. 
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1.4.4. – R&D topics 
Accordingly, the main future R&D fields which should be developed by CEA teams in the next ten years are 
listed hereafter (except cumulative damages (like fatigue, creep, cracking, …) and interaction between them, 
especially at high temperature which is relevant to future methods in the field of Mechanics of Materials and 
the promising "micro-macro" approaches, which other CEA teams are in charge of). Distinction is done 
between those relevant to mature approaches and those belonging to prospective ones that require deeper 
investigation. 
 
In mature approaches, the R&D fields are the followings: 

• flow induced vibrations and fluid-structure interaction, by means of computational fluid dynamics and 
Arbitrary Lagrangian Eulerian methods and innovative experimental measurements, 

• crack propagation in fracture mechanics, by improving numerical aspects of local models and by 
generalising global (energetic) models, 

• crack arrest in fracture mechanics, by modelling dynamic effect and by measuring crack propagation 
on sample device, 

• variability of geo-materials and concrete : introduction of coupled probabilistic and inverse methods 
to identify the variability of material characteristics (or geometrical ones for concrete) and the 
presence of fractures, 

• modelling the behaviour of concrete building until collapse due to cyclic loading (earthquake) or 
impact loading (aircraft crash, explosion, … ) by simplified method or multi-scales calculations. Here, 
the difficulty is to find the limit states: cracked or not, perforated or not… At long term, this work 
should open the possibility to propose design rules for accidental dynamics 

 
In prospective approaches, the R&D fields are the followings: 

• links between damage of structures and deterioration of their function (i.e. : links between cracks in 
concrete and leak tightness, influence of deformation on machine operation, … ), 

• mechanics of interfaces, which should couple thermo-mechanics (contacts), materials behaviour 
(polycrystalline models), and corrosion at metallurgical grain scale, surface roughness scale and 
structural macroscopic scale. 

 
Although only a few subjects have already started, summarising "Mechanical 2010" in this overview and 
showing how the R&D teams imagine the future actions, should allow the external experts to give their 
advice on this prospective work. 
 
 
1.5 – General presentation of R&D chapters 
Selections of the most important and interesting R&D subjects are presented in this report. They covers 
about ¾ of R&D activities, the remaining quarter representing essentially subjects who are beginning and not 
enough mature to be evaluated. 
 
Subjects are sort out in four categories: structural statics, structural dynamics, structural integrity and 
knowledge of applied loads and initial state of structures. This presentation is somewhat classical except in 
the last item that highlights the new and growing last category issued from "Mechanical 2010" work. 
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2 – STRUCTURAL STATICS 
 
Determining the limit state of a structure submitted to static loading is a current task in many engineering or 
industrial companies. Difficulties arise when one considers less conventional phenomena like friction, high 
temperature damaging or coupling of mechanical and non-mechanical phenomena like phase 
transformation, chemistry, thermo-hydrics thermo-hydraulics. Obviously, one can envisage describing fully 
the various phenomena and their interactions. This unavoidably leads to complex models with numerous 
parameters and to difficult problems of model identification, particularly if one thinks of the scarcity of 
adequate experimental results. The more reasonable way is to introduce appropriate physics into the 
mechanical modelling, appropriate meaning here reflecting the main effects while remaining compatible with 
the availability of data and entailing similar levels of uncertainty in the various effects. 
 
Increasing performance of nuclear fuel and reactor manoeuvrability is a continuous challenge for improving 
competitiveness of the nuclear path. This can be achieved extending lifetime of fuel rod by preventing fuel 
rod cladding failure. Friction plays a key role in the pellet-cladding interaction ; in particular, it strongly 
influences the stress and strain distribution in the fuel rod and consequently is of prime importance for Stress 
Corrosion Cracking in cladding which controls its lifetime. (chapter 2.1). 
 
In very unlikely circumstances, partial or total melting of a rector core could lead to very severe situations 
where very high temperatures would combine with internal pressure, resulting in a progressive tearing of the 
vessel. Since the breach propagation depends on the pressure, the problem entails a coupling between 
depressurisation and opening (chapters 2.2 and 2.3). It is worth emphasizing that Laetitia Nicolas won the 
French Mechanical Association prize: "mechanical modelling for nuclear facilities" for her contribution on this 
topic. 
 
Assessing the performance of a deep underground waste repository is a paramount challenge. Until now, it 
was thought that the mechanical aspect could be disregarded. In actual fact, it seems that this aspect is very 
important, because, around the galleries, rocks are damaged by the excavation process and consequently, 
in this zone, permeability is higher than expected. So, re-saturation of the buffer and backfill materials may 
be quicker than expected. To solve the complete problem require a powerful method that strongly couples 
thermal aspect, flow in porous media and mechanics (chapter 2.4). 
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2.1 – Three dimensional modelling of pellet cladding interaction in fuel assembly 
 

Nicolas Hourdequin, Fabrice Bentejac, DM2S/SEMT/LM2S SACLAY 
 
2.1.1 - Introduction 
 
During normal and incidental PWR operating conditions, the reactor manoeuvrability is limited by the 
prevention against fuel rod cladding failure by PCI/SCC (Pellet-Cladding Interaction/Stress Corrosion 
Cracking) for severe power transients. To reduce this penalty, the Pellet-Cladding Interaction modelling is 
under development in the framework of the CEA PCI research project, in order to contribute to a better 
understanding of the PCI mechanisms and to help in the selection of remedies. 
To obtain an accurate evaluation of the cladding mechanical state, refined Finite Element (FE) modelling is 
being developed at the pellet scale of the fuel rod. Thus the simulation of the fuel rod mechanical behaviour, 
in nominal operating and transient conditions, has been programmed in the TOUTATIS code [BRO97], which 
is based on the FE code Cast3M [VER88], to solve the mechanical equilibrium of the pellet-cladding system 
taking into account geometrical and material non-linearities. 
Several developments are in progress to improve the mechanical state forecasts. Among them, the 
computational scheme renovation will not be presented here [BEN04], but three points will be hereby 
discussed. First, a sensitivity study is presented in order to determine the most relevant boundary condition. 
The second point is the improvement of the pellet fragmentation modelling, whom cladding deformations are 
extremely dependent upon [BEN00] [BRO01]. The third one is the implementation of a Coulomb friction 
model at the pellet-cladding interface [BRO01]. The objective of this last development is to evaluate the 
stress and strain concentration in the cladding in front of a pellet crack, where cladding failure by a PCI/SCC 
mechanism is experimentally observed [DAV77] [FAN01]. Applications of these developments in the 
simulation of experimental power transients on pre-irradiated fuel rods are done to estimate the 
improvements. Comparisons between numerical and experimental results focus on the cladding residual 
diametral deformations. 
 
2.1.2 - PCI mechanical phenomena 
 
During the first power increase to nominal conditions, the fuel pellets are fractured by the internal stresses 
due to the restrained thermal expansion (thermal gradient: 450°C for 4 mm in radius). A typical fragmentation 
is shown in Fig. 1. Schematically a pellet is fragmented in 4 to 8 sectors radially and 3 to 5 sections axially. 
This fragmentation leads to a pellet expansion, combined with a reduction of the internal stresses. Due to the 
temperature gradient, the expansion is higher in the central part than in the external part, thus the pellet gets 
a specific shape called “hourglassing” (Fig. 2). 
 

      
 

Fig. 1 – Transversal and axial macrographies of a fuel 
rod irradiated for two annual PWR operating cycles. 

 
Fig. 2 – “hourglassing” shape of a fragmented pellet 
computed with TOUTATIS 3D 

 
At the beginning of the irradiation, the cladding creeps in compression due to the differential pressure of the 
system. This, combined with the pellet swelling induced by fission products leads to a progressive pellet-
cladding gap closure. Due to the hourglassing pellet shape, the first contact occurs at the inter-pellet level 
where the gap is the lowest. This mechanism has been correlated with the remanent “primary” ridges 
identified on the cladding diametral measurements after irradiation (Fig. 3). 
While the gap closes, the cladding, initially loaded in compression, progressively gets in contact with the 
pellets and becomes loaded in tension. The tensile stress increases slowly up to about 20 to 30 MPa, which 
corresponds to an equilibrium value, according to the cladding creep rate and the pellet swelling rate. So, in 
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nominal conditions, the cladding easily accommodates the pellet swelling kinetic by a neutron flux activated 
creep deformation: the cladding is loaded by low PCI (Fig. 4). 
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Fig. 3 – Primary ridges on diametral measurements 

for a fuel rod irradiated for two annual PWR 
operating cycles. 

 
 

Fig. 4 – Cladding hoop stress σθθ as a function of 
time computed in nominal conditions for two annual 

PWR operating cycles 
 
During transients (power ramps), the thermal gradient largely and quickly increases to reach within a few 
minutes a value almost three times higher than the nominal value (1200°C for 4 mm in radius). High tensile 
stresses resulting in the cladding from contact with the strongly and swiftly dilated pellet cannot be easily 
accommodated by viscoplasticity (Fig. 5). Meanwhile, due to the high temperatures, the fuel viscoplasticity is 
also activated in the pellet centre and leads to a progressive filling of the transversal cracks as well as the 
dishes (Fig. 6). The fuel creep has been identified on macrographies (Fig. 6) and is correlated with the 
formation of “secondary” ridges at the mid-pellet plane level (Fig. 7). 
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Fig. 5 - Cladding hoop stress σθθ as a function of time 
computed during a power ramp after two annual 

PWR operating cycles. 
 

 
 

Fig. 6 - axial macrography of a fuel rod irradiated for 
two PWR cycles and subjected to a power ramp until 
45.7 kW/m maintained 7 min. at Ramp Terminal 
Level (RTL) 
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Fig. 7 – Diametral measurements of a fuel rod 

irradiated for two annual PWR operating cycles, 
before and after a power ramp (45.7 kW/m, 7 min. at 

RTL 
 

 
 

Fig. 8 – PCI/SCC cladding failure [DAV77] 
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The high tensile stresses combined with a chemically aggressive environment (corrosive fission products) 
may lead to a cladding failure by a PCI/SCC mechanism [DAV77] [FAN01] (Fig. 8). Consequently, PCI is 
taken into account in fuel rod design to avoid such a risk for power ramp. 
 
2.1.3 - The TOUTATIS code 
 
The main objective of the TOUTATIS code is to propose the modelling and computing scheme suitable for 
an accurate simulation of the cladding mechanical behaviour in PCI conditions, taking into account material 
and geometrical non-linearities such as: 

• Fuel creep activated by fissions or by high temperatures in the pellet centre. 
• Cladding viscoplasticity activated by the fast neutron flux or by high stresses. 
• Contacts between surfaces warped by the thermal gradient (lateral surfaces or bases of a pellet 

fragment). 
To model all these non-linearities, FE discretization and non-linear resolution algorithms are required to 
solve the mechanical equilibrium of the pellet-cladding system. Thus, in TOUTATIS, the general FE code 
Cast3M developments are used to elaborate a computing scheme applicable for a complete simulation of the 
mechanical behaviour of pellet-cladding system in nominal and transient conditions (i.e. soft and strong PCI 
conditions), using 2D or 3D discretizations of a fuel rod at the pellet scale. 
Since the pellet-cladding system accumulates inelastic deformations, especially with the formation of the 
“primary” ridges on the cladding, its initial state before a power ramp has to be taken into account for an 
accurate prediction of the mechanical state during the transient. In consequence, the computing scheme 
[BEN00] developed in the TOUTATIS code is based on a complete simulation of the fuel rod irradiation in 
nominal and transient conditions. 
The main phenomena taken into account within the TOUTATIS code are: 

• In nominal conditions: thermal dilatation, in-pile fuel densification and fuel swelling, cladding creep 
under the coolant/rod differential pressure, evolution of the fuel-cladding gap thermal conductance, 
PCI which involves the formation of ridges on the cladding at inter-pellet level. 

• In transient conditions: intensification of PCI due to the fuel temperature increase, internal fuel creep 
and cladding viscoplasticity under high stresses. 
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Fig. 9 - 3D discretization of ¼ fragment for a pellet supposed radially fragmented in 8 equal sectors 

and corresponding boundary conditions 
 
Since the development of the first 2D(r,z) discretization [BOU98], more accurate modellings have been 
developed. In the usually used version [BOU00], the 3D modelling presents the following characteristics: 

• To take into account the fragmentation due to nominal conditions, fuel pellets are assumed to be 
pre-fractured into equal sectors (classically four or eight) by radial cracks extending to the fuel center 
line, this hypothesis being acceptable since fuel fracture occurs at the early stage of irradiation. This 
idealized fracture pattern has been suggested by transversal macrographies (Fig. 1). 

• Using suitable boundary conditions, the discretization is limited to one quarter of a pellet fragment 
and the associated cladding portion (Fig. 9). By symmetries, this volume can be considered as 
representative of the total rod. 

• Concerning the mechanical conditions at pellet-cladding interface, the imposed relations are: 
o Radial contact without friction. 
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o No axial relative movement between pellets and cladding at mid-pellet level when contact is 
established (axial locking). 

 
2.1.4 - Influence of boundary conditions 
 
Two sets of boundary conditions, imposed at the mid-pellet level on the modelled fuel rod segment, allow to 
close-up the unknown load resulting from friction forces at the pellet-cladding interface in the remaining 
unmodelled part. Axial locking (or not) between pellet and cladding at mid-pellet plane after the first pellet-
cladding contact, provide respectively an upper (lower) bound of that load. 
Nevertheless, comparison between computation and experimental results, concerning the cladding residual 
diametral deformations, reveals a significant difference according to the boundary condition. 
Computations with axial locking between pellet and cladding at mid-pellet plane after the first pellet-cladding 
contact (Fig. 10, up), provide a mean position of the cladding external profile in good agreement with 
experimental results, especially before the ramp and slightly under-evaluated after the ramp. The evaluation 
of the cladding mean diameter increase during the ramp is satisfying. 
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Fig. 10 - Comparison between computed and experimental cladding residual diametral deformations, before 
and after the ramp. Computations with axial locking (up) or not (down) between pellet and cladding at mid-

pellet plane after the first pellet-cladding contact. 
 

 
In the other hand, computations without axial locking (Fig. 10, down) provide results which are far from being 
consistent with experimental ones. The computed mean position of the cladding external profile is slightly 
under-evaluated before the ramp, and strongly after the ramp. So that the evaluation of the cladding mean 
diameter increase during the ramp is significantly under-evaluated. 
The boundary condition of axial locking between pellet and cladding at mid-pellet plane after the first pellet-
cladding contact, appears to be the most representative computation hypothesis. 
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These computations have been done with the classical radially fragmented pellet 3D model. It must be 
noticed that, in this case, there is an artefact at secondary ridges whose are over estimated, as it will be 
detailed after. 
 
2.1.5 - Fragmentation model development 
 
Using a radially fragmented 3D model seems to be more accurate than a 2D(r,z) model. However, this 3D 
model is hard to compare to experimental results, mainly cladding shape after unloading, as it presents an 
artefact at secondary ridges level. Those ridges are proved to be over-estimated in comparison with 
measured values [BOU00]. In fact, due to the inelastic strain accumulation in the pellet during the irradiation, 
the pellet gets a barrel shape after unloading and, consequently, the pellet remains in contact with the 
cladding at mid pellet level. This remanent PCI leads to the formation of secondary ridges in the elastic 
range (Fig. 11) 
In order to verify if this artefact is correlated or not to the account of the transversal pellet fracture, new 
calculations have been performed with the 3D model, considering both radial and transversal fragmentations 
[BEN00]. The pellet is assumed to be fractured by eight radial cracks and three transversal cracks extending 
to the fuel center line (Fig. 12). 
 

 
Fig. 11 – Pellet global deformation mechanism. 

 

 
Fig. 12 – Axial stress σzz in the pellet for nominal 

conditions. 
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Fig. 13 – Cladding deformation after two annual 

PWR operating cycles as a function of axial position 
along the pellet. 
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Fig. 14 - Cladding deformation for a fuel irradiated 

during two annual PWR operating cycle after a 
power ramp as a function of axial position along the 

pellet. 
 
As for the pellet radial fracture, the axial fragmentation leads to a pellet expansion combined with a reduction 
of the axial internal stresses (Fig. 12). Moreover the reduced length of each single fragment compared to the 
whole pellet induces a slight reduction of the barrel effect and the secondary ridge amplitude after unloading 
(Fig. 13 and 14). Another interesting point is the evolution of the hourglassing effect. During the base 
irradiation, when the pellet-cladding gap is opened, both mid-pellet level and inter-pellet level fragments 
present an hourglassing shape since the global axial pellet deformation is not restrained. During the power 
ramp, the strong pellet-cladding contact limits the radial deformation but also the axial pellet deformation. As 
a result, the hourglassing effect is driven back to the pellet basis where the dishes allow an axial 
deformation. Finally, the deformation of the system including axially fragmented pellets clearly shows a 
significant reduction of the mid-pellet over-deformation although there is still a slight PCMI effect at this 
location. Thus, the computed deformations present a better agreement with experimental values. 
 

Pellet 
transversal 
cracks 
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2.1.6 - Contact with friction at pellet-cladding interface 
 
A Coulomb friction model at pellet cladding interface has been implemented in the TOUTATIS 3D last 
version. The first results confirm those obtained in 2D(r,θ) plane geometry [BRO01]. They show that friction, 
associated with the initial pellet cracking, induces stress and inelastic strain concentration on the cladding 
inner surface, at the inter-pellet level in front of the fuel radial cracks, so called the “PCI critical area” 
(Fig. 15). These results are consistent with experimental observation of PCI/SCC cladding failures initiating 
in this area during power ramp. 
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eq. – 424 W/cm 
Contact without friction (µ = 0)    Contact with friction (µ = 0.5) 

 
Fig. 15 – Cladding hoop stress computed in the middle of the ramp (300 W/cm) and cladding inelastic 

equivalent strain computed at the top of the ramp (424 W/cm), with friction (right) or not (left). 
 
A sensitivity study on the friction coefficient influence has been carried out to determine the most relevant 
mechanical parameters in the PCI/SCC cladding failure (Fig. 16). The Coulomb friction coefficient plausible 
range has been deducted from experimental results taken in the literature. 
 
For some of the studied mechanical parameters, their value in the PCI critical area increases with the friction 
coefficient. It is the case for deviatoric hoop stress sθθ and especially inelastic equivalent deformation εvp

eq., 
those concentrations remain in this area during the ramp and the hold period at Ramp Terminal Level (RTL). 
Thus, these parameters are good indicators of the loading magnify at the inner cladding surface in the PCI 
critical area. It is worthy of note that it is not the case for the hoop stress σθθ, which relaxes during the hold 
period at RTL because of the materials viscoplacticity. 
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Fig. 16 – Hoop stress σθθ (left), deviatoric hoop stress sθθ (middle) and inelastic equivalent strain εvp

eq. (right) 
as a function of time, computed in the cladding PCI critical area during the ramp and the hold period at RTL, 

for different friction coefficient values. 
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2.1.7 - Conclusion and prospects 
 
Refined 3D FE modelling developed within the TOUTATIS code allows a good description of the 
thermomechanical aspects of the PCI problem in a fuel rod irradiated for two annual PWR operating cycles 
and subjected to a power ramp. 
Computations show up that taking into account the pellet fragmentation is important for an accurate forecast 
of the pellet-cladding mechanical response at both global and local levels. 
In addition, taking into account contact with friction at the pellet-cladding interface is necessary for an 
accurate evaluation of the local mechanical state in the cladding in front of a pellet crack at the precise 
location where Stress Corrosion Cracking may appear. The most realistic friction coefficient value should be 
determined because the local concentrations of mechanical fields on the cladding inner surface are strongly 
dependent upon it. Unfortunately, the experimental determination of this coefficient by usual techniques 
(tribology experiences with dynamic friction conditions) doesn’t seem appropriate to the PCI mechanical 
conditions (quasi-static contact with friction). Sensitivity studies on the friction coefficient value, conducted on 
the computation of several significant experimental power ramps, should be another way of investigation. 
In order to improve the computation representativeness, work is in progress in the following directions: 
- Programming of fuel pellet constitutive laws developed at CEA/DEC to simulate fuel micro-cracking of 

the peripheral area of the pellet. 
- Mesh refinement to improve stress and strain variations computed in the cladding PCI critical area. 
- Programming of cladding SCC model developed at CEA/DMN. 
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2.2 - Tearing of PWR vessel under severe accident conditions 
 

Laetitia Nicolas, Thomas Laporte, DM2S/SEMT/LM2S SACLAY 
 
2.2.1 - Context 
 
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. 
 
2.2.2 - Objectives 
 
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 [Stickler et al., 1993]: 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” [Devos et al., 1998] [Mongabure et 
al., 1999] aiming at developing improved modelling of the vessel behaviour. The “RUPTHER” R&D project 
ended in 1999 and produced new results in the characterisation and modelling of high temperature (until 
1300°C) deformation and damaging behaviour of French vessel steel 16MND5. Interpreting validation 
(RUPTHER) experiments through computational models underlined the necessity to account for the various 
non-linearities involved (plasticity and viscoplasticity, large displacements and strains) and to reflect the 
global and local deformation behaviour in order to produce predictive analyses even if one uses models with 
coupled damage variables. 
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. 
 
2.2.3 - Experimental results 
 
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 under the 
USNRC/SNL LHF program [NUREG, 1999]. 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, 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 has 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 or simplified models developed from analytical equations. The final goal was of course to 
demonstrate the ability of such models to realistically describe reactor accident scenarios. 
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Figure 1: C-Shell test #2 
before and after test. Example 

of highly energetic failure 
 
CEA also conducted an experimental program called C-SHELL [Laporte et al. 2002], that consisted in six 
high temperature and high energy burst tests on tubes. These analytical tests, carried out at CEA-
Cadarache, were designed for the validation of simplified tearing models at high temperature and were 
conducted at 700°C with internal pressures up to 50 bars on circumferentially notched tubes made of French 
vessel steel 16MND5 (Figure 1). 
The main result of the campaign was to demonstrate the ability of simplified models and energetic dynamic 
stability criterion to discriminate situations leading to small breaches from those leading to catastrophic 
failure. 
 
