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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

The OECD is a unique forum where the governments of 38 democracies work together to address the economic,
social and environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and
to help governments respond to new developments and concerns, such as corporate governance, the information
economy and the challenges of an ageing population. The Organisation provides a setting where governments can
compare policy experiences, seek answers to common problems, identify good practice and work to co-ordinate
domestic and international policies.

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, Colombia, Costa Rica,
the Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy,
Japan, Korea, Latvia, Lithuania, Luxembourg, Mexico, the Netherlands, New Zealand, Norway, Poland, Portugal,
the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkiye, the United Kingdom and the United States. The
European Commission takes part in the work of the OECD.

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on
economic, social and environmental issues, as well as the conventions, guidelines and standards agreed by its
members.

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists
of 34 countries: Argentina, Australia, Austria, Belgium, Bulgaria, Canada, the Czech Republic, Denmark, Finland,
France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands,
Norway, Poland, Portugal, Romania, Russia (suspended), the Slovak Republic, Slovenia, Spain, Sweden,
Switzerland, Turkiye, the United Kingdom and the United States. The European Commission and the International
Atomic Energy Agency also take part in the work of the Agency.

The mission of the NEA is:

—to assist its member countries in maintaining and further developing, through international co-operation, the
scientific, technological and legal bases required for a safe, environmentally sound and economical use of
nuclear energy for peaceful purposes;

— to provide authoritative assessments and to forge common understandings on key issues as input to government
decisions on nuclear energy policy and to broader OECD analyses in areas such as energy and the sustainable
development of low-carbon economies.

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste
management and decommissioning, radiological protection, nuclear science, economic and technical analyses of the
nuclear fuel cycle, nuclear law and liability, and public information. The NEA Data Bank provides nuclear data and
computer program services for participating countries.

This document, as well as any data and map included herein, are without prejudice to the status of or sovereignty over any territory, to the
delimitation of international frontiers and boundaries and to the name of any territory, city or area.

Corrigenda to OECD publications may be found online at: www.oecd.org/about/publishing/corrigenda.htm.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The Committee on the Safety of Nuclear Installations (CSNI) addresses Nuclear Energy
Agency (NEA) programmes and activities that support maintaining and advancing the
scientific and technical knowledge base of the safety of nuclear installations.

The Committee constitutes a forum for the exchange of technical information and for
collaboration between organisations, which can contribute, from their respective
backgrounds in research, development and engineering, to its activities. It has regard to the
exchange of information between member countries and safety R&D programmes of
various sizes in order to keep all member countries involved in and abreast of developments
in technical safety matters.

The Committee reviews the state of knowledge on important topics of nuclear safety
science and techniques and of safety assessments, and ensures that operating experience is
appropriately accounted for in its activities. It initiates and conducts programmes identified
by these reviews and assessments in order to confirm safety, overcome discrepancies,
develop improvements and reach consensus on technical issues of common interest. It
promotes the co-ordination of work in different member countries that serve to maintain
and enhance competence in nuclear safety matters, including the establishment of joint
undertakings (e.g. joint research and data projects), and assists in the feedback of the results
to participating organisations. The Committee ensures that valuable end-products of the
technical reviews and analyses are provided to members in a timely manner, and made
publicly available when appropriate, to support broader nuclear safety.

The Committee focuses primarily on the safety aspects of existing power reactors, other
nuclear installations and new power reactors; it also considers the safety implications of
scientific and technical developments of future reactor technologies and designs. Further,
the scope for the Committee includes human and organisational research activities and
technical developments that affect nuclear safety.
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Executive summary

This report summarises the work done for the activity: “Benchmark analysis on the
eXtended Finite Element Method (X-FEM) calculation technology in its use to evaluate
the fracture mechanics stress intensity parameters K;, K;; and Ky, for different types of
loadings (mechanical, thermal) in metal components and structures”.

The benchmark study was initiated due to the growing need for an efficient and effective
tool that can be used in the evaluation of the harmfulness of a nuclear component or
structure. This growing need is inherent to the fact that many nuclear power plants in many
countries are reaching the end of their design lifetimes, and these lifetimes have already
been or will be extended in the near future. With these extensions, the probability of
detecting a flaw or planar crack in components and structures increases. As most of the
components of the primary circuit or secondary circuit are not easily replaceable, tools that
can estimate the harmfulness of flaws must be available and easy to use for any component
and crack(s) geometry. In this context, the eXtended Finite Element Method (X-FEM) may
be a useful tool.

Until recently, the use of X-FEM has been limited in fracture mechanics analysis in the
nuclear industry. X-FEM has only been implemented in a few commercial and research
codes. A general technical introduction to the X-FEM technology implemented in these
codes is provided in Section 1. The benchmark objective is to compare X-FEM results (the
stress intensity factors K, Ky and Ky;;) obtained by these different codes and by different
participants on a few predefined and mostly straightforward exercises under tension,
bending or thermal transient loadings. Furthermore, and even more importantly, the
purpose is to identify good practices and limits in the use of X-FEM.

Annex G lists the participants and includes information on their organisations. In total, 18
organisations from 9 countries in Asia, Europe and North America participated in this
benchmark. Participants included technical support organisations (TSOs), research centres
as well as licensee (support) organisations and nuclear industry organisations.

The X-FEM results on the benchmark are divided into three main cases: cases A (Al, A2
and A3), B and C (C1). These results are summarised in Section 2 of this report. Another
benchmark case (C2) was defined; however, the results are not summarised in this report
as only a small number of participants reported results and these results varied greatly from
one participant to the next. The case C2, which is the most complex, could possibly be kept
for a future second stage of the project, if there is still sufficient interest.

In Section 2, the participant results are also compared to the corresponding reference
solutions. The tables and graphs provided show that the X-FEM results are on average
compatible with the reference solutions. The excessively large deviations that may have
been observed were not directly related to X-FEM but rather to modelling issues. For
example, incorrect boundary conditions and/or incorrect loading applications, in some
cases, led to inadequate shear stresses and thermo-mechanical stress distributions acting on
the crack.

Section 3 summarises the good practices and the limits of the X-FEM technology as
experienced by the participants. Much attention has been paid to mesh effect on X-FEM
results. The effect of element size, element order, mesh homogeneity and meshing
methodology on the accuracy of the X-FEM results has been described. Also, the effect of

OECD/NEA X-FEM BENCHMARK FINAL REPORT
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the stress intensity factor calculation method on the convergence of the X-FEM calculations
has been investigated.

The following good practices on X-FEM use in fracture mechanics were identified from
these benchmark analyses:

o First, the general good practices of FEM still need to be applied in modelling
geometry and loading specificities.

e A mesh size of 1/10" or 1/20" of the smallest crack dimension is recommended
around the crack tip.

¢ A homogeneous mesh size on the crack front is recommended.

e The results along the whole crack front are overall more accurate with a quadratic
mesh than with a linear mesh; the linear mesh can cause oscillations of the
calculated solution around the reference solution. The oscillation may nevertheless
be alleviated by using a mesh size smaller than 1/10" of crack depth.

e Refining the mesh solely around the crack tip is recommended to avoid large
models that are computationally too demanding. To that purpose, the availability
of automatic local meshing tools should be systematised in codes to avoid
modelling manually, which is too time-consuming. This enhances the application
of the benefits of X-FEM.

e When using the integration method to determine stress intensity factors, it is
recommended that care be taken — as for conventional FEM — to obtain the solution
convergence, which depends on the defined contours. To reach convergence, a
more refined mesh at the crack area may be required than with conventional FEM.

¢ When the convergence of stress intensity factors obtained by the integration method
is not obtained on a given model, the displacement method can be a successful
alternative to provide good accuracy with the same model.

Similarly, some limits of X-FEM, such as currently implemented in research and industrial
codes for fracture analysis, were identified during this benchmark. These are listed below:

e There is a restricted number of element types for X-FEM in several codes.
e The modelling of cracks on symmetric planes is not possible.

e The application of X-FEM on a crack between two different materials is not
possible.

e Extensive computer resources are required when no care is taken for limiting model
size. Indeed, the degree of freedom greatly increases for enriched nodes.

e Adisplacement method to estimate stress intensity factors from X-FEM calculation
is not available in all codes.

In conclusion, the results of the academic benchmark cases confirm that X-FEM is an
efficient alternative tool for fracture analyses compared to conventional methods for simple
fracture analysis cases. In an industrial context, and for complex structural applications that
are almost impossible to study with conventional FEM, X-FEM may also be a good
alternative. However, in some codes, developments appear necessary to improve the
modelling efficiency in order to take full advantage of the use of X-FEM compared to the
conventional FEM (e.g. computation time-saving, crack meshing possibilities).

OECD/NEA X-FEM BENCHMARK FINAL REPORT
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1. Project identification

1.1. Framework

The CSNI has initiated several working groups that periodically meet in order to discuss
common issues, operating experience, research programmes, regulations and joint
undertakings®.

The idea for the joint project under consideration here on the topic of “Benchmark analysis
on the eXtended Finite Element Method (X-FEM) calculation technology in its use to
evaluate the fracture mechanics stress intensity parameters K, K, and Ky, for different
types of loadings (mechanical, thermal) in metal components and structures”, was launched
during the annual meeting of the Working Group for Integrity and Ageing of Components
and Structures (WGIAGE) (metals subgroup). It can be considered as a follow-up activity
of the finalised WGIAGE activity that provided the published CSNI report “Benchmark
Results on the Analytical Evaluation of the Fracture Mechanic Parameters K and J” (NEA,
2017).

1.2. Context

With the lifetime extension of nuclear power plants, the probability of detecting a flaw or
planar crack in components and structures increases. As most of the components of the
primary circuit or secondary circuit are not easily replaceable, tools that can estimate the
harmfulness of flaws must be available and easy to use, whatever the geometry of the
component and whatever the geometry of the crack. Existing analytical formulas are mostly
only developed for structures and cracks with simple geometry, and are not always easy to
apply. In that frame, the eXtended Finite Element Method may be a useful tool.

X-FEM is a method that enriches the standard finite element method to take into account
the presence of a discontinuity or a singularity, such as a crack in a structure, without
requiring a special mesh that is often very time-consuming to develop. The simplicity of
meshing also makes it possible to model a crack in complex structures (nozzle welding)
and to model the propagation of a crack without re-meshing. Hence, X-FEM represents a
good alternative when no analytical solutions are available or when more realistic models
are needed to obtain results which fulfil the regulatory requirements.

X-FEM was developed in the 1990s and makes use of the assumption that the displacement
field of a crack can be divided into three main parts (Belytschko and Black, 1999):

1. The part from the standard Finite Element.

2. The part from the enrichment to describe the discontinuity, i.e. the crack tips
(enrichment with Heaviside function).

3. The part from the enrichment to describe the singularity to approximate the
behaviour at the crack tip (an asymptotic displacement).

1. Joint undertakings that need follow-up are usually treated in so-called CSNI Activity
Proposal Sheets (CAPS) or joint projects.

OECD/NEA X-FEM BENCHMARK FINAL REPORT
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Figure 1.1. Circled nodes are enriched with the Heaviside function while squared nodes are
enriched by tip functions
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Until recently, the use of X-FEM has been limited in fracture mechanics analysis in the
nuclear industry. The wider use of X-FEM enables quicker results for decision making on
issues of safety significance. Nevertheless, due to its quite recent implementation in
calculation codes, one needs to gain experience in its use and confidence in its capability
to assess the structural integrity of primary or secondary components.

X-FEM has been implemented in different commercial codes (ABAQUS, ANSYS,
SYSTUS, LMS SAMCEF, VIRFAC Crack, etc.) and in research codes (CODE_ASTER,
CAST3M, etc.). It would be interesting to compare the X-FEM results and capabilities of
these different codes. It is in that framework that the current X-FEM benchmark was
launched in the WGIAGE metal workgroup.

The expected users of the results of this benchmark are the utilities and TSOs. The results
may be used in their evaluations of the harmfulness of cracks detected on components that
cannot be removed.

This project will provide an opportunity for staff members in the participating organisations
to learn how to apply X-FEM in fracture mechanics analyses to predict margins against
crack failure.

1.3. Project description

To enable a comparison of the X-FEM capabilities of the codes used in the nuclear industry,
the current benchmark proposes that each participating member perform a few predefined
benchmark analyses with the X-FEM code which is normally used in the organisation of
the participating member. Three rather basic benchmark exercises are proposed in the
project with a straightforward analytical solution. These exercises can be found in Section
2 of this report. Currently, the scope is limited to the evaluation of the KI parameter. In a
later stage of the project, more complex benchmark analyses and other fracture mechanics
parameters can be considered, in order to challenge the capabilities of the FEM/X-FEM
codes.

