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damage and fracture models, identify their parameters and better characterize the concrete behaviour during mixed-mode crack propagation, multiaxial tests are developed. Inspired by former works of [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF] and [START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF], rich and discriminating tests are performed by using state of the art techniques, where the experimental boundary conditions are directly measured during crack propagation. The loadings are applied using a hexapod testing machine controlled by a 3D displacement system and the cracking state is analysed via digital image correlation. With the proposed experimental setup several loading histories are analysed: proportional multiaxial loading histories and non-proportional ones, with and without crack closure and friction.

The experimental results are confronted with numerical simulations performed with nonlocal (i.e., gradient) damage models and with a linear elastic fracture model coupled with the X-FEM framework. The present work underlines the importance of using accurate boundary conditions, estimated from full field measurements, to perform numerical simulations that reproduce the experimental results. Moreover it is shown that crack reorientation and crack branching is vital to create discriminant crack propagation tests. Based on these experimental results a innovative hybrid test is proposed, where the boundary conditions leading to a given crack path are found by solving an inversed problem. This new discriminating concrete fracture test is able to fully investigate its complex mechanical behaviour within a single run.
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Introduction

The use of cement-based materials is widespread in the domain of civil engineering, thanks to its combination of strength, relative low cost and design capabilities. Constant improvements in concrete quality [START_REF] Neville | Propriétés des bétons[END_REF][START_REF] Mehta | Concrete: microstructure, properties and materials[END_REF] allow to move forward from standard civil engineering applications to more sophisticated structures such as impressive bridges, hydraulic dams, off-shore platforms, storage tanks for liquid gases and, finally, nuclear containment buildings. In the latter case, the knowledge of the concrete behavior in terms of crack initiation and propagation features is crucial when analyzing the severely regulated leakage between the interior (i.e., the nuclear reactor) and the exterior (i.e., the in-between containment walls space). Therefore, there is a need for material models to accurately predict the crack path and force-displacement history [START_REF] Galenne | A new mock-up for evaluation of the mechanical and leak-tightness behaviour of NPP containment building[END_REF].

In the general context of sustainable development, the design of concrete structures has to assure a minimum environmental imprint and economic cost. Therefore, the lifespan of the structures has to be maximized by a competitive design, given by the knowledge of the material behavior. When considering concrete for the construction of special structures, such as nuclear containment buildings, even more stringent regulations have to be satisfied regarding the deformability, leakage, durability and safety of the structure. Moreover, for all the aforementioned constructions one of the critical issues remains the precise qualification of material properties related to nontrivial fracture properties due to the heterogeneity of concrete, to multiple internal length-scale compositions associated with cement, sand and aggregates. Unlike many other quasi-brittle materials, concrete cracking is characterized by the formation of an important microcracked zone (process zone) prior to visible cracks [START_REF] Bažant | Crack band theory for fracture of concrete[END_REF][START_REF] Regnault | Holographic interferometry for the determination of fracture process zone in concrete[END_REF] . Under further loading some of the microcracks of the damaged zone eventually coalesce, resulting in the propagation of a macroscopic crack. The micromechanical principle of crack initiation differs for tensile, compressive or shear loads, thereby generating a nontrivial elastic domain surface [START_REF] Lee | Biaxial behavior of plain concrete of nuclear containment building[END_REF].

To predict the complex behavior of cement-based materials, more and more elaborated nonlinear numerical models are developed. Generally, these models depend on an important number of parameters that have to be identified [START_REF] Grédiac | Full-Field Measurements and Identification in Solid Mechanics[END_REF]] so that the validation step is very important in the development process. Consequently, an experimental database of discriminant mixed-mode fracture tests is needed both for the identification and the validation of fracture and damage models.

The tests performed on complex geometries, considering multiaxial loading conditions to obtain nontrivial crack pattern are seldom found in literature. The most interesting mixed-mode fracture tests are those performed by [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF]; [START_REF] Brokenshire | Torsional fracture tests[END_REF]; [START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF]. These tests are largely used for validation purposes [START_REF] Jäger | Towards the treatment of boundary conditions for global crack path tracking in three-dimensional brittle fracture[END_REF][START_REF] Ožbolt | Numerical simulation of dynamic fracture of concrete through uniaxial tension and L-specimen[END_REF][START_REF] Omidi | Seismic cracking of concrete gravity dams by plastic damage model using different damping mechanisms[END_REF]. However, the comparison is based on the observed crack pattern, and the boundary conditions in the numerical simulations are assumed to be ideally matching the theoretical prescribed ones.

Thanks to important breakthroughs concerning highly multiaxial testing machines and optical measurement techniques, the richness of the instrumentation of mechanical tests has reached a new level. The aim of this work is to perform and monitor fracture tests on concrete specimens with modern means and to make the validation of the chosen model trustworthy. The real boundary conditions are measured all through the experiment, and then prescribed in the simulation. Another objective of the tests is the characterization of the industrial concrete used in VERCORS project [START_REF] Galenne | A new mock-up for evaluation of the mechanical and leak-tightness behaviour of NPP containment building[END_REF], where a 1/3 scale mock-up of a nuclear confinement building is constructed for research purposes by EDF R&D.

One aims to perform discriminating and rich tests using these up-to-date techniques. Discriminating, because of crack propagation under mixed-mode conditions, complex geometry and loading result in a wide range of displacement fields that allows numerical models to be validated (or invalidated). Rich, since crack propagation is stable, at least during the first part of the test, and because full-field measurements are performed using digital image correlation (DIC) [START_REF] Sutton | Computer Vision-Based, Noncontacting Deformation Measurements in Mechanics: A Generational Transformation[END_REF]. Consequently, an important amount of data is available for validation purposes through a direct comparison between the experimental and numerical displacement fields and the force-displacement history.

Apart from the pre-defined loading tests approach, new interactive and hybrid tests are developed. Until now, for all the fracture tests the boundary conditions (BCs) are established in advance (pre-defined) and no control of the crack path is possible. The interactive and further on the hybrid tests propose to control the test with other quantities of interest (damage, crack path evolution, SIF values) that are not straightforward information, but can be determined by using suitable measurements techniques. Therefore, one may prescribe a desired crack path and by solving the inverse problem determine the BCs requested to reorient the crack toward the desired trajectory. This new approach will permit the optimization of fracture tests, thus important improvements in the quality and the cost of experimental tests can be expected.

The present work is composed of five major parts. The first chapter presents the state of the art concerning the characterization, modeling and simulation of concrete behavior. First, a brief review of fracture and damage models used to predict the fracture behavior of concrete is shown. The main groups of models are described, starting from linear elastic fracture mechanics up to more elaborate nonlinear damage models. The formulations used in the present study are presented in more detail. Furthermore, after an overview of the mixed-mode concrete fracture tests found in the literature, the advantages and the drawbacks of the most frequently used tests [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF][START_REF] Brokenshire | Torsional fracture tests[END_REF][START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF] for model validation purposes are discussed. One of the main shortcom-ings of these tests is the poor instrumentation, limited by the existent techniques. Breakthroughs in the experimental techniques provide the possibility of performing much more complex and innovative concrete fracture tests.

In the second chapter, the experimental setup used to perform the present tests is described in detail. The used testing machine, a 6 degree of freedom hexapod, allows crack propagation tests to be performed in a precise manner by controlling the 3D boundary conditions. The measurement systems are presented, the LVDT setup, the 2D and stereo digital image correlation and the 6 axis load cell. Two types of grips are considered for the present study, the suitable one being chosen after performing numerical simulations and experimental tests with both approaches. Before having a setup that meets all the requirements in terms of accuracy of measurement and of machine control, several tests were performed. Subsequently to the shortcomings observed during these tests, the experimental setup was improved. Last, the validation of the setup is outlined.

The third part focuses on the first experimental campaign composed of Nooru-Mohamed (NM) inspired tests. During these tests with pre-defined loading path proportional and non-proportional loading histories are applied to double-notched specimens. The experimental displacement fields are used to carry out numerical simulations with a finite element model (FEM) for validating the chosen damage model, namely, the nonlocal gradient damage model developed by EDF R&D to describe crack propagation phenomena in quasi-brittle materials [START_REF] Lorentz | A variational formulation for nonlocal damage models[END_REF][START_REF] Lorentz | Gradient damage models: Toward full-scale computations[END_REF]. The damage state is modeled by a scalar field, which reflects the material degradation due to the initiation of multiple microcracks within the sample. Apart from having the necessary damage zone description, this model should be able to correctly predict crack initiation and propagation on a priori unknown paths. The numerical simulations performed with the experimental data are underlining the importance of using the measured boundary conditions and the high sensitivity to the applied boundary conditions. Even though NM type of tests present all the aforementioned advantages and are of great interest, they also have important limitations. Mainly, the period of stable crack propagation is very narrow and complete fracture occurs at only ⇡ 20 µm mean relative displacement measured on the face of a sample of size 50 ⇥ 200 ⇥ 200 mm. Since such a low displacement is sought when measuring the boundary conditions that will be further used to perform numerical simulations, a very low measurement uncertainty has to be ensured. Therefore, the tests are very difficult to perform and the richness of the crack paths is limited to the very short period of stable propagation. Even though an important amount of time and resources was invested in this experimental campaign, the results present several drawbacks and are not sufficient to create a discriminating experimental database. The development of new, innovative tests is clearly required.

The fourth chapter is dedicated to the design and the presentation of these new tests, the so-called interactive tests. The main requirements are related to the period of stable crack propagation and the complexity of the crack patterns. It is shown that adding an inplane rotation to the shear-tensile loading has a very important impact on the stability of the crack. The tests are interactive because during the test the command is changed with respect to the propagation of the crack. The crack is detected with digital image correla-tion and, in certain key positions of the crack tip, the load is manually changed to reorient the crack in order to follow a desired path. These tests enable for the study of mixedmode crack propagation phenomena, such as crack initiation, propagation, reorientation, branching, closure, friction, mode III propagation and stability limit. The sensitivity to the applied displacement is less important, thus a better reproducibility is observed. Consequently, one may clearly notice the increase in complexity and in the richness of the interactive tests. Numerical simulations are carried out using the aforementioned damage model, both for the validation of the experimental data, to prove that it is trustworthy, and to establish the validity domain of the chosen model. After an important improvement observed between the classic and the interactive tests, the development of hybrid, automated tests is the next step.