2.2.4 - Modelling: validation and applications 
 
Simplified modelling 
The first modelling objective was to develop simplified high temperature tearing models, validated on 
experimental data, and allowing parametrical studies of various severe accident situations of vessel failure. 
These models are to give estimations of the final breach section in order to assess the risks of complete 
unzipping of the vessel, and a short processing time is of prime importance. The pressure and temperature 
conditions at vessel failure as well as the vessel thickness field are the initial conditions of tearing 
calculations, but the lower head deformation process leading to vessel failure is not calculated by the model. 
The first modelling objective was to develop simplified high temperature tearing models, validated on 
experimental data, and allowing parametrical studies of various severe accident situations of vessel failure. 
These models are to give estimations of the final breach section in order to assess the risks of complete 
unzipping of the vessel, and a short processing time is of prime importance. The pressure and temperature 
conditions at vessel failure as well as the vessel thickness field are the initial conditions of tearing 
calculations, but the lower head deformation process leading to vessel failure is not calculated by the model. 
A simplified model concerning circumferential tearing and applying to “fast opening” situations (for which 
breach propagation is coupled to vessel depressurisation) was developed in CEA-Saclay. Following an 
experimental program of high temperature tearing tests on Centre Crack Panels and Compact Tensile 
specimens made of French vessel steel 16MND5 (CEA-Saclay, Figure 2), a perfect plastic behaviour and a 
strain tearing criterion were chosen, and simple assumptions on stress and strain distribution were made. 
The equations of the model are based on the energetic differential balance between the kinetic energy, the 
external work of the pressure load and the energy dissipated in the tearing process, coupled to an isothermal 
depressurisation model. This system is numerically solved to obtain the breach length and section versus 
time during the depressurisation process [Laporte et al. 2002]. 
Simple analysis criteria could also be derived from the model equations: 

• Breach limit size: breach size over which the breached structure becomes statically unstable and 
dynamic tearing initiates 

• Dynamic stability criterion λ: ratio of the energy required to tear the whole circumference (like in 
LHF 5) on the potential mechanical energy due to internal gas pressure. It assesses dynamic 
stability of the rip: if dynamic tearing initiates and if λ<<1, then a complete unzipping might occur. 
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After a first validation on C-SHELL tests, the application of this model to the LHF tests 3, 5 & 8 shown a very 
good agreement with the experimental results concerning final breach sizes and dynamic stability or 
instability of the structure: the limited tearing in LHF 3 and 8, and the complete unzipping of LHF 5 could be 
predicted with analytical criteria (Figure 3). The catastrophic failure observed in test LHF 5 could be 
explained by the higher failure temperature caused by an unplanned experimental pressure transient at high 
temperature. 
 

 

LHF 3 LHF 5 LHF 8 

  

   
Stability 
criterion λ 0.75 0.085 0.6 

2.βlim
 (°) 75 16.4 56.6 Breach 

limit size 2.βexp
 (°) 75 20  ~180 50 

Scalc (cm2) 107 4417 27 Final 
breach 
section Sexp (cm2) 135 4428 28 

 
Figure 2: Example of 16MND5 CT 

specimen after tearing test at 700°C. 
Figure 3: Comparison of LHF 3, 5 and 8 tests with the results of 

the simplified model 
 

 
Parametrical reactor studies conducted with the model (on a French 900-MWe PWR basis) underlined that 
the final breach section was highly dependant on the very precise temperature and pressure conditions at 
failure, and particularly the effect of pressure transients at high temperatures were confirmed in reactor 
conditions: in realistic accidental conditions, a complete unzipping of the vessel bottom head (LHF 5 like) 
cannot be excluded in case of “late vessel reflooding” (that may cause a re-pressurisation at high 
temperature) [Laporte 2003]. 
This R&D program came to an end in 2003, and no future work is planned apart from potential applications 
to other reactor accidental situations. 
 
Finite elements 3D modelling 
 
Simplified modelling can be used to assess risks of catastrophic failure in a wide range of accident 
conditions, nevertheless when thermal fields are quite homogeneous, accurate predictions of final breach 
sizes require complete 3-D analyses of the vessel deformation process and rip propagation. Furthermore, 
simplified modelling requires initial conditions at vessel failure (pressure, temperature and vessel thickness 
fields) for tearing calculations. 
An original and complete approach based on a finite element approach has been developed in CEA-Saclay 
for prediction of the failure propagation in a RPV lower head under severe accident conditions. The objective 
of the 3-D model using CAST3M CEA finite element code was to simulate the complete lower head 
deformation process leading to vessel failure and then breach propagation. 
 

 

 
Figure 4: Post-test view of LHF 3 

and simulation result 
Figure 5: Post-test view of OLHF 1 and simulation result 

 
The final size and location of the breach is an important issue of the numerical simulations together with the 
propagation velocity. The retained material model is based on the works of Lemaitre and Chaboche 
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[Lemaître, 1990] (coupled damage viscoplasticity model) and several failure criteria can be investigated: 
coupled creep damage, stress criterion (post-evaluation), strain criterion (post-evaluation). In order to 
simulate the rip propagation, “failed” elements are removed from the mesh and the pressure drop due to the 
hole opening is taken into account with an isothermal depressurisation model.  
First applications of this model [Nicolas et al., 2002] to the LHF test 3 [NUREG, 1999] and OLHF test 1 
[Humphries et al., 1999] shown a good agreement (Figure 4 and Figure 5) with the experimental results 
concerning the global behaviour of the vessel and the location and final breach size. 
 
The best results were obtained for OLHF 1 test with a strain criterion with failure value deduced from 
experimental local strain at failure site, and for LHF 3 test with a ductile damage criterion obtained from 
characterisation creep tests. Therefore, different tearing criteria were retained for LHF and OLHF materials 
(SA533B1 steel) and this was shown to be consistent with some differences observed between both 
materials. Indeed [Mongabure, 2000] underlined that at high temperature 987°C/1260K LHF material seems 
to be more “brittle” than OLHF material: 

• LHF specimens show very little necking (Figure 6) compared to OLHF ones at same temperature 
(1260K), 

• failure time is doubled for OLHF specimens whereas their minimum creep speed is half, 
• elongation at rupture is 50% greater for OLHF specimens. 

 

 
 

Figure 6: Characterisation creep tests on LHF/OLHF steels 

It is important to note that same phenomena had been previously encountered during the characterisation 
program on 16MND5 French RPV main vessel steel [Mongabure et al., 1999] performed in the framework of 
the RUPTHER R&D project. For better understanding of this problem, a metallurgical study on LHF and 
OLHF specimens has been realised in a specialised CEA laboratory in SACLAY [Bougault, 2000]. 
Explanation proposed is that Manganese allied steels (and RPV steels such as SA533B1 and 16MND5 
among them), could become fragile because of sulphur included in steel composition. To support this, 
chemical analysis in material certificates and a new analysis ordered by CEA metallurgical laboratory (it has 
to be noted that all these analyses are quite coherent) show that LHF steel has 5 to 10 times more sulphur 
than OLHF one. Moreover, manganese sulphide can be observed with Scanning Electronic Microscope on 
LHF specimens and not on OLHF ones. Metallographic analysis shows that rupture type is quite different for 
OLHF specimen (longitudinal cracks and damage fracture) and for LHF one (transverse cracks and inter-
granular fracture). 
 
2.2.5 - Future work 
 
More recent interpretation of LHF 5 test shows that the complete circumferential unzipping of the vessel 
could not be predicted with the 3-D breach propagation model (Figure 7). 
 

Figure 7: Post-test view of LHF 5 and 
simulation result 
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The most interesting difference between LHF 5 & 3 test is that a limited circumferential rip occurred in test 
LHF 3 at ~1000 K whereas in test LHF 5, an unplanned pressure transient at ~1000 K led to a dramatic 
failure with a complete circumferential unzipping of the vessel at ~1100 K where LHF material becomes 
“brittle”. To improve predictions, more investigation and work is now needed on the tearing criterion: 

• characterisation of the variability of vessels steels properties (tensile, creep) versus metallurgic 
composition (sulphur), 

• characterisation of vessels steels tearing properties with high temperature tearing tests on Compact 
Tensile (CT) specimens and investigation of the influence of metallurgic composition on the kinetics 
of tearing, 

• on the basis of CT results, definition of a tearing criterion: for example an energetic criterion (kinetics 
of tearing) as the GFR one [Chapuliot 2001], 

• validation of the tearing criterion on analytical tests (transposition of CT results to structures). 
 
An R&D program is currently ongoing with IRSN on these themes. 
 
In other respects, the instability of the structure could not be obtained by the 3-D model and, in order to 
improve predictions, dynamic aspects will probably have to be introduced as in the simplified model. 
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2.3 – Validation of rupture prediction for tubular specimens of PWR piping 
submitted to internal pressure and high temperature loadings 

 
E. Pluyette, DTN/STPA/LTCG, CEA Cadarache 

Y. Lejeail, DER/SESI/LCSI, CEA Cadarache 
J.M. Stelmaszyk, IRSN, Fontenay-aux Roses 

 
2.3.1 - Context 
This work has been entirely initiated an supported financially and technically by IRSN: it is devoted to the 
validation of safety approaches for PWR. 
 
Stemming from a general study related to the behaviour of primary loops components of PWR plants under 
severe accidental conditions, a series of experiments on representatives samples have been carried out to 
check the accuracy of the models.  
 
Most of the data required for the calculus derived from standard creep tests performed on small pieces in 
controlled conditions. The influence of welded joints, or the effect of non-uniaxial loadings, for example, have 
to be undertaken in order to enhance the existing models; the aim of these experiments is to validate the 
calculations by conducting creep tests on large samples made of steel grades corresponding to the real 
components, Inconel 600 for the GV tubes, A508 cl3 (16MND5) or AISI 316L for primary piping. All the 
samples have a tubular shape and some of them are bearing a welding joint or a geometrical defect. 
 
The selected scenario is a simplistic one, it is assumed that during the accident, the internal pressure 
remains the same while the temperatures of the components are increasing smoothly according to a linear 
law. 
 
2.3.2 - Description of works 
A tubular sample made of representative steel grade is submitted to an internal loading by pressurization 
(from 70 up to 150 bar) and is heated up by Joule effect from 300°C up to the rupture temperature. The rise 
in temperatures is linear and bonded between 0,05 and 0,2°C/s. The experiment is going on until the 
detection of the confining breakdown, due to small cracks or sample‘s bursting. 
 
The main parameters are the nature of the sample, grade kind, presence or not of a welded joint nor a 
geometrical defect, the applied stress field, depending on the internal pressure and the diameter and the 
thickness, and the slope of the rise in temperatures. 
 
A complete set of measurements, including temperatures, strains and pressure is performed during the tests, 
but the main results that have to be compared to the calculations consist in the time and the temperature of 
rupture of the sample. The experiments are described in references [1] to [3]. 
 
The interpretation of the results ([4] to [6]) can be done with two kinds of method, based on creep strain rate 
and damage models. The first type are simplified methods assuming that there is a constant membrane 
primary stress in the tube, which is related to a creep time to failure by means of Larson-Miller parameter. 
The Larson-Miller is constant in our tests but the instantaneous rupture time is decreasing as much as the 
temperature is increasing; the final time of the experiment is thus reached when the total creep damage is 
equal to unity (the later being calculated by a linear damage summation). For the case of notched tubes, the 
membrane stress is simply replaced by a reference stress derived from Kiefner and Miller limit analyses : 
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   for a pressure p, internal diameter D, thickness t, notch depth a, and 
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c=ρ  where 2c is the total axial length of the notch. 

 
To complete these simplified analyses, some Finite Element calculations have been done. They require the 
application of large displacements theory and the determination of Norton creep laws among the whole 
temperature range. The thermal field values derived from the experimental data although axial and radial 
gradients have been verified by detailed numerical analyses in some cases. These calculations give much 
more information on the stresses/strains evolutions, especially for the Bi-Metallic or Homogeneous 316L 
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welded samples. Parametric FE calculations allow to investigate the effects of material properties 
discrepancy. 
 
2.3.3 - Results 
At last, in order to take into account almost every existing configurations in a PWR primary loop, 13 tests 
have been carried out on GV tubes (fig. 1) and 16 others have been performed on large tubular mock-up 
(fig.2). 
 

    
 
fig. 1: View of a burst GV sample  fig. 2: View of a burst 316L tubular sample. 

  
For the special case of the linear temperature increase, it has been shown that the final time and 
temperature to rupture are proportional to the Larson Miller parameter P0 for a critical creep damage 
parameter (D’c = 0.041/°C)  independent of materials (they are a power function of P0 if the temperature is 
constant) : 
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Notch analysis is valid because of the very high temperatures reached during experiments; generalized 
creep occurs and allows the relaxation of the stresses around the notch tip. Figure 3 below shows the 
application of the time to rupture equation for all the SG tubes according to the Larson-Miller correlation 
taken from the literature: 

 
 

fig. 3: Interpretation of all SG tube experiments with simplified methods 
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For the welded specimens, the simplified methods can also predict the time to rupture but doesn’t provide 
the location of the rupture due to the complex geometry and material configuration. The comparison between 
experimental and calculated data is shown in table 1. 
 
 

 
tab. 1: Comparison between experimental and calculated results for large specimens 

 
There is a good agreement between experiments and calculations for both time and temperature to rupture, 
whatever the type of sample is considered (homogeneous or Bi-metallic materials). For instance, we can see 
that for MECI12 test (Bi-metallic material),  the calculation provide a time to rupture of 10323 s and a 
maximum temperature of 866 °C, and the related experimental results are respectively 11490 s and 878 °C. 

                                         
fig 4: LBM specimen 7 (cumulated creep strain (left), circumferential stress (right) at final time 5600s) 

 
The Finite Element method allows to calculate the stress/strains evolution at the weld interface (a stress 
redistribution and a strain concentration occurs in this region when creep strains become large). The FE 
method gives the exact location of crack appearing (in the weld) as well as the maximum circumferential 
strain zone (16MND5). 
It must be pointed out that an accurate creep strain calculation requires the exact creep properties of the 
different materials involved ([7], [8]). 
Metallographic examinations of LBM are underway. These results are required to perform a physical 
interpretation of the involved damage mechanisms. 

16MND5 
 
 
316L weld 

16MND5 
 
 
316L weld 

calculations tests

Localization of 
the maximum 
viscoplastic 
strain where the 
cracks initiate 
during LBM tests 
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2.4 –Thermo-Hydro-Mechanics coupling to evaluate the evolution of the 
performance of a deep underground wastes repository 

 
Alain Millard, DM2S/SEMT/LM2S SACLAY 

 
2.4.1 - Introduction 
 
Several countries are considering the possibility to store nuclear high level wastes in hard rocks, like granite. 
Japan, for example, has developed a concept where wastes are stored in vertical boreholes, in very low 
permeability granite, but with possible fractures in the vicinity of the repository. The safety assessment of 
such a concept requires a detailed analysis, at various scales and for various durations, of the physical 
phenomena which are likely to happen as a consequence of the heat production by the wastes packages.  
In a first stage, attention has been focused on thermal, hydraulic and mechanical phenomena. In general, 
these phenomena are coupled and have an influence on each other. However, because of the specific rock 
features, some couplings may be negligible, which may allow simplified studies. Therefore, it is important to 
evaluate the influence of the different couplings, which can be done only numerically because of the 
complexity of the problem. Such an evaluation has been performed in the framework of a European project, 
called BENCHPAR, on a hypothetical case of storage in granite, inspired from a Japanese concept. Since 
the engineered barrier plays a major role on the flows inside the repository, the study has focused on the 
near field response, over the first hundred years, during which the thermal paroxysm is reached. Among the 
various possible cases, attention has been restricted first to the case of an intact rock, without any pre-
existing major fracture. 
 
2.4.2 - Description of the case studied 
 
 
 

 
Figure 1:  Conceptual design of  the generic repository considered [Nguyen et al, 2003] 

 
 
The repository design consists mainly in parallel galleries, in which vertical boreholes are 
dug in order to emplace the waste canisters (see fig 1 ).For the THM couplings evaluation, 
because of symmetry and periodicity considerations, a single pattern shown on figure 2 
has been selected. 
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Figure 2: Domain selected for THM couplings evaluation and close view of the canister surroundings 
 
 
In the simulations, a first sequence consists in setting the initial conditions in the rock mass before 
performing the excavation. Then the gallery and the pitch are excavated, and a transient analysis is 
performed until some subsequent steady state is reached. The displacements obtained at the issue of this 
step are reset to zero, in order to start from the nominal geometry of the gallery and of the pitch for the 
emplacement of the wastes. Finally, the overpack, the buffer and the backfill are emplaced simultaneously, 
and a transient response is calculated over a hundred year’s period. 
 
 
2.4.3 - Evaluation of the couplings effects 
 
Together with a fully coupled Themo-Hydro-Mechanical (THM) analysis, three other analyses have been 
performed and compared: TH, TM, HM.  Moreover, the influence of the rock-mass permeability on the 
couplings has been investigated: besides a mean value of 10-18 m2, a high permeability (10-17 m2) and a low 
permeability (10-19m2) have been considered. The effect of the couplings has been evaluated on quantities 
which are relevant for the safety assessment of the repository, such as the maximum reached temperature, 
the fluid pore pressure in the engineered barrier, the time for resaturation of the buffer, the possible failure of 
the rock-mass.  
 
For example, figure 3a et 3b shows for the high and low permeabilities, the influence of the couplings on the 
temperature and on the fluid pore pressure at point B4 (see figure 2)  in the bentonite which is in contact with 
the overpack. 
 
Concerning the temperature, there is only a small influence which is due to the variations of the thermal 
conductivity of the rock mass, according to its saturation degree. Conversely, for the fluid pore pressure, the 
effect of the couplings is very important because of the effect of the desaturation of the buffer due to the 
temperature increase. 
 
One major conclusion of this study is that, in case of low permeability rock mass, it is necessary to take into 
account all the couplings in order to make realistic predictions. Some general trends have been identified 
such as: 

• there is a limited effect of H and M on the T results, 
• during the re-saturation phase, the effect of H on the stresses is predominant, 
• there is a significant effect of porosity variations, in particular for low rock-mass permeabilities. 
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Figure 3a: Effect of couplings on temperature at point B4 for two different rock-mass permeabilities 
 
 

permeability K=10-17 m2

permeability K=10-19 m2
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Figure 3b:. Effect of couplings on fluid pore pressure at point B4 for two different rock-mass permeabilities 

 

permeability K=10-17 m2

permeability K=10-19 m2
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2.4.4 - Future work 
 
One major issue, which has not been considered in the performed analysis, is the presence around the 
galleries and the boreholes, of zones which have been damaged by the excavation process. In these zones, 
the initial rock-mass permeability may be increased very significantly. Therefore, the re-saturation phase of 
the buffer and backfill materials may be rather different, as well as the effective stress development in the 
rock-mass.  
Such analysis will require on one hand a relevant rock degradation material model, and on the other hand a 
model describing the evolution of the rock mass permeability with damage. 
 
The same approach could be applied to concrete structures submitted to temperature increases, since 
concrete is an artificial brittle and low permeable rock. 
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3 – STRUCTURAL DYNAMICS 
 
Checking the behaviour of a component under time varying solicitations raise different questions compared 
of static situations: 
• dealing with the time structure of the solicitation 
• accounting for the interaction of the response with the solicitation 
• accounting for the rate-dependence of the material behaviour 
• reflecting the random aspect of the input signal in case of most seismic and flow induced vibrations  
 
Seismic mechanics is a challenging topic because it combines all the delicate aspects of the problem: 
insufficient knowledge of seismic sources, of soil and sometimes of structures (as concrete building), 
insufficient modelling of soil-structure interaction, approximate behaviour of concrete structure elements 
(anchorage …). The first four contributions give an insight of experimental and modelling work that have 
been carried out to improve knowledge and prediction of seismic behaviour of buildings and components. 
 
Chapter 3.1 deals with soil - structure interaction that is especially important due to the massive nuclear plant 
buildings. 
 
Modelling of seismic behaviour of reinforced concrete buildings is described in Chapter 3.2. This activity is 
very important for the assessment of existing building (seismic re-evaluations) and fruitful cooperation takes 
place in the frame of the CAMUS benchmark and the ECOLEADER European project. It is worth 
emphasizing that Didier Combescure has recently won two prizes for his fruitful contribution to this topic: the 
Junior Researcher prize from AFPS (French Association of para-seismic civil engineering) and the 
"mechanical modelling for nuclear facilities" from the French Mechanical Association. 
 
 The seismic response of core assemblies is strongly influenced by fluid flow. As described in chapter 
3.3, the fluid plays an important role, inducing two major effects on structures: added mass and damping. 
Experimental investigations have allowed to characterize these effects and to carry out bidimensional 
simplified modelling. A similar approach has been used to obtain drop kinetics of rod cluster control 
assembly during seismic event and a simplified analysis is proposed (chapter 3.4). 
 
Flow induced vibration is another active research field where fluid and structures interact in an intricate 
manner. This explains that physics of instability in tubes bundles and interaction of a two phase mixture with 
a tube are still not well understood. Progress is slow due to a lack of knowledge of flows: turbulent or two 
phase flow. Numerical simulation of both fluid and structures on the one hand, and non intrusive 
measurement on the other hand, must allow a better understanding of fluctuating pressure fields and their 
effect on walls (chapter 3.5). 
 
At last, in chapter 3.6, a multi-scales resolution of fast transient dynamic is shown. This computational 
method, with increased performance, is an important link of the computational chain used to calculate the 
mechanical behaviour of impacted structures as, for example, containment under an aircraft crash. 
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3.1 – Soil-structure interaction applied to nuclear power plants under seismic event 
 

Fan Wang, Daniel Broc, DM2S/SEMT/EMSI SACLAY 
 

3.1.1 - Introduction 
An earthquake is a geological phenomenon where the seismic movement, generated at the epicentre, is 
transmitted, after propagation of seismic waves, to the foundations of buildings or structures by the soil. For 
this reason, the Soil Structure Interaction (SSI), i.e. the interaction between the structure and the surrounding 
soil, is an important topic in seismic studies, especially for nuclear installation where the buildings are very 
often massive. 
 
3.1.2 - Objectives 
The general aim of the programs developed at DM2S/SEMT/EMSI is to understand the important 
phenomena to be considered in SSI, in order to take it into account in the seismic studies, and in the seismic 
safety assessment of nuclear structures and buildings. 
 
3.1.3 – Generalities: testing and modelling approach 
Soils are very common materials, but heterogeneous, with a non linear mechanical behaviour. The 
determination of accurate mechanical characteristics for the modelling is not easy. The propagation of 
seismic waves in such medium is complex. In this scientific area especially, it is necessary to validate the 
behaviour models by experimental tests (in situ or laboratory test). The capacity to built representative and 
realistic models need numerical tools, using different methods, as Finite Element Methods, Boundary 
Element Methods. The most important is to have experience in such a problems, in order to develop a “know 
how” that permit to manage the uncertainties dues to the soil. 

 
The next section present the main international programs in which EMSI has been involved, with the 
objective to acquire expertise capacities in Soil Structure problems. 
 