OECD/NEA X-FEM BENCHMARK FINAL REPORT
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The first stage of the project consisted of refining the proposed benchmark exercises
according to the wishes of all participating members, or defining additional basic exercises.

In the second stage of the project, each member performed the necessary calculations in
order to obtain the results demanded in each defined benchmark problem.

The final expected output of each participating member of this second stage of the project
was a Summary Report which included at least the following elements:

e Asshort description of the code used.

e The methodology used to obtain the requested results. It should contain the
following information:

O

O

O

meshing methodology (in particular mesh refinement criteria around the crack);
number of elements;
type of elements;
refined mesh around the crack: type, size, etc.;
K calculation method;

problems encountered during modelling or calculation (e.g. modifications
required to obtain a converged solution towards analytical results).

o Overview of the results obtained. It was asked that at least the following results be
included in the report:

O

O

@)

O

O

the numerical integration scheme of X-FEM;
an overview of the mesh;
a view of the crack mesh;

an Excel file given the displacements, normal stress, normal strain and K at the
crack front as a function of the position along the crack front;

a graph illustrating the evolution of K, along the crack front using conventional
FEM techniques, if available;

a graph illustrating the evolution of K, along the crack front using X-FEM,;
the comparison of the X-FEM results to the analytical solutions.

1.4. Project objectives

The principal objectives of the project are the following:

e To compare K, obtained by the classical FEM, i.e. with a fine mesh of crack tip, or
obtained with analytical formulas (like those in RSE-M code) to K, obtained by X-
FEM.

e To identify and summarise the limitations of X-FEM: mechanical behaviour
(elastic, plastic...), loadings (mechanical, thermal...).

e To identify and summarise good practices in the use of X-FEM: size of meshing,
type of mesh....

OECD/NEA X-FEM BENCHMARK FINAL REPORT
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2. Benchmark exercises: definition and results intercomparison

2.1. Benchmark A: Semi-elliptical surface flaw in a plate

2.1.1. Definition

Geometry
Figure 2.1. Semi-elliptical surface crack in a plane
M t ";o(/ A w MA .
. :
Crack r'< X >1"
| Py N 7
M Cutting plane t ﬂ‘
{ _________________ Alu
1.1 rany :
e 2¢

Note:H=2m;W=2m;t=0.1m;a=0.01m; 2c=0.04 m. The cutting plane is at half height of the structure
(H/2).
Modelling type

A 3D model is requested. The choice of the type of element used, linear or quadratic, is left
to the discretion of the participant. This choice depends mainly on the available X-FEM
elements in the software used.

Material properties

The material behaviour is postulated linear elastic. The mechanical properties are those
given in Annex A for ferritic steel at 20°C except for the thermal loading case, where they
are considered as temperature dependent.

Boundary conditions

Despite the symmetry of the problem (Figure 2.1), a complete model of the structure is
suggested in a first use of the X-FEM crack modelling. Quarter or half models might be
also considered in a second approach.

OECD/NEA X-FEM BENCHMARK FINAL REPORT
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Figure 2.2. Definition of plane A, points P and R

i
1
: Crack
1
L \A ST I n Plane A
$| —————— " ————
1
1
z ! -
y . ! Cutting plane 5
R ) Soacnaaanoaens 7 /

Note: Plane A: Uz = 0; Point P: Ux, Uy= 0; Point R: Uy = 0; where Ux, Uy, Uz are the displacements
respectively according to x, y and z.

Reference solution

The reference solution of the stress intensity factor Kl given by influence coefficients
method (RSE-M code) is:

3 .
K; = Vma ZO']- ij (%)]
j=0

where o; are the polynomial coefficients of the approximated normal stress (on) to the crack
plane:

3

opu) = Z oj (%)]

j=0

and L =t and u as defined on Figure 2.1.

The influence coefficients extracted from RSE-M Appendix 5.4 are given in the Table 2.1.

Table 2.1. Influence coefficients for case A at the surface and deepest points

a/c='0.5'and a/t=0.1 io il iz i3
Point A 0.884 0.567 0.449 0.383
Point C 0.712 0.113 4.05E-2 2.05E-2

OECD/NEA X-FEM BENCHMARK FINAL REPORT
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For a membrane load or a bending load, the solution can be determined by directly using
the previous equations if the load is well known. The solution is unigue. For the loading
cases Al and A2 defined in Loading cases, the solutions are the following:

Table 2.2. Intensity parameter K for cases Al and A2 at deepest and surface points.

Case Al Case A2
« Membrane stresses Bending stresses
Point A (deepest point) 31.34 27.32
Point C (surface point) 25.24 24.44

In the case of thermal transients, which are usually encountered on the components of
nuclear reactors, a bending moment-type loading is generated. To calculate the reference
solution, it is first necessary to define the normal stress profile in the crack section of the
sound structure. This should be evaluated by each participant to avoid introducing deviation
at this step (see details in Case A 3: thermal transient 1).

Loading cases

Case Al: Membrane load
G = 200 MPa

Case A2: Bending load
6w =200 [1 — (2u)/t] MPa with u and t as defined on Figure 3.1.

Case A3: Thermal transient 1

e The material properties are temperature dependent.
e Strain free condition assumed to be at 150°C.
e Initial state: homogeneous temperature at 150°C.

e Thermal transient applied as shown on Figure 2.3. The temperature varies linearly
from 150°C to 20°C in 60 s and remains constant (at 20°C) from 60 s to 600 s.

Figure 2.3. Zone of application of the thermal transient

Crack
S S
e - - P, S —— -

8
Cutti /!
e i Surface on which the thermal
/ transient is applied
T —————————
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e Thermal exchange coefficient: 20 000 W/m?/°C.

¢ No heat exchange at the other surfaces (adiabatic conditions).

2.1.2. Results

The difference between the X-FEM solution (Solx_pgMm) and the reference solution
Solggr) is evaluated according to the following equation:

Solx_rgm — SOlRgF

Diff =
! SOlREF

Case Al: Uniaxial tension

For a mesh size in the vicinity of the crack between a/33 and 2a/3, the X-FEM solution is
quite close to the reference solution (Table 2.3). As seen in Table , the difference between
the X-FEM solution and the reference solution is 2% * 4% at the deepest point, and 3% *
7% at the surface points. The difference with the reference solution is slightly higher at the
surface points as can also be observed with standard finite element calculation.

Furthermore, Figure 2.4, which represents differences as a function of mesh size, seems
to suggest that the magnitude of the deviation is not correlated to mesh size. Nevertheless,
a comparison of the three data sets of roughly the same mesh size, encircled on Figure
2.4, shows that the scatter in deviations is lesser for a mesh size surrounding the crack of
a/20 than for higher mesh size of a/10 and a/5.

Annex B includes graphs of Kl along the crack front of all the calculations performed by
the participants for the benchmark case Al.

Figure 2.4. Case Al — Difference according mesh size in the vicinity of crack
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Table 2.3. Case Al - Deviation with the reference solution for each participant

| SIF calculation L Difference
| T
S | Deep point | Surf. Point
1 Abaqus Linear Hexahedral 1/20 Integral 1.4% 5.2%
2 Morfeo crack Linear Tetrahedral 1/10 Integral -0.9% -2.0%
5 Abaqus Linear Hexahedral 1/10 Integral 0.6% 22.7%
Ansys Linear Hexahedral 1/10 Integral 0.7% 1.7%
1/10 Integral -0.8% 1.3%
4 Code-Aster Quadratic Tetrahedral
1/20 Integral 0.6% 8.5%
5 Systus Quadratic Hexahedral 1/10 integral 0.9% 4.3%
Linear Tetrahedral 1/20 Integral -4.5% -0.7%
1/5 Integral 1.7% 3.8%
6 Code-Aster 1/10 Integral -0.9% 3.4%
Quadratic Tetrahedral
1/20 Integral 0.3% 3.3%
1/20 Integral 1.8% 5.4%
1/5 Integral -1.8% -0.6%
7 Abaqus Linear Hexahedral
1/20 Integral 2.4% 9.4%
1/2 Integral -0.6% 3.7%
8 Abaqus Linear Hexahedral
1/10 Integral 20.5% 6.5%
9 Abaqus Linear Hexahedral 1/10 Integral -1.4% -10.3%
10 NLXFEM3Dstruct Linear Hexahedral 1/10 Integral -0.7% -7.3%
11 Abaqus Linear Hexahedral 1/5 Integral 3.1% 5.8%
12 Abaqus Linear Hexahedral 1/20 Displacement 4.7% 8.0%
13 Abaqus Linear hexahedral 1/5 Integral -1.1% -17.7%
14 Abaqus Linear Hexahedral 1/20 Integral -1.4% 8.2%
15 Abaqus Linear Hexahedral 1/5 Integral 2.2% 5.6%
1/4 Integral 7.3% 4.6%
16 Abaqus Linear Hexahedral 1/8 Integral 10.0% 8.6%
1/16 Integral 2.6% 2.6%
17 Abaqus Linear Hexahedral 1/33 Integral 0.4% 3.5%
1/5 Integral 0.8% 5.6%
3/10 Integral 2.8% -1.6%
18 Abaqus Linear Hexahedral
3/20 Integral 2.6% 9.9%
1/5 Integral 2.3% 7.5%

Note: (*) Mesh size in the crack area (ratio to crack depth).
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Table 2.4. Case Al — Mean and standard deviation of the differences between X-FEM and
reference solutions

Difference Deep point Surface point
Min -5% -18%
Max 20% 23%
Mean 2% 3%
Standard deviation 4% 7%

Case A2: Bending load

Overall, for a mesh size in the vicinity of the crack between a/33 and 2a/3, the X-FEM
solution is quite close to the reference solution (Table 2.6). As seen in Table 2.6, the
difference between the X-FEM solution and the reference solution is 1% * 6% at the
deepest point, and 1% + 7% at the surface points. The difference with reference solution is
similar at the surface points and at the deepest point.

In Figure 2.5, it can be observed that the deviation between the X-FEM solution and the
reference solution does not increase significantly if the mesh size surrounding the crack is
increased from a/20 to a/5.

As for case Al (see Figure 2.4), it can be observed for the data sets of same size circled
on Figure 2.5 that the deviation scattering is smaller for mesh sizes surrounding the crack
of a/20 than for higher mesh sizes of a/10 and a/5.

Annex C includes graphs of Kl along the crack front of all the calculations performed by
the participants for the benchmark case A2.

Figure 2.5. Case A2 — Difference according mesh size in the vicinity of crack
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Table 2.5. Case A2 - Deviation with the reference solution for each participant

Mesh element | | Difference

]
| i
—— * | | SIF calculation
H
H
§ f 5 | LELCE | Deep point | Surf. Point
1 Abaqus Linear Hexahedral 1/20 Integral 1.3% 5.5%
2 Morfeo crack Quadratic | Tetrahedral 1/10 Integral -0.7% -2.0%
Abaqus Linear Hexahedral 1/10 Integral -9.7% 13.1%
3
Ansys Linear Hexahedral 1/10 Integral -8.7% -3.8%
1/10 Integral -2.1% -0.7%
4 Code_Aster Quadratic | Tetrahedral
1/20 Integral 0.7% -3.4%
5 Systus Quadratic Hexahedral 1/10 Integral 0.8% 5.5%
6 Code_Aster quadratic Hexahedral 1/20 Integral 2.7% 3.6%
1/5 Integral 3.4% 6.9%
7 Abaqus Linear Hexahedral
1/10 Integral 11.1% 11.4%
1/2 Integral 0.1% 2.1%
8 Abaqus Linear Hexahedral
1/10 Integral 21.8% 4.9%
9 Abaqus Linear Hexahedral 1/10 Integral 1.4% -6.6%
10 NLXFEM3Dstruct Linear Hexahedral 1/10 Integral -2.9% -8.6%
11 Abaqus Linear Hexahedral 1/5 Integral 5.0% 4.5%
12 Abaqus Linear Hexahedral 1/20 Displacement 4.9% -4.9%
13 Abaqus Linear Hexahedral 1/5 Integral 8.7% -19.2%
14 Abaqus Linear Hexahedral 1/20 Integral -2.4% 7.6%
15 Abaqus Linear Hexahedral 1/5 Integral -1.6% 3.7%
1/4 Integral -4.8% -0.4%
16 Abaqus Linear Hexahedral 1/8 Integral -4.5% -0.7%
1/16 Integral 1.2% 0.7%
17 Abaqus Linear Hexahedral 1/33 Integral -3.7% 0.4%
1/5 0.7% 5.0%
18 Abaqus Linear Hexahedral 3/10 Integral 3.3% -4.8%
3/20 2.7% 9.0%

Note: (*) Mesh size in the crack area (ratio to crack depth).
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Table 2.6. Case A2 — Mean and standard deviation of the difference between X-FEM and
reference solutions

Difference Deep point Surface point
Min -10% -19%
Max 22% 13%
Mean 1% 1%
Standard deviation 6% 7%

Case A3: Thermal transient

Participants were asked to provide:
e the K, evolution at crack tip as a function of time;
e the K, evolution on the crack front at t=120 s.

