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Abstract This study compares the performance of two models, the combined beam particle model,
and the continuous damage model, in simulating crack patterns in concrete under split loading
conditions. Results show that both models have good agreement with experimental results in
terms of the force-displacement curve, while the combined beam particle model provides a more
detailed and accurate description of crack patterns. However, the continuous damage model has
a faster computational time. This study serves as a foundation for future developments of a three-
step model based on weak coupling between Finite Element-Discrete Element-Computational
Fluid Dynamics, used to estimate leakage rate during severe accident scenarios.

Key-words damage, cracking, discrete element method, flow leakage measurement.

I. INTRODUCTION

In case of severe accident conditions such as large break LOCA (Loss Of Coolant Accident),
radioactive releases will go out of the RCS (Reactor Coolant System). Subsequentially, the integrity
of the second barrier is lost. This will cause a rise in (relative) pressure and temperature to 4.2 bars
and around 150 °C. Such conditions induce cracking in the internal walls of the CCB (Concrete
Containment Building), leading to leaks. The numerical assessment of such leaks heavily depends
on the characterization of the fracture features, including crack geometry opening fluctuation,
tortuosity, and roughness (Akhavan et al., 2012; Jourdain et al., 2014; Rastiello et al., 2016, 2015). In
the synthesis of the second benchmark of VeRCoRS! project , (Charpin et al., 2021) mentioned the
complexity of the numerical assessment of the leak-tightness of a pre-stressed concrete containment
wall. This is mainly due to physical complexity (including thermo-hydration, drying, creep,
damage, pre-stressing, transfer properties, etc.), which affects the global air tightness of a concrete
structure.

Numerous models within the continuum mechanics framework have been developed to investigate
the cracking mechanisms and how they affect concrete deterioration. Discrete cracking models such
as extended Finite Element Method (X-FEM) (Belytschko et al., 2003) and Embedded Finite Element

' VeRCoRS (Vérification Réaliste du Confinement des Réacteurs) is a 1/3 scale mock-up of a 1300 MWe nuclear reactor Concrete
Containment Building CCB.
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Method (E-FEM) (Jourdain et al., 2014), continuous models such as Continuum damage models
(Richard et al., 2015), and lattice models like in (D’Addetta et al., 2002) are the three primary
methods used to simulate concrete cracking (Mier, 1984). Discrete methods are renowned for their
ability to explicitly represent concrete cracking and its characteristics (initiation, length, opening,
tortuosity). A discrete model called DEAP after “Discrete Element Analysis Program” resulting
from the mechanics of rigid solids has been developed (Oliver-Leblond, 2019, 2015; Vassaux et al.,
2016).

In the study conducted by (Matallah et al., 2010), a procedure known as OUVFISS was developed
for the estimation of crack opening by post-processing a continuous damage model. This procedure
was then applied in a subsequent study by (Matallah and La Borderie, 2016) to evaluate the flow
rate based on modified permeability matrix using Poiseuille's law. While this method is relatively
simple, it relies heavily on the accurate characterization of parameters which takes into account the
effect of tortuosity and roughness of the crack, as highlighted by (Rastiello et al., 2014). Therefore,
there is a need for an intermediate tool to effectively describe the crack parameters and used as an
intermediate tool between the global mechanical simulation and complex CFD simulations. One
can use a weak local/global coupling between the continuous damage model and the beam particle
model (Oliver-Leblond, 2015; Oliver-Leblond et al., 2013) to reduce the computational time cost of
the discrete simulations by only perform the discrete computation on highly damaged areas. This
coupling will be applied to an experimental case study, COBRA project (French acronym of
“Building confinement of the reactor in case of accident”), which is one of the perspectives of this
paper.

Our goal within this study is to perform Brazilian mechanical 3D simulations for two models, the
combined beam particle model (DEAP) and the continuous damage model (CONCYC) and validate
the results with experimental studies found in the literature in terms of macroscopic behavior
(force-displacement or force crack opening curve). After that, extract the explicit cracking patterns
from DEAP which will be then used as an input for CFD simulations to evaluate air/air-steam
leakage rate through concrete cracks. Finally, compare the two results, OUVFISS and DEAP, in
terms of crack opening.