3.1.4 - Main topics studied at DM2S/SEMT/EMSI 
The main topics studied at DM2S/SEMT/EMSI in the last years are: The study of the SSI for one nuclear 
building, with a participation to the Hualien Project, The study of the interactions between two adjacent 
buildings (SSSI, for Structure Sol Structure Interaction).with an interpretation of in situ tests performed by 
NUPEC in Japan, The study of the spatial variability of seismic input, named “incoherency”, Tests on 
Reinforced Concrete structural walls has been performed in the frame of the Camus experiment, using a 
land layer, with uplift of the mock up. 
 

 
 

Hualien experiment 
 

 
 

NUPEC SSSI experiment 
(2 identical adjacent buildings) 

 
 
 
 
 
 
 
 
 
 
 
 

 
Camus experiment 

with uplift 
 

3.1.4.1 - The Hualien program 
 

The Hualien Large Scale Seismic Test is an international research program with the main objective of 
obtaining soil-structure interactions data at a rather stiff site having soil conditions similar to that of a 
prototypical nuclear power plant. These data can be used to validate methodologies and computer codes 
used in SSI analysis and to provide a basis for improved and rational seismic design of nuclear power plant 
structures. 
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“Time domain direct method” SSI method has been programmed in CAST3M, computer code developed at 
DM2S/SEMT. This method is based on a division of the whole domain of soil-structure into a near field and a 
far field. The near field contain the structure and the soil adjacent to the foundation. Time calculations are 
performed using viscous boundaries, in order to take into account the far field. 

 
This method has been successfully used in the interpretation of the Hualin experiment. It has been used to 
evaluate the current French design practice RCG-G. This design exhibits conservative results, due to 
simplified assumptions adopted by the code. The last studies intent to take into account the mechanical non 
linearity of the soil by using as equivalent linear model. 
 
Interesting data on the incoherency of the seismic movement have been collected during the Hualien project. 

 
3.1.4.2 - The study of the incoherency of the seismic input signal 

 
Conventional SSI analysis assumes that the input signal for all the points at a given depth is uniform. 
Experience shows that this assumption is not exact: measurements in different strongly instrumented sites 
such as Lotung, Chiba, Hualien or others, gives information on the actual input characteristics. Two 
phenomena are usually present in a relatively regular site with horizontal stratification: first, input incoherency 
due to the dispersion of waves in heterogeneous medium added to the superposition of waves coming from 
a source with significant spatial dimensions and, second, the wave propagation, when, for instance, an S or 
P wave propagates upward with an angle with respect to the vertical direction. Surface waves may also take 
place (Rayleigh, Love). The incoherency is characterised by differences in time of arrival of waves at 
different locations on the site and can have a simple formulation. The wave propagation needs a statistical 
representation with a dense array to identify all its characteristics. Such incoherency has been observed in 
the Hualien project. Incoherency models are proposed by different authors, which are qualified using 
experimental results as the Lotung experiment. 

 
Studies have been performed on this topic at EMSI, in the frame of studies related to the quantification of 
margins in the seismic design. Theoretical results of Luco and Wong have been used, giving a methodology 
to obtain the response of a superficial and rigid foundation to an incoherent input. This methodology has 
been implemented in CAST3M, the numerical computer code developed at CEA/SMMT, and applied to 
different nuclear buildings. Margins on floor response spectra are up to 40% at frequencies above 10 Hz, for 
hard soil and large raft radius. 

 
3.1.4.3 - The study of the Structure Soil Structure Interaction 

 
A reactor building of a nuclear power plant is generally constructed closely to other buildings such as other 
reactor building or turbine building. In such situations, adjacent buildings are thought to influence each other 
through the soil during earthquake and to exhibit dynamic behaviours different from those of isolated 
buildings. 
 
Field test experiments have been performed by NUPEC in Japan. They are carried out under three kinds of 
building model construction conditions: a single reactor building model uses for the comparison as a basic 
condition, two identical reactor building models used to evaluate pure interaction effects, and a two different 
building models, reactor and turbine models to evaluate interactions effects under actual plant construction 
conditions. Forced vibration test and earthquake observations are being also carried out in the field test.  
 
Interpretations have been performed in Japan, and in France, where CEA and EdF developed sensibility 
analyses. It is possible to reproduce, with numerical simulations, the fact that, for two buildings, the 
movement under a seismic solicitation is a little lower for two adjacent buildings than for one isolated 
building. This result is obtained in the conditions of the NUPEC tests. Current analysis by CEA and EdF aims 
to understand if such a result can be generalised to other conditions (higher and realistic scales, different 
soil). The final objective is to determine the conditions where SSSI is possible. 
 

3.1.4.4 - The Camus experiment 
 

The Camus experiment consists of shaking table seismic test on Reinforced Concrete structural walls. One 
test has been performed with a layer of sand under the foundation. During the test, high uplift of the mock up 
was observed, with non linear behaviour of the sand. Conceptual approaches of the uplift were proposed. 
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3.1.5 - Perspectives 
The main perspectives in the Soil Structure Interaction studies are: 

• to develop analysis on Structure Soil Structure Interactions, in order to give methodological elements 
on the different cases where interaction effects take place between two adjacent buildings, 

• to develop experimental and theoretical analysis on the uplift of buildings under seismic solicitation, 
including the effect on floor response spectrum, 

• to develop experimental capacities in the laboratory, in order to increase the credibility of the 
analytical approaches in  SSSI. 

 
3.1.6 - References 
F. Wang & al:  Seismic analysis and evaluation of the current French design practice Conférence 
européenne 1998. 
 
F. Wang & al:  Hualien seismic analysis by finite element method in time domain SMIRT 14 Lyon 1997. 
 
P. Sollogoub & al: Quantification of margins in soil structure interaction effect of incoherency of input signal, 

SMIRT 16 Washington 2001. 
 
D. Broc & al:  Essais d’Interaction Structure Sol Structure lors d’un séisme: Problème inverse 2ème 

colloque d’analyse vibratoire expérimentale Blois 2003. 
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3.2 - Modelling of seismic behaviour of reinforced concrete buildings 
 

Didier Combescure, Pierre Sollogoub, DM2S/SEMT/EMSI SACLAY 
 

3.2.1 - Context 
One of the main tasks of earthquake engineering is the prediction of the behavior of structures under 
earthquake loads up to levels close to collapse. For that objective it is necessary to have nonlinear models 
for each type of structures – reinforced concrete frames, walls, slabs, masonry , participating or not, steel 
structures…, associated with acceptance criteria or damage indicators for different parameters. The 
influence of detailing must be taken into account when relevant. 
 
Sound development of this domain requires comparison of models with experimental results obtained either 
at the laboratory (TAMARIS Facility) or in other institutions such as JRC in Ispra. 
 
More specifically, the activity of the Laboratory is organized around the following, strongly interacting, three 
parts: 

• Improvement and validation of existing non linear models in the CAST3M finite element code 
• Non linear analyses for preparation and interpretation of test on TAMARIS or other facility 
• Assessment of existing buildings in Nuclear facilities and participation to reevaluation activities, such 

as retrofit or strengthening 
 
These three activities are strongly linked; the nonlinear tools and methods used for seismic assessment are 
validated with the tests performed in the Laboratory or elsewhere, and they are used for design and 
calibration of the experiments. This increases the credibility of the program. 
 
3.2.2 - Objectives 
General objectives of this activity are to develop computer codes for possible structural configurations – such 
as reinforced concrete shear walls and frames, masonry, participating or not, steel frames … - taking into 
account detailing, when relevant. In complement, definitions of criteria associated to global deformation 
levels are developed. 
 
Experimental tests are performed in parallel, in order to qualify and validate the numerical approaches. Tests 
are performed either in the Tamaris Laboratory or in other laboratories. 
 
3.2.3 - Main results 
 
Numerical models 
The models used for assessment of existing structures or for the tests on shaking tables must be used under 
cyclic and dynamic loadings; they have to be simple, economic and robust. Generally, global or semi-global 
constitutive laws are used associated with beam type elements. Fiber element using Timoshenko type 
element is widely used for reinforced concrete structures. 
Main recent developments for fiber elements concerned the following points: 

• Improvements in the global diagonal element for masonry infilled construction, with procedures for 
identification of parameters (Fig. 3), 

• Introduction of brittle behaviour for carbon fiber modeling, 
• Shear behaviour, coupled with bending, in order to simulate short columns or joints, 
• Introduction of constitutive laws in order to simulate bonding effects, anchorages and lap splices for 

steel bars (Fig 4a). Comparison between non-linear modeling of the test and experimental result is 
shown with Fig 4b and 4c. 

• Development of some of the previous features for plane stress analyses in order to have more 
precise local behaviour in joints, for instance. 
 

In parallel, simplified approaches were developed and validated, such as push-over or hinge method. 
Quantification of criteria was done as complement to the interpretation work conducted on the different tests 
 
Validation tests 
Different tests were performed on TAMARIS facility on civil engineering structures; they participate to the 
validation. The tests were defined and performed in the framework of different programs in which the 
Laboratory is involved: EDF-CEA-COGEMA agreement, EC programs on researcher mobility and 
Infrastructures under the FP4 – ECOEST2- and FP5 –ECOLEADER-, French Ministry of Equipment and 
Construction companies … 
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More specifically, the following tests were performed (only the most significant are listed): 

• CAMUS 1 to 4 (1997-1999) and CAMUS 2000 (2001-2003): study of the seismic behaviour of shear 
walls designed according French (PS92) or European (EC8) seismic codes, under one or two 
directional excitation with torsion. One case was tested with uplift on a sand layer (Fig 1) and one 
was repaired using carbon fiber. Finite Element fiber models were used intensively for the analyses. 
The preliminary analyses show the importance of the variation of axial force in the structure. 

• Reinforced concrete frames with different detailing (2001-2003), from no seismic provisions to the 
EC8 type of design. Tests where performed up to failure and fiber elements used for the analyses. 

• RC frames with masonry and different repairing techniques (2002-2004) insuring masonry stability 
under in plane and out of plane loadings. 

• Joint behaviour (2002) on RC frames (2D models). 
• Simple RC columns with different detailing: density of stirrups and lap splices, in order to qualify the 

specific model and to approach associated criteria (Fig 2 and 4) (2002-2004). 
• RC floor behaviour, to assess and qualify bending models: Young modulus and damping, with the 

objective of floor response spectra derivation, use of 3D finite element analyses with limited non 
linearities (cracking). 

• RC 3-D frames with different retrofit techniques: dampers, carbon fiber (2004).  
 
 

     
Fig1 : Tests of the CAMUS 4 structural wall   Fig 2: Tests of a series of RC 
Specimen with uplift (on a sand layer)   columns with different detailing 

        (shear failure and insufficient lap splices) 
 
 

 

θ

 
a/ Infilled frame tested in Lisbon    b/ Modelling (forces acting on the masonry infill) 

 
Fig 3: Static tests and modelling of masonry infilled RC frames 
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a/ RC column   b/ Numerical results   c/ Experimental results 

 
Fig 4: Static tests and modeling of a RC column with insufficient lap splices 

(tests performed in Austin, Texas) 
 

3.2.4 - Collaborations and results dissemination 
Development work in the finite element code CAST3M has been performed in the Laboratory, under 
collaboration with JRC-Ispra. Many fruitful exchanges and collaborations took place with CASTEM2000 
users and developers, such as INSA in Lyon, ENS in Cachan and CERIB in Epernay. 
 
European funded programs are the occasion of discussions and comparisons of numerical and analytical 
approaches between different research teams. Experimental results are regularly exchanged between the 
different partners and allow complementary validation of the numerical modeling. For example, the modeling 
developed in the laboratory have been applied to the analysis of RC frames with masonry infills pseudo-
dynamic tests performed on the JRC-Ispra reaction wall (1999) and several masonry tests performed on the 
LNEC (Lisbon) shaking table (Fig 3 - 1999). Several foreign students working on modeling of civil 
engineering structures have also been hosted in the laboratory in the framework of these programmes: 1 
Master student from UPC Barcelona on 1998 and several Italian engineer students from Catania, La 
Sapienza Roma and Perscara Universities on 1999, 2001 and 2003. 
 
The Laboratory has also organized or participated to the organization of Benchmarks. Three were organized 
around CAMUS experiment. The last one was undertaken in the framework of a Concerted Research 
Program of the IAEA (Vienna) on the damaging capacity of Near Field Earthquakes. Experiments performed 
on CAMUS 1 with two different input motions are analyzed by different teams involved in the program. About 
40 teams from different counties participate in the benchmarks. The last benchmark is under completion. 
The final meeting is planned at the end of 2004. 
 
3.2.5 - Perspectives 
The main directions for future work in the Laboratory may be summarized in the following steps: 

• Continuation of the interpretation of the different tests performed in the Laboratory. 
• Improvement of analytical capabilities in CAST3M: inclusion of necessary constitutive laws and 

generalization to 2 and 3-D behaviour with improved performances, for example, modeling of brittle 
failure mechanism and out of plane behaviour of masonry infilled. 

• PhD on modeling of damping in reinforced concrete structures. 
• Interpretation of results in order to enrich database on criteria for assessment of existing structures. 
• Coupling with probabilistic approaches to optimize the seismic design. 

 
3.2.6 - Publications 

[2000a] D. Combescure, P. Pegon. Application of the local-to-global approach to the study of infilled 
frame structures under seismic loading, Nuclear Engineering and Design 196 Vol.1, 17-40, 
2000. 

[2000b] D. Combescure, JC Queval, Th. Chaudat, P. Sollogoub. Seismic Engineering Programs 
Performed on CEA-Saclay Facilities. TMR-ECOEST II Programme and Applications to Building 
and Industrial Facilities, EC Workshop on Mitigation of Seismic Risk Support to Recently 
Affected European Countries, Belgirate (VB), Italy, November 27-28, 2000. 
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[2000c] D. Combescure, P. Pegon. Application of the local to global approach to the study of infilled 

frame structures under seismic loading, 12th World Conference on Earthquake Engineering, 
Auckland, New Zealand, January 2000.  

[2000d] P. Sollogoub, D. Combescure, JC Queval, Th. Chaudat. In plane behaviour of several 1/3rd 
scaled RC bearing walls. Testing and interpretation using non linear modelling, 12th World 
Conference on Earthquake Engineering, Auckland, New Zealand, January 2000.  

[2001a] Soil Dynamics and Foundation Structures, A. Taylor, D. Combescure (Editeurs), Report 
ECOEST 2-ICONS N°6, 2001 

[2001b] D. Combescure, P. Sollogoub, E. Jeanvoine, I. Politopoulos. Utilisation de modèles de calcul 
non linéaires pour la réévaluation sismique des bâtiments existants. Rapport Annuel 2000 CEA-
DRN, 2001. 

[2001c] D.Combescure, P.Sollogoub. Seismic assessment of existing nuclear facility using non linear 
modelling. Some general consideration and examples of validation on experimental results, 12th 
Earthquake Engineering European Conference, London 2002 et OCDE-NEA Workshop on the 
Seismic reevaluation of all Nuclear Facilities, Ispra, 26-27 March 2001, Italy. 

[2001d] D.Combescure, P.Sollogoub, E.Jeanvoine, I.Politopoulos. Seismic evaluation of existing nuclear 
facility using non linear modeling, 16TH international Conference in Reactor Technology 
(SMIRT), Washington, 12-17 August 2001. 

[2001e] D. Combescure, P. Sollogoub. Validation of non linear constitutive laws used for the seismic 
evaluation of existing industrial facilities, 4th International Conference on Fracture Mechanics of 
Concrete Structures, Cachan, 28 May-1st June 2001. 

[2002a] D. Combescure, F. Vita, P. Sollogoub. Seismic behaviour of masonry infilled frames. Local and 
global modelling for the seismic assessment of existing structures. OECD-NEA Workshop on the 
relations between seismological data and seismic engineering analysis, Istanbul, October 2002. 

[2002b] D. Combescure , J.C. Queval, T. Chaudat ,P. Sollogoub. Seismic behaviour of a non-symetric 
R/C bearing walls specimen with torsion. Experimental results and non linear numerical 
modelling , 12th Earthquake Engineering European Conference, London 2002. 

[2003b] D. Combescure, P. Sollogoub. Comportement sismique des noeuds d’ossature en béton armé. 
Prise en compte dans les calculs non linéaires. 6ème Conférence de l’AFPS, Ecole 
Polytechnique, 2003. 

[2003c] D. Combescure, Jean-Claude Quéval, Thierry Chaudat, P. Sollogoub. Seismic behaviour of a 
non-symmetric R/C bearing walls specimen with torsion. Experimental behaviour and non linear 
modelling, 6ème Conférence de l’AFPS, Ecole Polytechnique, 2003. 

[2003d] D. Combescure, P.Gueguen. Vulnérabilité du bâti existant. Quelques réflexions sur les 
méthodes d’estimation de la vulnérabilité à grande échelle. 6ème Conférence de l’AFPS, Ecole 
Polytechnique, 2003. 
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3.3 - Modelling of seismic response of core assemblies 
 

Daniel Broc, Pierre Sollogoub, DM2S/SEMT/EMSI SACLAY 
Bruno Collard, Vincent Mori, DTN/STRI/LHC CADARACHE 

 
3.3.1 - Introduction 
The study of damping of tubes bundles induced by axial flow or stagnant water during an earthquake is of a 
great interest to understand the mechanical behaviour of PWR core in such an event and to verify, through 
an appropriate modelling that the safety requirements for seismic accidents are fulfilled. 
 
During such events, large fuel assembly displacements are induced either by the earthquake ground motions 
transmitted to the reactor core. The horizontal component of the motion causes lateral fuel assembly 
distortions and impacts at mixing grid levels between assemblies or with the core plates (grids maintain fuel 
rods spacing and create turbulence). In order to prove the reliability of the control rod drop and of the core 
cooling, the CEA and its partners, the EDF and FRAMATOME ANP must demonstrate that the mixing grid 
integrity is preserved (shock between assemblies occur at grid level). 
 
The knowledge of the dynamic behaviour of the core is essential to calculate the maximum loads. This 
behaviour depends on the mechanical characteristics of the assemblies (including non linear effects) and of 
Fluid Structure Interactions due to the primary coolant, with both inertial and dissipative effects. Inertial 
effects lead to “added masses” and lower vibration frequencies. Dissipative effects, under axial flow or in 
stagnant water, lead to damping. 
 
3.3.2 - Objectives 

The aim of the program is to measure the mechanical characteristics of fuel assemblies under 
various fluid environments and to build a representative model for seismic behaviour of the whole reactor 
core. 

 
3.3.3 - Tests 
 

 
 

Figure 1: HERMES T facility (lateral movement induced by actuators) TAMARIS facility with a vat on the 
shaking table 

 
The Hermes T facility, located at CEA Cadarache, allows us to perform static and dynamic tests on one or 
two assemblies. The fluid flow is representative of the core reactor conditions, flow rates up to 1200 m3/h, 
temperatures up to 170°C and pressures up to 35 bars (Collard, 2003; Pisapia, 2003). 
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The Tamaris Facility, located at CEA Saclay, allows us to perform static and complete seismic tests, on one 
assembly row, or on a little core configuration, but only in air or in stagnant water (Queval, 2001). 
 
The fuel assemblies are constituted of fuel rods, containing the fissile material, and guide thimbles, arranged 
in a square array, evenly spaced by grids. The study of the fluid damping needs to consider the structural 
damping of the structure, mainly due to the sliding of the fuel rods in the grids. 
 
The effect of irradiation on the fuel assembly induces the softening of the structure due to the grid cells 
relaxation (Billerey, 2003). So we will characterize beginning-of-life (BOL) and end-of-life (EOL) or degraded 
assemblies (i.e. over end-of-life assemblies with degraded grid springs and dimples). Friction between fuel 
rods and grid springs and dimples One notes the important hysteresis of the system (Figure 3 a) whi. We 
notice that the hysteresis decreases in degraded fuel assemblies, inducing a decrease in the structural 
damping. When the displacement amplitude increases the natural frequency decreases, and the structural 
damping increases (Figure 3 b). 
 

Damping 

Displacement

 

 
Figures 3 a and b : Experimental results : a) quasi-static loading tests, b) structural damping 

 
To identify the damping, identification of equivalent single degree of freedom system or multi-degree of 
freedom system is used by an inverse method [Collard 2003]. The total (structural and fluid) damping ratio is 
about 20 % in stagnant water, and increases up to 60% under axial flow (Figure 3 c) (Collard, 2004). 

 
Figures 4 : Fluid damping versus flow rate 

 
The fluid damping is induced both by drag and lift effects (Viallet, 2003). Drag effect is easy to observe in the 
case of still water. The drag force results from the relative lateral motion of the fuel assembly in the fluid. This 
force can be expressed as follows 

( )22/1 Ldragd XXscF && −−= ρ    (1) 
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Lift effect is due to the apparent incidence of the fuel assembly in the flow: 
 

( )Lliftl XXVscF && −−= ρ2/1    (2) 

with : Fd drag force, Fl lift force, s reference surface, V axial fluid velocity, X&  transverse velocity of fuel 
assembly, LX&  transverse velocity of fluid, ρ density of the fluid. The lift force is linear with the displacement 
of the fuel assembly and with the flow velocity, whereas the drag force is nonlinear with the displacement of 
the fuel assembly. 

 
3.3.4 – Modelling: 
 
Modelling of assemblies row: (x z plan model, z being the axial axis) 
 
Actually, this model disregards fluid coupling between the assemblies. Each assembly (guide thimbles and 
fuel rods) is modelled by a single 2D beam finite element model with the added shear effects induced by the 
grids. Impacts between assemblies could occur. Parameters of the model: rigidity, added shear are adjusted 
by using experimental results in air. In water, fluid forces are added. For one assembly, its behaviour is well 
reproduced and the calculated damping is in good agreement with the experimental one. 
 
Modelling of core: (x y plan model) 
 
In this model, it is assumed that the movements of the rods are the same along the axial direction (only an 
horizontal slice of the core is studied, which is assumed relevant to calculate impacts between assembly 
grids). The fluid is assumed stagnant and its effect leads to inertial and dissipative forces that have to be 
studied together. 
 
Inertial effects 
 
The inertial effects of the fluid will be taken into account using the results of Brochard and Hammali in the 
GFSI homogenization methods, which based their analysis on the study of an elementary cell, corresponding 
to one fuel rod. A generalization to the case of one assembly or one complete reactor core, with many 
assemblies, leads to the following expression of the force applied on the assemblies by the fluid. 
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where F
r

is the vector of the applied forces, SX
r
&&  the vector of the assemblies displacements, U

r
 the vector 

of the seismic direction, LX the vector of the relative displacements of the fluid. It is the mean fluid 
displacement through the cell, and can be called “Darcy’s displacement”, by analogy with the “Darcy’s 
velocity” used in hydrology. AM is a diagonal “added mass” matrix. DM  is the diagonal “displaced water 
mass””. 