In order to determine the reference solution as described in Reference solution” at the
beginning of Section 2, and finally the deviation induced solely by the X-FEM calculation
method, participants were also asked to provide the normal stress distribution they obtained
in the sound structure under the thermal transient, in the section where the defect would be
located. Following the approach defined in “Reference solution”, the stress distribution was
then expressed as a polynomial of third order.

Hence, the difference between the X-FEM solution and the reference solution was
calculated by considering the most relevant stress profile. The objective was to rule out
differences induced by thermo-mechanical calculation itself. This calculation is more
complex and requires two steps. First, a thermal calculation must be performed to
determine the temperature field in the structure and then the temperature field must be
projected onto the mesh on which the mechanical calculation is performed. Different
projection algorithms can be used. Second, the mechanical stresses generated by the
temperature field are determined.

In addition, differences may arise from one code to another depending on whether or not
an initial thermal deformation of the structure has been implemented in the codes.

Thermal deformation is proportional to the difference between the temperature T and the
reference temperature Trer, defined as the temperature at which the structure is assumed to
be free of deformation of thermal origin or by misuse of language free of stress of thermal
origin. This is expressed as follows:

g™ = a(T) (T — Tyep)

with o (T) the thermal expansion coefficient between the temperatures T and Trer o (T) is

deduced from the thermal expansion coefficient o defined experimentally between the
temperature T and the definition temperature, Tger  (20°C in the present benchmark). In
general, o (T) is calculated automatically in codes after entering a(T), Teer and Trer, from
the expression given below.

a(T) * (T — Tger) — a(Trer) * (Trer — Taer)
(T - Tref)

a(T) =
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Case A3 appeared more difficult to perform by participants due to the complexity of the
loading.

Table 2.7 presents the deviation of the X-FEM solution with the reference solution for each
participant. Among results from 13 participants for which it was possible to calculate the
deviation from the reference solution, the X-FEM solution is quite close to the reference
solution on average but with a slightly increased standard deviation. As seen in Table 2.8,
the difference between the X-FEM solution and the reference solution is -1 % + 8 % at the
deepest point, and -3% =+ 8 % at the surface points.

Refining the mesh does not seem to improve the accuracy of the X-FEM solution as
observed on Figure 2.6.

Annex D includes graphs of Kl along the crack front of all the calculations performed by
the participants for the benchmark case A3.

Figure 2.6. Case A3 — Differences according mesh size in the vicinity of crack
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Table 2.7. Case A3 - Deviation with the reference solution for each participant

Mesh element ! . Difference
SIF calculation
Remarks
(* method ) A
i Mesh size ' | i Deep point | Surf. Point
1 Abaqus No X-FEM result for benchmark A3
2 Morfeo/Crack |Quadratic| Tetrahedral 1/10 Integral -4.7% -5.4%
Ri Its sti ly d dent
3 Ansys Linear Hexahedral 1/10 Integral 4.1% 7.8% 'esu S? e ClEEE e
integration contour
1/5 Displacement 3.6% 3.9% |Gtheta method did not provide
4 Code_Aster Quadratic | Tetrahedral accurate SIF according to
1/10 Displacement | -2.5% 4.2% |Code_Aster criteria
5 Systus Quadratic | Hexahedral 1/10 Integral -2.5% 1.4%
Differences were estimated
. . £
6 Code_Aster Quadratic | Hexahedral 1/20 Integral -0.6% -0.8% with the conventionnal FEM

solution calculated by
participant 6

Reference solution not
7 Abaqus Linear Hexahedral 1/10 Integral - - estimated as normal stress
evolution not transmitted

1/2 Integral -9.8% -4.0%  |Results strongly dependent on
8 Abaqus Linear Hexahedral integration contour.
1/6to 1/14 Integral 15.8% -18.6% |Differences given for contour 4
9 Abaqus Linear Hexahedral 1/10 Integral 2.9% -12.5%
10 | NXFEMSDheat |-, Hexahedral 1/10 Integral 8.3% 5.0%
NLXEEM3Dstruct inear exahedra ntegra -8.3% -5.0%
11 Abaqus Linear Hexahedral 1/5 integral 4.2% -4.8% |Results at 60s
12 Abaqus Linear Hexahedral 1/20 Displacement -9.0% 1.3%
Results far fi th cted
13 Abaqus Linear Hexahedral 1/5 Integral High High e ey
results
KI strongly dependent of the
14 Abaqus Linear Hexahedral 2/25 Integral -14.2% -12.5% |, ,gy 'p
integration field
15 Abaqus Linear Hexahedral 1/5 Integral 1.6% -

Reference solution not
16 Abaqus Linear Hexahedral 1/4t0 1/8 Integral - - estimated as normal stress
evolution not transmitted

Results have been discarded
17 Abaqus Linear Hexahedral - Integral High High by the participant as too far
from the reference solution

Kl strongly dependent of the
integration contour. The
convergence of solution is not
(*+) |obtained. Difference evaluated
with an average value of the
solutions on selected
integration contours as
proposed by participant 18.

18 Abaqus Linear Hexahedral 1/5 Integral 2.4% ") 3.4%

Note: (*) Mesh size in the crack area (ratio to crack depth).
(**) Differences obtained for KI on contour 3 are 28.8% and 16.1% for the deep and surface points respectively.
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Table 2.8. Case A3 — Mean and standard deviation of the differences between X-FEM and
reference solutions on available results

Difference Deep point Surface point
Min -14% -19%
Max 16% 8%
Mean -1% -3%
Standard deviation 8% 8%

2.2. Benchmark B: Embedded elliptical crack in a plate submitted to shear load
2.2.1. Definition

Geometry

Figure 2.7. Crack in a plate submitted to shear load

Symmetry plane
—_— > Half surface submitted
Embedded elliptic crack \ —_
\\ —_— to normal stress of 100 MPa
—_— ,
Half surface submitted < [TTTTTTTTT T ’_ y
S = > ______ / ~x
to normal stress of 100 MPa < - 0 ’ X
<
<t

Note: The plate is the same size as the one shown on Figure 2.1 (identical to those of the case A): Thickness (t)
=0.1m, Height (H) =2 m, Width (W) =2 m. The crack dimensions are the following: 2a=0.01 m, 2c =0.04m.
The cutting plane is at half height of the structure (H/2).

Model

The model is tridimensional.

Material properties

The material behaviour is considered linear elastic. The mechanical properties are those of
the ferritic steel at 20°C given in Annex A.
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Boundary conditions

Figure 2.8. Definition of plane A, points P and R

Plane A

Note: Plane A: Uz = 0. Point P: Ux, Uy= 0. Point R: Uy = 0. Where Ux, Uy, Uz are the displacements
respectively according to x, y and z.

Loading

A shear stress 1 is induced in the crack plane by a normal stress of 100 MPa applied to the
plate as shown in Figure 2.7 t must be determined beforehand by the finite element method
in the loaded structure without cracks. Its value in the area where the crack would be is
57.5 MPa.

Reference solution

Figure 2.9. Point A on the crack front

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

The stress intensity factors at a point A of the crack front, defined on Figure 2.9, is given
by the Handbook Tada-Paris-Irwin Third Edition and recalled below (Tada et al., 2000).
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T-\ma - k? k'
Kija = » 73 (E cosQ)
[sinze + (%) 00529]
T\ma-(1-V)-k? /1
Kiipa = — 2 73 (E sm@)
[sinze + (%) cosze]
Where:
a2
B=Wk?>-VMEMR)+ 7V = K (k)
a? a?
C=|k*+V = |- E(k)—V — K(k)
c c
With:

/2 d
K (k) :f —(p'
0 1 — k?sin?¢

/2
E(k) = f J1—k?sin?¢ do
0

From Figure 2.10, it can be observed that the obtained K and Ky solutions are very close
to the ones obtained by conventional FEM solutions by participants 3 and 6.

OECD/NEA X-FEM BENCHMARK FINAL REPORT



NEA/CSNI/R(2020)11 | 27

Figure 2.10. Comparison of the finite element solution with the theoretical solution
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2.2.2. Results

Table 2.9 shows the relative deviations of the participant X-FEM results with respect to the
reference solution determined according to the equations in Figure 2.9.

The values for the stress intensity factor of the 1% mode K, have not been tabulated, as they
can be neglected with respect to the K;; and Ky, values.

For the stress intensity factor of the 2" mode K, the relative difference of the participant
X-FEM results with respect to the reference solution is only reported at the surface points
at x = -20 mm and x = +20 mm, because the relative deviation at the deep point of the crack
is theoretically infinite using the equation given in 2.1.2 (K, at the deep point is 0 MPa
m*2). For the sake of simplicity, the average of the differences at the surface points
(positions x = -20 mm and x = +20 mm) is reported in Table 2.9.

For the stress intensity factor for the 3@ mode K, the relative difference of the participant
result with respect to the reference solution is only reported at the deep point of the crack,
because the relative deviation at the surface points of the crack are theoretically infinite
using the equation in 2.1.2 (K at the surface points is 0 MPa m*?).

It can be observed that, in general, the deviations with respect to the reference solution are
higher for benchmark B than for benchmarks A1, A2 and A3. The more complex loading
may explain this observation.

From Table 2.10, it can be seen that the mean difference between the X-FEM results and

the reference solution is 3% + 26% at the surface points for Ky, and 5% + 17% at the deep
point for Ky
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It was observed that excessively large deviations were obtained by participant 3 with
ANSYS and by participant 10 with NLXFEM3DStruct. These had a significant impact on
the mean and standard deviation given in Table 2.10 but they may not be attributed to X-
FEM. Indeed, no excessive deviation was observed on the X-FEM calculations performed
with ANSYS or NLXFEM3DStruct for cases Al and A2 also concerning mechanical
loading. For these cases, the accuracy of the X-FEM results is overall lower or equal than
10% in absolute value (see Table 2.3 and Table 2.5). For these reasons, the mean and
standard deviation of the differences — without taking into account theses highest values —
are also represented in Table 2.11. They are -2%+14% at the surface point for K, and
2%=+8% at the deep point for K.

For the K, values at the surface points, the relative significant deviations with respect to
the reference solution can in some cases also be explained by the fact that the gradient of
the evolution of K with respect to the position x is large at these locations. A small increase
in the position x near to the surface points leads to a significantly different K;; value. This
may have an effect on the evaluation of the relative deviation with respect to the reference
solution as tabulated in Table 2.9. After all, it can be observed from the graphs in Annex E
that the shapes of the K, graphs as function of x are in many cases compatible with the
reference solution, but that the relative significant deviations are just due to the gradient of
the Ky solution at the extremities. This explanation is not applicable for the relative
significant deviations for Ky; at the deep point, as the gradient of the evolution of Ky, with
respect to the position x is small at that location.