The outline of this paper is as follows: first, a brief description of COBRA project with the global
methodology. The second part a brief description on the two models, damage (Richard et al., 2015;
Vassaux, 2015) and DEAP. Finally, lllustration of the boundary conditions on the Brazilian splitting
specimen for both models with the results of the simulations with a brief overall discussion and
perspective.

II. Experimental description and global strategy

COBRA project

COBRA is a program designed to evaluate the ability of reinforced concrete enclosures in French
1300 MWe nuclear power plants to prevent the release of hazardous materials during severe
accident conditions. The program includes both experimental tests on two reinforced concrete
models and numerical simulations using finite element modeling, validated using data from the
experimental tests. The models are based on the ANR (National Research Agency) ECOBA project
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(French acronym of “Study of the Confinement of Reinforced Concrete Structures”) (Nahas et al.,
2014) and represent a representative structural volume of a typical 1300 MWe PWR (Pressurized
Water Reactor) containment vessel. The program aims to address the lack of a widely accepted
method for predicting the rate of leakage from a pre-stressed concrete enclosure without a metal
liner during an accident. The two models have similar geometry, see Figure 1, and consist of
footings, a zone of interest, and gussets. They differ in that one was poured in a single casting, while
the other was made in two castings to assess the influence of concreting resumptions. Six actuators,
as shown in

Figure 2, are used to apply pressure and create cracks in the ZOI (Zone Of Interest). Data will be
collected on leakage ratio, aerosol retention, displacement, temperature, and strain and
temperature fields.

Figure 1 Geometry of COBRA models Figure 2 COBRA setup

Global strategy

The global strategy of this study involves several steps as illustrated in Figure 3. The first step is to
use the CONCYC damage model (Richard et al., 2015; Vassaux, 2015) implemented in Cast3M finite
element to conduct a simulation of an RSV containment structure using the COBRA program. This
allows us to obtain the displacement field of the entire structure. In the second step, we use the
displacement field at the boundary of the highly damaged zone as a boundary condition in DEAP
simulation to obtain explicit crack patterns. Finally, we use these crack geometries in CFD
simulation rather than the simplified method of using two parallel plates with a constant crack
opening. The following paragraphs are a brief description for each model.
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III. Continuum models

Continuous damage model CONCYC

The constitutive model developed by (Richard et al., 2015; Vassaux, 2015) describes the behavior of
quasi-brittle materials under cyclic loading using isotropic continuum damage mechanics. It
decomposes the effective stress of the volume element, g, into two different tensors: the stress

transmitted in the healthy matrix, 6™, and the stress transmitted in all the cracks when they close
considering both crack closure and hysteretic effects ,0/, see Equation (1).
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Where D is the isotropic damage variable, € the second-order total strain tensor, € the fourth-order
Hooke's tensor, ¢/ homogenized contribution of crack openings to the total strain of the RSV,
€max! maximum crack strains, a, crack closure velocity and I, refers to the direction normal to
crack surface.

To improve the material's behavior under multiaxial stress, the author suggested two
enhancements, different model for each enhancement, based on a reference evolution of D derived
from Mazars' work (Mazars, 1984). The first enhancement modifies the softening behavior by
affecting the free energy related to damage Y™ considering that crack propagation in a volume of
material is slowed when the material is confined, resulting in higher peak loads and more ductile
behavior. Hence, the damage can be written as in Equation (2).

_. K By
D=1 v exp[ p (Y YO)] 2)
where By stands for a parameter controlling the softening behavior and the energy rate is denoted
by Y = %E €069 with the equivalent strain €49 = f( €)y: (E)Jr , and the elastic limit strain ¢,. The elastic

limit energy rate, ¥, = %Eeé variable k is used to express the level of confinement.