 
Figure 5 : Elementary cell, fluid accelerations for rod motion, and for fluid motion 

 
By solving a fluid equation in the whole core, it is possible to obtain the fluid acceleration for every assembly 

movement, and to built a “fluid matrix” LM  that verify: SLL XMX
r
&&

r
&& = . By elimination of the expression of the 

fluid force in the dynamic equation of the assemblies, we obtain: 
 

aDSLDA xUMMXKXMMMMM
A

&&
rrr

&& )())(( −−=++−+  



AN OVERVIEW OF STUDIES IN STRUCTURAL MECHANICS page 44/107 
 
The shape of some vibration modes are presented in the figure 5. The first mode has no global fluid flow, 
and the lower frequency. The two others modes have global fluid flow, and higher frequencies. 

 

 
Figure 6: Vibration modes of the whole core (top view of the core) 

 
Damping Effects 
 
Water is commonly considered as a perfect fluid in vibration problems, which leads to negligible friction 
effects. This is true in stagnant water (no global fluid flow) and if the displacements of the structure are small 
with respect to the structure dimension. In the case of PWR cores, a large damping is due to the axial 
coolant flow (see below). For seismic tests performed in stagnant water, it can be demonstrated that the 
displacements are not “small”, and that the Reynolds number are high and lead to head loss for the fluid flow 
through the assembly. The dissipative effects are proportional to the square of the fluid relative velocity. 
They can lead to damping rates up to 30 % (Broc and Queval 2001) and coherent with Collard's work. 
 

 
 

Figure 7: Relative fluid solid velocities, fluid flow near a single rod, in a fuel assembly 
 

It can be demonstrated that the damping rate for the different vibration modes depend on the frequency of 
the mode. This damping rate is higher for the low frequency modes, without global fluid flow and high relative 
fluid solid velocities (about 30%). It is lower for the higher frequencies, with global fluid flow and low relative 
fluid solid velocities (about 10%). 
 
3.3.4 - Future developments: 
The future developments of the study on the fluid damping in the PWR cores must include: 

• acquiring a better understanding of the Fluid Structure Interaction phenomena, particularly 
concerning the interactions between the horizontal and the vertical fluid movements, 

• taking into account the non linearity of the assemblies, and (or) of the Fluid Structure Interaction in 
the whole core model, 

• taking into account 3D hydraulic effects in the whole core model 
 
3.3.5 - References 
BROC & al 2001: Analysis of confinement effects for in water seismic tests on PWR fuel assemblies, 

SMIRT 16, Washington 
 
BILLEREY A. 2003: Evolution of the fuel rod support under irradiation and its impact on the mechanical 
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3.4 – Rod cluster control assembly during seismic event: drop kinetics and friction 
forces 

 
Daniel Broc, Thierry Chaudat, DM2S/SEMT/EMSI SACLAY 

Bruno Collard, DTN/STRI/LHC CADARACHE 
 
3.4.1 - Introduction 
In all reactors cores, seismic excitation may increase the Rod Cluster Control Assembly (RCCA) drop time 
required for safe shutdown. The RCCA are, schematically, metallic beams that fall inside a bearing structure. 
The drop can take place under the gravity acceleration, eventually limited by frictions, coolant fluid flow or 
differential pressure in the core. For safety reasons, it may be necessary to quantify the effect of the 
following phenomena on the drop time: 

• due to the seismic movement, impacts occur between the RCCA and the guide structure, with 
horizontal forces that lead to vertical forces, due to a friction coefficient. Those vertical forces limit 
the fall of the RCCA. 

• differential movements of the guide structure can limit the fall of the RCCA, 
• the impacts between the RCCA and the guide structure or the adjacent assemblies can damage the 

RCCA, 
• the mechanical system that initiate the shut down can be blocked due to mechanical local 

displacement, 
 

3.4.2 - Objectives 
The purpose of the research program performed at CEA/Saclay and CEA/Cadarache is to build realistic 
behaviour model for the drop kinetics under seismic motion. This program mainly focuses on the drop 
kinetics under seismic movement or differential movements of the guide structure. 

 
3.4.3 - General Approach 
 
The study of the RCCA drop kinetic is based on both experimental and theoretical analysis. In the past 
years, different reactors have been considered, as PHENIX and SUPERPENIX, the RJH Project, the CABRI 
and Masurca installations in CEA Cadarache, and the PWR reactor cores. 
 
Numerical tools have been implemented in CAST3M, the computer code developed at CEA/SEMT, in order 
to describe the fall of the RCCA. It was necessary to take into account the contacts between two moving 
lines, instead of the classical contacts between two points. 
 
We present in the next sections the main experimental tests and the drop kinetic analysis than permit to 
qualify the computer models, and to build a general methodology for the understanding of such problems. 
 
3.4.4 - Main tests 
 
Experimental tests for PWR RCCA are performed in order to reproduce and measure drop kinetics under 
seismic-like conditions and to validate the corresponding computer simulations. 
 
The Seisanne experiment is performed at CEA Cadarache, in the Hermes T installation. It is a scale 1 
experiment in regard to the geometry and for the fluid flow conditions, with flow rates up to 1200 m3/h, 
temperatures up to 170°C and pressures up to 35 bars. From a dynamic point of view, only limited excitation 
can be applied. 
 
The Schuss experiment is performed at CEA Saclay, in the TAMARIS installation, in air or in stagnant water. 
Only schematic geometry and configurations are represented, but the seismic excitation is realistic, and 
many different cases are tested :1D, 2D, 3D, differential movements. 
 
Different kinds of tests are performed: 

• insertion and extraction tests permit to measure the friction forces, 
• fall tests with a static deformation of the guide structure permit to consider the effect of this 

deformation, 
• fall tests with sine excitation are useful analytical test, 
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• fall tests with seismic excitation are the more realistic tests, 
• more complete tests with deformation of the guide structure and seismic movements. 

 
The most significant experimental results are presented in Figure 2. The friction forces are measured under a 
sinus excitation, for two different frequencies (3 and 8 Hertz), corresponding to the first and second mode of 
the RCCA. The frictions forces, which increase with the displacement, are much higher for the high 
frequency tests (Figure 2a). 

 
The drop time increases with the excitation level. The curves in Figure 1b show a non linear dependency 
between the excitation level and the drop time. The effect of the fluid is not significant, for the added mass 
effect or for the impact conditions. 
 

 

Displacements 

Friction forces

 

 

 
Figure 2: Most significant experimental results 

 
3.4.5 – Modelling and simplified analysis 

 
Numerical simulations have been performed, using CAST3M, with a quite good agreement between the 
theoretical and the numerical results, except for 3D effects, corresponding to the dynamic solicitation or to 
initial deformations of the RCCA. 

 
It is possible to build a behaviour model for the drop kinetic from the experimental tests results: 

• In standard conditions (without earthquake) the fall is governed by global forces, leading to a given 
acceleration, for example 0.3 g. 

• Under seismic movement, the impacts with the guide structure lead to horizontal impact forces, and 
to vertical ones, due to a friction coefficient. For example, with horizontal forces corresponding to an 
acceleration of 0.5 g, and a friction coefficient of 0.2, the forces that will limit de RCCA drop 
correspond to an acceleration of 0.1 g. The drop will take place with a resulting global acceleration of 
0.2 g. 

• The horizontal forces mainly depend on the acceleration level of the movement of the guide 
structure. This is clear for a quasi static excitation, i.e. a constant horizontal acceleration. In this 
case, the horizontal force is F = m a, where “m” is the mass of the RCCA and “a” the acceleration. It 
has been demonstrated that this theory remains globally valid for a dynamic excitation, even by 
taking into account the contact stiffness and the gaps between the RCCA and the guide structures. 
Amplification may occur if the vibration modes of the RCCA are excited by the seismic motion. 

The fall of the RCCA can be globally described by CAST3M, using the developments performed for this 
case. 

 
3.4.6 -. Methodology for the study of RCCA drop kinetic and future developments 

 
It is possible, from the previous analysis, to build a general methodology for insure the operability of the Rod 
Cluster Control Assembly under seismic excitation. 

 
The forces induced by the seismic excitation are proportional to the friction coefficient, to the mass of the 
RCCA, and to the acceleration level. In order to take into account the amplifications that may occur, 
depending on the vibration modes of the whole guide structure and RCCA system, we propose to use as 
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reference acceleration the maximum acceleration value read in the Response Spectrum of the solicitation. 
This force that limits the drop of the RCCA has then to be introduced in the dynamic equation of the system. 

 
This methodological tool has been obtained recently. It needs to be fully validated, particularly by studying 
the results of the Schuss tests, with 3 D movements for the RCCA, and differential horizontal movements in 
the guide structure. 
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3.5 – Vibration and instability of tube bundles submitted to cross-flow 
 

Franck Baj, DM2S/SEMT/DYN SACLAY 
Sylviane Pascal-Ribot, DTN/SMTM/LMTR CADARACHE 

 
3.5.1 - Introduction 
In PWR, steam generators ensure the heat transfer from the primary circuit to the secondary one. The 
pressurized primary water, heated by the nuclear reaction (155 bar, 320 °C), circulates inside thousands of 
U-tubes of about 19 mm diameter and 1 mm thickness. On external contact with tubes, the up-flow 
secondary water is heated and vaporized. Then the produced steam passes through moisture separators for 
finally being injected into turbine generators. Primary circuit boundary constitutes the second containment 
barrier and must be perfectly watertight for safety reasons. 80 % of this barrier is made of the heat exchange 
area of the steam generator tubes. 
 
Tubes may be subjected to potential FIV (Flow Induced Vibrations) since exposed to the transverse 
secondary flow (cross-flow), which is single-phase (water) at the bottom of the bundle and two-phase (85 % 
steam-water mixture) at the top in the U-bends area [Borsoi 2001]. 
 
It has been observed that the amplitude of vibration of a tube inserted in a bundle was suddenly increasing 
for a given flow velocity, called the critical velocity for instability. The aim of past and recent researches is to 
understand this phenomenon and possibly to propose a model to predict it. 
 
3.5.2 - Connors' Map and other models 
 
Connors was the first to build a model of the fluid elastic instability in tube bundles which resulted in a simple 
criterion for the critical velocity [Connors 1970]. By displacing a tube in the flow direction (x), he measured a 
force induced on the neighbour tube along the perpendicular direction (y); and reciprocally by displacing a 
tube along y, he measured the force induced on the adjacent tube along x. Then introducing these static 
coupling forces into the dynamic system composed of the two quasi-identical tubes he obtained the variation 
of the dynamic characteristics of the coupled system with the flow velocity V. More precisely, the modal 
damping is shown to decrease as V increases. At the critical velocity Vc, the system becomes unstable by 
zero-damping. In a dimensionless form:  

 

D
mK

Df
Vc

ρ
πξ0

0

2
=  or rrc KAV =   (1) 

with D, m, f0, ξ0 respectively the diameter, mass frequency and damping ratio of the tube for V=0, ρ the fluid 
density, Ar a dimensionless number called the Scruton number and K the Connors' constant. In order to 
predict the critical velocity for instability, many experimental works have been carried out to determine the 
"Connors' constant" of instability for a given configuration. 
 
lt is shown in Eq. 1 that the calculation of the critical velocity for instability Vc based on the Connors' model 
requires in particular the knowledge of the damping ratio ξ0 of the tube for V=0. For single-phase fluid, the 
damping effect is simply due to viscosity and its estimation is quite easy. Concerning two-phase mixtures, it 
has been experimentally shown that damping ratio is far higher than the one observed for single-phase 
fluids. Many works have been carried out in CEA/Saclay in order to analyse the effect of two-phase mixtures 
on the damping ratio [Baj 1997], [Baj 1999]. 
 
Nowadays, Connors' map is still used by designers to predict the critical velocity for instability. However, this 
should not mask its inherent limits. At the end of the 70's, it was evidenced, notably at CEA/Saclay, the 
possibility of instability for a single flexible tube surrounded by rigid walls. The physical foundation of 
Connors' model, which requires at least two flexible tubes to ensure static coupling was so questioned, which 
pushed again R&D. Then simplified models have been proposed to explain the reason(s) of the instability of 
a single flexible tube submerged in a "rigid forest" (Price-Paidoussis, Lever- Weaver, Granger-Paidoussis ...), 
[Granger 1985]. These models certainly constitute a progress but are far from being predictive, given the 
parameters that have to be adjusted on a case-by-case basis. 
 
3.5.3 - Fluid elastic coefficients 
 
In present days, the R&D trend consists in measuring the fluid elastic forces in the whole range of flow 
velocity, sub-critical flow V < Vc, and even now over-critical flow V > Vc with the help of active control. The 
fluid elastic coefficients that are to be identified are the added mass, the added damping and the added 
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stiffness. The added mass is supposed to be independent on flow velocity and so is quite easy to determine. 
At the opposite, the damping and stiffness terms depend on flow velocity -it is the reason for instability -and 
require relevant methods for identification. The global strategy concerning these coefficients can be resumed 
as follows: 

• experimental identification from analytical mock-ups, 
• dimensionless reduction, 
• integration of reduced coefficients in codes to calculate real situations. 

 
The main works that have been carried out in our laboratory consist in the research of dimensionless fluid 
elastic coefficients. Various topics are discussed, such as qualitative evolutions of frequency, damping ratio 
and r.m.s displacement versus flow velocity in both cases of single and two phase flows, the effect of the 
tube bundle configuration and the influence of the motion of the surrounding tubes, the effect of the thermal-
hydraulics model (homogeneous, slip or drift-flux) and the influence of the two phase mixture for the 
particular cases of two phase flows. The main results we obtained are summarized as follows (see also [Baj 
2002]). 
 
Qualitative evolutions 
The evolution of the r.m.s. displacement of a tube inserted in a bundle is shown to be directly correlated to 
the behaviour of the damping ratio. Indeed, r.m.s. displacement suddenly increases as damping ratio 
decreases towards zero, which is characteristic of the phenomenon called fluid elastic instability. This can be 
observed in the cases of single phase flow as well as in the cases of two phase flow. Concerning evolution of 
frequency, it tends to decrease with flow velocity for the cases of single phase flow even though its behaviour 
is not very clear for the case of two phase flow. 
 
Effect of the bundle configuration 
Three configurations of bundle have been studied: normal square, normal triangular and parallel triangular. It 
has been shown that the fluid elastic instability phenomenon appears later in the case of the normal 
triangular configuration than in both other cases. For the particular case of single phase flow in triangular 
bundles, the vortex shedding phenomenon is not clearly observed. 

 
Influence of motion of surrounding tubes 
The motion of surrounding tubes particularly affects damping ratio. It is observed that the values of damping 
ratio from the flexible bundles are generally higher than those measured from the rigid bundles. Moreover, it 
has been shown that the fluid elastic instability threshold appears quite earlier for the case of flexible 
bundles. 
 
Effect of thermal-hydraulics model 
For the particular case of two phase mixtures, three thermal-hydraulics models have been studied in the 
scope of dimensionless reduction of the fluid elastic coefficients (mass, damping and frequency): the 
homogeneous model, a drift-flux model (Zuber-Findlay) and a slip model (Armand-Massena). It is shown that 
the use of the more sophisticated models (drift-flux and slip) implies that the gas velocity is higher than the 
liquid one. This also implies that the calculated void fraction is lower, the density is higher and then the mean 
velocity is lower. These sophisticated models give a better view of the reality, particularly for high void 
fractions. Nevertheless, the use of these models does not help us in the dimensionless reduction topic. 
 
Influence of two phase mixture 
Considering the high cost of steam-water tests, different two phase mixtures have been used to simulate 
steam-water mixture present in steam generators, principally air-water mixtures (standard pressure and 
temperature conditions) in CEA Saclay (DIVA, AMOVI, CLODI programs) and gas/liquid freon mixtures 
(which respect a few dimensionless ratios) in CEA Cadarache (CLOTAIRE,CLODI). A few steam-water tests 
have also been carried out in CEA Cadarache (VIVA program [Huet 1999]. It has been shown that in spite of 
the fact that Freon mixtures seem to be more representative of steam-water than air-water, the latter gives a 
better representation of flow induced vibrational effects, particularly for void fraction below 90%. 
 
From these works, a few models of dimensionless coefficients have been proposed ([Granger 1995], [Baj 
2003]). These models could be satisfactory in some cases, but they are still insufficient in a general case. 
The main difficulty consists in the identification of the different parameters which govern the observed 
evolutions (particularly in the case of two-phase mixtures). 
 
3.5.4 – Buffeting forces 
Another important contribution to the loading of U-tubes is due to random buffeting forces. Unfortunately, the 
tentative upper bound of the corresponding spectrum as proposed by de Langre [de Langre 98] is only partly 
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satisfactory and is not much used by the designers. Analysis of the possible reasons of this setback is 
currently undertaken at CEA/DEN/DTN and has led to reconsider the foundation of previous works and, in 
particular, to examine in more detail the characteristics of two-phase flow. 
Moreover a fundamental experimental study was conducted with ESPCI (Pr. Leblond) in order to measure 
and find descriptive parameters representative of air/water flow fluctuations [Le Gall 01and 03]. To step 
forward in the comprehension of two phase influence, an experimental program is under progress in the 
frame of collaboration between SMTM/LMTR and SEMT/DYN in order to relate the previous results with 
buffeting forces exerted on a fixed cylinder [Pascal 2004]. In the same time, a theoretical study has begun in 
SMTM/LMTR to calculate the drag force exerted by a bubbly flow on a transverse obstacle [Chikhi 2006]. 
 
3.5.5 - Conclusion and future work 
Despite the fact that many works have already been carried out on the topic, it has to be noted the following 
items:  

• the physics of instability phenomenon in tubes array is not captured in single-phase flow, even less 
in two-phase flow, 

• the interaction of a two-phase mixture with a structure, even an elementary one (single tube) is not 
understood, especially about damping greater in two-phase flow than in single-phase. The 
comprehension of this phenomenon is quite important because the value of damping is needed in 
Connors' model (1). 

 
In order to understand better the observed phenomena, a program of numerical simulations has been carried 
out in the laboratory (Eulerian and ALE methods). From these simulations, local quantities such as time 
evolutions of the pressure field or the velocity field may be accessible. This could help us in the 
comprehension of phenomenon. Anyway, a parametric study on dimensionless parameters (numerical 
experiments) such as Reynolds number, Stokes number, reduced velocity ... may give us the response on 
the relevant parameters which govern the phenomena. 
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3.6 - Multi-scales modelling in fast transient dynamics 
 

Bung Hariddh and Lepareux Michel, DM2S/SEMT/DYN SACLAY 
 

3.6.1 - Context 
An important challenge for the industrial installations safety is the mechanical behavior of the impacted 
structures following an accident or an attack. To solve such problems, it is necessary to detail, not only the 
local aspects, but also to take into account global aspects as the global motion of the structures. 
 
The numerical tools for simulation have greatly advanced with hardware performances, but to take 
advantages of these possibilities, adequate numerical methods are necessary. 
 
3.6.2 - Position of the problem 
The computation of the structures with the finite element method, and with explicit time integration is well 
adapted for problems such as explosions, crashes and impacts in complex three-dimensional systems. Yet, 
these schemes are conditionally stable, and elements of different sizes can draw excessive costs because 
the smallest element assigns the time step for the whole calculation. 
 
It seems interesting to develop new methods founded on the multi domains and multi scales decomposition 
in time and space, with an explicit scheme. Each sub domain may be modelized in finite elements or on a 
modal decomposition. For example, in the case of a reactor containment impacted by an aircraft, it could be 
advantageous considering two sub domains: one encompassing the vicinity of the impacted zone, where 
strong non linear phenomena could take place (as perforation or scabbing, great displacements …) and the 
remaining part of the building. Then, the first sub domain is discretized by finite elements whereas the 
second one is modelized by a modal decomposition to represent global shaking of containment. So, the 
stability conditions are well adapted for each domain, what allows obtaining an important saving of time for 
the computation. 
 
A part of this work was realized owing to a thesis presented at ENS Cachan (ref. [5]). These developments 
were implemented in EUROPLEXUS software. 

3.6.3 - Processing 
 
Among the techniques of decomposition in sub domains, we have chosen the “dual schur” methods, which a 
priori suppose the stability at the interface, and a posteriori verify the cinematic continuity with the use of 
Lagrange’s multipliers. C. Farhat & all developed a method of decomposition in sub domains and in modal 
synthesis; it is the FETI method (ref. [1], [2]). Our method may be considered as an extension of FETI 
method to the algorithm based on Newmark’s direct integration scheme (ref. [3] and [4]). Each sub domain 
may be modelized by either the classic finite elements method or a modal decomposition. 
 
The main ideas of this method are detailed below: 
 
The dual schur method of decomposition: 

 
The equilibrium equation may be written as following: 

( ) 1n1n
intext

1n +++ =−= FUFFUM &&   
where M  is the mass  matrix (lumped), 1n+U&&  the acceleration at time 1nt + , 1F +n  the forces and 1n+U  the 
displacement at time 1nt +  drawn from the quantities known at time nt . 
 
 
 
 

• Multi-scale in space 
From the global problem in space, we make a partition of the structure in n sub domains. We can solve the 
equilibrium equations in each sub domain, and the coherence of the global problem is verified by the 
conditions of continuity at the interfaces, that is to say we have between two sub domains 1 and 2: 
 - The equilibrium for the interface forces:  021 =+ FF    (Eq. 1) 

 - The cinematic continuity:    21 UU && =    (Eq. 2) 
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In the dual Schur method, the continuity of internal forces is fixed (Eq. 1), but the cinematic continuity is only 
a posteriori verified, using Lagrange’s multipliers. 
After introducing the integration scheme to express 1n

i
+U&  in function of 1n

i
+U&& , we obtain a set of discrete 

equations to solve at time tn+1, which reads : 
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    (Eq. 3) 

 
This system (Eq. 3) may be shared in two problems: one problem without any links (free) and another one 
with links. 
 
The main advantage for the problem without links is the dynamic equilibrium is solved in each sub domain 
independently; with an optimized time step. 
 
For the problem with links, the precedent accelerations are corrected with Lagrange’s multipliers, which 
involve only a (usually small) subset of degrees of freedom, because only the interfaces are concerned. 
 

• Multi-scale in time 
The time step is now different for each sub domain 1 and 2. In explicit dynamics, for optimal resolution 
efficiency, it is necessary to adapt the time step at the Courant’s condition, imposed by the size of the 
elements. So, the time steps for each sub domain change during the computation. 
 