As seen on Figure 2.11, the relation between the deviation of X-FEM results and the mesh
size is rather weak. No pronounced relationship between the scatter in X-FEM deviations
and the mesh size can be identified as was the case for load cases Al, A2, A3 (smaller
scatter in deviations for smallest mesh size).
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Table 2.9. Case B — Deviation with the reference solution for each participant

Difference
o method
Mesh size *) Surf. Point | Deep point
1 Abaqus No X-FEM result for K;; and K;;, for benchmark B
2 Morfeo crack Quadratic Tetrahedral 1/10 Integral -32.6% -16.9%
Ansys Linear Hexahedral 1/10 Integral 92.9% 64.5%
3
Abaqus Linear Hexahedral 1/10 Integral -8.1% 11.7%
4 Code-Aster Quadratic Tetrahedral 1/10 Displacement 6.1% 1.6%
5 **) Systus Quadratic Hexahedral 1/5 Integral 19.2% -0.2%
6 ) Code-Aster No X-FEM result for KIl and KIlIl for benchmark B
Linear Hexahedral 1/5 Integral 20.7% 9.6%
7 Abaqus
Linear Hexahedral 2/5 Integral 4.4% 14.3%
8 Abaqus Linear Hexahedral 2/5 Integral -1.9% 20.0%
1/5 Integral -12.1% -1.4%
9 Abaqus Linear Hexahedral
1/10 Integral -1.1% -2.1%
10 (%) NLXFEM3Dstruct Linear Hexahedral 1/10 Integral 66.5% 14.7%
11 Abaqus Linear Hexahedral 1/5 Integral -8.4% -1.0%
12 Abaqus Linear Hexahedral 1/10 Displacement -1.2% -5.2%
13 Abaqus Linear Hexahedral 3/50 Integral 2.8% 3.8%
14 Abaqus Linear Hexahedral 13/100 Integral -14.1% 0.5%
15 Abaqus Linear Hexahedral 1/10 Integral -4.2% -2.6%
1/50
/ R Integral 11.7% -4.0%
. (non-uniform)
16 Abaqus Linear Hexahedral 1/50
) Integral -6.9% -4.3%
(uniform)
17 Abaqus Linear Hexahedral 3/50 Integral 14.5% -0.4%
18 Abaqus Linear Hexahedral 2/5 Integral -25.2% 6.9%

Notes: (*) Mesh size in the crack area (ratio to crack depth)
(**) A conventional FEM analysis was executed with the following relative differences with respect to
the reference solution as described in Figure 2.9: Ku, surf. point = 0.5%; K, deep point = 0.2%
(***) A conventional FEM analysis was executed with the following relative differences with respect to
the reference solution: 8KII, surf. point = 4% Ky, deep point =-1.2%
(****) According participant 10, his X-FEM results is close to his FEM results
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Table 2.10. Case B — Mean and standard deviation of the differences between X-FEM and
reference solutions

) Kii Kin
Difference
Surface point Deep point
Min -33% -17%
Max 93% 65%
Mean 3% 5%
Standard deviation 26% 17%

Table 2.11. Case B — Mean and standard deviation of the differences between X-FEM and
reference solutions except the excessively large differences from ANSYS and
NLXFEM3DStruct calculations

) Kii Kin
Difference
Surface point Deep point
Min -33% -17%
Max 21% 20%
Mean -2% 2%
Standard deviation 14% 8%

Figure 2.11. Case B — Differences according to mesh size in the vicinity of crack - Except
unexplained highest values from ANSYS calculation obtained by participant 3
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2.3. Benchmark C: semi-elliptical underclad crack in the core shell of a reactor
pressure vessel

2.3.1. Definition

Geometry

The structure considered in the current exercise is a cylindrical vessel shell with dimensions
as defined in Figure 2.12.

Figure 2.12. Cylindrical vessel shell with an axial underclad crack

2e Cladding
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L | Base metal
'

Underclad crack

Note: Internal radius R =2 m;t=0.2m; a=0.01 m; alc =1/3; tr = 0.0075 m; L =2 m. Where t, tr are
respectively the base metal and cladding thicknesses.

Model
The model is tridimensional.

Material properties
Two sub-cases will be considered with one optional
C-1)  Linear elastic
C-2)  Optional - Elasto-plastic (Von Mises with linear kinematic work hardening)

The materials properties retained are given in Table A.1. in Annex A for the stainless steel
cladding and in Table A.2. in Annex A for the ferritic steel base metal.

Boundary conditions

For the sake of simplification, the structure is assumed to be strain-free at the initial
temperature of the thermal transient. The structure can freely expand.
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A half model of the structure is suggested. Other models or boundary conditions are
allowed, if these are equivalent to those proposed here.

e  Oxz symmetry plane: Uy = 0 (except on the crack surface)
e Ux(Pl)=Ux(P2)=0
e Uz(P1)=0

Referential stress intensity factor (SIF) solution
An accurate solution can be determined by FEM calculation.

Furthermore, given that the ratio t/R is small, the solution can be approximated by that
obtained for an underclad crack in a plate given in RSE-M code:

3 .
ora+tpy
KF(Z‘H‘-H‘(TJ))'V"'*‘

0

Where o _j are the coefficients of the approximated normal stress in the base metal in the
form of a polynomial trend curve:

3

on(W) = Z ] (t 41-1 tr>j

j=0

u: local co-ordinate as defined in Figure 2.12.
And ij are given in Table 2.12.

Table 2.12. Influence coefficients at different points on the crack front

Point i0 il i2 i3
A 0.688 0.587 0.516 0.463
B 0.690 0.397 0.243 0.157
C 0.230 0.109 0.053 0.027
Loading

Two types of loadings were considered for this exercise, so-called C-1 and C-2 detailed
below.

C-1)  First study

The materials properties are postulated constant, corresponding to the temperature of
289°C (case C-1 in Material properties). The loading is a thermal transient equivalent to
that induced by a loss-of-coolant accident (LOCA) and applied on the inner surface (see
Table 2.13). The outside surface is perfectly insulated (Q=0).
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C-2) Second study (optional)

The material properties depend on temperature (case C-2 in Material properties). The
loading applied in the inner surface is a thermal transient equivalent to that induced by a
LOCA (see Figure 2.13 and Table 2.13). The outside surface is perfectly insulated (Q=0).
At the initial state, the temperature is homogeneous in the vessel shell. For the sake of
simplification, the structure is assumed to be strain-free at 289 °C.

Figure 2.13. LOCA thermal transient
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Table 2.13. Thermal transient definition
Time (s) Fluid temperature (°C)
0 289
60 282
120 275
160 271
200 265
260 255
400 227
500 203
600 179
700 156
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Table 2.13. Thermal transient definition (Continued)

Time (s) Fluid temperature (°C)

800 133

900 114
1000 98
1100 85
1200 78
1600 52
1700 47
1800 43
2 000 40
2 600 30
3000 20

2.3.2. Results
Case C1

Table 2.14 summarises the difference between the reference solution and the X-FEM
solution by each participant for case C1 and comments on difficulties encountered to
achieve case C1. As for case A3: thermal transient 1, participants were asked to provide
the normal stress in the crack section in order to determine the reference solution for the
reasons detailed in Case A3: Thermal transient 1 and then, to determine the difference
between this solution and the X-FEM solution.

Of the 18 participants, 12 achieved the X-FEM calculation for case C1.

Two participants (participants 1 and 4) gave up performing case C1 because modelling
complex geometry requires special care to partition the geometry to account for loading
and geometry specificities. Indeed, the use of X-FEM does not alleviate this constraint. A
fine mesh is necessary in the crack area to reach a solution at an acceptable level of
accuracy. Without an ad hoc automatic meshing tool, the modelling is too time-consuming
when meshing optimisation is sought in view of limiting the model size. In addition, when
no precaution is taken for refining mesh solely around the crack zone — as for conventional
FEM —the half model becomes very voluminous (in terms of number of nodes or elements),
increasing greatly the computing resources needed for the calculation.

The other participants failed to achieve a result consistent with the thermal load applied for
reasons unrelated to X-FEM and they discarded their results.

Among the 12 participants who completed case C1, the X-FEM solution is in quite good
agreement with the reference solution. The difference between the X-FEM and reference
solutions is 6% on average at the deepest point in the base metal, with a standard deviation
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of 10%; these mean and standard deviations were established excluding the difference
determined with non-convergent solutions.

Annex F includes graphs of K; along the crack front of all the calculations performed by
the participants for the benchmark case C1.

Table 2.14. Case C1 — Deviation with the reference solution at the deep point for each

participant

Particip.

Code

Mesh element

S”: at
calculation

method Deep

point

Difference

Comments

ABAQUS

No X-FEM result for benchmark C1

MORFEO
CRACK

ANSYS

CODE_ASTER

1/10
(PtA)
1/50
(PtC)

Linear  Tetra. 5.5%

(pt C)
+

Quadra.
(pt A -
B)

Linear

Integral

Hexa.  1/10 Integral 14.1%

No X-FEM result for benchmark C1

In order to obtain reasonable
calculation times, only a section of
10° (instead of 180°) of the vessel
is modelled, with the crack
positioned in the centre. Model of
746 000 elements

Quarter model. K  strongly
dependant on the integration
contours  (no  convergence).
Difference estimated by participant

3 from an average value of K.

Same difficulties for meshing as
for conventional crack FEM
analysis.

In Code_Aster, the methods of
calculation of Gtheta and SIF do
not correctly estimate the values of
G and K at the points at the
interface of the base metal and the
cladding. The same applies to the
X-FEM implemented in
Code_Aster => K| erroneous at
points B and C located at the
interface of the two materials.

SYSTUS

CODE_ASTER

ABAQUS

Quadra. Hexa. 1/10 Integral 2.0%

Quadra. Hexa. 1/25 Integral -3.8%

No X-FEM result for benchmark C1

Half model of 43 400 elements and
134 484 nodes.

Half model of 140 000 nodes.

For benchmark C, several
problems occurred during
modelling with  ABAQUS 6.14
e It appears, that the X-FEM
implementation in  ABAQUS
won’t allow putting the crack plane
into a symmetry plane of a model

« Also, ABAQUS has problems
when two adjacent materials are
close to the X-FEM-crack.
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Table 2.14. Case C1 — Deviation with the reference solution at the deep point for each
participant (Continued)

Mesh element Difference
SIF at
Particip. Code calculation Comments
method Deep
point
8 ABAQUS Linear Hexa. 1/8 Integral 0.2% Full model.
to In the X-FEM enrichment zone, only
one material can be considered.
1/10
1/10 Integral 0.2%
to
1/20
9 ABAQUS Linear Hexa. 1/10 Integral -2.6%
10 NLXTFEM3D  Linear Hexa. Integral -1.1% Half model of ~403 000 nodes and
heat & struct 1/20 ~387 000 elements.
11 ABAQUS Linear Hexa. 1/5 Integral 20.6% The analysis was carried out assuming

10% of the original cladding thickness
as the base metal, the crack tip is
assumed to pass through the base metal.

12 ABAQUS Linear Hexa. 1/10 Displac. 15.9% X-FEM implemented invalid at the
interface between the cladding and the
base metal. To bypass this problem,
10% of cladding thickness in contact
with base metal was changed to base
metal. According participant 12, there
is little difference in stress gradient
including the crack front against the
original conditions.

13 ABAQUS Linear Hexa. Integral - Half model of ~174 000 nodes.

1 .
= The reference solution has not been

evaluated since the stress distribution
was not transmitted.

14 ABAQUS Linear Hexa. 1/10 Integral 27.3% Full model - 10% of cladding thickness
in contact with base metal was changed
to base metal.

15 ABAQUS Linear Hexa. 1/10 Integral 2.8%

16 ABAQUS Linear Hexa. 1/28 Integral 6.5% Deviation  established from the
reference solution determined by the
participant.

17 ABAQUS No X-FEM result for benchmark C1

18 ABAQUS No X-FEM result for benchmark C1

(*) Mesh size in the crack area (ratio to crack depth)

OECD/NEA X-FEM BENCHMARK FINAL REPORT



NEA/CSNI/R(2020)11 | 37

Case C2

For the case C2, less than half of the participants reported results, and the problem was
experienced as too complex by various participants. Moreover, the results of several
participants were varied significantly.

For this reason, the benchmark organisers (IRSN and Bel V) decided to temporarily
withdraw the benchmark case C2 from the X-FEM benchmark problem and to base the
conclusions on the more straightforward benchmark cases. In a second phase of the project,
case C2 and eventually other more complex cases can be considered.
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3. Feedback on the participant results and experiences

3.1. General feedback
In total, 18 organisations from 9 countries participated in the benchmark and sent their
results to the X-FEM project leaders. These results were produced by 6 X-FEM codes:
o  ABAQUS (9 participants);
o CODE_ASTER (2 participants);
e ANSYS (1 participant);
e MORFEO CRACK (1 participant);
e  SYSTUS (1 participant);
e NLX-FEM3D (1 participant).

The stress intensity factors calculated with X-FEM can be distinguished into two main
groups, those evaluated from the displacement based method and those from the energy
based method (G, J-integral).

In order to evaluate the accuracy of the obtained X-FEM solutions, a mix of the following
reference solutions was used:

o Formulas from the RSE-M code (AFCEN, 2020);

o (for case A and C1 - see tables of deviations above) (AFCEN, 2020);
e Formulas from the Handbook Tada-Paris-Irwin (Tada et al., 2000);

o (for case B —see Table 3.9 above);
e Formulas from the Handbook Raju-Newman (Newman et al., 1984);

o (for figures B.17 et C.17 related to case Al and A2 in the annexes from
participant 17);

e Conventional FEM evaluation, using refined and focused meshing around the crack
tip (for case B).

For a few participants, the contribution was restricted to a limited number of benchmark
exercises due to a lack of resources or capability. All the contributions that were effectively
provided were generally of good quality as the deviations with respect to the reference
solutions were mostly at an acceptable level.