237



CFGC 2023 AJCE, vol. 41 (1)

The second enhancement affects the elastic surface of the material by modifying dissipation
potential ¢™. The non-associated pseudo-potential of dissipation is formulated using the Mazars
failure criterion and expressed in terms of thermodynamic variables, see Equation (3) .
¢ =Y = (Y +2) ®)

The thermodynamic force associated with z is denoted by Z, which increases the minimum
threshold of for the elements to be considered as damaged elements. The modification allows for
controlling the material's contraction level in the context of the dissipation potential, thus
enhancing the model's accuracy and applicability, see Equation (4) .

-1 1 k
Y= EEfoeeq = EEEO < }(E)Jr : (E)Jr +?2(11 (C:g))_) 4)

Fracture mechanics theory states that energy dissipated by cracking in a volume is dependent on
crack surface. To account for this, Gp, must be constant. In simulations, energy dissipated by
cracking depends on the fineness of the mesh used to discretize the medium. Two methods to solve
this problem are the crack energy regularization method by (Hillerborg et al.,, 1976) and the
nonlocal regularization method by (Pijaudier-Cabot and BaZant, 1987). . For more information, see
(Richard et al., 2015; Vassaux, 2015) on the reclosure of the crack and the hysteretic effects.

Combined Beam-Particle Model

In this model, concrete is simulated using polygonal rigid particles connected by brittle beams and
frictional contact after beam failure. This model can reproduce failure patterns of compressive or
tensile simulations (Vassaux et al., 2016). The mesh generation process is inspired by (Moukarzel
and Herrmann, 1992), involving superimposing a grid on the specimen, randomly generating
particle centroids within each cell, and performing Delaunay's triangulation and Voronoi's
tessellation to control mesh heterogeneity as shown in Figure 4 and Figure 5.

The beam-particle model simulates cohesive forces using Euler-Bernoulli beams connecting particle
centroids as shown in Figure 6 and described in Equation (5). These beams have four parameters
to calculate cohesive forces and moments between particles: length and cross section are specific to
each beam and determined by the mesh geometry, while modulus of Elasticity and inertia
coefficient are the same for all beams. More information can be found in (Delaplace and Desmorat,
2007; Oliver-Leblond, 2019, 2015; Vassaux, 2015; Vassaux et al., 2016).

Figure 4 Random generation of the particle’s nuclei Figure 5 Generation of the beams (Delaunay’s triangulation) and the
particles (Voronoi Tessellation)
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Figure 6 Two cohesively linked particles.

IV. Brazilian simulation

Boundary conditions

In order to develop a proof of concept for this approach, experiments found in the literature will be
used as reference. Brazilian mechanical test have been conducted to obtain a localized macro-crack
(Rastiello et al., 2018). This type of load is most likely to produce macro cracks in concrete, as it
causes the specimen to experience maximum tensile stress. The boundary conditions shown in
Figure 7 were adapted from those presented in (Rastiello et al., 2015) for the continuous CONCYC
model in CAST3M. The mesh size was chosen to be 2 mm based on the results of a sensitivity study
on mesh size. The figure also illustrates the specimen tensile strength field generated from the
turning band method (Mantoglou and Wilson, 1982) in order to take into account concrete
heterogeneity.

The boundary conditions for DEAP model are different, as the specimen stability would be
compromised if the blocked particles connecting beams were broken. Therefore, additional
boundary conditions as shown in Figure 8 were applied to prevent rotation around the x-axis. Also,
the material heterogeneity is considered in this approach.
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Figure 7 Boundary conditions for FEM with tensile strength random field (Rastiello et al., 2015)
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Figure 8. DEAP simulation dimensions and setup and boundary conditions

The following section presents the results of the simulations described previously. These results

were validated based on experimental data from (Rastiello et al., 2014) and the models were

calibrated using these experimental results. Figure 9 illustrates the damage field distribution in (a)

and the crack opening field obtained from the OUVFISS procedure implemented in Cast3M finite
element software from the work of (Matallah et al., 2010) in (b). We can see that the material is

highly damaged in the middle area, and we can observe an irregular crack surface, but we can’t

extract the crack information which is a limitation for OUVFISS procedure. Since we don’t know

how the crack is oriented and connected with other elements. All we know is the average crack

opening per element. Regarding DEAP simulation. Figure 10 shows the displacement field in the

x-axis direction (perpendicular to the loading) in (a) and the developed macro-crack geometry with

10 pm crack opening threshold (all cracks less than this value are neglected). It illustrates that the

crack is not straight, and the crack opening is not homogeneous which as observed experimentally.