The final chapter focuses on the development of new hybrid tests. The objective is to solve an inverse problem to determine the boundary conditions required to obtain a desired crack path. In order to control the real tests, the crack tip position is evaluated using digital image correlation. The stress intensity factors (SIF) and the new boundary conditions are obtained from linear elastic fracture mechanics (LEFM) computations. After each propagation step, the crack tip position is introduced in the LEFM model and the crack is reoriented by changing the loading conditions. In the present work the term 'hybrid test' is used in the sens of a hybridization between an experimental test and a numerical simulation. The main particularity of the present hybrid tests with respect to those generally found in the literature is that the geometry studied experimentally is exactly the same as the one numerically simulated. While the tests found in the literature are sub-structured hybrid tests, the studied structure is decomposed in at least two different sub-domains, a numerical sub-domain and an experimental one.

Prior to the real test, a virtual hybrid test is developed. The 'real' cracking state is computed using a damage model, while the SIFs are obtained from an LEFM analysis. The numerical results validate the principle of the proposed hybrid test and important challenges are overcome toward fully automated hybrid tests.

Chapter 1

State of the art

In this chapter a literature survey is presented. The first section focuses on fracture and damage models. The theoretical concepts that will be used during the present work are detailed. Moreover, since an important phase in model development is the validation, several experimental tests that are frequently used as benchmarks are discussed. Their main advantages and shortcomings are presented. Last, due to a significant evolution of experimental techniques, such as digital image correlation and multiaxial machines, the experimental data recorded during a test can reach a new level of complexity. These techniques are thus briefly presented in the last section.
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Mixed-mode crack propagation on an L-shaped specimen [START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF][START_REF] Winkler | Experimental verification of a constitutive model for concrete cracking[END_REF] Thanks to its good mechanical properties and relatively low cost, the use of cementbased materials is widespread in the domain of civil engineering and more and more used for special constructions, such as storage tanks, off-shore platforms and nuclear containing buildings. The heterogeneous nature of concrete and its strongly asymmetric behavior when subjected to different loading conditions make the characterization and the modeling of its mechanical behavior a difficult task. Being a quasi-brittle material, the fracture behavior is nonlinear due to the development of a fracture process zone (FPZ) in the vicinity of the crack tip, where the material undergoes softening damage. Conceptually, the most simple way to characterize the fracture phenomena in concrete is by using linear elastic fracture mechanics. Since this approach is not considering the FPZ, it may be used only for concrete structures, where the ratio between the structure dimensions and the characteristic FPZ length is very important. For more accurate results, the nonlinear phenomena have to be considered, therefore more advanced models are required. The FPZ clearly has an important role in the modeling of the fracture behavior of concrete, but it is also an important challenge when characterizing it experimentally.

Given the complexity of cement-based materials, many of the existing nonlinear models used for numerical simulations depend on many parameters that have to be identified [START_REF] Grédiac | Full-Field Measurements and Identification in Solid Mechanics[END_REF]. Furthermore, the choice between different models is nontrivial and has to be validated. The experimental tests are the only pertinent tool. Since the complexity of the models is in continuous growth, experiments have to respond to the request. After a literature survey it was found that very few highly detailed tests of mixed-mode fracture in concrete were conducted [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF][START_REF] Brokenshire | Torsional fracture tests[END_REF][START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF] and none of them recently. Among these tests, the results obtained by [START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF] are often used for validation purposes [START_REF] Jäger | Towards the treatment of boundary conditions for global crack path tracking in three-dimensional brittle fracture[END_REF][START_REF] Ožbolt | Numerical simulation of dynamic fracture of concrete through uniaxial tension and L-specimen[END_REF][START_REF] Omidi | Seismic cracking of concrete gravity dams by plastic damage model using different damping mechanisms[END_REF] since nontrivial crack paths are obtained under mixed-mode loading conditions. Another result presented by [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF]; [START_REF] Nooru-Mohamed | Experimental and numerical study on the behavior of concrete subjected to biaxial tension and shear[END_REF] is even used as a benchmark for various model types or numerical algorithms, for instance, damage [START_REF] Fichant | A comparative study of isotropic and anisotropic descriptions of damage in concrete structures[END_REF][START_REF] Desmorat | Nonlocal anisotropic damage model and related computational aspects for quasi-brittle materials[END_REF][START_REF] Jirasek | Evaluation of directional mesh bias in concrete fracture simulations using continuum damage models[END_REF][START_REF] Prochtel | On the dissipative zone in anisotropic damage models for concrete[END_REF], cohesive [START_REF] Gasser | 3D Crack propagation in unreinforced concrete: A two-step algorithm for tracking 3D crack paths[END_REF][START_REF] Dong | Fracture of concrete structure using simplified meshless method[END_REF][START_REF] Lens | Constitutive models for cohesive zones in mixed-mode fracture of plain concrete[END_REF], lattice [START_REF] Bolander | Fracture analyses using spring networks with random geometry[END_REF][START_REF] Cusatis | Confinement-shear lattice CSL model for fracture propagation in concrete[END_REF][START_REF] Kozicki | Modelling of fracture process in concrete using a novel lattice model[END_REF], microplane models [START_REF] Luzio | A symmetric over-nonlocal microplane model M4 for fracture in concrete[END_REF], hybrid and or XFEM approaches [START_REF] Unger | Modeling of cohesive crack growth in concrete structures with the extended finite element method[END_REF][START_REF] Réthoré | Mixed-mode crack propagation using a Hybrid Analytical and eXtended Finite Element Method[END_REF]. For more complex 3D crack propagation validation the results obtained by [START_REF] Brokenshire | Torsional fracture tests[END_REF] are usually considered [START_REF] Gasser | 3D Crack propagation in unreinforced concrete: A two-step algorithm for tracking 3D crack paths[END_REF][START_REF] Su | Finite element modelling of complex 3D static and dynamic crack propagation by embedding cohesive elements in Abaqus[END_REF].

The first section of the present chapter represents an overview of existing numerical models used to predict crack propagation in concrete, focusing on the models that will be used during the present work. The advantages and the drawbacks of the experimental tests generally used as benchmark for model validation are then addressed.

With the technical evolution, powerful tools are available today and can be used to obtain rich and discriminating experimental data. One of these techniques involves multiaxial testing, and the other one digital image correlation, providing 2D and 3D surface displacement fields. These techniques are briefly presented in the last section.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests 1 Numerical approach of mixed-mode crack propagation in concrete

In the last years an important development of fracture and damage models predicting crack initiation and propagation in concrete is observed. A wide variety of models exists, starting from Linear Elastic Fracture Mechanics (LEFM), the cohesive zone models, up to continuum damage models.

Concrete is a quasi-brittle material, which is characterized by the formation of an important microcracked area (the fracture process zone) prior to visible cracks [START_REF] Bažant | Crack band theory for fracture of concrete[END_REF][START_REF] Regnault | Holographic interferometry for the determination of fracture process zone in concrete[END_REF]. The last phenomenon is not considered by LEFM -the most basic approach used to describe the crack propagation threshold and direction in homogeneous quasi-brittle media. Even though intrinsically unable to accurately predict concrete damage, this method is considered reasonable as a first approximation for the numerical control of hybrid tests and will thus be presented in detail in Section 1.1.

The principles of LEFM can be extended and thus adapted for concrete simulations if a non-linear behavior is supposed to govern material law in the vicinity of the crack tip. One of the first proposed formulations is the 'fictitious crack model', introduced by [START_REF] Hillerborg | Analysis of crack formation and crack growth in concrete by means of fracture mechanics and finite elements[END_REF], an important step toward cohesive models simulations, based on the pioneering works of [START_REF] Barenblatt | The formation of equilibrium cracks during brittle fracture. general ideas and hypotheses. axially-symmetric cracks[END_REF][START_REF] Dugdale | Yielding of steel sheets containing slits[END_REF]. Unphysical singularity of the LEFM solution close to the crack tip is regularised considering the fracture process zone described by a softening behavior law. These models depend on macroscopic parameters such as the ultimate tensile strength and the fracture energy, easily determined with standard tests. One drawback of the cohesive models is the necessity of having a priori information about the crack trajectory, since special interface elements have to be introduced in the finite element mesh. Even though the cohesive zone models accurately predict the initiation and the propagation of cracks, the 3D approach is still a work in progress [START_REF] Gasser | 3D Crack propagation in unreinforced concrete: A two-step algorithm for tracking 3D crack paths[END_REF][START_REF] Jäger | Towards the treatment of boundary conditions for global crack path tracking in three-dimensional brittle fracture[END_REF]. Solutions were proposed to overcome this shortcoming via introduction of coupled cohesive/XFEM models [START_REF] Ferté | Interface problems with quadratic x-fem: design of a stable multiplier space and error analysis[END_REF] but it implies a significant increase in computational costs.

Another important class of models describes the material degradation in a continuous manner by introducing additional variables, therefore the crack description is no longer presented as kinematic discontinuity.

One such approach proposed by [START_REF] Bažant | Crack band theory for fracture of concrete[END_REF] is the 'crack band theory'. In this energetic approach the crack and the fracture process zone are represented by a band of continues distributed parallel cracks. The quasi-brittle behavior of concrete is correctly predicted, but this formulation is strongly related to the size of the band used to dissipate the fracture energy, thus dependent on the mesh size. Moreover, the crack direction is influenced by the mesh orientation.

The 'smeared crack theory' proposed by [START_REF] Rashid | Ultimate strength analysis of prestressed concrete pressure vessels[END_REF] considers the cracks distribution by splitting the deformation into an elastic part and a fractured one, the latter representing the displacement discontinuity. To relate the orientation of the crack to the Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests applied loading conditions, the rotation of the axes of material orthotropy was allowed [START_REF] Cope | Modelling of reinforced concrete behaviour for finite element analysis of bridge slabs[END_REF], witch lead to the rotating crack models [START_REF] Gupta | Cracking in reinforced concrete analysis[END_REF].