3.2. Good practices to be implemented during X-FEM modelling
The benchmark exercises provided a good opportunity to compare the X-FEM modelling
methods and techniques among the participants, and to search for good practices which can

be implemented to efficiently make use of the X-FEM technology. The following good
practices were identified during the intercomparison of the participant results:

1. 1/10" or 1/20" of smallest crack dimension is a good mesh size around crack tip
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The most common mesh size around the crack tip used by participants was 1/10" to 1/20%
of the smallest crack size. This mesh size proved to provide accurate results with a fairly
good coherence with the reference solution. Nevertheless, some participants were able to
get good, or at least acceptable, accuracy with a mesh size up to 5 times more coarse than
this.

As an example, Figure 3.1 provides the K; results along the crack front for the benchmark
case Al, calculated by participant 6. The chosen elements at the crack tip are quadratic and
have a size of 1/10" of the smallest crack dimension (a). A very good coherence with theory
and with conventional FEM results can be observed.

Figure 3.1. K, along crack tip calculated by participant 6 for the benchmark case Al
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Note: Mesh size = a/10 at crack tip — quadratic elements.

Some participants used a coarser mesh (up to 1/3" of the smallest crack dimension) in order
to decrease the computation time. For the results of these participants, the correlation with
the theoretic values is smaller, and the results are less accurate as the curve representing
the evolution of K along the crack front is not as smooth as in Figure 3.1. This can for
example be observed from Figure , which shows the calculated K, values along the crack
front for benchmark case A1, done by participant 18 for a mesh size of 1/3" of the smallest
crack dimension around the crack tip using linear elements.
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Figure 3.2. Ki along crack tip calculated by participant 18 for the benchmark case Al
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Note: Mesh size = a/3 — linear elements.

Other participants calculated the stress intensity factors using a finer mesh (up to 1/50 of
the smallest crack size). This only slightly improves the calculation results but, generally
speaking, it can be concluded that a mesh size at the crack tip of 1/10" or 1/20" of the
smallest crack size provides satisfying results with respect to the reference solution.

Furthermore, it was observed by the participants that the crack curvature has an important
effect on the element size around the crack which should be applied in order to obtain
reasonable results: the sharper the crack, the finer the required mesh should be.

Some participants also made use of a tool for automatic refinement of the mesh size at the
crack tip (e.g. Tool Homard in code_Aster). Such a tool is useful when using X-FEM as it
enables a large reduction of the numbers of elements and consequently the computing time,
especially for large and complex models. In Figure 3.3, the mesh resulting from such a tool
is illustrated. When compared to a model with a propagated mesh through the whole model,
as illustrated in Figure 3.4, there is a large gain in computing efficiency.
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Figure 3.3. Mesh obtained for case Al by participant 4 with a local mesh refinement tool
resulting in 30 000 elements for accurate results

Figure 3.4. Mesh obtained for case Al by participant 8 by propagation resulting in 556 800
elements for accurate results

As a conclusion on the crack tip mesh size to be used in X-FEM calculations, it must be
mentioned that, whatever the mesh size, the convergence of the solution must be verified
when integration methods are used to determine the stress intensity factors. More details
are given on the convergence aspect in 3.3. If the convergence of the solution is not
obtained, a more refined mesh shall be used to improve the convergence and therefore the
accuracy of the solution. Another option is to determine the stress intensity factor by the
displacement method.
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2. Quadratic elements give better results than linear elements

It can generally be observed from the participant results that quadratic elements provide
results that are closer to the theoretic values. Especially for linear elements, the stress
intensity factor along the crack tip shows some high scatter in the oscillations (see also
limitation 4 of 3.2). A drawback of the use of quadratic elements is the computation time,
which is several orders higher.

Figure 3.5 shows a comparison of the K, result along the crack front as calculated by
participant 12 using a linear mesh and by participant 54 using a quadratic mesh for
benchmark A2. It can be clearly seen that the quadratic mesh provides much better results.

Figure 3.5. K along crack tip calculated by participant 12 (mesh size = a/10 - linear
elements) and participant 5 (mesh size = a/10 - quadratic elements) for the benchmark case
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When using linear elements, a good practice may be to perform a polynomial fitting of the
obtained stress intensity factor solution along the crack front, as has been done by
participant seven for benchmark Al, A2 and A3 (see Figure 3.6). As it has been observed,
this approximation correlates better with the solution obtained by a calculation with a
guadratic mesh and also with the reference solution.

OECD/NEA X-FEM BENCHMARK FINAL REPORT



NEA/CSNI/R(2020)11 | 43

Figure 3.6. Ki along crack tip calculated by participant 7 (mesh size = a/10 - linear elements)
for benchmark case A2, compared to a polynomial fit of the 6% order
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Another method to improve the accuracy of the results when using linear elements is to
make the mesh size at the crack tip as homogeneous as possible. This can be observed from
the graph in Figure 3.7, which compares the K; results along the crack front for case A2 as
calculated by participant 9 for 2 linear meshes, with the results from a quadratic mesh
obtained by participant 4 and with the theoretic values at the deep point and the surface
points. It can be observed that the results for the second linear mesh are more accurate and
closer to the reference solution. This is apparently related to the fact that this mesh is more
homogeneous at the crack tip (element size varies between 0.9 mm and 1.3 mm) than the
first mesh (element size varies between 1 mm and 2 mm).

Figure 3.7. Ky along crack tip calculated by participant 9 (mesh size = a/10 - linear elements)
for benchmark case A2, compared to the results from participant 4 (mesh size = a/10 —
quadratic elements) and theory
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3. Use asufficiently large area of refined and regular mesh around the crack tip

Some participants could significantly improve their calculated results by enlarging the
region with refined and regular mesh around the crack tip. This can be explained by the
fact that the path dependence in the energy based method Ge for large theta fields will
improve. In order to obtain accurate results with X-FEM, the theta field should have an
inner radius which is on the one hand small enough and at least equal to the smallest
element size at the crack tip, but on the other hand also large enough (but not too large).

4. Modelling of a small fillet at sharp edges

Several participants reported problems in obtaining accurate X-FEM results at the sharp
edge of the flaw (point C) for benchmark C. As a solution, some participants modelled this
edge by a fillet with a small radius and refining the mesh at this location. This technique
provided much better results.

3.3. Limits of X-FEM modelling encountered by the participants

The main benefit of X-FEM is commonly known to be the ability to model cracks in a
component without the need to manually create a special, time-consuming mesh around the
crack tip, as required for a conventional FEM. This simplicity of meshing is supposed to
offer the possibility to model a crack or even multiple cracks in complex structures such as
nozzle welds, and to model the propagation of cracks without the need for continuously re-
meshing the zone around the crack tip.

Nevertheless, the X-FEM application may also be subjected to certain limitations and
drawbacks. It is specifically the purpose of this benchmark to identify these limitations and
drawbacks. The following limitations and drawbacks were identified by certain
participants:

1. Difference between X-FEM results and analytical solutions (and conventional
FEM)

For the participants who also calculated conventional FEM results, it was observed that the
divergence of the X-FEM results was typically larger than the divergence of the FEM
results.

A certain divergence between the X-FEM and FEM solutions is not abnormal as the meshes
of the FEM and X-FEM models are not the same. Even for two FEM models with a
different mesh, some divergence can be observed. In this framework, it should be
mentioned that a good meshing strategy also for X-FEM is extremely important, as it is the
key to finding a good balance between accuracy and computing time.

A certain divergence between the X-FEM and reference solutions can be related to a
combination of causes, e.g. not an optimal mesh, bad choice of elements, wrong boundary
conditions, etc. A careful setting of the X-FEM parameters is therefore crucial in this
aspect.

2. Inability to model a crack on a symmetry plan

Some participants reported that for some codes (e.g. ABAQUS and Code Aster), it is not
possible (yet) to model a crack on a symmetry plane using X-FEM, while this is effectively
possible using the conventional FEM.
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However, as X-FEM is a method specifically developed for complex structures with a
complex loading (without symmetry), this limitation does not really affect the performance
of the method for the problems for which it is designed.

3. Restricted number of usable element types for X-FEM

For some codes, the participants reported the issue that only a limited number of element
types (mainly linear elements) is available when using X-FEM, which is not the case when
using conventional FEM.

Although the list of available element types includes elements that can generally be used
in most applications, this issue might cause problems in specific applications, e.g. for
combined thermal and fracture mechanics problems, as the accuracy of the thermo-
mechanical stresses calculated may depend on the type (linear or quadratic) of element
used.

4. Oscillation of K| results when using a linear mesh

Some participants using a linear mesh with X-FEM observed an oscillation of the K| results
on the crack front, while for conventional FEM a linear mesh provides a smoother evolution
of K, along the crack front. This is observed for mesh sizes at the crack tip in the order of
a/10, but not for smaller mesh sizes in the order of a/30, as can be observed in Figure 3.1.
This figure shows the K| results for the benchmark case Al calculated by participant 16 (3
larger meshes) and participant 17 (1 small mesh) as a function of position x by using linear
hexahedral elements.

Furthermore, this observation cannot be made at all for quadratic meshes.

Figure 3.8. Figure illustrating oscillations in the SIF calculation results when using a coarse
mesh (> a/30) using linear elements

K as function of x for benchmark Al, obtained with linear hexahedral elements
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In order to solve this problem, some participants tried out an X-FEM linear mesh that
follows the crack geometry (see Figure as an example). Such a mesh gave a much better
result but is necessarily more time-consuming. However, the beneficial effect of X-FEM
can then put into question in this case as being a mesh independent tool for fracture
mechanics analyses, in comparison to classical FEM which is less demanding in terms of
calculation time. Guiding the mesh along the crack front might not be the philosophy of
X-FEM as it makes the mesh dependent on the crack shape, and may introduce the same
difficulties as for the conventional FEM, making the technique less efficient and more time-
consuming.

Figure 3.9. Figure illustrating an X-FEM mesh following the crack geometry

5. Inability to apply X-FEM on a crack between two different materials

For benchmark case C1, a crack was assumed with a crack front partly lying on the interface
of a base metal and its cladding, made of two different materials with different properties.
For some codes (e.g. ABAQUS, CODE_ASTER), participants reported that it was not
possible to apply X-FEM on a crack which concerns two different materials (at the interface
of the two materials). Three methods to bypass this limitation - schematically illustrated in
Figure 3.10 - can be considered to rule out this problem:

¢ For the mechanical calculation only, the same Young modulus was assigned to the
cladding (e.g. participant 8). The error introduced on K, at the deepest point is
negligible as the Young modules of the stainless steel cladding and the ferritic steel
base metal are close to each other.

e For the mechanical calculation only, the thickness of the cladding was reduced by
10% and replaced by base metal such that the crack is contained completely in the
base metal (e.g. participants 11, 12, 13, 14). The normal stress distribution in the
base metal is not significantly affected by the change.

e The surface points to be considered on the interface of the base metal and the
cladding are not those at the interface of the base metal and the cladding but those
just behind the cladding (thus in the base metal) and closest to the cladding.

This issue might cause problems in dissimilar welds between materials for which the
mechanical properties are significantly different. However, in practice, the design codes
state that dissimilar welds should not be made of materials that differ significantly in yield
strength and thus in Young modulus.

Only methods 1 and 2 were considered by the participants who went through to the end of
benchmark C1.
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Figure 3.10. Figure illustrating an X-FEM mesh following the crack geometry
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6. Computational effort too large

Some participants reported that the requested model for case C, in combination with the
desired mesh (fine enough to get accurate results) required too great a computational effort.
Therefore, additional symmetry was added to the model, decreasing the number of elements
and the computational effort to an acceptable level.

Compared with conventional FEM, X-FEM is expected to demand a greater computation
effort as the elements are enriched and therefore present significantly more degrees of
freedom than in the case of classical 3D modelling. For this reason, an effective mesh
strategy resulting in an optimal mesh is even more important for X-FEM than for
conventional finite element modelling.

For models with a complex geometry and/or complex loadings, the followed strategy of
introducing symmetry would not be an option. That is effectively the reason why the
models requested in the benchmark exercises are large in size, as it obliges the user to
search for an X-FEM mesh strategy that is efficient in terms of time spent but also
computationally efficient.

7. No convergence on the X-FEM contour integral

Some participants that used the X-FEM SIF integral calculation method reported that
convergence of the X-FEM solution with the integration contours is not systematic, even
when the refinement of the mesh appears adequate (a/10 for instance). This is observed
whatever code is used.