 
 
 
 
 
 
 
The variation of the time step needs some modifications in the multi scale couplings in time (Cf. Ref [4]). For 
example, the problem condensed on the interface at the instant t5 becomes: 
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The modifications coming from the variable time step, take place in the second member of the equilibrium 
equation, with the emergence of corrective terms, which depend on accelerations of the problem with links, 
at the preceding step for the interpolated sub domain. These corrective terms allow keeping the efficiency of 
the explicit algorithm 
 
Modal reduction 
In a sub domain (for example domain 1) where the deformations remain small, and where a suitable modal 
basis { }i1Φ is known, it is possible to write for this sub domain, if the n vectors of this basis are gathered in a 
matrix 1Φ : 

( ) ( ) ( )ttt 11

n

1
i1i11 αΦΦαU == ∑       (Eq. 4) 

with  1U   the displacement vector discretized in the sub domain 1 
and 1α    the modal participation vector. 
The minimization of the Lagrange’s equations gives the matricial system to solve, after having reported the 
central differences integration scheme for the velocities. 
For a coupling at only one scale of time we have: 
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   (Eq. 5) 

With 1M̂ and 1K̂  respectively the mass matrix and the stiffness matrix reduced on the sub domain 1. 
 
The structure of the problem (eq. 5) is exactly the same as the one without modal reduction (Eq.3). The 
principle of resolution and the introduction of formalism at several scales of time, follow exactly the same 
steps as written before. 

3.6.4 - Results 
Now, we present two examples of calculation performed with this new modelling: 
 
Impact of an aircraft on the top of a nuclear plant containment 
 
The structure is composed of the containment, the floor and internal structures. It is shared in 8 sub domains 
named SD1 to SD8 (figure below). The impact is modelized as a pressure loading on the external surface of 
sub domain SD2. The mesh includes 16 040 nodes and 53 368 tetrahedral elements. The physical time for 
the simulation is 100 milliseconds. 

SD 1

SD 2
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SD 4

SD 2

SD 8

SD 6

SD 7

Impacted area

P1

Z

X

Y

 
 
We have performed two runs: the first one without sub domain, and the second one with sub domain 
decomposition. The two runs give equivalent results for pertinent variables. But the second run with sub 
domain decomposition presents a profit of about 50% in time of CPU compared with the first one. 
 
Impact on an aircraft turbo fan engine 
 
The structure is decomposed in six sub domains. Three computations are performed: 

• Run (A) : without sub domain,  
• Run (B) : sub domain decomposition, but without modal reduction, 
• Run (C) : only the sub domains 1 and 5 are modelized with modal reduction. 
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These 3 runs give equivalent results. The CPU times for a simulation of 100 milliseconds in a SGI 
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Here, the modal reduction is the most efficiency. 

3.6.5 - Conclusion 
These results show the interest of the new methods that we have developed, with the multi scales and the 
multi domains decomposition. Each sub domain may be modelized either in finite elements or on a modal 
reduction. So an important performance profit is realized. These methods allow reducing the costs in the 
conception step, and in the same time, the precision of the analysis is improved. 

3.6.6 - Future prospects 
The integration of these methods in Europlexus methods opens new possibilities. But to make this tool more 
performing and more accessible again, this work must continue in order to extend the applications for 
example to: 

• The treatment of contacts and sliding interfaces concerning several sub domains, 
• The computation with the ALE (Arbitrary Lagrangian Eulerian) method which allows the treatment of 

fluid structure couplings, 
• The case of the modal reduction for rotating structures (great rotations). 
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4 – STRUCTURAL INTEGRITY 
 
Structural integrity is a rather recent notion that covers different studies having a common concern: assuring 
that structures play their structural role when submitted to their normal or abnormal loading, i.e. that they are 
not excessively damaged. This implies several consequences: 
• One must be able to foresee the onset and the extension of damage when the loading grows, 
• Acceptable limits must be defined, 
• Calculation procedures must be defined as well as the limits, because the value of variables to be 
limited may depend on the calculation methods used  
 
All the above shows that structural integrity relies on a conventional basis, defining what is acceptable. In the 
nuclear industry as in other sectors concerned with safety, structural integrity has led to establishing codes 
covering not only the design of structural components, but also material, fabrication, and inspection. 
Procedures included in these codes are accepted because they are considered as safe, based on 
engineering judgement and field experience. Improving these methods requires a lot of experimental and 
computational evidence. It is worth emphasizing that Philippe Matheron, Yazid. Madi (ENS Cachan) and 
Naman Récho (University of Clermont Ferrand) won the Jaeger prize (SMIRT 17) for their innovative 
experimental approach devoted to study the local mechanical behaviour of welded joint specimens and then, 
to determine the Jf parameter. 
 
Thermal fatigue has been familiar to several industrial sectors for a long time. In the nuclear field it was 
known as leading to thermal striping in sodium cooled fast reactors. More recently, it was recognised as 
responsible of several failures in mixing tees of light water reactors as described in chapter 4.1. It is noticed 
that a two days colloquium, recently co-organized with EDF, has allowed fruitful exchange between all the 
French specialists of this topic. 
 
Criteria for ductile or brittle fracture are being developed in order to allow the plant owners to assess the 
harmfulness of defect discovered in service. Examples of methods and criteria are given in chapter 4.2 and 
4.3 respectively for ductile and brittle fracture. On these topics, two points deserve to be underlined: the 
powerful Gfr method for predicting large ductile tearing and the original experimental setup to perform cold 
thermal shock on Compact Tension specimens. 
 
Integrity at high temperature is a key point when designing components for reactors working at elevated 
temperatures like the concepts considered in the Gen. IV initiative: High Temperature Reactors, Gas Cooled 
Fast Reactors, Liquid Metal Fast Reactors (chapter 4.4). 
 
 
Criteria for the seismic resistance of piping are a challenge for designers since they lead to very conservative 
designs: experience gained from actual earthquake as well as from experimental testing shows that it is 
practically impossible for a pipe to fail under a seismic loading even at extremely high levels. Changing the 
codified procedure is the goal of the presented programme (chapter 4.5). 
 
At last, a contribution dealing with prediction of wear in fuel assemblies is presented in chapter 4.6. Vibration 
induced wear is a failure mode that is not considered in the design codes, although it plays a key role in the 
failure of some tubular components like fuel rods, control rods or steam generators tubes. The subject, which 
couples a lot of phenomena at the impacting surface level is very difficult to master: wear could be localised 
and very important on a few points, although it is insignificant elsewhere. 
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4.1 - Thermal fatigue in mixing zones of PWR piping 
 

Antoine Fissolo, Cédric Gourdin, Stéphane Chapuliot, DM2S/SEMT/LISN SACLAY 
Jean-Paul Magnaud, DM2S/SFME/LTMF SACLAY 

Olivier Braillard, DTN/STRI/LHC CADARACHE 
4.1.1. – Introduction 
Following the appearance of a leak due to a crack emerging in a mixing zone in the reactor heat removal 
system (RHRS) of Civaux 1 plant in 1998, metallurgical expertises were carried out and highlighted that the 
origin of this degradation phenomenon was due to cracking by thermal fatigue (Figure 1). This section covers 
work carried out by the CEA to study the mechanisms leading to cracking in mixing zones of piping as a 
result of thermal loading. 
 
4.1.2. - Thermal load determination: the FATHER Experiment 
Experimental studies on mock-ups close to the scale of the real mixing tee (CIVAUX mixing tee geometry) 
have been carried out by DER/SESI to improve the knowledge of fluctuating wall temperature and 
particularly that of the inner skin in the mixing area. 
The objective is to determine the Power Spectra Density of temperature, in both the fluid and the wall, in 
realistic conditions. The flow velocity influences the heat transfer coefficient and the heat flux to the wall is 
dependent on the “delta T” between the two branches. 
 
The border area, at the junction between the two flows, is very turbulent. This area is extended quite far in 
the downstream. The mixture flow presents a wide range of Reynolds with a very turbulent boundary layer at 
the wall. In addition to this, the temperature gap, basically at the maximum value in the vicinity of the 
connecting pipes, decreases in the downstream. 
 
The first objective is to know how the temperature fluctuating power is generated, where the maximum 
values are located, and what are, quantitatively, the thermal-hydraulic parameters that increase the thermal 
load. 
 
The second objective is to reproduce damage on the mock-up (the structural crack and stripping 
phenomena) in the inner skin, since damage previously occurred in this area on the industrial components 
during operation. The parameters selected for this type of fatigue test, and known to be the main cause of 
provoking damage are sometimes amplified to reduce the time of the fatigue test. 
 
An 8 MW power facility, called FATHER (Figure 2), was designed to achieve both objectives. Its 
commissioning was effective in December 2001. The tee-mixing mock-up presents large dimensions, close 
to those of the real component. The FATHER facility allows fatigue tests to be performed in steady 
conditions for several hundred hours. In the mock-up (Figure 3), a realistic mixture velocity (4 m/s) and a 
large “delta T” (over 160°C) can be generated. 
 
At the same time, with the technical support of the University of Nantes, a new sensor was designed to 
measure the local mean and fluctuating heat flux and the temperature of the wall. The sensor called "flux 
meter" (Figure 4) consists of 3 thermocouples (25 µm in diameter) implemented at different distances close 
to the wall and encapsulated in a small cylinder (6 mm.). The heat flux can be determined and the wall 
temperature can be calculated by using an inverse method. The time response of this sensor is very short 
(30 µs temperature time response for a 25 µm thermocouple) and excludes intrusion upon the temperature 
measurement. 
 
The geometrical dimension of the mock up (0.6 scale) was defined with respect to the dimensionless 
numbers that drive the turbulence flow and the wall heat transfer. The Reynolds Number (Re = 3 800 000) 
and the Nusselt number (Nu = 4020) of the mock-up exhibit values typically in the same range as the real 
component (Re = 4 600 000 and Nu = 7250 for the tee in Civaux). The mixture flow velocities are identical 
and the heat transfers through fluid convection are similar (the value reaches approximately 16000 
W/m2/°C). By respecting the mean mixture velocity and the temperature gap, we assume that fluctuating 
temperatures are similar. 
 
Today, some experimental programs have already been completed: an initial endurance test during 
November-December 2002 and the first thermal-hydraulics test in March-April 2003. The results obtained, 
and more particularly the temperature fluid measurements during the thermal-hydraulics tests, provide a 
large database very useful in qualifying new computational tools in thermal-hydraulics, such as the "large 
eddy simulation" codes, that can simulate the turbulence on a large scale in the objective to determine the 
thermal loading imposed to the structure. 
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Figure 1: Large cracks and crack pattern on the 

RHRS CIVAUX 1 elbow.  
Figure 2: The 8 MW power FATHER Facility. 

ΔT > 160°C 
o Endurance test 

o Thermal-hydraulic tests 

 
Figure 3: Mixing-tee FATHER mock-up  
( ∅ 150 mm diameter) view in thermal-

hydraulic tests (# 100  thermocouples, flux 
meters and strain gauges measurement  )

 
4.1.3 - Investigations in the mechanical field 
These experiments carried out on large mock-ups simulating a real component similar to the CIVAUX 
geometry are complemented with analytical approaches using mechanical and fatigue tests. 
Thermal loading such as thermal stripping and thermal stratification have long been known, particularly for 
the fast breeder reactor structures. It is still not fully understood how to determine the conditions of cracking 
initiation from a temperature load (temperature difference between two fluids) as concerns location, position, 
and variation over time. 
 
To work on this subject, a device called SPLASH was developed in the DMN/SRMA in order to obtain 
thermal shock on laboratory specimen.  In that frame, experimental tests have been performed for twenty 
years. Specimen is continuously heated by an electrical DC current, and cyclically submitted to thermal 
down-shocks (corresponding to a cooling rate of about 500 to 1000°C/s) when distilled water is sprayed on 
opposite faces. Multiple cracking developments can thus be evidenced as it may occur in service on true 
components. For each test, crack initiation is first determined. It is considered that initiation occurs when at 
least one 50 to 150 µm long crack is observed at the surface using a binocular microscopy. After, one of the 
two crack networks was analyzed by image analysis on quenched surface during the test, at regular time 
intervals, and in depth after successive surface layer removing step by step after decided stop of the test. 
Figure 5 shows crack network on surface, 360 μm and 1 mm in depth beneath the surface for �T = 150 °C 
after 300,000 cycles. For such conditions, crack spacing is about 0.5 to 1 mm. Main crack network 
characteristics were then deduced using image analysis software. Those foresighted effects appear clearly 
in Figure 6. The total crack length strongly decreases after a few hundred micrometers in depth, where most 
cracks stop. The complexity of the network also diminishes as the depth increases, as only a few of the most 

Figure 4: Flux meter sensor implemented in 
the wall (7 mm thickness) 3 micro-

thermocouples at 250 µm, 1400 µm and 
2500 µm distance from the inner skin. 
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crack still propagate. The complexity of the network can be expressed by the number of the triple points, 
those triple points resulting from either the coalescence of two cracks or the branching of one crack into two 
cracks.  
 
The DM2S/SEMT tasks on SPLASH modeling deal with: 

1. Determination of thermal and mechanical loading obtained on that facility. 
2. Estimation of the crack initiation conditions. 
3. Modeling of the multiple cracking evolutions, especially in the depth direction. 

 
Task 1, thermal and mechanical loading: Temperatures at the end of the thermal shock are represented on 
Figure 7 -a. A constant heating is considered during test. The cooling phase duration is very short since it is 
only 0.27 second. We also consider a stabilised flux period of 0.23 s and transient phases of 0.04 s. Such 
calculations are in good agreement with experimental measurements (Figure 7 -b). To perform mechanical 
calculations, we prefer to test first a simplified method, before made complete and very expensive elasto-
plastic computations (such as non-linear cinematic and isotropic hardening).  In such way, finite elements 
mechanical calculations are made considering simply a pure elastic behaviour. 
 
Task 2, crack initiation: To determinate the true equivalent strain ranges and the associated damage, today 
simplified method using a correction of Poisson effect is used. 
 
 
 
 
However, this procedure has to be improved for the specific case of thermal fatigue (quasi-random loading). 
Two fields have to be investigated: 

• The material behaviour (model of the elastic-plastic behaviour), 

• The damage evaluation. 

Task 3, multiple crack modelling: During the propagation phase, shielding effect between 
cracks plays an important role especially in the depth direction. To take into account of 
both plasticity and closure effect during cycling, a modified LEFM modelling is used 
(effective stress intensity factor ΔKeff Skelton's modelling). More details are given in [1]. 
Actual development deals with first 3D finite element calculations of stress intensity factors 
of an hexagonal meshing crack network with all equal crack depth and variable loading 
(σ=a xi). Computations are made for coalesced and non -coalesced surface cracks (Figure 
8) [2]. But, another task also continues the 2D simulations (A. Fissolo, Habilitation à Diriger 
les Recherches, Lille I, 2001). 
 
 
 
 

 
 

Surface 360 μm 1 mm 
 

Figure 5: Crack network on SPLASH specimen (Tmax = 320 °C, �T = 200 °C after 150,000 cycles). 
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Figure 6 : Evolution of cracks as a function of the depth (Tmax=320°C, �T=200°C, 150,000 cycles). 

 
 
 

 

Figure 7- a: Temperatures at the end of the 
thermal shock (ΔT = 150 °C) SPLASH: 

Estimations with the CASTEM finite elements 
code. 

Figure 7- b: Depth direction: comparison 
experimental measurements - estimations. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8a: Idealisation of the network of cracks by a regular hexagon pattern 
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Figure 8b: First 3 D finite element calculations (coalescence case) : elementary representative mesh (an 
hexagon contains 12 elementary representative meshes). 

 
Propagation through the wall of macro-cracks resulting from the thermal stripping and the presence of 
discontinuities (discontinuities of geometry and/or material, such as a weld), is far rarer (in most cases, the 
cracks remain at the surface) and this phenomenon is even less well understood. The problems encountered 
in a Civaux 1 mixing tee in the decay heat removal system is an example of this type of damage that is not 
explained by the 1D analyses that cannot demonstrate through-wall penetration. 
 
It is to clarify this point, particularly by research into loading that can result in through-wall cracks that 
mechanical studies have begun to gain a fuller understanding of the problem. The goal of these studies is to 
supply the information that cannot be provided via 1D analysis by seeking to determine the overall response 
of the structure to the thermal challenge. The Normalisation and Structural Integrity Laboratory (CEA/LISN) 
considers that solutions to the problem can be found by studying the 3D thermal loading of the structure, 
which has not yet been studied in any detail and is very poorly understood. Loading would appear to result 
from the overall thermal fluctuations, resulting in stresses at the surface and, more importantly, thought the 
entire structure. 
 
Therefore, a research development program is in progress to demonstrate the harmfulness of such loading. 
This program is essentially based on numerical studies (numerical analyses of mixed flow areas) performed 
in closed collaboration with thermohydraulic specialists. 
 
Although turbulence may be the cause of the thermal stripping due to the presence of high-frequency 
thermal fluctuations on the inner surface of the component, it cannot alone explain the propagation of deep 
cracks. The main reason is the “low-pass filter” effect of convection. The wall cannot be subjected to 
convection-related thermal fluctuations and frequencies less than the inverse of the turbulence transit time. A 
straightforward frequency-based analysis of the loading, carried out as a first stage of our approach, made it 
possible to establish the limits of the loading created by these high-frequency events. 
 
However, turbulence can give rise to flow instability (such as pulsing) of lower frequency. But this cannot 
explain everything. The geometry upstream of the tee, particularly the sequence of straight sections and 
elbows can, in certain cases, damp the pulses or greatly amplify them. Thus, only multi-scale model (in time 
and in space) can exhibit the entire spectrum of the thermal loading imposed to the structure. 
 
The application of this approach to the complex 3D geometry of the Civaux 1 case (which includes a mixing 
tee, elbows and straight sections) is showed in Figure 9. Using the temperature fields obtained by the VLES 
thermo-hydraulic calculations a link-up was made with the thermo-mechanical analysis to determine the 
thermo-mechanical response of the structure [3], [4], [5]. The stress and temperature fields are described in 
detail and propagation is analysed at certain characteristic points where cracks were observed in the field. 
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This analyse allow us to demonstrate the capability of such overall loading to create thought wall cracking 
[6]. 
 
The critical point of the Civaux unit 1 incident was the appearance of a crack on the outside of the elbow and 
its rapid propagation through the wall. Before this study, no mechanical or thermal load had been identified 
that could explain the cracking in this zone. The calculations described in this part show the importance, in 
understanding this phenomenon, of making allowance for a substantial length of line with the various elbows 
upstream. The reference calculation only included two elbows and no significant thermal or mechanical load 
was found. When allowance was made for a greater length of line upstream, with the various elbows present 
in it (included four elbows), evidence was found of large-scale instability of greater amplitude. This large-
scale instability gave rise to pulses, which were characterised by the presence of significant thermal 
fluctuations. It is to be noted that this instability was triggered by high-frequency random fluctuations. These 
were therefore equivalent to average flow oscillation “specific modes” triggered by turbulence. 
 
The mechanical variations induced were around 225 MPa for the circumferential stress in the elbow in the 
mixing area. For stainless steel, these values should not have caused initiation (which remains to be 
confirmed), but it should be borne in mind that the values were obtained without allowance for the presence 
of a non-flush weld bead on the outside, which would have substantially increased the local stress variation 
values. 
 
To complete numerical investigations, a test device, named FAT3D was designed to impose a cyclic cold 
thermal shock on the inner surface of a pipe (Figure 10). These tests are thermomechanical ones and intend 
to demonstrate the harmfulness of 3D loading in the crack propagation phase by a non-symmetric thermal 
loading. Today, many tests were carried out and confirm the harmfulness of the 3D thermal loading. A lot of 
cracks are appeared, and some of them are spread very quickly until to thought the thickness of the 
experimental device (cf. Figure 11). These tests were proposed as experimental support for an international 
benchmark for the design rules validation [3]. 
 
 

 
 

Figure 9 : Standard deviations of temperature in 
the CIVAUX case 

 
 
 

Figure 10 : Variation of temperature on FAT3D 
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Figure 11: Observed cracks on the FAT3D experiment 
 

4.1.4 - Unsolved questions – Perspectives of future works 
The main goal of the work was to analyse, by calculation, the thermal loading caused by turbulent mixing in 
tees and to understand the mechanism of initiation and propagation of cracks in such components, as 
resulted in it observed. This thermal fatigue phenomenon is still not fully understood. One of the main 
obstacles to understanding it resides in the multi-domain nature of the loading and associated damage, 
involving three complementary scientific disciplines: Thermo-hydraulic field, thermo-mechanic filed and 
materials science. 
 
In the thermo-hydraulic field, as concerns the thermal loading (turbulent mixing of two fluids), there are 
difficulties with the experimental qualification and the modelling of turbulent mixing (temporal and spatial 
multi-scale phenomena). As concerns modelling, great progress has been made with the LES and, 
especially with the VLES models, but these are still in the development and validation stage. Qualification of 
these models is extremely difficult as a result of measurement difficulties and uncertainty about the validation 
of the numerical and experimental results. 
 
In the thermal field, as concerns the initial interface of the problem, as a result of heat exchange between the 
fluid and the wall; there are still difficulties in measuring and modelling the heat exchange between the fluid 
and the wall. In addition, there are theoretical problems associated with lack of understanding of the 
boundary layer phenomenon. 
 
In the mechanical field, as concerns the response of the structure to the complex thermal challenge to the 
inner surface there are no real theoretical problems, but issues associated with pipelines are not well 
understood. The mechanical aspect relates primarily to the response of the structure to the thermal loading, 
and it is therefore necessary to progress beyond the previous two steps to be able to make a precise 
evaluation of the mechanical loading. 
 
Another topic deals with the growth and the stability of crack patterns initiated in downstream straight pipes 
(such damage is observed for all the inspected RHRS loops). If cracks initiated at the root of welds may lead 
to through-wall crack, depth propagation appears to be only limited for crack patterns observed far from weld 
zones (see Figure 1). Shielding effect between close cracks may lead to progressive stopping. However, 
emergence of a crack included in such crack pattern cannot be excluded for more severe conditions. 
 
In the field of the science of materials, as concerns the strength of the materials making up the structure 
subjected to the challenge the resistance of the materials to cyclic thermal loading is not well understood 
either. The material is locally subjected to a load consisting of a large number of multi-frequency multi-axial 
cycles, under constant average tensile stress and/or strain. For this type of load, there is actually very little 
data on material fatigue resistance (resistance to cracking), or the evaluation of damage, crack initiation and 
crack propagation. 
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4.2 - Methods and criterion in ductile tearing approach 
 

Stéphane Marie, Yann Kaiser, DM2S/SEMT/LISN SACLAY 
 

4.2.1 - Introduction 
In order to prevent large components failure, fracture’s mechanics is more and more used. In fact, in such 
components, an initial defect represents a potential risk as pressure or other loading can result in bursting or 
loss of containment. One means of avoiding this type of accident is to protect against initiation of crack 
propagation or to evaluate the tearing instability load. However, for components that are thick and for ductile 
nuclear materials, this type of criterion can be extremely constraining as propagation must be substantial 
before the wall is breached or the structure fails. Similarly, for high risk structures where no propagation can 
be tolerated, it is important to know the failure load in order to be able to assess the margin in view of the 
fact that the limit is set at initiation. To resolve this problem for the purposes of structural integrity analysis, it 
is necessary to predict ductile propagation of a crack over a long distance. 
 