In order to overcome the stress locking phenomenon, [START_REF] Jirasek | Rotating crack model with transition to scalar damage[END_REF] proposed the coupling between the rotating crack model and a scalar damage model, moreover, a nonlocal formulation was adopted. Furthermore, another important class consists of models formulated in the framework of continuum damage mechanics. An important advantage of the damage models is that no a priori information considering the crack path is needed [START_REF] Bažant | Crack band theory for fracture of concrete[END_REF][START_REF] Mazars | A description of micro-and macroscale damage of concrete structures[END_REF], since the local degradation is described in the whole material through a damage field. However, as the softening behavior of concrete is addressed locally the mathematical description of the model become ill-defined loosing ellipticity. Therefore when treated numerically, a mesh-dependence is observed as soon as damage localization occurs. The dissipation energy is then strongly dependent on the size of the finite elements. Moreover, the damage evolution is related to the mesh orientation. The unwanted phenomena can be avoided by using a regularizing technique. An energetic regularization was proposed by [START_REF] Hillerborg | Analysis of crack formation and crack growth in concrete by means of fracture mechanics and finite elements[END_REF], where the dissipation energy is related to the size of the finite elements. This method is accurately representing the dissipation energy, but the dependence on the mesh orientation is not overcome. Another approach consists of regularizing the internal variables. Two main classes of such models are presented in the literature, one based on controlling the strain gradient, and a second one related to the damage gradient.

The original nonlocal method proposed by Pijaudier-Cabot and [START_REF] Pijaudier-Cabot | Non local Damage Theory[END_REF] considered that the nonlocal treatment should be applied only to those variables that induce strain softening. Also the damage energy release rate is averaged over the representative volume of the material. An important variety of nonlocal model formulations was developed starting from smoothing local variables through regularization operators [START_REF] Pijaudier-Cabot | Dynamic stability analysis with nonlocal damage[END_REF], to models considering the penalization of the gradient of extra kinematic variables, such as microvoid dilation [START_REF] Pijaudier-Cabot | Damage and localisation in elastic materials with voids[END_REF] or Cosserat media [START_REF] De Borst | Localisation in a Cosserat continuum under static and dynamic loading conditions[END_REF].

All the aforementioned nonlocal models have something in common, all of them require at least one additional parameter characterizing the size of the regularization area, namely, the internal length scale. The damage localization band is now related to the internal length scale and is no longer mesh-dependent.

In the present work a non-local damage model considering the introduction of an internal variable gradient is used. The regularization is performed with respect to the damage gradient [START_REF] Lorentz | A variational formulation for nonlocal damage models[END_REF]. The model is presented in Section 1.2.

Linear elastic fracture mechanics (LEFM)

LEFM is widely used to represent, in a simplistic manner, crack propagation in homogeneous media with a linear elastic behavior. LEFM considers the cracks as geometrical discontinuities. Thus, for a given geometry and loading condition, the stress components Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests and the displacement discontinuities can be analytically computed in the vicinity of the crack tip. Three main points emerged:

• First, the stress and the displacement field can be decomposed as three fracture modes: mode I -opening mode, mode II -sliding mode and mode III -tearing mode.

The intensity of each of these modes is described by a Stress Intensity Factor (SIF), which is a multiplicative factor of the main asymptotic component of the considered (stress or displacement) field. • Second, the crack propagation is governed by a criterion. The most popular formulations are those of [START_REF] Griffith | The phenomena of rupture and flow in solids[END_REF] and [START_REF] Irwin | Analysis of stresses and strains near the end of a crack traversing a plate[END_REF]. • Third, the crack propagation direction needs a governing criterion. Criteria such as the Maximum Normal Stress (MNS) [START_REF] Erdogan | On the crack extension in plates under plane loading and transverse shear[END_REF], local symmetry and the maximum energy release rate are frequently considered.

A first challenge in characterizing the propagation of cracks with such a model is that SIFs have to be determined for each loading step. Consequently, the crack geometry has to be taken into account after each propagation step. Two methods can be considered. In the first case, the crack is introduced in the mesh in an explicit manner, being part of the geometry, and thus remeshing is needed after each propagation step [START_REF] Chiaruttini | An adaptive algorithm for cohesive zone model and arbitrary crack propagation[END_REF]. In the second case, the crack is introduced using the X-FEM framework [START_REF] Moës | A finite element method for crack growth without remeshing[END_REF][START_REF] Belytschko | Arbitrary discontinuities in finite elements[END_REF][START_REF] Geniaut | A stable 3D contact formulation for cracks using X-FEM[END_REF][START_REF] Colombo | An implicit geometrical approach to level sets update for 3D non planar X-FEM crack propagation[END_REF]. The finite element model is enriched by adding degrees of freedom to the concerned elements, which take into account the displacement discontinuities through the crack surfaces and the stress field in the vicinity of the crack tip. In this study, computations are performed by coupling X-FEM with a level set propagation technique. One of the advantages of this approach is that the computations are carried out using only the sound mesh. To represent a crack using level sets, two functions are needed, namely, a normal level set (lsn) and a tangential level set (lst). The crack surface is described by (lsn(x) = 0) T (lst(x) < 0). The two functions have to be orthogonal, and their signed Euclidean distance property is used for the X-FEM enrichment with Heavyside functions. In order to obtain crack propagation using the previously mentioned technique, updating of the level sets is required after each propagation step.

Even though accepted by ASN (The French Nuclear Safety Authority) and generally used by engineers for the design of industrial structures, the fact that LEFM is not considering the fracture process zone in front of the crack tip is clearly a drawback when simulating the fracture behavior of concrete. In the present work it is shown that LEFM is not adapted to predict crack propagation in concrete when complex non-proportional loading histories are considered (Chapter 4 Section 2.2.3). Nonetheless, LEFM has been successfully used in the context of hybrid testing. Such tests are designed to prescribe stress intensity factors (SIFs) or to follow a desired crack path. LEFM can be used to solve the inverse problem, to determine, in real time, the boundary conditions required to obtain the desired crack path. Only the direction of the crack is needed, which was proven to be quite accurate with LEFM. During this study the MNS criterion is used to determine the propagation direction.
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According to the MNS criterion, the crack propagation direction, q, corresponds to the maximum value of s qq ,

s qq = K I 4 p 2pr ✓ cos 3q 2 + 3cos q 2 ◆ - K II 4 p 2pr ✓ 3sin 3q 2 + 3sin q 2 ◆ (1.1)
with r and q shown in Figure 1.1, and K I , K II the mode I and mode II SIFs. Therefore, s qq is maximum when

q = sin -1 K II q K 2 I + 9K 2 II -sin -1 3K II q K 2 I + 9K 2 II (1.2) furthermore, q = 2 ⇤ tan -1 1 - p 1 + 8µ 2 4µ ! , with µ = K II K I (1.3) r M Ɵ Figure 1.1: Geometrical representation of a linear crack
The present criterion is establishing the relationship between the bifurcation angle, q, and the SIFs ratio, K I /K II , that will be used to solve the inverse problem.

Nonlocal gradient damage model

The present nonlocal damage model [START_REF] Lorentz | Gradient damage models: Toward full-scale computations[END_REF] describes the gradual degradation of quasi-brittle materials. It accounts for micro-cracking by a scalar damage field.

The use of a damage model to simulate crack propagation in concrete allows for the initiation of damage to be described without additional features (e.g., an initial artificial short crack is not required). Similarly, the crack paths are obtained without any a priori information. Moreover, the damage model enables the stability of the given solution to be checked and gives access to additional pieces of information such as the damage distribution. The latter is a very important advantage as it takes into consideration the Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests process zone, which is required for heterogeneous quasi-brittle materials such as concrete.

Being a nonlocal gradient damage regularized model, the usual numerical issues regarding damage localization and mesh dependence are completely solved. Another particularity of the present model consists of its nonlocal closed-form solution in a one-dimensional context [START_REF] Lorentz | Gradient damage models: Toward full-scale computations[END_REF]. Thus, as the model parameters are separated between a length scale characterizing nonlocal effects, and a set of macroscopic parameters (e.g., 'yield' stresses, Griffith energy), the equivalent asymptotic response of a cohesive zone model can be obtained when the length scale tends to zero [Lorentz et al., 2011].

The damage model presented herein was modified to better characterize the complex behavior of concrete. First, the model was based on a symmetric damage function. Afterward, the damage criterion was modified to account for the different response of concrete when subjected to tensile or compressive loadings. For the two formulations the shape of the elastic domain is defined by en ellipsoid of revolution. As shown in Chapter 3, Section 2.1, the elliptical shape is not fully capturing the tensile damage, therefore the model was upgraded by using the damage threshold proposed by Franc ¸ois [2008]. Another important feature of the upgraded model is the stiffness recovery.

All the formulations are available in the open-source code developed by EDF R&D, 'Code-Aster'. Since both the model considering an elliptical damage criterion, called Endo -Scalaire (ES), and the model with a more complex damage criterion, called Endo -Fiss -Exp (EFE), are used in the present study, the corresponding theoretical formulations are presented in the sequel.

Model based on the elliptical yield function (ES) -symmetric and asymmetric formulations

The material state is described by the infinitesimal strain tensor and by a scalar damage field a (0 < a < 1). Following the original ideas of Kachanov (1958, English translation available [START_REF] Kachanov | Rupture time under creep conditions[END_REF]) continuum damage accounts for the loss of material stiffness. The damage and material stiffness changes are governed by the following potential

f(e, a) = A(a) j el (e) + w(a) + c 2 (O a) 2 | {z } nonlocal term (1.4)
where j el is the elastic energy density where [E] is Hooke's tensor and A(a) the stiffness function, which quantifies the progressive isotropic loss of stiffness. A(a) is a positive decreasing function, ranging from 1 to 0.

j el = 1 2 e T [E] e (1.
Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Thus, for a = 0, the full stiffness of the material is recovered (A(0) = 1). For a = 1, there is a complete loss of stiffness (A(1) = 0). The general formulation of the constitutive law corresponds to the class of generalized materials.