Participant 17 considers that it is inherent to X-FEM that the contour integrals are not fully
path independent, although the path dependence can be minimised through mesh
refinement and contouring. Because of these effects, Participant 17 has reported SIF values
that are the average of the SIF values calculated from 5 contours.

It was further observed by participant 17 that the path dependency and the corresponding
convergence of the SIF results may be improved by using a larger zone of homogeneous
and high density mesh (Figure 3.11).
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According to participant 4, using the displacement method makes it possible to eliminate
the problem of convergence of the X-FEM solution from the integral method. The
displacement method for determining K, Ky, Kui gives more accurate X-FEM solutions
than the integral methods, without convergence problems (see Figure 3.12).

Limitations two, three and five demonstrate that for the most finite element codes, not all
functionalities are available yet for X-FEM that are already implemented for conventional
FEM modelling. This makes complex studies (with contact friction, dynamics, large
strains, etc.) hardly feasible with X-FEM. Therefore, it is important that the necessary
efforts are made to continuously improve and develop the X-FEM technology.

Figure 3.11. Figure illustrating the difficulty of finding converging SIF results using the SIF
integral calculation method. A large density homogeneous mesh (2) improves the path
independency of the SIF results compared to a coarser density homogeneous mesh (1)
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Figure 3.12. Figure comparing case B results obtained with the displacement method and the
integration (participant 4). The solution accuracy is better for the displacement method as
observed on K evolution (1) and Kui evolution (2).
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Figure 3.12. Figure comparing case B results obtained with the displacement method and the
integration (participant 4). The solution accuracy is better for the displacement method as
observed on Ky evolution (1) and K evolution (2). (Continued)
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4. Conclusion

The aim of the eXtended Finite Element Method (X-FEM) benchmark was twofold. The
first objective was to verify the accuracy of the Fracture Mechanics Parameters K, Ky, Ky
determined by X-FEM for metal components and structures under various loadings, namely
tension, bending and thermal transient. The second objective, considered to be at least as
important as the first one, was to gather the good practices and limits of X-FEM, which is
just beginning to be used in industry.

Eighteen organisations from nine countries in Asia, Europe and North America were keen
to participate in this X-FEM benchmark, which consisted of three rather academic cases
and one more complex practical case related to the justification of reactor pressure vessel
fitness for service.

The comparison of the deviations of the X-FEM solution from the reference solution
obtained by the participants shows that X-FEM results are on average compatible with the
reference solutions. The excessively large deviations that may have been observed were
not directly related to X-FEM but rather to modelling issues. For example, incorrect
boundary conditions and/or loading applications have led, in some cases, to inadequate t
shear stresses and thermal stresses acting on the crack. The results of all the calculations
performed by each participant are detailed in five annexes.

Some good practices were drawn from this benchmark. These are summarised below:

o First, the general good practices of FEM still need to be applied in modelling
geometry and loading specificities.

e A mesh size of 1/10" or 1/20" of the smallest crack dimension is recommended
around the crack tip.

e A homogeneous mesh size on the crack front is recommended.

e The results along the whole crack front are overall more accurate with a quadratic
mesh than a linear mesh, for which oscillations of the calculated solution on the
crack front around the reference solution can be observed. The oscillation may
nevertheless be alleviated when a mesh size smaller than 1/10" of crack depth is
used.

o Refining the mesh solely around the crack tip is preferable to avoid large models
that are too demanding in terms of computing resources. To that purpose, the
availability of automatic local meshing tools should be systematised in codes to
avoid modelling that is manually too time-consuming. This enhances the
application of the benefits of X-FEM.

e When using the integration method to determine stress intensity factors, care must
be taken — as for conventional FEM — to obtain the solution convergence that
depends on the defined contours. To reach convergence, a more refined mesh at the
crack area may be required than with conventional FEM.

¢ When the convergence of stress intensity factors obtained by the integration method
is not reached on a given model, the displacement method can be a successful
alternative to provide good accuracy with the same model.
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Similarly, some limits of X-FEM, as it is presently implemented in research and industrial
codes for facture analysis, were identified during the benchmark. These are listed below:

e There is a restricted number of element types for X-FEM in several codes.
e The modelling of cracks on symmetric planes is not possible.

e The application of X-FEM on a crack between two different materials is not
possible.

e Extensive computer resources are required when no care is taken to limiting model
size. Indeed, the degree of freedom greatly increases for enriched nodes.

e The displacement method to estimate stress intensity factors from X-FEM
calculation is not available in all codes.

In conclusion, the results of the academic benchmark cases confirm that X-FEM is an
efficient alternative tool for fracture analyses compared to conventional methods for simple
fracture analyses. In an industrial context and for complex structural applications that are
almost impossible to study with the conventional FEM, X-FEM may also be a good
alternative. However, in some codes, developments appear necessary to improve the
modelling efficiency in order to take full advantage of the use of X-FEM compared to the
conventional FEM (e.g. computation time-saving, crack meshing possibilities).
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Annex A. Materials properties

Table A.1. Forged ferritic steel (~SA 508 CI3) material properties from the RCC-M code

Young Modulus Expansion Conductivity  Density Specific heat  Diffusivity
Temperature (°C) Yield Strength (MPa) a( N p Cp Mp.Cp
(MPe) (°C) WImPC) (ka/m?) - gprec mis
0 205000 420 11.22E-6 37.7 7800 447.12 10.8E-06
20 204000 420 11.22E-6 37.7 7800 447.12 10.8E-06
50 203000 414 11.45E-6 38.6 7800 460.35 10.7E-06
100 200000 393 11.79E-6 39.9 7800 483.95 10.6E-06
150 197000 380 12.14E-6 40.5 7800 503.62 10.3E-06
200 193000 374 12.47E-6 40.5 7800 523.95 9.91E-06
*250 189000 365 12.78E-6 40.2 7800 547.12 9.42E-06
300 185000 355 13.08E-6 395 7800 567.09 8.93E-06

Table A.2. Stainless steel material properties from the RCC-M code

Expansion L . Specific heat PR
Temperature Young Modulus Conductivity  Density Diffusivity
po Yield Strength (MPa) a(® Cp
S (MPa) A P Mp.Cp
(°C) (W/m/°C) (kg/m?®) Jkgl°C m/s
0 198500 376 16.40E-6 147 7800 461.92 4.08E-06
20 197000 370 16.40E-6 14.7 7800 461.62 4.08E-06
50 195000 360 16.54E-6 15.2 7800 479.98 4.06E-06
100 191500 344 16.80E-6 15.8 7800 500.16 4.05E-06
150 187500 328 17.04E-6 16.7 7800 526.05 4.07E-06
200 184000 312 17.20E-6 17.2 7800 533.93 4.13E-06
250 180000 296 17.50E-6 18.0 7800 546.85 4.22E-06
300 176500 280 17.70E-6 18.6 7800 550.72 4.33E-06

(*) The linear expansion coefficients indicated in the tables are the mean values between 20°C and the
considered temperature.
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A.l. Strain-stress curve

The stress-strain curve is modelled as mentioned on Figure A.1. with:

o  Base material (ferritic steel): ET/Sy = 1/56 T + 36/7, where T is the temperature
and Sy is the yield strength given in Table A.1.;

e Cladding (stainless steel): ET/Sy = 5.1, where Sy is the yield strength given in
Table A.2.

Figure A.1. Stress-strain curve

Er

m Y
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Annex B. Resulting graphs for benchmark Al

Figure B.1. Summary data for all participants on benchmark Al

s|elwouAjod aipuadal yim poyiaw [esSaul / (Ysaw 9150DX) sdais uawauyal y /
ann
JuBWYdLUS di3-yoeud [ed1aWwoas / ww g ="My ‘ww = "y :ujewop uoneidayu| L D
(ysaw 91yDX) sda1s Juswaulyal  /
ann
JUBWYPLUS din-oeld [edIBW0as / wiw zT =My ‘ww = "y :ulewop uonesSaiu| s/t 2helpend 9 D
(ysaw 91yOX) sdais Juawauyal y /
ann
UBWYLUS dN3-)oeld [E211BWO0S / Wi g = **“y ‘wwi i = "y :ulewop uoneidaju| s >
(ysaw 9197x) sdais uawaulyaig /
ann - .
UBWYOLUS din-oetd [ed1IBW08S / Wi € ="y ‘wwi T ="My wop uoneidaju| [es8a3u| [Eipayenal LAl 1915v-3p03 98
(ysaw 91917x) sda1s Juswauyaig /
UBWYOLUS di-oetd [E21IBWO0RS / Wi 7 = **Y ‘wwi T = """y :ulewop uoneidaju| €3N
oz/t Jeaur]
(ysaw 1197X) sdais yuawaulaig /
uaWYdLUS din-yoesd [ediSojodoy / ww g = "y ‘ww T ="y :ujewop uonedaiu| TN
(ysaw 1191x) sdais uawauyaig /
ann
uaWYdLUS din-yoesd [ed180]0do) / ww Z =y ‘ww T = "y :ujewop uolesgaiu| t >
pasn AnawwAs ou / ww ="y ‘ww g0 = "'y :ulewop uoneisanu| 9 amny
pasn AnawwAs ou / ww g ="y ‘ww g0 = "'y :ulewop uoneisaiu| G amN)
pasn AinawwAs ou / ww z ="y ‘ww g0 ="'y :urewop uoneidaiu| ¥ amn)
|esSaqu) ot/T |eipayexaH | onespenp smisAs sa
pasn AaWWAS ZA pue AX / ww ="y ‘ww §‘g = "y :utewop uoneigaju) € anN)
pasn AlawwAs ZA pue AX / wwi € =**y ‘ww g'g = "y :ulewop uonegaju| Z3MNn)
pasn AawwAs ZA pue AX / wwi gz =*“y ‘ww 5’0 = "y :ulewop uoneigaiu| T amn)y
ww G'T ="y ‘ww 0 = "'y :ulewop uoneisaju| L d3MN)
ww g ="y ‘wuw ‘0 = "y :ujewop uoneisaju| 9 amN)
|ei8a1u) oz/t
ww Gz ="y ‘ww g = "'y :ulewop uoneisaju| G anND)
ww /£‘g ="y ‘ww gz = "y :urewop uoneisaju| |edpayesya)l | onespenp | yamn)y 191sy-2p0) g
ww g ="y ‘ww ‘0 = """y :ujewop uoneidaju| € 9MND)
ww g ="y ‘ww g‘0 = """y :ujewop uoneidau| |eagau) otT/T [4 o]
ww g ="y ‘wuw ¢ = “"“y :ulewop uonessau| Tann)
WIW T“T 9ZIS JO SIUBWI|3 / YSaw pawiojuo) o1/T ¥ amn)
Wi TT 921S 4O SUBWD|3 / Yysawi Je|ngay o1/T |espayexay €ann) shsuy
|ed3aqu) €d
wiw 60 21S 4O SUBWI|3 / Yysaw Je|ngay o1/ Zanny
o1/T |eapayexay Jeaur T ann) snbeqy
|ed8aqu) oT/1 |edpayesial Jeaur Tann) 3o 030N 7
IR 0z/1 |eipayexaH Jeaurn T ann) snbeqy T'a
dap ad 3pI0