The validation of both continuous and discrete models is shown in Figure 11, which presents a

comparison between the models and experimental data in terms of force-displacement curve and

crack mouth opening displacement (CMOD)-displacement curve. The CMOD is calculated by

taking the average relative displacement between two points at the middle of the specimen on both

faces. Additionally, the figure compares the crack opening estimated by the OUVFISS procedure

(by taking the maximum value for the green curve and the summation of the values for the purple

curve, also averaged for both faces). Also, it shows the crack opening for DEAP simulation

estimated by the relative displacement between two cracked particles in black. The figure

demonstrates the good agreement between the experimental results and the two models in terms

of relative displacement and that the DEAP program's estimate of crack opening is more precise

compared to that of OUVFISS and it is much closer to the relative displacement estimations.
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Figure 11. Validation of both models (a) Force vs change diameter (b) CMOD vs change diameter

Discussion and perspectives

In this study, we present the first step towards the development of a future work that aims to
estimate air leakage rate during severe accident scenarios. The study focuses on comparing the
performance of two models, DEAP and CONCYGC, in simulating crack patterns in concrete under
split loading conditions in concrete. The results of the simulation showed that both models were
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able to accurately predict the global behavior and force-displacement curve of the concrete samples
under split loading conditions. However, the DEAP model was found to be more precise in the
description of crack patterns, specifically in terms of crack tortuosity and length, see Figure 10 (b),
opening, see the blue curve in Figure 11 (b). Additionally, the results of this study showed that the
DEAP model was more precise in estimating crack opening compared to OUVFISS. This is because
in DEAP simulation, the crack opening is calculated from the relative displacement of nodes while
OUVEFISS uses plastic opening. The initial abrupt change observed in the black curve is likely
attributed to the fact that it depicts the crack opening estimated by DEAP in three dimensions,
while the blue curve represents only the relative displacement along the x-axis.

Also, these comparisons do show that relative displacement is better than the built-in value of
inelastic strains in the case of a continuous model.

Despite the DEAP model's precision, it is important to note that the OUVFISS procedure is well
suited for simulating crack patterns in concrete at large scales because of its lower computational
cost for comparable element size, see Table 1.

Table 1 Computational costs comparison considering the same maximum displacement reached by DEAP (87 um)

Time Average element size CPU frequency
Model CPU cores
(hours) (mm) (GHz)
CONCYC 2.20 2 12 2.1
DEAP 2.42 8 8 3.2

In addition, the result shows that there is a difference in the maximum displacement that the DEAP
and CONCYC models were able to simulate. Specifically, it appears that the DEAP simulation
stopped after around 60 um, and no solution could be found beyond that point. In contrast, the
CONCYC model was able to reach up to 325 um until a solution could not be found. This difference
in maximum displacement could be due to the existence of large quantity of cracks at the middle
of the specimen which leads to make DEAP model reached a level of nonlinearity that it could not
handle, and thus, the simulation failed. Also, the CONCYC model may have been able to handle
this level of nonlinearity. A modification of the boundary condition for DEAP model could be done
in order to go further in the simulation

Our conclusion is that DEAP model will be used for crack description as it provides a discontinuous
description of crack patterns, giving us a more detailed understanding of the cracking process,
which will be beneficial for future flow simulations. Meanwhile, the description of the crack is
obtained for relatively low CMOD levels for DEAP simulation which is one of the observed
disadvantages of the model. In contrast, the continuous presentation of the CONCYC model does
not provide the same level of detail. Therefore, we conclude that DEAP is a more suitable choice
for simulating crack patterns in concrete with possible future enhancements to reach higher levels
of CMOD. Also, considering the mesh size with the size of the specimen, the transposition to the
COBRA mock-up is expected to be significantly more computationally intensive. To tackle this
challenge, a weak coupling between the two models will be developed.