The damage criterion is obtained by energy minimization

f (e, a) = - ∂ f ∂ a = -(A 0 (a)j el ({e}) + w 0 (a) -cO 2 a) (1.7)
and loading-unloading conditions in the Kuhn-Tucker form read

f (e, a)  0; ȧ ≥ 0; ȧ f (e, a) = 0 (1.8)
The present model admits a closed-form solution in the case of uniaxial tension. The following parameters that control both the size of the damage localization zone and the dissipated energy are coming from this closed-form solution [Lorentz et al., 2011] for

w(a) = ka k = 3 4 G f D ; c = 3 8 DG f ; (1.9)
where G f is the fracture energy per unit area, c the nonlocal parameter and D a numerical parameter, corresponding to half of the damage band width. The loss of material stiffness is captured by A(a)

A(a) = (1 -a) 2 (1 -a) 2 + ma(1 + pa) (1.10)
where two additional parameters m and p are introduced. The first one is used to set the tensile yield stress s t m = 3 2

EG f Ds 2 t (1.11)
and p is the shape parameter of the asymptotic cohesive model. In the uniaxial case, the opening displacement, the stress and the damage profile are deduced from a master curve that depends only on p [Lorentz et al., 2011].

The present model gives a good representation of the behavior of a wide range of quasi-brittle materials under certain loading. However, capturing with an isotropic model the highly dissymmetric response of concrete in tension and compression and the change of the softening phenomenon in tension require a more complex formulation. Even though no damage mechanism is considered in compression, the main focus being a good representation of the tensile damage, the dissymmetry between the two loading states is modeled so that no early damage occurs before the compressive strength is reached.

The formulation presented previously is considering a symmetric elliptic yield function (Figure 1.2(a)). Therefore, the damage criterion does not differentiate tension and compression. The transformation toward an asymmetric model is performed by keeping the elliptical shape of the yield function (Figure 1.2(b)), but shifted on its symmetry axis (the (1,1,1) vector). Therefore, in the criterion function the elastic energy is replaced by The three parameters required for the present formulation are related to three material properties, namely, the tensile strength s t , the compressive strength s c and the shear strength, t. Therefore, the values of the model parameters that characterize the elastic domain for the dissymetric formulation are expressed as

c S = Es 2 t 6t 2 (1 + n) 2 (1.14) c T = r E 2 s t 1 -2n ✓ 1 2s t - 1 2s c ◆ (1.15) c H = s 2 t E (1 -2n) 2 " ✓ 1 2s t + 1 2s c ◆ 2 - 1 3t 2 # . (1.16)
To summarize the model, nonlinearity depends on six independent parameters, which are identified thanks to standard tests. The physical parameters used in the current study are the tensile strength, the compressive strength, the bitensile strength, the fracture energy, the size of the damage zone D and the ultimate strain, which is controlled by p. As the model converges to a cohesive zone model for a small D, this parameter is considered

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests either as a real physical quantity or as a numerical factor set to cover at least 5 mesh elements in the damaged zone [START_REF] Lorentz | A variational formulation for nonlocal damage models[END_REF].

Even though the mechanical behavior of concrete is better captured by the asymmetric version of the damage model, as it is shown in Chapter 3 Section 2.1, the yield surface obtained with the real material parameters underestimates the bi-tensile threshold, and the shape of the function in the bi-tension quadrant is not completely adapted for simulating the concrete behavior (Figure 1.3).

Model based on [Franc ¸ois, 2008] damage criterion (EFE)

A more accurate damage criterion for tensile damage was proposed by Franc ¸ois [2008]. The present yield function is in good agreement with the experimental observations in the tensile/bi-tensile region and is preventing the occurrence of early damage in compression. The initial yield function in the stress space reads,

� � � � s D + btr(s)I s 0 � � � � + � � � � exp s s 0 � � � � -t 0  0 (1.17)
where k.k represents the Euclidean norm. The function depends on three parameters s 0 , t 0 and b. The first two correspond to the original formulation given by Franc ¸ois [2008], while b was added for numerical reasons, to ensure a bounded domain even in hydrostatic compression. The parameters s 0 and t 0 are related to the tensile and compressive strengths of the material, both depending only on the ratio s c /s t . The parameter b is set to 0.1 to ensure a small weight of the hydrostatic stress except for high triaxialities in compression.

In conclusion, compared to other threshold functions, such as the modified von Mises criterion [START_REF] Vree | Comparison of nonlocal continuum damage[END_REF] or Mazars criterion [START_REF] Mazars | A description of micro-and macroscale damage of concrete structures[END_REF], this criterion presents the best agreement with the experimental results obtained by [START_REF] Lee | Biaxial behavior of plain concrete of nuclear containment building[END_REF]. The fact that the threshold in compression is slightly underestimated is not a problem since the model is focusing only on tensile damage.

Until now the presented models are not considering stress transfer across damage bands and stiffness recovery for a completely damaged material (a = 1) , which is a drawback when the damaged area is submitted to a compressive load. In compression, a closed crack should restore all or a significant percentage of the initial stiffness of the material. For the present model the stiffness recovery is considered by splitting the initial elastic energy density, j el , in a tensile part, j t , and a compressive one, j c . The hypothesis that only the tensile part is affected by damage is made ( j el (e) = j t (e) + j c (e) j(e, a) = A(a)j t (e) + j c (e) .

(1.18)

The compressive part is considered to be

j c (e) = 1 2 [lhtrei 2 -+ 2µhei -: hei -] (1.19)
Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests The material is considered fully damaged, without stiffness recovery, when all the eigenstrains are positive. Furthermore, the material is considered to recover all of its initial stiffness when all the eigenstresses are negative. The formulation proposed by [START_REF] Badel | Application of some anisotropic damage model to the prediction of the failure of some complex industrial concrete structure[END_REF] is consistent with the previous statements so that it is considered for the present model. To overcome the numerical difficulties generated by the sudden stiffness recovery, when an eigenstrain becomes negative, a progressive stiffness recovery is introduced. Therefore, the curvature of the discontinuity is given by

S(x) = ( x 2 exp( 1 gx ) if x < 0 0 if x ≥ 0 (1.20)
where g is parameterizing the smoothing range. In conclusion, j c reads 1 2

[lS(tre) + 2µ Â i S(e i )]
(1.21)

In the following chapters the experimental data obtained with the proposed experimental protocol will be compared with the predictions of both ES and EFE models, and the validity of each model will be established. Since tests inducing crack closure and friction will be performed, the stiffness recovery formulation will also be tested.

2 Experimental approach of mixed-mode crack propagation in concrete

As for any other material, tests are conducted on concrete at different scales. The most common ones are the simplified tests on standard geometries for identifying parameters such as Young's modulus, Poisson's ratio, compressive strength (NF EN 12390-3, 2012;NF EN 12390-6, 2012;NF EN 196-1, 2012). Next come experiments on specimens with a more complex geometry for the validation of numerical models and for determining their parameters [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF][START_REF] Brokenshire | Torsional fracture tests[END_REF][START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF][START_REF] Mazars | Control of cracking of RC structures: CEOS.fr international benchmark[END_REF]. Finally, a third category of tests consists of national and international projects on mock-up structures [START_REF] Lermitte | SMART 2008: Experimental Tests of a Reinforced Concrete Building Subjected to Torsion[END_REF][START_REF] Galenne | A new mock-up for evaluation of the mechanical and leak-tightness behaviour of NPP containment building[END_REF]. The difference between the tests is important in terms of size, test preparation, complexity, reproducibility and costs. The first series of tests is the most accessible and has the lowest costs, but just provides basic information. The second category is moderate in terms of costs and leads to both identification of model parameters and possibly model validation. The third category gives very complex, real-size results but with significant costs and difficulties and can be considered as the ultimate validation step. Even though the tests on intermediate scales give the best result vs. cost ratio they are seldom found in the literature.

Since the tests performed by [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF]; [START_REF] Brokenshire | Torsional fracture tests[END_REF]; [START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF] are the most frequently used for model validation, their advantages and drawbacks will be presented in the following.

Mixed-mode crack propagation tests on double-notched concrete

specimens [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF] Nooru-Mohamed [1992] addressed the problem of mixed-mode crack propagation in concrete. His work was focused on double-notched concrete specimens. To generate mixedmode loading conditions, the specimen is submitted to proportional or non-proportional combinations of shear and tensile loadings (Figure1.4). Depending on the applied load history, different crack paths were obtained. The Saint-Venant's assumption was not valid for the proposed tests, since a sensitivity to the applied boundary conditions was specifically sought.

To apply multiaxial loading conditions, a custom made testing machine was used. The loading was applied to the specimen through 3 stiff square loading frames (Figure1.5). The inner frame was designed to perform vertical movements (labeled B), while the 2 outer frames (labeled A) allowed only horizontal motion. Two hydraulic actuators and two uniaxial load cells are installed in the exterior of the loading frames.

The data acquisition was performed by punctual measurements. Linear Variable Displacement Transducers (LVDTs) were assessing the vertical and the horizontal displacements, while several extensometers were used to measure the local strains. The tests were controlled in displacement, in force or in a combined mode (one axis in displacement and the other in force). Since the frames applying the loadings were independent, two Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Even though the tests present all the advantages previously mentioned, same drawbacks can also be noted. For example, there are some missing data that would have made the numerical simulations easier and would have enriched the tests. First, not all the material parameters are available. Moreover, the progressive propagation of the crack is only instrumented by a few extensometers, and only the final pattern is given. Despite the fact that the tests are assumed planar, since only in-plane loadings are theoretically applied, the author recalls the existence of out-of-plane bending proven by the different paths of the cracks on one face of the specimen with respect to the other. Also, an in-plane rotation was suspected, since the crack initiation was not symmetric, and the crack emerging from the left notch was always preceding the one from the right. The measurement of the 6 load components (i.e., 3 forces and 3 torques) and the 6 displacements would have improved the test interpretation and would have provided information that could have been used as input data for numerical simulations. Another experimental problem explained by the author is related to the rotation of the loading frames under biaxial loading. This spurious motions could have induced false shear displacements. Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests 2.2 Torsion fracture tests [START_REF] Brokenshire | Torsional fracture tests[END_REF][START_REF] Jefferson | Three dimensional finite element simulations ofrnfracture tests using the Craft concrete model[END_REF] An experimental campaign of torsion fracture tests was performed during the PhD thesis of [START_REF] Brokenshire | Torsional fracture tests[END_REF]. The main purpose was to design torsion fracture tests for concrete elements coming from existent structures and relate them to the standard RILEM test method.