UBW33 Ysaw

OECD/NEA X-FEM BENCHMARK FINAL REPORT



NEA/CSNI/R(2020)11 | 57

ww €T 0} ww ‘0 wody SulAien din joeud je 9zis Juswa|3 oT/T |edpayexay Jeaur] ZaMN)
(R snbeqy 69
wwi z 03 ww T wouy SutAiea diy yoeud 1e azis Juswia|3 oT/1T |edpayexaH Jeaur] T aAIN)
ot/1 ¢dMN)
|eaSayu) |edpayexaHq Jeaur] snbeqy 8'g
[24% T amn)
€ 9AIN) wouy sulod elep ayi jo (9 23.89p) 114 |elwouAjod e si aAn) ¥ anIn)
s/t £€3MND
|eaSayu| |edpayexaH Jeaur] snbeqy VAL
T 9AIND wouy syulod elep ayi Jo (9 8a.439p) 114 |elwouAjod e si z aan) Z9MN)
oz/t TaMnD
s|eiwouAjod
o xewy i = uw Teamny
aJpuadan yum poylaw [eSe1ul 3unssi4o0|g / Wi 9T ="My ‘ww ‘g = "'y :ulewop uoneiSayu|
poy1aw [e4891ul 24NsSI400|g / WW ' =**Y ‘ww g‘0 = """y :ulewop uoneisanu| 0z ann)
st/ |edpayenal | anespenp (N34) 4915V-9p0D
poyiaw [e489jul 24nssI400|g / Wwi 9T =**y ‘ww g‘0 = """y :utewop uonessaiu| 6T @AIND
poylaw [eiga1ul YeldZ / ww 'z = Y ‘ww g’ = "y :ulewop uoneidanu| 8T aAIND
poyiaw [ed8a1ul yorIdZ / W 9T =My ‘ww g‘0 = "y :utewop uoneigaiu| LT 3nn)
s|eiwouAjod aipuadai yim poyraw [eidanul / (Ysaw DHSOX) sdais Juawaulyal g /
UBWYdLUB di3-yoeud [eaUIBWO0as / ww z ="My ‘ww T ="y :ulewop uoneidaiu| ST MM
(ysaw DHSDX) sdais Juawaulyal G /
UBWYd LU di3-yoeud [ealawoas / ww g =**y ‘ww T ="y :ulewop uoneidaiu| oz/t [B4paYexsH ST3MND
(ysaw DHSDX) sdais JuawauyaI G /
$T 9AN)
UBWYd LU di3-oeud [eaL1aWO0a8 / ww Z =**My ‘ww T ="y :ulewop uoneidau|
|ed8a1u) 9'g
s|eiwouA|od aipuadal yiim poyiaw [eadaiul / (Ysaw 919pDx) sdeisuswauyalg /
UBWYd LU di3-)oe.d [eaL1BWO0aS / ww Z =**My ‘ww T ="y :ulewop uoneidau| €1 3MND
(ysaw D190X) sdais Juawauyalg /
UBWYd LU di3-oe.d [eaL1BWO0a8 / ww € =**Hy ‘ww T ="y :ulewop uoneidau| oz/t dnelpeny | T 9D 1915V-9p0)
(ysaw 919DX) sdais Juswaulyaig /
TT 9AN)
UBWYd LU di3-yoeud [ealawoas / ww z =**y ‘ww T ="y :ulewop uoneidaiu|
|edpayenal
s|eiwouAjod aipuada yim poyraw [eidanul / (Ysaw 91gDX) sdoisuswaulyal g /
UBWYd LU di3-)oe.d [eIL1BWO03S / ww =My ‘ww g ="y :ulewop uoneidau| 0T 3Mnd
(ysaw o1SDX) sda1s Juawaulyal g /
xewy, sy, . ot/t 6 3AND
UBWYPLIUS di3-3}oeld [BILIBWOSS / W g = Y ‘ww 7 = "y :ulewop uoljeigalu|
(ysaw 91SDX) sdais Juswaulyai g /
UBWYd LU di3-oeud [eaLIBW0a8 / ww ¢ =*y ‘ww g ="y :ulewop uoneidanu| 8 3MM

uojewoul 30N

poyiaw
uope|najes 4is

e y1dap >oeid 0}

oneu) azis ya81e3

UBWI3 YSaAI

il il

OECD/NEA X-FEM BENCHMARK FINAL REPORT



58 | NEA/CSNI/R(2020)11

90BJ 1UBW3|3 UOo aue|d yeJ) / sulewop uoieidaiul § syl Jo adesane Juasald s|nsay 9 anIN)
ELIRVEVETES omin
uo aue|d yaeu) / (S 01 T wody uiseasdul Ing ‘paiads J0u ulewop) § ulewop uoielsanu| S J
IR UEEIES
¥ 9N
uo sue|d oel) / (S 03 T wody uiseasdul Ing ‘paiioads 10U Ulewop) 7 ulewop uoijeldalu|
2084 JUBWID|D |eaga1u S/t |edpayexaH Jeaun snbeqy 8T 6T'g
AN
uo sue|d yaeu) / (S 01 T wody uiseasdul Ing ‘paiads J0u ujewop) € ulewop uoielsanu| 3 J
ELTRUEEIES
ZaMN)
uo aue|d oel) / (S 03 T wody uiseasdul Ing ‘paiioads J0u Ulewop) g ulewop uoijeldalu|
ELIRVEVETES omin
uo sue|d yaeu) / (S 01 T wody uiseasoul Ing ‘painads Jou L g
1UBW|3 JO 3|ppPIW Ul due|d doel) / sulewop uofesSajul § Jo afesane Juasald synsay S/1 ¥ ann)
1UBWa|a JO 3|ppiw ul sue|d yoel) / sulewop uoieidalul g Jo aelane Juasaid s1jnsay oc/e € amn)
1UBWI|3 JO 3|ppIw Ul sue|d yoeJ) / sulewop uoljeldalul g Jo aelane Juasaid synsay |ei8a3u| €/l |eapayexay Jeaun zann) snbeqy 8T 8r'd
S/t
908} JUBW|D UO due|d yoel) / SUleWOPp UoNeISa)ul G Jo 98eiane JUasald S1nsay T anN)
€9MN) | uewmaN-nley jo Aloayl
¢anmn) (W34) snbeqy [T JAN: |
|esgaqu| €€/T |eapayexay Jeaun
T amn) snbeqy
se/t ¥ dmn) (N34) snbeqy
91/T € ann)
|ed3aju| |edpayexay Jeaun 9T ar'd
8/T Zann) snbeqy
v/T T aAIND
|ed8aqu| S/t |eapayexaH Jeaul T amn) snbeqy ST qr'd
|esgaju| 0z/t |eapayexay Jeaun T amN) snbeqy T v1'a
|ea8aqu| S/t |edpayexaH Jeaun T 9AN) snbeqy €T €1'9
Juswadedsig 0z/T |eapayexay Jeaun T aMN) snbeqy a f4%:]
|esgaju| S/T |eapayexay Jeaun T aMIND) snbeqy T 1T'd
|e8a3u) ot/T |edpayexsy Jeaun Tann) PNASTENWTIXIN ot or'g

uopewojul Il

poyiaw
uone|m[ed 4is

e y1dap yoesd 0y
one.) azis 30813

UBWSI|3 YsaN

H — H

OECD/NEA X-FEM BENCHMARK FINAL REPORT



NEA/CSNI/R(2020)11 | 59

JUBW3|3 4o 3|ppIw Ul due|d yoel) / sulewop uoijesdaiul g ayj jo adelane Juasald synsay 9 amN)
1UBW?|3 Jo 3|ppiw ul sue|d yes) / onin

(S 01 T wouy Buiseasoul Ing ‘pal4dads 10U UlBWOP) G UlBWOP Uol1eISau| g o
JUBW?|3 Jo 3|ppiw ul aue|d yes) / o

(5 01T wouy Buiseasoul Ing ‘paly1dads 10U UlBWOP) {7 UlBWOP UoIeISaU| K d

1UBW?I|3 Jo 3|ppIw ul due(d yoes) / [EE] oz/e |elpayexay Jesurn snbeqy 8T Td

aMN;

(S 01 T wouy Buiseaoul Ing ‘paljdads 10U UlBWOP) € UleWOp uolle3aju| & g
JUBW?|3 Jo 3|ppiw ul aue|d yes) / o

(5 01T wouy Buiseasoul 1ng ‘paiy1dads 10U UlEWOP) Z UleWOP uoleI3au| ¢ g
JUSW?|3 Jo 3|ppiw ul sue|d yes) / omin

(S 01 T wouy Buiseasoul 1ng ‘paljdads 10U uleWOpP) T UleWOp uoieldaju| E g

JUSWS|3 Jo 3|pplw Ul sue|d yoel) / sulewop uoiesdalul g ay) Jo agelane Jussald synsay 9amN)
1UBW?|3 Jo 3|ppiw ul sue|d yet) / onin

(S 01 T wouy Buiseasoul Ing ‘palyads 10U UlEWOP) G UlBWOP Uolle3aju| s o
JuBWa|3 Jo 3|ppiw ul sue|d yoes) / omin

(5 01 T wouy Buiseasoul Ing ‘pal4dads 10U UlBWOP) ¢ UlBWOP UO1eISaU| v D

JUBW3|3 40 3|ppIw U} due|d Yoeu) / |eJ8aqu) €T |edpayexay Jeaun snbeqy 8T oz'g

ann

(5 01T wouy Buiseasoul Ing ‘palypads J0u UlBWOP) € UleWOP UoleISaU| € o
JUBW?|3 Jo 3|ppiw ul sueld yes) / onin

(5 01 T wouy Buiseasoul Ing ‘palydads 10U UlBWOP) Z UlBWOP uo1eISau| 4 D
JUBW?|3 Jo 3|ppiw ul aue|d yes) / omin

(5 01T wouy Buiseasoul Ing ‘palypads J0u Ulewop) T ulewop uoleidaju| g o

el T
oyiaw
uonewoul 310N — oney) azis 3a81ey juedpnied
uonejnajel 4| WBWaIB Ysan

OECD/NEA X-FEM BENCHMARK FINAL REPORT



60 | NEA/CSNI/R(2020)11

1UBW3|3 JO 3|ppPIW Ul dued yoel) / sulewop uoneiSajul g 3yl Jo aesane Juasald synsay 9amNn)
UBWS|3 Jo 3|ppiw Ul sue|d yes) /
(S 01T wouy Suiseasnul Ing ‘palyads 10U uleWOP) § Ulewop uolessSalu| 5 9MNI
JuBWa|3 Jo 3|ppiw Ul aue|d yesd /
(G 01 T wouy Suiseasoul Ing ‘palydads Jou UleWOP) ¢ Ulewop uole3anu| SN
UBW?I|3 Jo 3|ppiw ul aueld yoes) / [eaga3ul S/t |elpayexay Jeaun snbeqy 8T wd
(5 01T wouy Suiseasnul Ing ‘paiypads 10U uleWOP) € ulewop uoessSanu| €3NI
JuBWa|a Jo 3|ppiw ul sueld yoes) /
(G 01 T wouy Buiseasoul Ing ‘paiyidads J0u ulewop) z ulewop uoiei3anu| €M
UBWS|3 Jo 3|ppiw Ul sueld yesd /
(5 01T wouy Buiseasnul Ing ‘paiyads 10U ulewop) T ulewop uolessSanu| 1M
e yadap ypes 03 d
[LIEDT] 3.
uonewsojul IO oney) azis 3951e3 ann) apo) jedniued

uone|nafed Jis

UBW3I|3 Ysal

OECD/NEA X-FEM BENCHMARK FINAL REPORT



NEA/CSNI/R(2020)11 | 61

Figure B.2. Participant 1 — Benchmark Al

35

5 ==Curve 1

€ Curve 2
¢ Curve 3
% Reference solution
ol : : :
-20 -10 a 10 20
X (mm)
Figure B.3. Participant 2 — Benchmark Al
as
‘e
30+
2
o
—_ 20 -
E
]
o
2 5
—
101
5 s
— Curve 1
% Reference solution
ol :
-20 -10 1] 10 20
X (mm)

OECD/NEA X-FEM BENCHMARK FINAL REPORT



62 | NEA/CSNI/R(2020)11

Figure B.4. Participant 3 — Benchmark Al
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Figure B.5. Participant 4 — Benchmark Al
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Figure B.6. Participant 5 — Benchmark Al
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Figure B.7. Participant 6 — Benchmark Al
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Figure B.8. Participant 7 — Benchmark Al
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Figure B.9. Participant 8 — Benchmark Al
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Figure B.10. Participant 9 — Benchmark Al
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Figure B.11. Participant 10 — Benchmark Al
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Figure B.12. Participant 11 — Benchmark Al
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Figure B.13. Participant 12 — Benchmark Al
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Figure B.14. Participant 13 — Benchmark Al
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Figure B.15. Participant 14 — Benchmark Al
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Figure B.16. Participant 15 — Benchmark Al
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Figure B.17. Participant 16 — Benchmark Al
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Figure B.18. Participant 17 — Benchmark Al
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Figure B.19. Participant 18 — Benchmark Al
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Figure B.20. Participant 18 — Benchmark Al - Mesh 1
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Figure B.21. Participant 18 — Benchmark Al - Mesh 2
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Figure B.22. Participant 18 — Benchmark Al - Mesh 3
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Figure B.23. Participant 18 — Benchmark Al - Mesh 4
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Annex C. Resulting graphs for benchmark A2

Figure C.1. Summary data for all participants on benchmark A2
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Figure C.2. Participant 1 — Benchmark A2
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Figure C.3. Participant 2 — Benchmark A2
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Figure C.4. Participant 3 — Benchmark A2
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Figure C.5. Participant 4 — Benchmark A2
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Figure C.6. Participant 5 — Benchmark A2

30 T

20

K (MPam'’?)