Conventional approach are based on J integral parameter [1] which represents the work per unit of new 
crack area involved in separating edges of a crack as it extends. This parameters is widely used in rupture 
mechanics standard and can be calculated thanks finite elements computations using a contour or volume 
integral. 
 
However this kind of approach faces many problems, in particular transferability to model ductile tearing. As 
an alternative, two others approaches which have not the same applicability domain, can also be considered: 
an energetic one called Ji-Gfr, and a local one, Rousselier model. 
 
One of main goals of laboratory of SEMT/LISN (Structural Integrity and Codification) consists in studying the 
practical aspect of all this more or less complex models regarding of structural integrity analysis: it also aims 
to verify their consistency, to define the domain of validity and to focus on the difficulties or sources of 
mistakes in order to improve them. 
 
Therefore, the laboratory has taken part to many studies dealing with ductile tearing in co-operation with 
EDF and Framatome but also in the frame of European project such as VOCALIST [10]. These kind of 
collaboration allow to compare different points of view in a constructive way. Many materials have been 
considered: a large panel from austenitic-ferritic aged steels to stainless steel such as 316L and ferritic 
steels such as Tu52B. 
 
4.2.2 - An energetic approach to fracture: Ji-Gfr 
To overcome the problem of ductile crack propagation, encountered by conventional approach a reflection 
was launched in CEA. Performed in the frame of a thesis [2] it was focused on a global energy balance 
between plastic and dissipated energy during the crack propagation. This work is in continuity with the 
approach initiated by Turner [3] and is a combination of laboratory testing on small specimen and structures, 
numerical finite element calculations and procedure development for the application on industrial structures. 
The result consists essentially in the proposition of a material characteristic, called Gfr, which was shown to 
be transposable from laboratory specimens to structures. Main advantages of this proposition are the 
following: 

• this criterion is a simple scalar. Its application is independent of the crack growth length: some tests 
were interpreted over crack propagation larger than 100 mm. 

• thanks to its transferability, the parameter can simply be determined on small specimen then 
applicable to structures. A link with the Ernst modified J parameter, JM [1], was proposed and make it 
possible to get an experimental determination of  Gfr on conventional CT specimen. 

• the parameter is representative to the energy dissipated per unit of surface and can be used for 
mean crack propagation of simple defects such through-wall defects or locally for complex non 
uniform surface crack propagation 

 
Thanks to this parameters the crack growth, which occurs after J reached Ji value, is leaded by the following 
equation (1): 
 

daGJ frDAplastic ., =Δ →       (1) 
 

Points A and D are presented on figure 1 constructed thanks stationary finite elements computations on 
cracked structure with different crack sizes ai. 
This procedure allows to model the non-stationary crack behaviour with a series of stationary calculations. 
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Figure 1: Calculation procedure with the Gfr energetic approach 
 

 
As an example, figures 2 and 3 present tests conducted at the CEA on cracked pipes as part of a technical 
program on Leak Before Break (LBB) assessment. The objective of these tests was to assess the effect of a 
through-wall defect on the maximum allowable moment for the pipe. The four tests described are on thin wall 
tubes with initial defects angle of 2.βo = 60°, 75°, 90° and 120° (Figure 2). 
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Figure 2 : Geometry of the cracked pipe 
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Figure 3: Comparison between simulations with Gfr 

and tests 
 

 
In parallel of the tests, numerical simulations were conducted, using the tensile curve of the material and the 
values of Ji (490 kJ/m²) and Gfr (110 MPa). The aim of these calculations is the simulation of the behaviour of 
the four cracked tubes to estimate the maximum endurable loading. Figure 3 compares the curves 
determined by calculation with the experimental ones. It can be see that there is excellent agreement 
between the results of the tests and of simulations. Parameter Gfr makes it possible, for this series of tests, 
to replicate the effect of the initial size of the crack on the acceptable maximum bending moment. 
 
Many other geometries have been tested (pipe, plate, ring) in the frame of CEA program and have shown 
that’s this energetic approach is very suitable for large ductile propagation. 
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4.2.3 – Local approach 
Considering the number of parameters needed, the different works on local approach focus on Rousselier 
model which is easier to set than Gurson, Tvergaard and Needleman; model for example. The different 
investigated aspects lie in: 
 
i)  Identification of Rousselier’s model parameters. After reviewing many studies on it, it appears that’s 

three methodologies, based on thesis of L. Bauvineau [7], M.Seidenfuss [8] and ESIS 
recommendation [9], can be used to identify these parameters. Using the same experimental data on 
CT or AE specimens in a ferritic steel Tu52B, three different sets of parameters have been 
determined. They all lead to very close results (see figure 4) but differ regarding of numerical stability 
in a crack growth analysis: convergence problems related to over-distorted elements appear more or 
less sooner with the parameters we consider. Besides, these solutions are difficult to apply on 3D 
cases. Whereas they could be sufficient to investigate initiation problem, improvements are required 
to model large ductile crack growth where significant necking and large deformation of element, 
supposed to be broken, occur. 
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Figure 4: Identification of Rousselier’s model parameters on CT specimen 
 
ii) Definition of the initiation criteria. Many methods have been proposed to predict the crack initiation 

and compared to experimental results (usually based on potential drop-off measurements). It aims to 
define a criterion consistent with experimental measurement linked with toughness Ji or J0.2 already 
used in codified method. 

 
iii) Model’s transferability to structures. Predictions are in good agreement with results on structures and 

confirm the consistency of this model (see § 4). 
 
4.2.4 - Examples of studies 
 
The Ji-Gfr has been applied on a compressed ring in ferritic steel Tu52B. Using parameters determined on 
CT12 specimen, this approach allows to predict not only the global behaviour of this structure but also the 
shape of the final crack as shown in figure 5. 
 
Other studies on cases closer to industrial ones have been performed: the method have been used to predict 
the ductile tearing behaviour of an elbow with an external semi-elliptical defect submitted to an in-plane 
bending moment. The considered material is in this case aged austenic-ferritic steel. By taking into account a 
large propagation in order to reduce a sampling effect problem, the predictions are in good agreement with 
the test where average experimental final crack front is close to the one given by the Ji-Gfr method (see 
figure 6). 
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Figure 5a: Mesh of the compressed ring with the 
crack - prediction of the crack front and comparison 
with test 

Figure 5b: Force versus displacement of the 
actuator – comparison between calculus and test 
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Figure 6a: Mesh of an elbow with a semielliptic crack Figure 6b: prediction of the crack front and 

comparison with test 
 
In the frame of project such as VOCALIST which concerns cracked pipes, comparisons between different 
methods have been performed. Figure 7 illustrates the results obtained for a ferritic steel pipe with a part-
through wall circumferential defect. It can be noticed that: 

• the pessimism the J-Δa appears confirmed, especially for the crack growth prediction, only if the 
material curve used has been obtained under penalising triaxiality constraints. Besides the problem 
of the extrapolation of this curve subsists when the maximum acceptable load corresponds to an out 
of range crack extension. 

• the energetic approach Ji-Gfr is very suitable to model large propagation in a simple way. Its leak 
point lies in the fact it over-estimates the beginning of the crack growth where the variation of Gfr 
value isn’t taken into account. 

• Rousselier model gives good results but faces important numerical stability problem fort large 
propagation  

 
4.2.5 - Perspectives: 
For global approach: to take into account the variation of Gfr at the beginning of crack growth to reduce over 
estimation. 
 
For local approach : to manage the numerical stability problem that arise for large propagation : a benchmark 
between different finite element codes should be useful to improve the way they run this model, and to solve 
difficulties encountered such as full damaged elements. 
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Figure 7a: Four points bending test of a cracked pipe 
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Figure 7b: Comparison between various approaches and experimental results 

left – bending moment versus CMOD   right – bending moment versus pipe ovalization 
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4.3 - Criterion for cleavage fracture 
 

Tamara Yuritzinn, Magali Reytier, DM2S/SEMT/LISN SACLAY 
 

4.3.1 - Context 
The integrity of the primary pressure boundary of a nuclear reactor is essential to its safe operation. To 
demonstrate this integrity, fracture mechanics analyses have to consider the behaviour of defects under 
normal and abnormal loading conditions, considering material degradation (embrittlement of the material 
induced by irradiation and thermal ageing), and have to demonstrate safety margin against unstable cracking 
(i.e. brittle fracture for severe thermal transient). 
 
However, to have the more accurate estimation of the safety margins in Pressurized Thermal Shocks (PTS), 
assessment procedures have to take into account the specificity of the thermal loading (in a mechanical 
sense) and the evolution of the material behaviour with temperature. Three major factors are investigated in 
the mechanical aspect of the problem: 
• The material fracture resistance description in the brittle to ductile transition area. 
• The specificity of the thermal loading (imposed strain) combined with the evolution of the mechanical 

properties of the material with temperature. 
• The beneficial effect of load history / Warm Pre-Stressing (WPS) on the crack resistance of the material. 
These three aspects are investigated by combined experimental / numerical works in the SEMT/LISN 
laboratory. 
 
4.3.2 - Material fracture resistance description 
4.3.2.1 - Modified Beremin model 
The work performed in the field of brittle fracture dependence with temperature and load history effects is 
centred on the BEREMIN model [5].  
This model is based on the Weibull statistic. The main advantage of this approach is to provide a good 
understanding of the fracture mechanism and to model the statistic aspect of cleavage fracture. However, 
this model is developed for a monotonic mechanical loading and some modifications were needed [6] to take 
into account the temperature variation of the fracture resistance and/or to predict the probability of failure in a 
WPS type of loading: 
• The apparent temperature dependence of the macroscopic cleavage stress is introduced in the model to 

allow a continuum evaluation of the cumulative probability of failure during temperature reduction. This 
temperature dependence is assumed to result directly from the thermal dependence of mechanical fields 
surrounding micro-cracks. The proposition of modification is the following: 

( ) ( )θ
σ

θσ
f

u
u =  

where uσ is the average cleavage strength. 
The Weibull modulus m, which describes the inclusion dispersion, is assumed to be independent with 
temperature. 

• For load history effects, the cumulative probability of failure is determined from the maximum principal 
stress seen by the unit of volume, since the loading at the crack tip may not be monotonic. 

• The volume concerned by cleavage is limited to the volume where plasticity is active ( p&  plastic strain 
velocity >0). Therefore, a site of critical stress σc is not broken at a given time t if the following relation is 
verified: 
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As a result, the proposed local approach criterion is the following (Pr cumulative failure probability): 
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This local approach criterion was implemented in the CEA finite element calculation code Cast3M to validate 
the proposition by its application on the available data of fracture toughness for different temperatures and 
on the interpretation of WPS tests (see chapter 4.3.4). 
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4.3.2.2 - Calibration of the Beremin model 
For the calibration of the model, a coupled experimental / F.E. procedure was defined in the frame of Cast3M 
tool: brittle fracture specimen give an estimation of the toughness dispersion of the material and the F.E. 
calculations give the associated stress and strain fields near the crack tip. 
To overcome the problem of limited number of tests results, a Monte Carlo simulation (MCS) is used to 
generate toughness data which follow the Wallin distribution with respect to ASTM E1921 standards. The 
identification process, using these generated values, leads to the Weibull parameters. The total identification 
process was applied on several allowable test series in CEA and with our partners in France or in Europe (in 
the frame of European projects [9][10]). 
 
4.3.3 - Thermal loading analysis 
In the context of fracture mechanics under thermal loading and with the aim of further analysing and better 
anticipating thermal shock fracture, work has begun at the SEMT/LISN laboratory to develop a new type of 
fracture mechanics test. This experimental development is completed by a series of characterisation tests 
performed to determine the properties of the material as function of temperature and then analyse the 
validity of fracture mechanics criterion in brittle to ductile temperature transition. 
 
4.3.3.1 - Experimental development for thermal loading analysis 
The experimental work focused on the problem of cold shock under pressure with the risk of brittle fracture. 
The main aims of the test development were as follows: 
• To be simple, inexpensive and able to be carried out using conventional laboratory equipment (for 

example hydraulic presses).  
• To be as representative as possible of the phenomena encountered in real structures. 
• To allow measurements that are sufficiently detailed and accurate to spread light on the physical 

phenomena and then to compare these measurements with the results of numerical models. 
 
With these global objectives, the basic principle adopted was to modify a standard compact specimen in 
such a way that the crack tip could be cooled locally: holes were machined through the specimen above the 
crack lip so that the crack tip could be cooled locally. The positions of the holes were optimised by means of 
calculations [1] so that the crack tip could be cooled as much as possible without disturbing the stresses in 
the ligament (figure 1). 
 

 

Opening 
measurement

W = 100
a0

B = 50 

Cooling 
holes 

 
Figure 1: CTT specimen description 

 
Given the nature of the specimen and the objective sets, the following test procedure was adopted: 
• The specimen was fatigue pre-cracked at room temperature to obtain the desired initial crack size. 
• The specimen was brought to the desired temperature. This meant heating or cooling, depending on the 

initial temperature selected. 
• The first loading is applied at this constant temperature using the hydraulic press. 
• Thermal shock by injecting cold liquid at a constant mechanical load (applied force or applied CMOD).  
• If required, reloading after thermal shock to obtain the specimen fracture. 
 
Tests were performed on a 16MND5 ferritic material representative of the main vessel for a temperature 
range between -200°C and 200°C (brittle to ductile transition is estimated around -100°C): thermal shock is 
obtained by liquid nitrogen injection. 
In addition, 3D finite element analyses are performed with the objective to determine as precisely as possible 
the temperature and loading history imposed to the specimen. Figure 2 gives an example of test / calculation 
comparison and shows the good accuracy of the model. 
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Figure 2: Temperature and CMOD evolution (test and calculation) 

 
Mechanical parameters, i.e. stress fields for local approach and KJ for global approach, are deduced from 
these calculations and compared to material properties for criterion analysis. 
 
4.3.3.2 - Brittle fracture criteria analysis 
A thorough knowledge of the material is therefore essential for the validity analysis of fracture mechanics 
criterion under thermal loading. Two types of data were indispensable: 
• The data required for finite element calculations, especially the material behaviour laws: physical data for 

thermal modelling and tensile properties. 
• Fracture data for the criteria analysis: tensile strength, toughness etc. 
 
This work is performed in parallel of the thermal shock tests with different testing series realised in the 
laboratory. Today, main results are the following: 
• Physical and mechanical data over the investigated temperature range. 
• Fracture tests over the same temperature field. In this domain, the effort is made to investigate statistical 

aspects of brittle fracture and transferability problems with different types of specimen. 
 
All these experimental results make it possible to perform brittle fracture thermal shock tests with the 
associated numerical interpretations and thus to investigate the analysis of the validity of cleavage fracture 
criteria. 
Figure 3 gives an example of two CTT test interpretations with KJ versus temperature (global approach) and 
in terms of probability of failure (local approach). It shows that today the experimental set-up and the 
associated numerical analyses are able to produce fracture mechanics results under thermal loading and 
then investigate the validity of criterion. 
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Figure 3: CTT test interpretation 
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4.3.4 - Warm pre stressing aspects 
It is well known that when a ferritic steel specimen or structure containing a crack is loaded at one 
temperature and subsequently reloaded at a lower temperature it may exhibit an increased resistance to 
cleavage fracture at the lower temperature compared with what would be expected in the absence of 
preloading. The effect is known as warm pre-stressing and its benefits are manifest as an apparent increase 
in fracture toughness which depends on the precise details of the load-temperature history prior to final 
failure.  
 
The dominant factor controlling the warm pre-stressing effect is the size of the initial plastic zone formed on 
first loading in relation to geometrical and fracture toughness parameters. Other contributory factors include 
work hardening, blunting of crack-tip material during the initial loading and the elimination of potential 
cleavage nucleation sites by void growth mechanisms ahead of the crack. The redistribution and reduction of 
weld residual stresses is an additional factor; however, the resulting mechanical stress relief may not be 
significant in applications where post weld heat treatment may have already reduced weld residual stresses 
to relatively modest levels. 
 
To investigate the problem, and try to take benefit of it, two levels of approach were developed in CEA in the 
frame of cooperative work with EdF and Framatome: 
• first one is local approach, mainly the modified Beremin model [6][7], 
• second one is the global approach, Chell model [8], based on the J integral concept. The main 

advantage of this model is its simplicity and its capability to be applied on structural cases. Our work in 
this field was a critical evaluation of the model and an application on available test series. 

 
To validate the criterion, an experimental work was performed in CEA for two kinds of tests: 
• the effect of WPS was demonstrated on conventional CT specimen. Different kind of time/loading 

histories were investigated to show, in each case, the benefit of the Warm pre loading on the cleavage 
resistance of the material. 

• quasi structural tests were also performed to show the benefit of WPS for large specimen submitted to 
combine mechanical and thermal shock loading. 

 
A large scale test made of 18MND5 ferritic steel was performed in CEA to show the benefit of WPS effect on 
the cleavage resistance of a specimen submitted to combine thermal shock and mechanical loading 
(figure 4). In this test, the thermal shock is imposed on the face of the specimen containing the crack by 
liquid nitrogen injection on the surface of the specimen. The mechanical loading, imposed by a tensile load, 
maintained constant during the thermal shock and increased when the specimen is cold. 
This test was interpreted by finite element calculation with the modified Beremin model including temperature 
dependence (figure 5). The rupture of the bar occurs during the reloading which corresponds to a cumulative 
failure probability of 59%. This result constitutes an experimental demonstration of the WPS effect and of the 
capability of local approach criterion to predict the rupture. 
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fissure

 
Figure 4: Principle of the BATMAN test   Figure 5: Demonstration of the WPS effect 

 

4.3.5 - Perspectives of future work: 
In the near future, it could be very valuable to ameliorate the existing criteria. At long term, the ultimate goal 
should be to propose a universal criterion i.e. able to take into account the entire observed phenomenon. 
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4.4 - High temperature structural integrity reactor component 
 

Magali Reytier, DM2S/SEMT/LISN SACLAY 
Marie-Thérèse CABRILLAT, DER/SESI/LCSI CADARACHE 

 
4.4.1 - Context and Objective 
Mechanics at high temperature was investigated with the main objective to define design rules or residual life 
estimation tools for structures at high temperature, taking into account fatigue, creep or creep-fatigue 
damage evolution with time. 
 
The first part of this work deals with the sodium cooled fast reactors and conventional high temperature 
structures. It mainly concerns austenitic stainless steels like 316L(N). The work performed is a support for 
design with fatigue and creep damage evaluations or a development of assessment procedures for the 
residual life estimation of cracked components. Either base metal or welding is studied. The leading idea of 
these studies is the RCC-MR for design rules and RCC-MR A16 appendix [A16-2002] for assessment 
procedures. 
 
For the GCR (Gas Cooled Reactors), CEA has launched a R&D program on structural materials in order to 
select and characterize the materials for the different components [Billot 2003a], [Billot 2003b]. The 
martensitic mod 9Cr-1Mo steel is the candidate material for the reactor pressure vessel. Complementary 
studies are undertaken in order to check the validity of the existing methods and to get new experimental 
data on this steel: 

• Studies in support to the definition and the validation of the design rules to evaluate the life 
assessment of the structures. For that purpose, it is necessary to characterize the behaviour and the 
damage laws of the candidate materials and of their weld joints, to develop models and to perform 
validations on representative structures. 

• Studies on structures with initial defects, in order to validate the defect assessment procedures in 
fatigue, creep and creep-fatigue situations and to acquire the corresponding material data. Specific 
tests on structures with defects are also necessary for validation. 

 
4.4.2 - High temperature Life Assessment 
Current studies to characterize high temperature behaviour of steels and of their welded junctions are 
undertaken in the framework of DDIN/SF/RCGMA project, of a European contract (HTR-M) and in 
collaboration with several universities. Studies on high temperature life assessment have been performed 
first for structures in austenitic steels, and now for structures in martensitic steels. 
For this last steel, damage mechanisms to consider for the design of the GCR RPV (Reactor Pressure 
Vessel) have been identified [Cabrillat 2001], and a review of design rules and of available material data was 
performed [Cabrillat 2002]. It allows to point out that it is necessary to validate some design rules and to 
define complementary programs in order to get missing data. 
 
4.4.2.1 - Cyclic behaviour in the creep range 
Concerning the behaviour modelisation, identification of improved viscoplastic models [Assire 1999] for BM 
(Base Metal – 316LN) and WM (Weld Metal – OKR3U) allowed to perform simulations describing the 
interactions between the 2 materials [Assire 2000]. This work was performed within a thesis, with “Université 
d‘Aix-Marseille”. 
In complement, a thesis in collaboration with “Université de Bretagne Sud” et “Université de La Rochelle” is 
running in order to improve macroscopic viscoplastic models for 316LN steel submitted to cyclic solicitations 
in the creep range [Catalao 2003]. Identification of the strain mechanisms is made for different loading 
situations, these informations are then introduced in polycrystalline models which are used as a reference to 
define and validate macroscopic viscoplastic models. This approach, which is based on physical 
mechanisms, allow to obtain constitutive models which can be used outside the domain of identification. This 
aspect is very important because, in reactor situations, loadings are generally lower than on experimental 
samples used for fitting. Extrapolation is very often not accurate. 
A similar approach will be developed on mod 9Cr-1Mo steel [Brillet 2003].   
 
4.4.2.2 - Creep behaviour and creep damage 
For structures working at high temperature, an important point is the characterization of the creep behaviour 
and of the creep damage laws. Here again, difficulties are found for reactor applications, where stress levels 
are lower and life time are much higher than in identification tests. Simple extrapolations can lead to wrong 
results. To solve these problems, behaviour and damage models based on physical strain and damage 
mechanisms are developed.  
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First applications were performed on austenitic 316LN steel. A physically based intergranular creep damage 
model was developed: it takes account of nucleation, growth and coalescence of intergranular cavities 
[Michel 2003]. Very good results were obtained on uniaxial samples and on notched specimens when 
compared to experimental ones (fig.1). Moreover, evaluation of creep crack initiation and growth from an 
initial defect on CT and axisymetric specimens leads to satisfactory results, in good agreement with 
experimental ones. 
 