The tests were performed on different geometries, such as the notched RILEM beams and prismatic and cylindrical notched beams. It is worth noting that the notch was at a 45°angle with respect to the longitudinal axis of the specimen. To determine the elastic material parameters and torsional shear strength, un-notched cylindrical specimens were also tested. In the experimental campaign, several concrete and mortar formulations were considered.

The tests were controlled by the feedback of a clip gauge located at the notch mouth, thus giving access to the complete response of the specimen. During the tests, also recorded were the load history, the displacement of the loading collar at the load application point and the relative transverse displacement. The spatial configuration considered during the Brokenshire tests is given in Figure 1.7.

The tests [START_REF] Jefferson | Three dimensional finite element simulations ofrnfracture tests using the Craft concrete model[END_REF] were carried out in three different series, the first one concerning the development of the tests, the second one to determine G F values and the third one focusing on the sliding displacement, to determine the propagation mode. The measurements and the results in terms of crack surfaces for the prismatic notched beam (Figure 1.8) showed that the crack propagated under mixed-mode.

Even though an impressive database was created during the PhD thesis of [START_REF] Brokenshire | Torsional fracture tests[END_REF], the data are not easily accessible since the thesis exists only in paper format. The only available data are given for one geometry type and for one concrete mixture. Not having access to the whole thesis makes it difficult to assess the validity of the tests and the experimental difficulties. Therefore, the experimental data are difficult to use in the validation of 3D fracture and damage models.

2.3 Mixed-mode crack propagation on an L-shaped specimen [START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF][START_REF] Winkler | Experimental verification of a constitutive model for concrete cracking[END_REF] Another interesting experimental campaign characterizing mixed-mode crack propagation in concrete was performed by [START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF] on L-shaped specimens. The main purpose of the campaign was to provide first hand experimental data that can be used to validate numerical models for plain and reinforced concrete. Therefore, 4 series of tests were performed considering the same geometry, one on plain concrete and the other three on reinforced concrete. For each series, three tests were performed to validate the experimental results. The geometry and the experimental setup are presented in Figure 1.9. Inductive pick-ups were used to measure the displacement on four different points on the specimen. To determine the local strains in the fracture area, three extensometers were attached on each face of the sample. Finally, the load values were also recorded during the tests. The initiation and the propagation of one crack are observed for the tests conducted

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Figure 1.8: Crack patterns obtained for a prismatic sample after the complete fracture [START_REF] Jefferson | Three dimensional finite element simulations ofrnfracture tests using the Craft concrete model[END_REF] Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests [START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF] on plain concrete specimens, while a crack network is detected for reinforced concrete (Figure 1.10).

One shortcoming of the present tests is that the geometry is the one inducing the mixed-mode stress field, while the applied loading is a uniaxial vertical one. Therefore, the present setup cannot be used to generate different crack patterns on the same sample geometry. Moreover, when performing numerical simulation, the absence of the measured data of the inductive pick-up labeled 4 in Figure 1.9 was noted. The data would have been useful to quantify any rigid body motions that could have occurred during the test. 

Vercors project

Another category used to characterize the behavior of concrete are the tests performed on mock-up structures. These tests give complex and rich results but with tremendous costs and challenges. However, when topics like nuclear safety are implied, these tests represent the ultimate validation. Given their complexity, the resulting experimental database can be used to validate numerical simulations as a tool in predicting the mechanical behavior of massive structures.

In this category, a study is conducted by EDF R&D on a 1/3 scale mock-up of a reactor containment building (Figure 1.11). The main objectives of the project are to study the mechanical behavior of the structure starting from early age up to mature exploitation phases. Therefore, the mock-up is finely instrumented so that its behavior is monitored from the beginning of construction. More than 500 sensors and 2 km of fiber optical cables are positioned both on the reinforcement bars and on the prestressing cables. Since the containment buildings are the third and last barrier between the nuclear core and the environment, they have to satisfy severe standards concerning both the mechanical strength and the leak tightness during the whole exploitation period. During the research period the evolution of these characteristics under the effect of aging will be monitored. Since the drying effects are about 9 times faster on the mock-up than on the actual building, due to scale effects, the project will assess the long term behavior of the nuclear containment building in a relatively short period of time (6 years of mock-up = 54 years for the real building). Even though the tests performed on mock-up structures are the most accurate characterization of the concrete behavior, due to their complexity and elevated costs they are rarely conducted. Moreover, the resulting data are not suitable to the development phases of numerical models, but only to final validation steps. On the other hand, the fracture tests performed on intermediate specimens should be more accessible and still assess an im-portant amount of data. However, only few mixed-mode fracture experimental campaigns on concrete specimens were conducted. Moreover, due to the technical limitations, the report results are quite poor. Because of the minimalist instrumentation the occurrence of different errors is only assumed and could not be quantified. The numerical simulations of the tests are performed based on the theoretical boundary conditions and the results are compared only in terms of final crack patterns, since only very few data considering crack growth are given.

Thanks to new experimental techniques, the accuracy and the complexity of these tests can reach a new level. Important aspects, such as the development of multiaxial testing machines and the evolution of full-field measurements, are used during the present study to perform rich and discriminating tests. Moreover, these multiaxial fracture tests are performed on the mortar equivalent to the concrete mix used in Vercors mock-up to perform a fine characterization of its fracture behavior under mixed-mode loading conditions.

New experimental techniques

Multiaxial testing machines

The development of non-linear numerical models simulating the complex behavior of quasi-brittle materials, the continuous demand for cost and time reduction are pushing for developing multiaxial experimental tests. Even though being able to predict the behavior of materials and structures under complex generalized loading conditions is a clear requirement, the development of multiaxial testing machines is rather recent. These machines have the advantage of applying boundary conditions (controlled in displacement or force) very close to the real-life cases, but also various loading types on the same specimen geometry. A last interest is that tests requiring less loading axes (e.g. a tensile test) may be performed without relying on the mechanical stiffness to ensure zero displacement along the other axis. Loading axes as well as 'constrained' axes are controlled by the regulation loop.

Parallel machines are gaining more and more ground in the material testing area due to their superior characteristics compared to serial machines [START_REF] Merlet | Parallel robots[END_REF]. The stiffness, the high accuracy, the more important load capacity are some of the features that have let to the interest of many industries and more lately of research laboratories. The most used system is the 6-axis Gough-Stewart platform (a.k.a 'hexapod') architecture [START_REF] Gough | Universal tyre test machine[END_REF][START_REF] Stewart | A platform with six degrees of freedom[END_REF], invented in the 60 s for motion simulation and tyre testing, but only recently reused for structure or material testing.

Currently only a few research teams in the world develop and use such machines for material testing. None may be bought 'of the shelf' to perform tests, so each team designs its own, custom-made, testing machine. Among the very few of them, one finds:

• A hexapod testing machine was constructed to characterize the 6 degree of freedom (DOF) elastic behavior of spine motion segments [START_REF] Stokes | Measurement of a Spinal Motion Segment Stiffness Matrix[END_REF][START_REF] Motoyoshi | Development of 6-Axis Material Tester for Measuring Mechanical Spine Properties[END_REF] Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests et al., 2006;[START_REF] Ding | Real-time FPGA Control of a Hexapod Robot for 6-DOF Biomechanical Testing[END_REF] (Figure 1.12(a)). The control of the machine was performed using uniaxial sensors. The specimen was subjected to six pure displacement tests (3 translations and 3 rotations) with and without an axial compression preload. During the tests all 6 displacements and 6 load components were measured.

• In the biomechanics field another hexapod testing machine (Figure 1.12(b)) was developed to characterize the complex behavior of bones, joints and soft tissues [START_REF] Ding | Real-time FPGA Control of a Hexapod Robot for 6-DOF Biomechanical Testing[END_REF]. Topics related to the load-cell compliances, non-collocated control, implementation of the controller on a real-time platform were addressed and solutions proposed. Cyclic tests applying ¬ ± 7°of lateral bending, ±7°of flexion/extension and ±4°of axial torsion were performed. During these tests the errors were 0.1 mm, 0.1 mm and 0.02 mm for the three translations T x , T y and T z respectively, while for the rotations R x , R y , R z the tracking errors were 0.1°, 0.1°a nd 0.06°¬•. These errors were recorded for the peak-to-peak moments M x , M y and M z that reached 120 Nm, 120 Nm and 40 Nm respectively.

• Last, another 6 DOF machine was developed at Naval Research Laboratory [START_REF] Michopoulos | Towards a recursive hexapod for the multidimensional mechanical testing of composites[END_REF] for composite material testing and characterization (Figure 1.12(c)). Moreover, the displacement resolution has to be fine enough to permit kinematic measurements of stiff materials. The machine is instrumented with two sets of displacement sensors and two 6 DOF load-cells, for redundancy purposes. The full-field displacement fields are measured on both sides of the specimen via the Mesh Free Random Grid Method. The closed loop control of the actuator positions is performed using displacement transducers. Preliminary tests were performed on a double-notched carbon-epoxy specimen. The main objective of the present experimental setup is to perform in a fully-automated manner a large variety of complex load histories using the same testing machine.