This study has two main perspectives: the development of a MATLAB tool to extract crack
geometry from DEAP simulations and the integration of DEAP and CONCYC models in large-scale
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simulations. The MATLAB tool is currently under development and testing, it will enable the
extraction of detailed crack geometry information from DEAP simulations, which is not currently
possible with existing tools. The second objective is to take advantage of the strengths of both
models in a large-scale simulation. The CONCYC model is well suited for simulating the global
behavior of concrete structures, while the DEAP model is particularly good at simulating detailed
crack patterns. By coupling the two models through a weak coupling approach, the simulation time
can be reduced while still obtaining a detailed description of crack patterns. This is especially
relevant for the COBRA project, which aims to simulate concrete behavior under severe accident
scenarios.

V. References

Accueil | Cast3M [WWW Document], n.d. URL http://www-cast3m.cea.fr/ (accessed 1.12.23).

Akhavan, A., Shafaatian, S.-M.-H., Rajabipour, F., 2012. Quantifying the effects of crack width,
tortuosity, and roughness on water permeability of cracked mortars. Cement and
Concrete Research 42, 313-320. https://doi.org/10.1016/j.cemconres.2011.10.002

Belytschko, T., Chen, H., Xu, J., Zi, G., 2003. Dynamic crack propagation based on loss of
hyperbolicity and a new discontinuous enrichment. International Journal for Numerical
Methods in Engineering 58, 1873-1905. https://doi.org/10.1002/nme.941

Charpin, L., Niepceron, J., Corbin, M., Masson, B., Mathieu, J.-P., Haelewyn, J., Hamon, F., Ahs,
M., Aparicio, S., Asali, M., Capra, B., Azenha, M., Bouhjiti, D.E.-M., Calonius, K., Chu, M.,
Herrman, N., Huang, X,, Jiménez, S., Mazars, J., Mosayan, M., Nahas, G., Stepan, ].,
Thenint, T., Torrenti, ].-M., 2021. Ageing and air leakage assessment of a nuclear reactor
containment mock-up: VERCORS 2nd benchmark. Nuclear Engineering and Design 377,
111136. https://doi.org/10.1016/j.nucengdes.2021.111136

D’Addetta, G.A., Kun, F., Ramm, E., 2002. On the application of a discrete model to the fracture
process of cohesive granular materials. GM 4, 77-90. https://doi.org/10.1007/s10035-002-
0103-9

Delaplace, A., Desmorat, R., 2007. Discrete 3D model as complimentary numerical testing for
anisotropic damage. Int J Fract 148, 115-128. https://doi.org/10.1007/s10704-008-9183-9

Hillerborg, A., Modéer, M., Petersson, P.-E., 1976. Analysis of crack formation and crack growth
in concrete by means of fracture mechanics and finite elements. Cement and Concrete
Research 6, 773-781. https://doi.org/10.1016/0008-8846(76)90007-7

Jourdain, X., Colliat, J.-B., de Sa, C., Benboudjema, F., Gatuingt, F., 2014. Upscaling permeability
for fractured concrete: meso-macro numerical approach coupled to strong discontinuities.
International Journal for Numerical and Analytical Methods in Geomechanics 38, 536—
550. https://doi.org/10.1002/nag.2223

Mantoglou, A., Wilson, J.L., 1982. The Turning Bands Method for simulation of random fields
using line generation by a spectral method. Water Resources Research 18, 1379-1394.
https://doi.org/10.1029/WR018i005p01379

Matallah, M., Borderie, C.L., Maurel, O., 2010. A practical method to estimate crack openings in
concrete structures. International Journal for Numerical and Analytical Methods in
Geomechanics 34, 1615-1633. https://doi.org/10.1002/nag.876

Matallah, M., La Borderie, C., 2016. 3D Numerical Modeling of the Crack-Permeability Interaction
in Fractured Concrete. https://doi.org/10.21012/FC9.245

243



CFGC 2023 AJCE, vol. 41 (1)

Mazars, J., 1984. Application de la mecanique de 'endommagement au comportement non
lineaire et a la rupture du beton de structure. These de docteur es sciences presentee a
I'universite pierre et marie curie - paris 6.