Figure 1: Damage simulations on 316LN specimens Figure 2 : Damage simulations on mod 9Cr-1Mo 
 
For martensitic mod 9Cr-1Mo steel, weld joints, and specially HAZ (Heat Affected Zone), are the weak zones 
in creep situations. Type IV cracking is a typical failure of the HAZ intercritical zone. In the framework of a 
PhD thesis (in collaboration with EDF, Framatome and Ecole des Mines de Paris), metallurgical and 
mechanical characterizations of BM, WM and HAZ of real welds are performed, creep damage mechanisms 
are identified, and continuum damage models, based on these physical mechanisms are developed: 
contribution of nucleation of cavities and growth by diffusion mechanism or by viscoplastic deformation of the 
matrix are considered. This approach allows to obtain satisfactory results for a large range of stress level 
[Gaffard 2004]. The figure 2 above shows that diffusion damage mechanism is important for low stress 
levels, while damage by viscoplastic deformation of matrix becomes more important at high stress levels, 
what is coherent with experimental observations. 
In a second phase these models will be used to derive the joint coefficients in creep situations (Jc value) 
necessary for the simplified design analysis. 
 
4.4.2.3 - Fatigue damage 
To take into account the reduced strength of welded joints, a reduction life factor applied on fatigue curves (Jf 
value) was introduced into RCC-MR for the design and construction of fast breeder reactors. The mechanical 
behaviour of the 316L welded assembly is influenced by the geometry of the weld and by the interaction of 
the different cyclic plastic behaviour of the two materials (weld and base metals), which poses a problem to 
determine that factor. An innovative experimental approach is proposed [Matheron 2001] [Madi 2001] [Madi 
2003a] to study the local mechanical behaviour of the welded joint specimens and then determines the Jf 
parameter. The main advantage of the method is to avoid problems due to the relative stiffness of weld part 
versus the base metal part of the specimen. A continuous recording of the stress and strain in the weld 
[Mongabure 2003] allows an estimation of the mechanical behaviour and finally the fatigue life of the joint. It 
appears that Jf value can not be considered as a single value because it is influenced by several factors 
depending on the weld junction and on the load level. Moreover an initiation propagation model is proposed 
[Madi 2001] [Madi 2003b]. It consists of analysing separately the behaviour and the damage evolutions. It 
allows to determine the damage ratio corresponding to initiation and propagation of a significant crack in 
order to estimate the life duration. This model suggests the existence of a threshold level of loading, above 
which micro-cracks initiate. The initiation can be neglected below the threshold level. This approach has 
been validated on structures thanks to tests on butt welded pipe connections under four points bending and 
has been rewarded by the Jaegger prize [Matheron 2001]. It is also shown that the RCC-MR rules are valid 
below this threshold load level.  
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4.4.3 - Fracture Mechanics – Defects in structures 
High temperature defect assessment procedures under fatigue, creep and creep-fatigue loadings, have been 
developed for the fast reactors and have been mainly validated on austenitic stainless steels like 316L(N) 
[Drubay 2003]. Concerning the GCR, complementary studies are conducted in order to validate the existing 
methods and to get new experimental data on 9%Cr martensitic steels. 
This work is done in the general pattern of DDIN/SF/RCGMA and the European “Integrity” Project which 
deals more particularly with the repaired weld analysis.  
 
4.4.3.1 - Semi elliptical defects propagation 
If the geometry and the loading of a standard CT specimen allow to propose a 2D analysis, the case of 
industrial loadings appears much more complicated, notably because of surface defects which propagate 
and present shapes that can be considered as half ellipse. Therefore, in the frame of the defect assessment 
methods validation, the SEMT/LISN realises bending tests on large plates (590mm × 350 mm × 30 mm) 
under high temperature fatigue, creep or creep-fatigue loadings. These components present a semi elliptical 
surface notch normal to the loading direction. 
 

 
 

Figure 3 : device for 
bending loading 

The bending loading is obtained thanks to two arms (fig. 3). The heating (at 550°C or  
650°C according to the considered material) is ensured by a radiant furnace fixed on 
the specimen in order to follow its displacements during the test and to obtain a very 
homogeneous temperature (± 3°C) on the central zone of the plate [Curtit 1999]. The 
tests are realised by imposing the load. They begin by a precracking step under pure 
fatigue either at high temperature for the 316L(N) steel [Curtit 99] [Marie 2001], or at 
room temperature for the 9%Cr steel. Then, the propagation step is conducted. 
Periodically beach-markings are realised under fatigue in order to temporarily modify 
the propagation conditions. These are then visible to the naked eye on the rupture 
surface and constitute reference marks all along the test.  
 
Instrumentation is made up of 17 thermocouples to ensure a homogeneous 
temperature distribution. Moreover, the displacement and the load produced by the 
press are recorded. The arms rotation and the plate deflection are followed to correct 
the moment effectively applied. Two laser micrometers allow to measure the crack 
opening displacement (CMOD) and the crack opening angle (CMOA).  Finally, the 
crack propagation is also monitored using the potential drop method. 

 
In order to interpret these tests on structures, finite element calculations are necessary. They let to confirm 
the crack propagation by using the compliance, but also to calculate the global parameters of fracture 
mechanics K, J and C*. These numerical analyses are based on 3D models, representing a quarter of the 
plate in the zone where the temperature is homogeneous. The semi elliptical front is meshed in order to 
simulate accurately the experimental defects and the limit conditions allow to impose a pure bending 
moment. All the analysis are realised with massive quadratic elements by using the code CAST3M 
[CAST3M]. 
For the elastic behaviour such as for the 9%Cr steel fatigue, a KI handbook is used [Chapuliot 2000]. It has 
been developed for this type of defect to obtain accurate value of ΔK. For the creep analysis, either an 
elastoplastic build-up followed by primary and secondary creep calculations or a double inelastic deformation 
model is used [Curtit 99] [Marie 2001]. Finally, damage and behaviour have been coupled by using a 
Katchanov law to interpret the INTEGRITY tests [Marie 2003]. Thanks to this approach, the link between 
triaxiality and damage along the crack front is studied and can explain the particular shape of the 
experimental cracks. 
The fatigue analysis has led to check the Paris law used for these different tests on components, with a 
particular attention on the closure effect [Marie 2001]. The propagation speed is even so twice faster in 
surface than in depth [Reytier 2003] [Curtit 2000]. 
For creep, the global loading parameter of fracture mechanics C* is used. This energetic term characterizes 
the dissipated energy rate in accordance with time at the crack tip, and can only be defined during the 
secondary creep [Rice 1968]. For life time estimation, the definition of this parameter is extended to the 
primary creep and noted C*(t). It is calculated from a contour integral and a behaviour law taking into 
account both the primary and secondary creep (fig. 4). Moreover, experimentally, a C* value is defined and 
designed by C*exp. It is determined from the crack opening rate. Today, all these parameters are considered 
to be equivalent and correspond to the dissipated energy rate at the crack tip. 
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GIBI FECIT   
Figure 4: Example of mesh used to interpret the tests on cracked plates 

 
Experimentally, this parameter C*exp is determined from known functions of standard geometries crack 
opening rate. A numerical work has been done [Curtit 2000] [Chapuliot 2001] in order to propose the 
experimental determination of this parameter for these semi elliptical defects. 
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In this relation, the first term is a constant depending only on the crack 
shape and the position on the crack front. Fb is the influence function used 
to determine KI under a bending stress σb, and kb the  elastic compliance 
between the load and the opening angle. 

 
 
Moreover, the C* calculation on welded specimens has been studied for the 316L(N) steel  [Assire 2000], 
[Assire 2001], [Michel 2001]. It is presented that the mismatch effect between the weld metal and the base 
metal has to be taken into account in the reference stress estimation [Marie 2003] [Marie 2004] to calculate 
properly the fracture mechanics parameters in an analytical way (fig. 5). 
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Figure 5: Effect of the mismatch on the C* parameter (BM : base metal, WM: weld metal and  
CT integrity : specimen with the complete joint) 

 
Finally, for creep-fatigue loadings, these tests on large plates can be interpreted by breaking down the crack 
growth into two terms. A fatigue term due to the transient part of the cycle is determined by using locally the 
Paris law, and a creep term corresponds to the crack growth during the holding time. This second term is 
calculated by integrating in a continuous way the creep propagation law. It is then supposed that the creep 
strains are not depending on the transient parts of the cycle, which can be justified by long holding times 
(about one hour). 
 

Y 
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4.4.3.2 - Transferability of creep propagation law 
 
This work has been done during a thesis in collaboration with Ecole des Mines de Paris [Kabiri 03b]. To 
describe the crack growth at high temperature, a correlation between the propagation rate (da/dt) and the 
loading parameter C* is proposed in codes [A16 2002]. By considering that the same dissipated energy rate 
produces the same propagation rate, this master curve da/dt-C*exp can be used to estimate the potential 
propagation rate in a structure. This can be realized from the numerically calculated C*(t) and by assuming 
transferability between standard specimens and structures.  
Methods have been proposed on standard CT specimens to model the crack propagation at high 
temperature [Laiarinandrasana 01]. But a long way still exists to extend them to other geometries. The aim of 
the study is to precise how this master curve da/dt – C*exp built from CT tests can be transferred to other 
geometries and structures.  It is shown that a unique correlation can be proposed for the 316L(N) steel for a 
large temperature domain and for three different geometries (CT, DENT, CCRB). Moreover, by a numerical 
approach of each specimen, the master curve is numerically rebuilt, and the relevance of C* is studied. A 
second negative parameter Q* may be necessary to describe the mechanical fields at the crack tip with C*, 
which could be a sign of transferability problems. But the quantitative role of Q* and the use of the unique 
master curve for industrial structures still constitute further works. 
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4.5 - Criteria for the seismic resistance of piping 
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Stéphane Chapuliot, DM2S/SEMT/LISN SACLAY 
 

4.5.1 - Context and issues 
A nuclear power plant is made up of around one hundred kilometres of pipe, with some thirty thousand 
supports. For this reason, and also because of their unsophisticated fabrication, the design basis 
calculations are necessarily simple. These are of the finite element type, using beam approximation and 
assuming the material to be elastic. The loading limit is established by criteria stated in terms of allowable 
stress. 
The criterion for seismic loading is extremely conservative as it does not allow for any ability of the piping to 
work in the plastic domain. This results in increasing the supporting of the piping which increase the price 
and, as it rigidifies the pipe run, raises the level of thermal stresses during normal operation. 
However, experience feedback from seismic tests on piping has shown its ability to support very high levels 
of acceleration that are unacceptable under the current criterion [1]. 
 
4.5.2 – Goals 
Our goal was therefore to find a new criterion for the seismic verification of piping with a validation level that 
could convince the French safety authority: 

• by remaining in a simple context of conventional piping analysis, 
• by justifying the various aspects of the criterion by ad hoc studies, 
• by overall validation on actual pipe runs by comparison with the results of elastoplastic calculation 

using a method itself validated by seismic tests. 
 
It needs to be pointed out that this process of modification of the seismic analysis criterion for piping is now 
“the coming thing”. Indeed, the ASME proposed modifications to the initial criterion some time ago in one of 
its previous editions. It would appear that these modifications are continually being called into question, 
probably because they are not well substantiated. 
 
4.5.3 - Results of experiments 
Tests previously performed at the CEA were used as a basis for our work. 
 
4.5.3.1 - Elbow failure tests 
In piping system, the weakest parts are the elbows, where stress concentrations may be high. Under intense 
seismic loading, they are subjected to cyclic loads causing them to work in the plastic domain and resulting 
in consumption of a substantial amount of the kinetic energy of the piping. We therefore concentrated 
exclusively on these components to quantify the margins (the difference between the criterion and failure) 
inherent in the current criterion to establish a new one using the ductility of the piping. 
 

 
Figure 1: Actuator system for testing elbows 
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A large number of tests on elbows (figure 1) to the point of failure [2] show that: 

• failure of elbows, under static conditions, is due to the plastic instability that appears when a certain 
angular threshold is reached (angle of closure), 

• the limit angle depends weakly on the geometrical parameters of elbows but more on the mode of 
bending of the elbow (in the plane or out of the plane), the internal pressure conditions and the 
properties of the materials (tensile curve), 

• for a given material and a bending mode determined by the geometry of the pipe run, it is possible to 
set a lower bound (limit angle) that ensures that failure is avoided. 

 
4.5.3.2 - Seismic tests 
Seismic tests carried out on the Azalée shaking table (figure 2) of the Tamaris facility ([3] and [4]) show that: 

• pipe failure does not occur at the seismic levels that were reached during the tests (around 3 g), 
• the seismic response of the piping can be replicated by modelling the plasticity of the elbows under 

cyclic loading with a linear cinematic strain hardening model, 
• calculations also show that extremely high seismic levels are necessary for failure to occur, which is 

consistent with the fact that failure has never been observed, except in a thin-elbow configuration, 
• seismic failure is attributed to plastic instability, as under quasi-static conditions. This is not an 

oligocyclic fatigue problem, as around a thousand cycles would be required, which is not compatible 
with seismic excitation. 

 

 
 

Figure 2: ELSA piping tested on the AZALEE shaking table 
 

4.5.4 - The new earthquake design basis criterion 
 
The new criterion proposed has the following form: 

radm

2/1

3,2,1i

2
i

i

2

0ref SkS
Z

M
B

t2
PDB =≤

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟

⎠
⎞

⎜
⎝
⎛=σ ∑

=

 

• The geometrical parameters of the piping included in the equation are: 
- D nominal average diameter of the piping, 
- t nominal thickness, 
- Z modulus of inertia of the section. 

• Coefficients Bi of the equation are geometrical ones that are representative of the behaviour of the 
component under each type of loading (pressure, torsion and bending) for the damage considered. 

• The types of loading included in the σref reference stress expression are: 
- P internal pressure, 
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- M1 resulting moment of torsion, 
- M2 resulting moment of in plane bending, 
- M3 resulting moment of out of plane bending. 

• Moments Mi are expressed as a function of the different loadings considered (excluding 
pressure). These moments are elastic moments, calculated in accordance with normal 
practice: 

( ) ( )2s
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- Mi
p moment due to loading of the imposed force type (static accelerations, forces or weights 

etc.), 
- Mi

d moment due to loading of the imposed displacement non-earthquake type (thermal 
expansion etc.), 

- Mi
ds moment due to seismic differential displacement of the anchor points, 

- Mi
s moment due to the dynamic effects of the earthquake (inertial part) and other reversible 

dynamic loading. 
• Coefficients τs and τd are reduction coefficients that are lower than 1. 
• Seismic moment Mi

s is calculated by the response spectrum method. Damping of the seismic 
spectrum to be taken into account for calculation of Mi

s must correspond to a realistic value for the 
probable elastic damping of a pipe run. 

• The allowable limit Sadm corresponds to failure Sr (plastic instability in this case) with the regulatory 
margin k relative to that for the situation considered. 

 
For reference, the RCC-M 2000 criterion: 

• uses a linear combination of moments and pressure terms, 
• does not include terms of the imposed displacement type, 
• uses values of Bi derived from limit analyses and the associated allowable stresses, 
• does not reduce the stresses due to the earthquake calculated elastically. 

 
This new equation was described in 2001 in a joint CEA, EDF and Framatome document [5] that announced 
the work programme for the coming years. 
 
4.5.5 - The validation process 
The three stages of validation of this criterion were the following: 

• First stage : determination of coefficients Bi and the associated failure limit stress Sr: This consisted 
of reconsidering the tests described in §3.1 accordingly, and supplementing them with calculations of 
the failure of elbows under closure with and without internal pressure. Determination of a failure 
reference stress Sr in agreement with the tensile curve of the material and the moments of rotation 
measured (or calculated) at failure made it possible to put forward formulations for coefficients Bi at 
the same time. 

• Second stage : determination and validation of the reduction coefficients. This involved : 
– substantiating the finding that, under seismic loading, piping has a behaviour close to imposed 
displacement instead of applied force (secondary behaviour with spring effect), 
– extending and validating the use of the Roche method dedicated to thermal loading ([6] and [7]) for 
seismic loading, 
– proposing, on the basis of this method, upper-bound reduction coefficients τs and τd. 
Third stage: overall validation of the new criterion: An extremely-precise reference temporal 
elastoplastic seismic calculation with the finite elements codes ASTER and CAST3M computer 
codes is performed. Then, on this reference basis, calculations to check the conservatism of the new 
criterion (§4.5.4) were carried out on a few actual runs by: 
– making a reference elastoplastic calculation for an earthquake up to the criterion limit point, 
– verifying that the σref reference stress under the new criterion was higher than that given by 
elastoplastic calculation. 

 
4.5.6 - The results obtained 
The first stage, described in §4.5.5, made it possible to: 

• propose a failure stress Sr depending only on the tensile properties of the material, 
• propose formulations for coefficients Bi that depend on the geometry of the elbows and the pressure, 
• check the agreement between the results of testing and calculation of failure. 
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The second stage has been completed and has made it possible to put forward upper-bound reduction 
coefficients provided certain pipe run design rules are complied with to minimise spring effect. However, 
these upper-bound coefficients appeared to be too close to 1, and it was therefore decided to suggest 
calculating the coefficients for each case with calculation of seismic and thermal spring effects on the pipe 
run by the Roche method and to thereby deduce the reduction coefficients. 
The third stage of overall validation is in progress. The results already obtained show the quality of the new 
criterion. 
Each of the process has been documented by the CEA. 
The joint CEA, EDF and FRAMATOME-ANP report [5] is to be modified to include the latest study results. 
 
4.5.7 - The next stages 
The work already completed is extremely important but it is necessary to “transform the try” by: 

• supplementing the overall validation, and in particular, try to find, by a similitude study, seismic test 
leading to collapse of piping system, and allowing transposition to existing piping. 

• settling a number of issues that remain, such as the problem of the forces on the anchor points or  
supports, and extend it to piping with little flaws induced by operation. 

These last points are extremely important to convince the French safety authority of the value of the new 
criterion and the quality of its validation and require substantial upgrading of our work. 
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4.6 - PWR fuel and control rod wear evaluation 
 

Christian Phalippou, DM2S/SEMT/DYN SACLAY 
Joëlle Vallory, DTN/STRI/LHC CADARACHE 

 
4.6.1 - Context and objectives 
The Pressurized Water Reactor fuel assemblies supply the fission energy of nuclear power plants. They 
include zirconium fuel rods mounted in a skeleton with grid cells. The rod cladding is a major component of 
fuel assembly since it is the first reactor confinement barrier. In recent years, more demanding core designs 
and operating strategies have been chosen to improve capacity factors and fuel cycle economics. In this 
context, the fuel rod cladding sensitivity to wear at the grid to rod contact points has been increased. This 
“fretting wear” results from small relative motions between the rod and some grid cells which are induced by 
the coolant water. 
The Rod Cluster Control Assembly (RCCA) controls the reactor reactivity and stops the nuclear reactions 
when dropped. When it is pulled out of the core from the fuel element assembly, it is introduced into a 
structure located above (RCC guide tube) with guide cards (figure 1). These stainless steel structures can 
also wear by vibratory motions in the clearance between rods and guides. 
The mechanisms of fuel and control rod wear are numerous and quite complicated. The goal is to combine 
the turbulent excitation generating the rod vibrations, the non linear vibratory behaviour of the rods, and the 
wear mechanisms depending on water chemistry, corrosion, irradiation ... Therefore the main R&D work is 
based on CEA experimental studies with partners FRAMATOME-ANP and EDF. 
 

 
RCC guide tube  fuel assembly with RCCA   fuel rod/grid cell 

 
Figure 1: Geometry of fuel assembly and guide tube 

 
4.6.2 - Experimental and modelling procedures 
 
Some mechanical wear machines are operated at room temperature and others at 320°C water conditions. 
The excitation of the sample tube (304L control rod or Zy4 fuel rod for example) is applied by using eccentric 
masses or a shaker. These instrumented machines allow to measure time-related displacement L(t) and 
normal force Fn(t) which are the input data of the Archard wear equation : ( ) ( )tLtFKtV nuu )(=  where Vu(t) is 
the worn volume and Ku a wear coefficient which depends on material, chemistry, type of surfaces, … These 
machines are used to conduct analytical tests on wear regimes depending on rod to support gap size, 
influent parameters such as preload, temperature or water chemistry.  
 
4.6.2.1 - Control rod wear: experiments and results 
[Delaune 2000] has shown that the scatter of some results is related to the dynamics of wear tests. A 
predictive probabilistic approach is developed in order to help the choice of test parameters.  
[Van Herpen 2001] demonstrated that the test duration has no effect on the main wear mechanism of 304L 
at room temperature : martensitic formation is induced by impact/sliding motion and constant wear kinetic is 
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due to periodic oxide detachment. Unfortunately room temperature tests are not correct to represent PWR 
conditions and specific wear rigs such SYRACUSE (on figure 2) are necessary to operate in heated and 
pressurized water conditions.  
EDF-CEA [Lina 2001] has shown in a comparative approach using these specific hot water rigs that the 
water flow had consequences on both wear and corrosion of control rods specimens. 
The figure 3 shows a control rod wear pattern where brown coloured oxidation is combined with many 
mechanical regular marks due to rough rugosity of the antagonistic guide card. 
 

Figure 2: SYRACUSE wear test rig 

 
Figure 3: Wear pattern on 304l rod 
 
 
 
 
 
 

 
 

 
4.6.2.2 - Fuel rod wear: experiments and results 
The test apparatus which have been designed to study fuel rod wear are complementary and have been 
described in [Vallory 2000]. They extent from reduced scale mechanical excitation of the fuel rod to full scale 
thermo hydraulic loop reproducing PWR nominal fluid velocities for complete tests (figure 4). 
 

 
 

Figure 4: CEA facilities for fuel rod wear evaluation 



AN OVERVIEW OF STUDIES IN STRUCTURAL MECHANICS page 89/107 
 
The GRILLON Chaud test section (figure on the left) accommodates one fuel rod and three levels of grid cell. 
The hydraulic loop of the facility operates at 315°C. The GRILLON Froid test section (central figure) operates 
up to 70°C, it accommodates 2 fuel mock-ups made of 5*5 fuel rods and three level of grids. For industrial 
purpose prior to in-core evaluation, the fretting wear of a new design is evaluated in the HERMES P facility 
(figure on the right) which accommodates full scale components and is connected to a hydraulic loop 
providing nominal PWR conditions. 
 
Results 

• In GRILLON Froid, it has been shown that for the design studied the instantaneous wear rate is 
decreasing with endurance duration. 

• In the GRILLON Chaud test facility, on the design implemented in PWR, it has been demonstrated 
that sliding and wear are controlled by a deflection angle threshold of the fuel rod in the grid cell. If 
the fuel rod restraining conditions are degraded (irradiation effect) and under the excitation of the 
axial 5m/s fluid velocity, the rod vibrations can induce the overtaking of this threshold angle and lead 
to wear. 