Even though stiffer than serial robots, the Gough-Stewart platform is not always sufficiently accurate to perform tests with a joint position control. For the present work a hexapod was adapted to perform mixed-mode fracture tests on concrete specimens. An experimental challenge arose, due to the stiffness of the specimen, the difference of orders of magnitude between the size of the specimen (i.e., 200 mm), the characteristic displacement at failure (i.e., ⇡ 20 µm) and the applied load (i.e., up to 20 kN), complex measurements, and a specific control of the machine had to be developed to acquire the required accuracy. [START_REF] Stokes | Measurement of a Spinal Motion Segment Stiffness Matrix[END_REF] and [START_REF] Ding | Real-time FPGA Control of a Hexapod Robot for 6-DOF Biomechanical Testing[END_REF] developed electromechanical hexapod robots that are suitable for biomechanical testing, but with small loads (less then 1 kN in force and 1 kNm in torque) generated by important applied displacements. One may note that the tracking errors (⇡ 0.1 mm) measured by [START_REF] Ding | Real-time FPGA Control of a Hexapod Robot for 6-DOF Biomechanical Testing[END_REF] are higher than the maximum failure displacements for tests on concrete. The tests performed on composite materials by [START_REF] Michopoulos | Towards a recursive hexapod for the multidimensional mechanical testing of composites[END_REF] are similar to those proposed in the following, in terms of load amplitude (⇡ 15 kN), but still for important applied displacements.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests (a) [START_REF] Stokes | Measurement of a Spinal Motion Segment Stiffness Matrix[END_REF] (b) [START_REF] Ding | Real-time FPGA Control of a Hexapod Robot for 6-DOF Biomechanical Testing[END_REF] (c) [START_REF] Michopoulos | Towards a recursive hexapod for the multidimensional mechanical testing of composites[END_REF] Figure 1.12: Hexapod testing machines used for spine stiffness measurements (a), for bones, joints and soft tissues characterization (b) and carbon composites material testing (c)
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Digital Image Correlation

An important aspect when performing rich and discriminating mixed-mode crack propagation tests is the use of the Digital Image Correlation (DIC) technique. The displacement fields on each face of the sample, assessed by DIC, give access to the crack pattern, and also to the actual boundary conditions that are crucial for a faithful numerical analysis of the test. Moreover, DIC computations can be performed during the tests to determine the propagation of the crack and adjust the boundary conditions accordingly. This technique will be extensively used in this work, and the theoretical basis of the DIC algorithms are thus presented in the following.

The DIC technique permits the measurement of the complete displacement fields of a loaded sample or structure. Since its early uses in experimental mechanics [START_REF] Sutton | Determination of displacements using an improved digital correlation method[END_REF], this technique had an impressive development. It is used on a daily bases both in the academic field [START_REF] Sutton | Image correlation for shape, motion and deformation measurements : Basic Concepts, Theory and Applications[END_REF]Hild and Roux, 2012b] and in the industrial world [START_REF] Desmars | Application de la m Èthode de st Èr Èo-corr Èlation d'images ‡ la caract Èrisation des Èlastom Ëres en grandes d Èformations[END_REF]. As other methods such as photoelasticity [START_REF] James | Characterisation of plasticity-induced closure -crack flank contact force versus plastic enclave[END_REF] or thermoelasticity [START_REF] Diaz | Measuring stress intensity factors during fatigue crack growth using thermoelasticity[END_REF], this method enables measuring without using sensors that are in contact with the sample. Therefore, the surface of the sample is not hidden, and one can use several cameras with several DIC algorithms in order to obtain a maximum of information during the experimental test. Moreover, this technique can also be used when performing tests in aggressive environments like a corrosive medium. The displacement measurements obtained with DIC can be used for model validation, model parameter identification [START_REF] Grédiac | Full-Field Measurements and Identification in Solid Mechanics[END_REF], or for controlling mechanical tests [START_REF] Fayolle | Controlling testing machines with digital image correlation[END_REF][START_REF] Fayolle | Contrôler une machine d'essai avec une caméra[END_REF][START_REF] Fayolle | Controlling Stress Intensity Factor Histories with Digital Images[END_REF][START_REF] Flohic | A 3D displacement control by digital image correlation for the multiaxial testing of materials with a Stewart platform[END_REF]. The technique consists of analyzing a series of pictures in order to quantify the motion. Two images are considered. The first one corresponds to the initial state of the sample, the unloaded state, and is called the reference image. The second image corresponds to a deformed state, after the sample was subjected to a mechanical loading. To be able to determine with accuracy the displacement between the two images, the surface of the sample has to present a certain pattern (i.e., random and contrasted texture). The most frequent pattern, the speckle, is created by applying, for example, white and black layers of paint. It is important that the speckle have a mat finish, to avoid any problems concerning reflexions. Moreover, the characteristic size of the pattern has to be correlated to the physical size of the pixel and to the sought displacement. In certain cases, using paint layers to create the artificial texture is not possible (for example the tests performed at high temperature or at a microscopic scale). In the first case, the texture can be created by abrasion or by sand blasting [START_REF] Li | Application of digital image correlation technique to dynamic measurement of the velocity field in the deformation zone in cold rolling[END_REF]. For the DIC technique used to determine the displacement fields at the microscopic level, using SEM images, the texture can be obtained for example by applying nano-particles [START_REF] Berfield | Micro-and Nanoscale Deformation Measurement of Surface and Internal Planes via Digital Image Correlation[END_REF] or by microlithography [START_REF] Allais | Experimental characterization of the local strain field in a heterogeneous elastoplastic material[END_REF][START_REF] Guery | Développement d'une méthode de corrélation d'images numériques adaptée aux mesures cinématiques dans les polycristaux : application à l'identification de paramètres de lois de plasticité cristalline[END_REF]. Last, the natural texture of the material may be used in some cases [START_REF] Bergonnier | Local anisotropy analysis for non-smooth images[END_REF].

Standard digital image correlation

If the reference image is denoted by f and the deformed image is denoted by g (Figure 1.13), the DIC algorithm permits to identify the displacement field u that will minimize the gray level differences between the two images. This relationship is written as the conservation of gray levels

f (x) = g(x + u(x)) (1.22)
A functional is written as

f(u) = Z W [g(x + u(x)) -f (x)] 2 dx (1.23)
and its minimization on the W domain leads to the sought u. When the sought displacement is a pure translation, the previous minimization is equivalent to maximizing the correlation product The latter is used for a local DIC algorithm [START_REF] Sutton | Determination of displacements using an improved digital correlation method[END_REF], where the region of interest (ROI) is composed of several sub-images, or zones of interest (ZOI). The local approach consists of maximizing the cross-correlation for each ZOI. Using this approach, as the name suggests, each sub-image is treated independently. For each sub-image the output of the correlation code is the mean displacement in the middle of the ZOI. The distribution of the sub-images is chosen by the user, it can follow a predefined pattern and it can be more or less dense.

Z W f (x)g(x + u)dx (1.24)

Global DIC

Opposite to the local approaches, a global formulation can be considered. The global DIC considers the displacement fields as a continuum and as the number of unknowns is reduced, the measurement uncertainty is diminished [Hild and Roux, 2012a]. In this

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests case the ROI is decomposed using a finite element mesh and not divided into separate sub-images. The displacement is approximated by

u(x) = n  1 u i j i (x) (1.25)
where u i are the unknown degrees of freedom, and j i are the chosen shape functions. If the assumption of small displacements is considered then g(x

+ u(x) + du(x)) ⇡ g(x + u(x)) + -gdu(x) and equation (1.24) becomes f(u) = Z Z W [(g(x + u(x)) -f (x)) + -g(x + u(x)) n  1 du i j i (x))] 2 dx (1.26)
The minimization of the functional leads to

n  1 Z Z W j i (x)-f (x)j j (x)-f (x)dxdu j = Z Z W ( f (x) -g(x + u(x)))j i (x)-f (x)dx (1.27) 8 j 2 [1, n]
which can be written using a matrix form

[M]du = b.
(1.28)

An iterative algorithm is then used to solve the initial non-linear least squares problem. At each iteration, a gray level interpolation is required to obtain a sub-pixel measurement resolution. This interpolation is one of the causes of the biais of this technique [START_REF] Schreier | Systematic errors in digital image correlation caused by intensity interpolation[END_REF]. Acquisition noise is also a source of non conservation of gray levels [START_REF] Besnard | Finite-element" displacement fields analysis from digital images : Application to Portevin-Le Chatelier bands[END_REF].

Global regularized DIC

The main challenge when using a DIC technique is to minimize the uncertainty of the measurement. An important improvement is obtained when the global approach is considered, but still not all the available information is used. The regularized technique [START_REF] Tomičevć | Mechanics-aided digital image correlation[END_REF] is taking into account that the observed displacement has to be mechanically admissible. Therefore the gray level conservation equation can be coupled with solid mechanics principles. The most common choice is to consider that the sample has an elastic behavior.

The mechanical regularization then consists in filtering all the displacement fluctuation with a wave length smaller than the 'regularization length' imposed by the user. With a regularization parameter set to zero one recovers the solution of the global DIC algorithm.
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In the present work the full-field displacements are measured using this mechanicsaided digital image correlation technique [START_REF] Tomičevć | Mechanics-aided digital image correlation[END_REF], where the measured displacements are the best compromise between the gray level conservation and mechanical admissibility. Computations were performed to assess the sensitivity of the solution with respect to mesh size, regularization length, gray level interpolation. It was established that the influence of the first two parameters is negligible, but the gray level interpolation has an important role.

Stereo correlation

Even though the majority of the performed tests are planar, it is important to check the out-of-plane motions that can appear during the experiment. Having 3D measurements permits to perform 3D tests, but even for the in-plane tests one has access to the 3D displacements of the sample and, if needed, they can be used as boundary conditions in order to faithfully reproduce the experimental tests in numerical simulations. Moreover, unless telecentric lenses are used, a displacement of the sample along the camera axis will produce a false dilation effect that will create a measurement error. This is even more problematic when using the so-called Integrated DIC to determine the crack tip position (Chapter 5 Section 2).

To measure the 3D displacements or shape of 3D surfaces a stereo-correlation technique [START_REF] Sutton | Image correlation for shape, motion and deformation measurements : Basic Concepts, Theory and Applications[END_REF]] can be used. More than one camera has to be used (with a different angle of observation) and at least two reference and two deformed images of the same region of interest. To reconstruct the 3D displacement, a calibration procedure has to be performed. Usually, the calibration phase is performed using specific targets, in the present case the observed surface is also used as the calibration target [START_REF] Beaubier | CAD-Based Calibration and Shape Measurement with StereoDIC -Principle and Application on Test and Industrial Parts[END_REF]. The procedure is performed in two steps:

• Construction of the transformation matrices. An initial guess is needed, therefore a minimum of six points with apriori known coordinates are selected by the user on each picture. After the reconstruction of the surface the software modifies iteratively the position of the two cameras to minimize the global residual.