Mier, van, J.G.M., 1984. Strain-softening of concrete under multiaxial loading conditions (Phd
Thesis 1 (Research TU/e / Graduation TU/e)). Technische Hogeschool Eindhoven,
Eindhoven. https://doi.org/10.6100/IR145193

Moukarzel, C., Herrmann, H.J., 1992. A vectorizable random lattice. ] Stat Phys 68, 911-923.
https://doi.org/10.1007/BF01048880

Nahas, G., Guilhem, G., Gélain, T., La Borderie, C., 2014. Study of the reinforced concrete
structure containment ecoba. Société Francaise d’Energie Nucléaire, In TINCE, Cachan,
France.

Oliver-Leblond, C., 2019. Discontinuous crack growth and toughening mechanisms in concrete: A
numerical study based on the beam-particle approach. Engineering Fracture Mechanics
207, 1-22. https://doi.org/10.1016/j.engfracmech.2018.11.050

Oliver-Leblond, C., 2015. Modelling of three-dimensional crack patterns in deep reinforced
concrete structures. Engineering Structures 11.

Oliver-Leblond, C., Delaplace, A., Ragueneau, F., Richard, B., 2013. Non-intrusive global/local
analysis for the study of fine cracking: global/local analysis for fine cracking in concrete.
Int. J. Numer. Anal. Meth. Geomech. 37, 973-992. https://doi.org/10.1002/nag.2155

Pijaudier-Cabot, G., Bazant, Z.P., 1987. Nonlocal Damage Theory. Journal of Engineering
Mechanics 113, 1512-1533. https://doi.org/10.1061/(ASCE)0733-9399(1987)113:10(1512)

Rastiello, G., Boulay, C., Dal Pont, S., Tailhan, J.L., Rossi, P., 2014. Real-time water permeability
evolution of a localized crack in concrete under loading. Cement and Concrete Research
56, 20-28. https://doi.org/10.1016/j.cemconres.2013.09.010

Rastiello, G., Dal Pont, S., Tailhan, J.-L., Rossi, P., 2018. On the threshold crack opening effect on
the intrinsic permeability of localized macro-cracks in concrete samples under Brazilian
test conditions. Mechanics Research Communications 90, 52-58.
https://doi.org/10.1016/j.mechrescom.2018.04.008

Rastiello, G., Desmettre, C., Tailhan, ]J.-L., Rossi, P., Charron, J.-P., Dal Pont, S., 2016. Modeling of
fluid leakage through multi-cracked RC structural elements using a numerical
probabilistic cracking approach. Materials and Structures 49, 3095-3108.
https://doi.org/10.1617/s11527-015-0706-3

Rastiello, G., Tailhan, J.-L., Rossi, P., Dal Pont, S., 2015. Macroscopic probabilistic cracking
approach for the numerical modelling of fluid leakage in concrete. Annals of Solid and
Structural Mechanics 7, 1-16. https://doi.org/10.1007/s12356-015-0038-6

Richard, B., Vassaux, M., Ragueneau, F., Millard, A., 2015. A robust and efficient 3D constitutive
law to describe the response of quasi-brittle materials subjected to reverse cyclic loading;:
formulation, identification and application to a RC shear wall.
https://doi.org/10.13140/RG.2.1.3905.0406

Vassaux, M., 2015. Comportement mécanique des matériaux quasi-fragiles sous sollicitations
cycliques: de I'expérimentation numérique au calcul de structures. Ecole normale
supérieure de Cachan - ENS Cachan.

Vassaux, M., Oliver-Leblond, C., Richard, B., Ragueneau, F., 2016. Beam-particle approach to
model cracking and energy dissipation in concrete: Identification strategy and validation.
Cement and Concrete Composites 70, 1-14.
https://doi.org/10.1016/j.cemconcomp.2016.03.011

244



CFGC 2023 AJCE, vol. 41 (1)

245