— Curve 1
- Curve 2
¢ Curve 3
#® Reference solution

20 - I-ﬂ n
* (mm)

Figure C.7. Participant 6 — Benchmark A2
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Figure C.8. Participant 7 — Benchmark A2
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Figure C.9. Participant 8 — Benchmark A2
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Figure C.10. Participant 9 — Benchmark A2
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Figure C.11. Participant 10 — Benchmark A2
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Figure C.12. Participant 11 — Benchmark A2
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Figure C.13. Participant 12 — Benchmark A2
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Figure C.14. Participant 13 — Benchmark A2
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Figure C.15. Participant 14 — Benchmark A2
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Figure C.16. Participant 15 — Benchmark A2
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Figure C.17. Participant 16 — Benchmark A2
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Figure C.18. Participant 17 — Benchmark A2
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Figure C.19. Participant 18 — Benchmark A2
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Figure C.20. Participant 18 — Benchmark A2 — Mesh 1
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Figure C.21. Participant 18 — Benchmark A2 — Mesh 2

50 T

40 -~

m———fe—e=-
N

—Curve 1
0 2 Curve 2
€ Curve 3
=+ Curve 4
- Curve 5
1 Curve 6
® Reference solution

-20 20

X (mm)

OECD/NEA X-FEM BENCHMARK FINAL REPORT



NEA/CSNI/R(2020)11 | 85

Figure C.22. Participant 18 — Benchmark A2 — Mesh 3
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Annex D. Resulting graphs for benchmark A3

Figure D.1. Summary data for all participants on benchmark A3
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Figure D.2. Participant 2 — Benchmark A3
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Figure D.3. Participant 3 — Benchmark A3
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Figure D.4. Participant 4 — Benchmark A3
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Figure D.5. Participant 5 — Benchmark A3
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Figure D.6. Participant 6 — Benchmark A3
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Figure D.7. Participant 7 — Benchmark A3
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Figure D.8. Participant 8 — Benchmark A3
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Figure D.9. Participant 9 — Benchmark A3
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Figure D.10. Participant 10 — Benchmark A3
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Figure D.11. Participant 11 — Benchmark A3
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Figure D.12. Participant 12 — Benchmark A3
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Figure D.13. Participant 13 — Benchmark A3
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Figure D.14. Participant 14 — Benchmark A3
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Figure D.15. Participant 15 — Benchmark A3
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Figure D.16. Participant 16 — Benchmark A3
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Figure D.17. Participant 18 — Benchmark A3

—Curve 1
- Curve 2
¥ Curve 3
-+ Curve 4

L4

< Curve 5
£ Curve 6
+ Reference solution calculated by IRSN

¢ Reference solution calculated by participant

0 - i .
=20 -10 1] 10 20
x (mm)

OECD/NEA X-FEM BENCHMARK FINAL REPORT



96 | NEA/CSNI/R(2020)11

Figure D.18. Ky as function of time at point A
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Annex E. Resulting graphs for benchmark B

Figure E.1. Summary data for all participants on benchmark B
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Figure E.2. Participant 2 — Benchmark B — Ki
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Figure E.4. Participant 2 — Benchmark B — K
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Figure E.5. Participant 3 — Benchmark B — Kn
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Figure E.6. Participant 3 — Benchmark B — K
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Figure E.7. Participant 4 — Benchmark B — Ki
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Figure E.8. Participant 4 — Benchmark B — Kn
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Figure E.9. Participant 4 — Benchmark B — K
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Figure E.10. Participant 5 — Benchmark B — Ki
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Figure E.11. Participant 5 — Benchmark B — Ku
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Figure E.12. Participant 5 — Benchmark B — K
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Figure E.13. Participant 6- Benchmark B — Kn
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Figure E.14. Participant 6- Benchmark B — K
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Figure E.15. Participant 7- Benchmark B — Ki
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Figure E.16. Participant 7- Benchmark B — Kn
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Figure E.17. Participant 7- Benchmark B — K
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Figure E.18. Participant 8- Benchmark B — Ki

K (MPam'?)

— Curve 1
= FEM solution
-2 1
-20 -10 0 20
X (mm)

Figure E.19. Participant 8- Benchmark B — K
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Figure E.20. Participant 8- Benchmark B — K
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Figure E.21. Participant 9- Benchmark B — K
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Figure E.22. Participant 9- Benchmark B — Kn
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Figure E.23. Participant 9- Benchmark B — K
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Figure E.24. Participant 10- Benchmark B — Ku
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Figure E.25. Participant 10- Benchmark B — Km
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Figure E.26. Participant 11- Benchmark B — K;
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Figure E.27. Participant 11- Benchmark B — Ku
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Figure E.28. Participant 11 — Benchmark B — K
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Figure E.29. Participant 12 — Benchmark B — Ki

0.5 1

— Curve 1
= FEM solution
2 1 1 | _l
-20 . 0 20
% (mm)

OECD/NEA X-FEM BENCHMARK FINAL REPORT



NEA/CSNI/R(2020)11 | 115

Figure E.30. Participant 12 — Benchmark B — Ku
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Figure E.31. Participant 12 — Benchmark B — K
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Figure E.32. Participant 13 — Benchmark B — Ki
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Figure E.34. Participant 13 — Benchmark B — K
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Figure E.35. Participant 14 — Benchmark B — Ku
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Figure E.36. Participant 14 — Benchmark B — Kmn
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Figure E.37. Participant 15 — Benchmark B — Ki
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Figure E.38. Participant 15 — Benchmark B — Ku
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Figure E.39. Participant 15 — Benchmark B — K
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Figure E.40. Participant 16 — Benchmark B — K;
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Figure E.42. Participant 16 — Benchmark B — K
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Figure E.43. Participant 17 — Benchmark B — K
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Figure E.44. Participant 17 — Benchmark B — K

8

— Curve 1
- Ftetar_ence solution

20 10 0
% (mm)

Figure E.45. Participant 18 — Benchmark B — Ku
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Figure E.46. Participant 18 — Benchmark B — K
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Annex F. Resulting graphs for benchmark C1

Figure F.1. Summary data for all participants on benchmark C1
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Figure F.2. Participant 2 — Benchmark C1
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Figure F.3. Participant 3 — Benchmark C1
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Figure F.4. Participant 5 — Benchmark C1
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Figure F.5. Participant 6 — Benchmark C1
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Figure F.6. Participant 8 — Benchmark C1
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Figure F.7. Participant 9 — Benchmark C1
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Figure F.8. Participant 10 — Benchmark C1
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Figure F.9. Participant 11 — Benchmark C1
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Participant 12 — Benchmark C1
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Figure F.11. Participant 14 — Benchmark C1
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Figure F.12. Participant 15 — Benchmark C1
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Figure F.13. Participant 16 — Benchmark C1
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Figure F.14. Ky as function of time at point A
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Annex G. Participants

A detailed list of the 18 participants to the X-FEM benchmark is given in Table G.1.

Table G.1. List of participants of the X-FEM benchmark

Description of

Country Organisation . Contact person Code used
organisation

1 Belgium Bel V TSO VAN NUFFEL, Diederik ABAQUS
(Project co-leader) diederik.vannuffel @belv.be
Walcourtstraat 148 Tel.: +32 (0)2 528 03 33
B-1070 Brussels
Belgium

2 Tractebel Licensee DESMET, Michel Morfeo Crack
Engineering support michel.desmet@tractebel.engie.com Software
(ENGIE) Tel.: +32 (0)2 77383 69
Boulevard Simon
Bolivar 34-36
B-1000 Brussels
Belgium

3 Canada Candu Energy Inc.  Research centre  DUAN, Xinjian ABAQUS
2285 Speakman xinjian.duan@snclavalin.com ANSYS
Drive
Mississauga, LEARY, Daniel
Ontario daniel.leary@snclavalin.com
L5K 1B1 Canada

SHI, Yihai
yihai.shi@snclavalin.com

4  France Institut de TSO DELVALLEE-NUNIO, Isabelle CODE_ASTER
Radioprotection et isabelle.delvallee@irsn.fr
de SQreté Tel.: +33 158 35 86 94
Nucléaire (IRSN)
(Project leader)
B.P.17
92262 Fontenay-
aux-Roses Cedex
France

5 ESI Software MOREAU, Francois SYSTUS
Virtual developer francois.moreau@esi-group.com
Engineering Tel.: +33 4 78 14 59 42
solutions

Le Récamier - 70,
rue Robert 69458
Lyon Cedex 06

France
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6 Electricité de Utility GENIAUT, Samuel CODE_ASTER
France (EDF) samuel.geniaut@edf.fr
EDF R&D, Tel.: +33178 19 37 83
Département
ERMES

EDF Lab Paris-
Saclay — Bureau
02B24

7 Boulevard
Gaspard Monge
91120 Palaiseau

France
7  Germany MPA Universitat Research centre  STUMPFROCK, Ludwig ABAQUS
Stuttgart ludwig.stumpfrock@mpa.uni-
Dept Component stuttgart.de
Assessment and Tel.: +49 711 685 63041
Reliability

Pfaffenwaldring 32
D-70569 Stuttgart

Germany
8 India Bhabha Atomic Research centre  INGH, P.K. ABAQUS
Research Centre pksingh@barc.gov.in
(BARC)
Mumbai-400085 SHARMA, Kamal
India kamals@barc.gov.in
9 Japan Japan Atomic Research centre LI, Yinsheng ABAQUS
Enegry Agency li.yinsheng@jaea.go.jp
(JAEA)

Nuclear Science
Research Institute
2-4 Shirakata,
Tokai-mura, Naka-
gun, Ibaraki 319-

1195,
Japan
10 Central Research Research centre  MIURA, Naoki NLXFEM3Dheat
Institute of miura@criepi@denken.or.jp and
Electric Power NLXFEM3DStruc

Industry (CRIEPI)
Nuclear power plant
Maintenance
Research Team
2-6-1 Nagasaka,
Yokosuka-shi,
Kanagawa-ken
2400196

Japan
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11

12

13

14

15

16

Korea

Switzerland

Korea Institute of
Nuclear Safety
(KINS)
Department of
Mechanical and
Materials
Engineering

62 gwahak-ro,
Yuseong-gu,
Deajeon, 34142
Korea

Korea Univ. (KoU)
Dept. of Mechanical
Engineering

145, Anam-ro,
Seongbuk-gu, Seoul
Korea

Kyunghee Univ.
(Kyv)

Dept. of Nuclaer
Engineering

1732, Deogyeong-
daero, Giheung-gu,
Yongin-si,
Gyeonggi-do
Korea

Korea Atomic
Energy Research
Institute (KAERI)
Nuclear Materials
Research Division
1045, Daedeok-
daero, Yuseong-gu,
Daejeon

Korea

Seoul Tech
Univ.(SeU)

Dept. of Mechanical
System and Design
Engineering

232, Gongneung-ro,
Nowon-gu, Seoul
Korea

Paul Scherrer
Institute (PSI)
5232 Villigen PSI
Switzerland

TSO

Research centre

Research centre

Research centre

Research centre

Research centre

YONG-BEUM, Kim
ybkim@kins.re.kr
Tel.: +82 42 868 0165

YUN-JAE, Kim
kimy0308@korea.ac.kr
Tel.:+82 10 2383 7459

YOON-SUK, Chang
yschang@khu.ac.kr
Tel.:+ 82 10 3020 6396

JONG-MIN, Kim
jmkim@kaeri.re.kr
Tel.:+82 10 2957 9780

HAN-BUM, Surh
hbsurh@kaeri.re.kr
Tel.: +82 42 866 6267

NAM-SU, Huh
nam-su.huh@seoultech.ac.kr
Tel.:+82 10 6276 2316

NIFFENEGGER, Markus
markus.niffenegger@psi.ch
+41 (0)56 310 26 86

DIEGO, Mora
diego.mora@psi.ch
+41 (0)56310 43 64

ABAQUS

ABAQUS

ABAQUS

ABAQUS

ABAQUS

ABAQUS
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17 United

18

States

US Nuclear
Regulatory
Commission
(USNRC)

Two White Flint
North, M/S T-10
A36

11545 Rockville
Pike

Rockville, MD
20852-2738
United States

Structural
Integrity

Associates (SIA)

United States

TSO
and
regulatory body

Research centre
[licensee
support

FACCO, Giovanni
giovanni.facco@nrc.qgov
Tel.:301-415-0892

TREGONING, Robert
robert.tregoning@nrc.gov
Tel.: 301 415 2324

RAYNAUD, Patrick
patrcik.raynaud@nrc.qov
Tel.: 301-415-1987

IYENGAR, Raj
raj.iyengar@nrc.gov
Tel.: 301-415-0770

SHIM, Do Jun
dshim@structint.com

DOMINGUEZ, Gary
gdominguez@structint.com

ABAQUS

ABAQUS
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