• Determination of the surface metrology. In the present work the shape of interest is modeled using NURBS [START_REF] Beaubier | CAD-Based Calibration and Shape Measurement with StereoDIC -Principle and Application on Test and Industrial Parts[END_REF], a mathematical model to represent surfaces. Using the known transformation matrices, NURBS control points are moved on the theoretical surface to obtain the actual shape of the sample. The shape parameters are iteratively changed to obtain a global minimum of the correlation residuals.

Hybrid testing techniques

The use of the experimental techniques previously presented to characterize the mechanical behavior of materials and structures is an important improvement. As will be shown

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests in Chapter 3 Section 1, the amount of data obtained during a test is much more important than generally presented in the literature [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF][START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF]. However, due to the quasi-brittle nature of concrete, the classic tests are providing only a very narrow period of stable crack propagation, thus their reproducibility is quite difficult. In order to obtain richer and more discriminating tests, a new approach is proposed, namely, the hybrid tests. The goal is to achieve adaptive testing by coupling the mechanical loading with an adaptive model and with full-field measurements. During the experiment, the quantity of interest (i.e., crack tip, local displacement, stress intensity factor) is measured on a specimen and then inputted into a model that can readjust the loading. As previously presented, great progress was achieved in the last decades when considering numerical modeling, multiaxial testing machines and full-field measurements. However, the coupling between the three items is rarely exploited. The dialog is frequently reduced to only two of the three parts: experimental loading-model or experimental loading-measurement.

Model Experiment

Measurement

In the literature, one main type of hybrid tests can be highlighted, the so-called substructured hybrid tests [START_REF] Saouma | Hybrid Simulation -Theory, implementation and application[END_REF][START_REF] Bursi | Modern testing techniques for structural systems -Dynamics and control[END_REF][START_REF] Taucer | Cascade project : Recent advences and futur need in experimental earthquake engineering[END_REF]. In order to reduce the experimental costs, instead of testing full size concrete structural elements, the experimental test is performed in parallel with a numerical simulation, and between the two a continuous exchange of boundary conditions is assured. This method allows to evaluate the dynamic response of concrete structures, by splitting the studied structure into at least two parts. Among them, the parts that are considered to have a simple mechanical behavior are called numerical sub-domains (or substructures), and are computationally simulated. The others, which are critical and complex (presenting non linearity, irreversibility), are called physical sub-domains and are submitted to real mechanical loading. Pseudo-dynamic testing, continuous pseudo-dynamic testing, fast hybrid testing, real-time sub-structure testing and real-time dynamic sub-structure testing are some of the methodologies developed within the hybrid simulation framework [START_REF] Darby | Improved control algorithm for real-time substructure testing[END_REF][START_REF] Jung | Performance evaluation of a real-time pseudodynamic test system[END_REF][START_REF] Nakashima | Development of real-time pseudo dynamic testing[END_REF][START_REF] Wagg | Substructuring of dynamical systems via the adaptive minimal control synthesis algorithm[END_REF]. The numerical model has an important role while performing sub-structured tests, since the nonlinear behavior of the numerical sub-domain has to be computed at a sufficiently elevated frequency to permit dynamic testing. The fact that only a part of the structure is experimentally tested allows performing tests on real size elements, thus obtaining results without any size effects. Even though able to apply important loadings to large structures, the majority of the sub-structured tests have been restricted to uni-directional loading conditions, and only very few multiaxial hybrid tests are found in the literature. [START_REF] Saouma | Real-time hybrid simulation of a nonductile reinforced concrete frame[END_REF] propose the replacement of expensive shaking table tests, with real time hybrid simulations to determine the failure behavior of nonductile reinforced concrete frames. The new approach consists of experimentally testing a nonductile reinforced concrete column subjected to a 3 degrees of freedom loading history while the rest of the structure is simulated with a nonlinear model. One shortcoming of the sub-structured tests is related to the measurement techniques used for the feedback which are generally poor and frequently reduced to few local strain gauges or LVDTs.

Another approach is the coupling of mechanical loading with rich measurement techniques, as feedback for the control loop. In this category of pseudo-hybrid testing, the tests performed by [START_REF] Fayolle | Controlling Stress Intensity Factor Histories with Digital Images[END_REF] were carried out by using rich measurements, digital image correlation, to control the stress intensity factor evolution. A more complex approach is obtained by combining rich measurements with multiaxial testing machines [START_REF] Flohic | A 3D displacement control by digital image correlation for the multiaxial testing of materials with a Stewart platform[END_REF]. However, for these tests the control models are limited to constant laws which are not adapted during the experiment.

The present work proposes the 'full' hybrid tests, in which the structure tested experimentally is the same as the one numerically simulated. The tests are combining the use of a 6 DOF testing machine with full-field measurements and with an adaptive numerical model. This method allows for the test to be controlled with quantities of interest that are not straightforward, such as damage, crack tip position, SIF values. To obtain rich, discriminating and reproducible tests, the crack path history will be iteratively corrected to follow a chosen crack pattern.

Conclusions

Even though the simulation of concrete fracture continues to be a very challenging research topic, an important progress is observed regarding the fracture and damage models. Their complexity and number of parameters is in a continuous growth, therefore experimental tests are required to determine these parameters and to establish the accuracy of each model.

Unfortunately, only a restricted number of mixed-mode propagation tests [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF][START_REF] Brokenshire | Torsional fracture tests[END_REF][START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF] are available, and they thus became benchmarks for numerical models. Even though these tests create a valuable experimental database, they also present certain shortcomings, such as missing or unavailable data. Despite the fact that mixed-mode crack propagation is assessed, the comparison is mainly (if not only) based on the observed crack pattern. Moreover, the boundary conditions in the numerical simulations are assumed to be ideally matching the prescribed conditions.

Fortunately, several modern experimental techniques can improve these tests. DIC is an important asset when performing fracture tests since it will assess the kinematics of the cracks and the 'real' boundary conditions. Therefore, an important amount of data will be available for model validation or identification. The multiaxial testing machines are useful when a more complex crack pattern is sought. The hybrid test algorithm will permit a fine control not only of the applied boundary conditions, but directly of the crack path.

Consequently, the aim of this work is to perform and monitor fracture tests on concrete with modern means in order to make the validation of the chosen model more objective. In particular, the real boundary conditions have to be measured during the whole duration of the experiment and then be prescribed in the simulation. Thus, not only are the final crack patterns available, but also the complete spatial and temporal evolution of the cracks. For the present study rectangular, double and single notched specimens are considered.

The specimen geometry and the concrete mix are chosen with respect to the testing machine capacities. In this section the specimen geometries and the characteristics of the material used for the tests are presented.

Specimen

The The mortar used for the specimen is described in Table 2.1. The specimen is cast vertically, i.e. the upper boundary condition corresponds to the free surface during casting. Even though the fresh mortar is very fluid, a tomographic analysis (Figure 2.2) reveals no heterogeneity of sand density in the region of crack propagation. The specimen is stored in a waterbasin with other specimens from the same casting, between 20 and 26 • C. The specimen is taken out of the tank 6 to 14 days before the test so that the surface is dry to allow for the speckle painting and fixing (see Sections 3 and 4). 

Material properties

While performing complex tests, which will be used to identify model parameters or to validate complex models, it is important to conduct an experimental campaign able to assess the material properties.

In the present case the material is a mortar equivalent to the concrete used for the Vercors mock-up [START_REF] Galenne | A new mock-up for evaluation of the mechanical and leak-tightness behaviour of NPP containment building[END_REF], a 1:3 scale version of a nuclear confinement building described in more details in Chapter 1 Section 2.4.

The mix details for the present micro-concrete are reported in Table 2.1. Only one batch of mortar was prepared. From this mix 16 samples of size 50 ⇥ 200 ⇥ 200 mm for the multiaxial tests were cast and also several standard ones, 40 ⇥ 40 ⇥ 160 mm parallelepipeds and 110 ⇥ 220 mm cylinders. All the samples are kept in the same conditions.

To identify the main material properties 3-point bending and compression tests were performed. One can assess the Young's modulus, the tensile stress and the compressive stress. The 3-point bending tests perfomed to determine the fracture energy are presented in Appendix D because they were performed a posteriori and the results were not used in the present study. A small number of standard samples were used to perform these tests, while the remaining ones can be tested a posteriori if extra information is needed. EN 196-1, 2012]. To check if the measured Young's modulus was ratedependent, 2 of the specimens are tested with a load rate 100 times lower, corresponding to the order of magnitude of the strain rate for the tests performed on the hexapod.

Three point flexural tests

During the 3-point flexural tests both the force and the displacements are recorded. The displacements used to determine the Young's modulus are measured via a global and regularized DIC algorithm [START_REF] Tomičevć | Mechanics-aided digital image correlation[END_REF]. The deflection of the sample is considered to be the relative displacement between the center of the sample and the lateral supports.

From the tests results it is observed that some variations of the Young's modulus are obtained during the standard tests, while the tests performed with the lower stain rate exhibit almost no fluctuation. One may notice a slight dependence on the strain rate, the Young's modulus obtained for the lower strain rate being higher than the one obtained with the standard strain rate (Table 2.

2).

Concerning the tensile strength, its standard deviation has slightly more important variations, but with no noticeable dependence on the strain rate, as shown in Table 2.3. 3.8 ± 0.4 4.1 ± 0.4

Compression tests

The standard compression test described in 196-1 NF-EN standard was then performed on the 5 broken specimens. The load is applied to a 40 ⇥ 40 mm surface at a load rate of 2400 ± 200 N/s up to the failure of the specimen. The measured compression strength is given in Table 2.4.
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In the present section the 6 degree of freedom testing machine and its particular control mode are presented. Being a hexapod robot, the stiffness of the machine is not sufficiently important to perform tests on concrete. Therefore, a specific optical 3D displacement control loop was developed to correct in real time the applied displacements. The control loop principle and a measurement error estimation are also presented.

Machine hardware

The machine used for the present study is an electromechanical testing machine [START_REF] Nierenberger | Multiaxial Testing of Materials Using a Stewart Platform: Case Study of the Nooru-Mohamed Test[END_REF], based on a Bosch-Rexroth hexapod. It was developed for Renault's technical simulation center and used as driving simulator for truck cabins to study the mechanical behavior of components like suspensions and the brake system under dynamic loading conditions1 . Now it is completely adapted to perform mechanical tests even on very stiff specimens. The six identical actuators denoted as (2) in Figure 2.3 are connected to the fixed base (1) and the mobile platform (3) by universal joints. Two coordinate systems have to be defined: O s -x s y s z s , the base coordinate system and O p -x p y p z p , the coordinate system of the moving platform. O s is defined as the center of the circle determined by the universal joints of the base and O p the center of the circle passing through the platform joints. The control of the machine is performed with respect to O p -x p y p z p (Figure 2.4).