• As for control rods, the fuel rod wear modelling is also based on the adhesive wear equation of 
Archard. A finite element code developed at CEA is used to compute the vibratory behaviour of the 
fuel rod submitted to the fluid turbulent excitation with a module dedicated to wear volume 
computation. Except for wear machines which are highly instrumented, the measurement of forces 
and displacements used in the Archard law is difficult in hot (320°C) and pressurized (155 bar) water 
facilities taking into account the complexity of the grid cell/rod geometry. From wear machine 
experimental results, it was shown that wear coefficient Ku is a highly scattered data. The wear 
results are highly concept dependant and are generally designer exclusive property. 

• In HERMES P, the methodology for wear purpose is to compare results obtained on the new design 
to a previous design which has proven to be insensitive to fretting wear in the reactor. 

 

 
Figure 5: HERMES P results 

 
• Some recent HERMES P test results are summarized on the graph which is a cut in elevation of a 

fourth of the fuel assembly mock-up (figure 5), This representation uses the 1/8 symmetry of the rods 
position in the assembly. Each colour square represents the position of a fuel rod in the assembly. 
The TG square represents the localization of guide thimbles. The cones represent the total amount 
of wear obtained at the bottom grid on the fuel rod. This graph summarizes the localisation of wear 
obtained after a 1000 h endurance test. Most of the wear is localised close to guide thimbles 
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downstream of the lower core plate holes (blue dots on the graph). These localisations are the 
same as the ones observed in EDF reactors which were affected by fretting wear in the past 
years. 

 
4.6.3 - Future prospects and opened questions 
 
Main materials in PWR nuclear power plants are Zr alloys, Fe alloys, Ni alloys and Co alloys. All of them are 
in aqueous or vapour environment. 
 
Fe, Ni and Co alloys contain sufficient Cr ratio for passivation properties. A specific phenomenology of wear 
is named wear corrosion and has recently given a new direction for research, based on electrochemical 
techniques (evaluation report about “Materials behaviour in different environment”). 
 
Anyway, for zirconium fuel rods, a lot of “hydraulic and mechanical” work must go on to get a better 
understanding of parameters for wear evaluation. Temperature and duration effect on wear are not totally 
understood, qualifications are made for conventional 1000 h duration. 
 
The development of any model of wear prediction is an important challenge, in any industrial context. 
Nuclear wear researchers try also. For passivable alloys, the oxide layer mechanical behaviour submitted to 
periodic mechanical loading in a more or less corrosive environment is to be modelled for understanding 
some specific wear kinetics. Erosion corrosion approach is one of the future prospects which is connected to 
other industrial fields: residual particles in water and/or impact conditions in too pure water could lead to the 
specific wear patterns.  
 
For Zr alloy fuel rods, a methodology with an activation of some isotope has recently been achieved to 
measure wear kinetics with a greater sensibility. As for stainless steel, the combined corrosion-wear 
degradation in sliding contact is also under evaluation. 
 
4.6.4 - References 
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interaction: review and analyses, current experiments and future prospects, International Topical Meeting on 
LWR Fuel Performance, Park City, Utah, USA, April 2000. 

Van Herpen A, Reynier B and Phalippou C (2001), Effect of test duration on impact/sliding wear damage of 
304L stainless steel at room temperature: metallurgical and micromechanical investigations, Wear 249 
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5 – KNOWLEDGE OF APPLIED LOADS AND INITIAL STATE OF STRUCTURE 
 
Among the various features of a structure, the initial values of stress and stain fields are the least known. 
Components and structures are produced by different processes that involve mechanical deformation or 
physical and chemical changes that inevitably create stress and strain fields. Usually, these non-zero fields 
are neglected, although they may reach very high values (close to or above yield stress for welding stresses) 
and are recognised to play an important role in several failure modes of the structures, like stress corrosion 
or fatigue. 
 
Applied loadings are not always well known; only dead weight and constant service pressure loads are 
accurately known. Loadings caused by transient processes like fluid flow, seismic motion, impact or 
explosion are only indirectly characterised by mean, maximum values or more refined statistics. 
 
In this section, several works related to the above questions are briefly described. One deals with the 
experimental characterisation of the turbulent flow excitation in PWR fuel in the HERMES loop thanks to an 
inverse method (chapter 5.1). 
 
Another concerns two questions about the characterisation of the seismic input (chapter 5.2): 

• how to determine the mean maximum of the response of elastic-plastic oscillators submitted to 
seismic loads? 

• what parameters involved in the damaging capacity of seismic signals are the most important? 
 
The last one addresses the prediction of stresses due to welding operations (chapter 5.3). A validated 
numerical tool, devoted to industrial multi-passes weld has been developed for this purpose. 



AN OVERVIEW OF STUDIES IN STRUCTURAL MECHANICS page 92/107 
 

5.1 - Turbulent flow excitation evaluation in PWR fuel assemblies 
 

Joëlle Vallory, Gilles Gobillot, DTN/STRI/LHC CADARACHE 
 

5.1.1 - Context and objectives 
The Pressurized Water Reactor fuel assemblies supply the fission energy of nuclear power plants. They are 
composed of a skeleton and fuel rods. The fuel rods contain the uranium pellets and are arranged in a 17*17 
array. 
 
The fuel rods are subjected to vibrations induced by the main axial flow of the reactor coolant and the in-
reactor redistribution cross flows. The FIV of fuel rods are studied experimentally in out-of-pile test facilities 
and have been modelled by the CEA at the beginning of the 90’s. 
In order to model the vibration response of fuel rod submitted to the turbulent excitation of the flow, some 
computer codes have been developed. According to [Antunes, 1994], the rms value of modal response to 
the flow excitation can be written: 
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In previous work [De Langre,1993], the excitation spectra has been determined in an analytical rod bundle 
span submitted to axial/transverse flow. Using the reciprocal form of equation (1), the spectrum functions 
were obtained. The form of these functions is: 
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where (α1 , α2) for axial flow is 1/1000 of (α1 , α2) for transverse flow. 
 
The computer codes developed with the excitation spectrum evaluated on the analytical structure have been 
used to compute the response of fuel assembly mock-ups or full scale [Rigaudeau, 2001].The comparison 
with in-loop measured rms displacements and calculated values showed that α1 previously determined has 
to be corrected for application to fuel assemblies. In order to improve the knowledge of the excitation spectra 
(especially on the level), an R&D program has been defined to evaluate excitation spectrum on realistic 
PWR fuel mock-ups. 
 
5.1.2 Experimental and modelling 
The experimental part of the program is conducted on the “GRILLON froid” test facility which can 
accommodate 2 fuel mock-ups made of 5*5 fuel rods and three levels of structural grids. The hydraulic loop 
operates up to 70°C and axial and transverse flow can be simulated on the second span of the fuel assembly 
mock-up. 
 
The fuel rod vibrations were measured simultaneously at four heights by laser technique to evaluate the 
modal response of the rods submitted to axial, transverse and mixed flow. 
 
Using the IMENE signal processing method [Gobillot and al., 2000], the modal parameters (frequencies, 
damping ratios and mode shapes) of the structure under the turbulent axial/transverse/mixed flow excitation 
for different flow velocities have been determined. The IMENE multi degree of freedom software handles 
modal identifications on dynamic systems in time domain discarding the fact that the external excitation 
acting on the system is known. 
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Once the modal parameters are evaluated, the software MEIDEE [Granger, 1990] based on an inverse 
method enables us to determine the excitation spectra for different flow configurations. 
 
Results 
An example of the force spectrum obtained is presented on the figure. This experimental result was obtained 
by applying the IMENE/MEIDEE method to the fuel rod response measured in a scale-1 test facility with a 
mixed (axial+transverse) flow excitation. The figure contains three curves because the software MEIDEE has 
evaluated one force spectrum per fuel assembly span. Since most of the fluid re-distribution occurs on the 
first two spans, the force spectrum on span 1 & 2 have the higher level (red and black curves on figure 1). 
From this experimental result, one can deduce the discrepancies with the results obtained on the analytical 
bundle. Even if the result on the x-axis is presented in terms of frequency rather than in terms of reduced 
frequency, the level of the spectrum obtained is lower than the one determined on the analytical rod bundle. 
This work is still under progress and would help define the rules of fuel response overlapping by comparing 
axial, transverse and mixed configurations. 
 

 
 

Figure 1: Force spectrum obtained by the IMENE/MEIDEE method 
 
5.1.3 Future prospects and opened questions 
The influence of the structure mechanical properties on the excitation spectrum will be studied as a first step. 
In the near future, some numerical tools such as LES (Large Eddy Simulation) will be used to model the fluid 
excitation in the fuel rod bundle. This work has already been initiated in [Marti-Moreno, 2000]. 
 
5.1.4 References 

Antunes J. (1994) : Tabasco version 4, Aspects théoriques. Technical Report DMT/SEMT/DYN 94.322 

De Langre E. (1993) : Excitation vibratoire d’un crayon combustible par la turbulence de l’écoulement : 
synthèse des essais et recommandations. Technical Report DMT/SEMT/LEV 93.363. 
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5.2 - Characterisation and harmfulness of the seismic input 
 

P. Sollogoub, C. Feau, DM2S/SEMT/EMSI SACLAY 
 

5.2.1 - Context 
It is obviously important to have a good knowledge of the input signal for analyses or tests. The main 
questions are related to: 

• the definition of the seismic input : response spectra, power spectral density, seismotectonic 
characterization, by magnitude and focal distance, … or time-history definition, 

• properties of the temporal input signal : duration, number of cycles, characterization of parameters 
such as velocity, Arias intensity, inelastic spectra, …, 

• damaging capacity of signal, 
• earthquake signal simulation methods, difference between natural and artificial signals, 
• variabilities in the response of structures associated with the input signal characterization, and 

consequences on the definition and the number of accelerograms (to be used in analysis). 
 
5.2.2 - Objectives 
The Laboratory has been involved in two main tasks related to these questions: 

• determination of the mean maximum, in a statistical point of view, of the response of elastoplastic 
systems subjected to seismic loads, 

• investigation on parameters involved in the damaging capacity of signals with a special attention on 
moderate magnitude near field earthquakes which correspond to the design situation of many 
countries with moderate seismicity. 

 
5.2.3 - Main results 
For the first case, in order to better understand the links between damage and input signal, a PhD thesis has 
been launched in 1999 on probabilistic approaches, for estimation of the maximum displacement of a bilinear 
hysteretic oscillator excited by Gaussian white noise. First “natural” approaches used linearization type 
techniques, with for instance Bouc-Wen models. But it appears to give poor estimations in the case where 
the non linearity is significant. In fact, these methods based upon last square error minimization between the 
actual system and the linearized one keep constant energies of the signals but the “low-frequency” effect 
related to the plastic deformation is not accounted for (see fig. 1 and 2, α is the hardening parameter). 
 

Fig 1: Power spectral density [3] Fig. 2: Variance 
 

It has been shown that this plastic process is equivalent, in the case of perfect plasticity (α = 0), to a plastic 
oscillator subject to independent random pulses. An analytical model, with one parameter which is adjusted 
on simulations and tabulated in fonction of damping ratio and (σ/Y) (where σ is the linear response standard 
deviation and Y the yield point), has been developed and verified: good estimations of the variance (see fig. 
3) and the mean maximum are obtained, which means that the main physical processes has been captured 
by the model. The mean ductility induced by the seismic excitation is proportional with its duration: its is the 
effect of summation of plastic drops. Thus, with this kind of model, it is possible to obtain an analytical 
estimation of seismic margin defined as the ratio of the input signal intensity at failure, to the intensity at 
yield. 
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Fig. 3: Variance of the plastic process (α = 0) – estimation vs. simulations [3] 

 
The extension of the model to the case of plasticity with hardening shows that the involved phenomena are 
more complex, and necessitates a 4 parameters model, because, now, the plastic drops are no longer 
independent. The parameters are determined by simulations. Figure 4 shows estimation of the plastic 
process power spectral density given by the model versus simulation results. 
 

 
Fig. 4: Power spectral density of the plastic process (α = 0.05) - 

simulations vs 4 parameters model [3] 
 
 
Numerical results have shown that in case of strong non linearity, the ductility limit is reached by summation 
of plastic drops, and in the other cases, the ductility limit is likely obtained by a single event. 
 
 
For the second case, a systematic work on the characterization of seismic input signal has been performed 
in support of the revision of Safety Guides concerning the definition of the seismic input on a nuclear facility 
site. A database with about 1000 real input signal has been considered. They has been recorded in USA, 
Japan and, mostly, in Europe. As the interest was in near field earthquakes, some complementary records 
were considered from other world databases. From the database, different correlations were developed for 
the spectral acceleration and for different parameters, such as velocity, Arias intensity, duration, mean 
frequency… Two examples are shown on fig. 5 and 6; duration and Arias intensity are defined as function of 
magnitude (M) and focal distance (R). These correlations may be used for the definition of site conditions in 
complement to usual spectral data. One important characteristic is the significant dispersion of the 
correlations. 
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Fig. 5: Duration versus Focal distance [2] Fig. 6: Arias Intensity versus Focal distance [2] 

 
The data base has been applied to simple structure designed with different conventional seismic conditions 
in order to appreciate the obtained ductility, representative of damage. This allows to quantify the different 
parameters considered above with the damage expressed as the ductility obtained in the structure. The best 
parameters are the maximal acceleration and the maximal velocity (see fig. 7). Then, we find the Arias 
intensity and the CAV (Cumulative Absolute Velocity). Duration and mean frequency are poor indicators of 
damage (see fig. 8). 
 

 
Fig. 7: Ductility versus maximal acceleration [2] Fig. 8: Ductility versus duration [2] 

 
Some features of near field earthquakes have been highlighted, such as shorter duration, higher spectral 
accelerations and relatively smaller damaging capacity for a given spectral acceleration. 
 
5.2.4 - Perspectives 
Research is continuing on these very important topics in relation with revision of safety guides for the seismic 
analysis of nuclear structures and in the general interest for the laboratory of the definition of analysis or test 
conditions. 
Main subjects are: 

• improvement of understanding of physical processes involved in the determination of the maximum 
response of a non linear oscillator : in particular, working out a link between plastic hardening and 
correlation of plastic drops, 

• continuation of definition of damaging capacity of signals (What is the event, or the succession of 
events which is damaging in a seismic signal ?), 

• improvement in artificial signal generation, 
• comparison between natural and artificial signals, 
• dispersion of responses and number of analyses, 
• input signals for tests, margins, 
• association with probabilistic methodologies for the seismic risk. 
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5.3 - Determination of welding residual stresses 
 

Yves Lejeail, DER/SESI/LCSI CADARACHE 
 

5.3.1 - Context 
Welding is an industrial joining process widely used in nuclear industry; the core vessel and heat exchangers 
are made from elementary components welded one to another, and they are also connected to the pipes by 
welded joints. Different processes like SAW (*), TIG (**) … are used depending on the location of the 
realization, on the material, thickness of the parts. Welding involve very complex phenomena since some 
metal is melted, becomes liquid and may undergo different metallurgical phase transformations during 
heating and cooling cycles induced by the process. It is well known that the strong gradient due to the high 
temperatures reached during welding produce inelastic strains and leads to residual stresses in the 
assembly, which may influence the mechanical performances of the structural components (toughness, 
creep strength, fatigue life, corrosion,…), and then affect their sensibility to damage. It is thus important to 
evaluate the residual stresses and the cumulated strains as a beginning of an optimization of the design 
rules. 
 
5.3.1 - Description of works 
Numerical models for the simulation of welding have been developed at CEA in CAST3M Finite Element 
code (DM2S), as tools for the contributions of CEA/SERI and CEA/SEMT to the cooperative program 
involving FRAMATOME, EDF and CEA. It is worth noticing that FRAMATOME develops its own tools in 
SYSWELD and EDF does it in Code_Aster. 
In the recent years, studies have focused on some precise points due to the difficulty of the simulations, with 
the purpose to evaluate the feasibility of the simulation of an industrial joint (which means with only a few 
parameters known or measured). Works started from the following main assumptions: 

[7] the numerical models must be validated by specific experiments, with very accurate displacement 
and residual stress measurements [1]; 

[8] parametric calculations allow to test the different hypotheses of the models, in order to validate a 
particular choice ; 

[9] the study of austenitic stainless steel seemed easier since they do not have phase transformations. 
Owing to these considerations, FRAMATOME, EDF and CEA have designed a TIG narrow gap welding 
experiment on a 316L steel  cylinder in order to validate the mechanical models [2], and compare the 
consequences of the hypotheses made to carry out the multi-passes process simulations performed by each 
contributor (figure 1).  
 
In the same time but independently, a Ph. D. thesis has been achieved by O. Baup [3] at CEA/SERI in order 
to discuss the constitutive equations used in the simulation, and therefore explore algorithms allowing to use 
simplification in the models to treat industrial multi-passes joints. Finally, some attempts have been done to 
study an industrial weldment with only a few parameters available for the simulation [4]. The main results are 
described in the following paragraphs.  
 
As a result of these works, for the next years, the studies aim to improve the heat source model (SERI, 
UTA), the 3D simulations (SEMT), and to take into account the solid phase transformations of other alloys 
(DM2S,UTA,DMN).  
 
(*) SAW = Submerged Arc Welding, (**) TIG = Tungsten Inert Gas 
 
5.3.3 - FRA-EDF-CEA Results 
The numerical heat source model was proposed by FRAMATOME and adopted by all the contributors. 
FRAMATOME, EDF and CEA have discussed several points in the mechanical modelling (meshes, 
viscoplastic or elasto-plastic constitutive equations, methods to vanish the cumulated plastic strain, 
mechanical boundary conditions …) in 2D axisymmetrical simulations, and compared the results with the 
experimental ones (displacements and residual stresses measurements). It has been found that the 
discrepancy was not so large (figures 2 and 3) between all the attempts. Finally, the choice of a plastic 
mechanical model with recovery of inelastic strains, and the strategy consisting in blocking the tube ends 
during heating and let them free during cooling, lead to good results.  
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Figure 1: location of the deposits during welding (measurements) 
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Fig. 2: calculated and experimental temperatures during 2nd pass (left hand) and shrinkage at the end of 
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Figure 3: calculated and experimental axial stress (left hand) and hoop stress (right hand) after the 5th pass 

along a line of the cylinder starting from the welding zone to the right end and the outer wall. 
 
5.3.4 - Thesis results 
O. Baup confirmed some well known results about the hypotheses of the modelling:  

[10] 2D generalized plain strains were representative of 3D middle plate results. Plain strain is less 
accurate for the simulation of the welding of a plate ; 

[11] stresses calculated with plastic isotropic hardening was similar to full cinematic + hardening at the 
end of representative  thermal cycles (tests on a single element) 

[12] isotropic plastic hardening requires recovery of cumulated plastic strains for points which reach high 
temperatures during welding (simulating viscoplastic recovery or dynamic re-crystallization). 

He also demonstrated some rather new points concerning the simplification of the models: 
[13] It is possible to obtain a good mechanical simulation (compared with full analyse) in five steps 

involving thermal fields associated with some precise instants of the welding thermal cycle : initial 
temperature, maximum extension of the melted zone, maximum extension of high plastic strains 
zone, maximum extension of plastic zone, final temperature field ; 

[14] pass lumping is more efficient when the shape of the macro-pass is similar to the shape of a single 
pass. 

He applied a simplified analysis to a 90 passes welding process on a 316L tube of a PWR primary circuit and 
obtained interesting result on strains and stresses (figures 4 and 5). One computation was made applying 
the simplified method to each pass (CEA 1), and the other one lumping some passes together to reduce the 
computational time (CEA 2). The results were compared to FRAMATOME's and measurements made to 
evaluate the gradient of axial stresses in the thickness of the pipe wall nearby the heat affected zone. 

 
Figure 4: scheme of passes (left hand) and computed cumulated plastic strains (right hand) 
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Figure 5: axial stress σzz at the end of 90 passes, at 20 mm from symmetry line 
 
5.3.5 - Further works 
More recently, it was shown that the exact knowledge of the shape of each weld deposit is not necessary, 
and that it may be assumed that all passes have the same shape to design a predictive simulation 
methodology for an industrial multi-passes weld, especially to  estimate the gap shrinkage (as the stresses 
are comparatively less sensitive to the deposit energy). The method is an improvement of « the square 
shape deposit zones » mesh method and can be apply for any pass sequence (see comparison of meshes 
on figure 6). The exact shape of a weld zone must be determined from the final macrography (which is not 
an easy task). 
 

        
 

Figure 6: meshes used in classical approach (right hand) and simplified one (right hand) 
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SYNTHESIS 
 
The present report gives an overview of the ongoing research programmes in structural mechanics at 
CEA/DEN. On the whole, these contributions are well representative of the research work performed, more 
oriented by engineering concerns than driven by pure academic goals. Fundamentally, the developed 
knowledge results in new methods and improved engineering and computational tools that can be used for 
CEA needs and transferred to industrial clients and partners. Basic research is carried out with the help of 
university laboratories, what allows CEA teams to identify the underlying problems and to address them in an 
adequate manner. Confrontation with other viewpoints and backgrounds takes place in international 
cooperative actions conducted with academic or industrial research centres, often giving rise to benchmarks. 
 
Due to the wide range of problems submitted to CEA/DEN, the R & D topics are numerous and the effort 
devoted to each of them is limited and sometimes not continuous. Basic research is of course more limited 
and needs thorough preparation in order to ensure that the key questions, which lock the progress, are really 
addressed.  .  
 
Before to end, it is worth mentioning two original research actions which have begun:  
• identification of medium state and representation of its variability by a probabilistic approach : this 
original approach couples inverse method an probability to obtain non directly measurable value from global 
effect on structures (for example deduce damage from the displacement of a loaded beam) and should be 
applied to non destructive identification of present state of nuclear reactor enclosures, 
• a program of numerical simulations of fluid-elastic instability of a tube bundle submitted to cross flow 
has been initiated with an Arbitrary Lagrangian Eulerian -ALE- finite element method to obtain a better 
knowledge and understanding of the phenomenon. From these simulations, the evolutions of pressure and 
velocity fields close to fluid-elastic instability velocity are being obtained. Moreover, influence of non-
dimensional parameters that are characteristic of the coupled problem (Reynolds number, Stokes number, 
reduced velocity) and their influence on the evolution of modal parameters (added mass, damping and 
thickness) is being studied through parametric studies. 
 
The research actions described here, and those in progress are in agreement with the general pattern of the 
"Mechanics 2010" program, but nevertheless the R&D effort is less extensive than it was expected. So, this 
activity would also deserve more effort in transverse fields like probabilistic methods, innovative measuring 
techniques and numerical methods. 
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