The relationship between the displacements of the upper end-effector and the linear movements of the actuators can be established by using a kinematic model. It is considered to be a direct (forward) model when the pose of the end-effector is determined from the six actuator lengths. The solution to this problem is not straightforward because of its high nonlinearity for large displacement ranges, but it can be performed using the Newton-Raphson method. The inverse model is used to determine the displacements of the actuators corresponding to a certain position of the mobile platform.

The load capacity depends on the position of the end-effector and each actuator develops a maximum axial force of 25 kN. Therefore, the machine is able to apply approximately 120 kN & 70 kN.m along Z, 50 kN & 45 kN.m in the X -Y plane (the maxima cannot be reached in every direction at the same time because of the parallel architecture of the machine). The displacement space is also nontrivial but can roughly be presented as Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests ±250 mm and ±22 • along X, Y and Z. The theoretical actuator displacement resolution equals to 0.15 µm, leading to translation errors of 0.14 µm, 0.09 µm and 0.08 µm along X, Y and Z respectively and rotation errors of less than 0.15 ⇥ 10 -6 rad when the machine is set in the middle of its displacement space (i.e. at mid-length of the actuators).

(1) (2) (7) (4) (6) (3) (5) Z Y X
Considering the high load, and more importantly the high torques developed by the machine, a standard 6 axis load-cell was not suitable. Therefore, a custom made one was designed [START_REF] Nierenberger | Multiaxial Testing of Materials Using a Stewart Platform: Case Study of the Nooru-Mohamed Test[END_REF]. For the forces and torques range, a hexapod structure load-cell is the most appropriate architecture because it preserves an important rigidity while ensuring an adequate sensitivity. The actuators are replaced by rigid bars equipped with strain gauges. After the calibration of each bar, the measurement uncertainties are equal to 80 N for the forces and 20 N.m for the torques. This second (passive) hexapod is positioned on the lower part of the testing machine. The specimen is placed between the two structures, namely, the active hexapod used for loading and the passive one used only for measuring the applied forces and torques.

Last, the end-effector (labeled (4) in Figure 2.3) is equipped with an octogonal reference plate, oriented along the hexapod own coordinate system axes X,Y , Z with a tilt less than 1 µm for 1 mm for each of the 3 directions. It enables parts to be screwed on it as well as targets for DIC purposes. Several of its surfaces are ground to enable for displacement measurement with contact sensors.

Machine control

It is theoretically possible to control a parallel machine in force mode, or even in a more complex mode like impedance control [START_REF] Lopes | A force-impedance controlled industrial robot using an active robotic auxiliary device[END_REF]. The present machine is nonetheless only driven in displacement mode because of its axis card. The signal of the load-cell is thus only recorded but not used for control.

Even if the intrinsic stiffness of parallel machines is high, performing a test with a joint position control is not sufficiently accurate for a cement-based specimen as the one described in Section 1.1. Different techniques have been developed to circumvent this problem. One is to precisely assess the machine stiffness and take into account the specimen own stiffness change in the control loop of the machine [START_REF] Wang | Simulation Research on Adaptive Control of a Six-degree-of-freedom Material-testing Machine[END_REF]. Another solution is to directly measure the position of the end-effector and use an endeffector position control. The latter can be done with a set of uniaxial sensors [START_REF] Stokes | Measurement of a Spinal Motion Segment Stiffness Matrix[END_REF][START_REF] Michopoulos | Towards a recursive hexapod for the multidimensional mechanical testing of composites[END_REF][START_REF] Ding | Real-time FPGA Control of a Hexapod Robot for 6-DOF Biomechanical Testing[END_REF], or with a non-contact optical fullfield measurement technique [START_REF] Flohic | A 3D displacement control by digital image correlation for the multiaxial testing of materials with a Stewart platform[END_REF]. One advantage of the optical method is that it may not hide the surface of the specimen if used from a long distance. This last technique is chosen here and it will be further referred to as the optical 3D displacement control loop or the outer control loop.

The control is performed using a standard proportional integral (PI) corrector for each actuator as for a serial machine. The specificity is that the relative displacement between the two ends of the specimen is measured with a dedicated Digital Image Correlation (DIC) technique [START_REF] Flohic | A 3D displacement control by digital image correlation for the multiaxial testing of materials with a Stewart platform[END_REF]]. It will be assumed that the setup is perfectly rigid

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests and that the displacement error is due to an actuator length error. Therefore a straightforward relationship can be established between the relative displacement and a set of equivalent actuator lengths. The relationship between the actuator lengths and the displacements performed by the upper end-effector is considered linear, i.e., the parameters of the kinematic model are not varying because of geometrical changes under load. This hypothesis is possible when comparing the size of the machine (> 1 m) with the displacement range applied during the tests (< 1 mm).

The method consists in taking pictures of several flat targets fixed to the end-effector with several cameras mounted on the passive hexapod. As the tests performed on concrete specimens require a very high measurement accuracy (⇡ 20 µm of relative displacement at final rupture) the use of a minimum of three cameras for the control of the machine is needed. The precise location of the optical devices is not important for the computations because an automatic calibration step exists, but a judicious positioning is needed to maximize the displacement sensitivity.

The actuator lengths are sought as the solution to the minimization of the global problem, i.e., they minimize the difference between the current image (g) and the reference image (f) for each camera. The DIC algorithm is similar to a 2D global one, presented in Chapter 1 Section 3.2.1, but only the displacements of each target in front of its camera is computed. Therefore, as the displacement represents only the 6 elementary rigid body motions (RBM) in the coordinate system of each camera, 6 displacement fields (j i ) describing the three translations and the three rotations are needed. Because of the very small number of degrees of freedom, the DIC algorithm is based on the principle of Integrated Digital Image Correlation (IDIC) [START_REF] Hild | Measuring stress intensity factors with a camera : integrated digital image correlation (I-DIC)[END_REF], which offers a reduced computational time by directly introducing the sought parameters in the DIC calculation instead of using them a posteriori. Moreover, the algorithm is implemented on Graphical Processing Units (GPU), which enables the parallelization of the computation (Figure 2.6).

As presented in Chapter 1 Section 3.2.1, determining the displacement field (u) consists of minimizing the functional f over a set of possible displacements v

f(v) = Z Z [g(x + v(x)) -f (x)] 2 dx (2.1)
with the assumption of small displacements, where v is a linear combination of j i (x)

v(x) = 6 Â 1 v i .j i (x) (2.2) where v i corresponds to T x , T y , T z , R x , R y , R z (Figure 2.5).
The minimization of the functional f can be written using a matrix form,

[M]v = F (2.3)
To control the machine using the 3 cameras without having to assess the exact position of each camera with respect to the hexapod, a calibration procedure has to be performed.
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solve er convergence c e ). These matrices are obtained by shifting each actuator individually one after the other to record their influence on each target displacement. One pays close attention to move each actuator both ways to delete any clearance during the calibration, and prior to it (i.e., before taking the reference images). The procedure is followed just before a test, with the targets and cameras in place, without the specimen fixed to the machine. Since the procedure takes a few minutes, it is started around an hour after the actuators and the lights are on so that the thermal drift due to the warming up will not induce errors in the calibration matrices. The applied displacements being very small in comparison with the total range of the machine, the relationship between the displacements of the targets and the actuators length is assumed to be linear, and the relationship between the six actuators lengths (L a ) and the six RBM v reads

[C k ].L a = v k (2.4)
where [C] is the calibration matrix and k = [1, 3] the number of cameras.

Even though three cameras are used for the optical control of the machine and each can obtain three independent (2.4) equations, a global solution is proposed. One thus obtains for each camera

[M k ][C k ].L a = F k (2.5)
In order to have one set of actuator lengths after minimization, i.e., the best solution corresponding to the motion observed by coupling the three cameras, one multiplies
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( 3 Â 1 [C k ] -1 [M k ][C k ]).L a = 3 Â 1 [C k ] -1 .F k (2.6)
Equation (2.6) will be iteratively solved to determine the six actuator lengths. The presence of the correlation matrix [M] will naturally increase the weight of the shape functions with less uncertainties for each camera .

The machine control is based on the software described in [START_REF] Flohic | A 3D displacement control by digital image correlation for the multiaxial testing of materials with a Stewart platform[END_REF], but has been completely rewritten to create a more stable and optimized environment. In the present version, the image acquisition is decoupled from the main control system by use of a shared memory interprocess communication. To this aim a second software was developed by Samir Amrouche, an IT developer working in the laboratory. The latter ensures the communication with the control cameras. It enables to start/stop the cameras, to set the image parameters and to have live views of the images. C++ and CUDA languages on the programming platform Metil [START_REF] Leclerc | Plateforme metil : optimisations et facilités liées à la génération de code[END_REF] implemented on a PC (Intel ® Core™i7 CPU at 3.3Ghz, 12Go DDR3 RAM, 2 Nvidia GTX590 GPU, Linux KUbuntu 14.04 OS) are used for both softwares. The main control software is a multithread and parallelized computation in order to optimize the computational time. The main control loop, the graphical interface, and the Integrated DIC calculation are the main tasks performed on separate threads. Moreover, Integrated DIC is separated on several threads, each thread corresponding to a camera, and is performed on a different GPU. The GUI of the control system was created using QtDesigner and allows to control the machine, to monitor the experimental test and to set different parameters like acquisition rate and PI values. The command of the machine can be given as a set of actuator lengths or as DOF and it can generate monotonic and cyclic displacements. Using the graphical interface, one can switch from the classic control of the machine (i.e., actuator transducers) to the optical 3D displacement control (i.e., actuator transducers and cameras). Moreover, using the GUI one can monitor in real time the actuator lengths, the equivalent actuator lengths, the errors, the command in DOF and the displacements measured by each camera.

In the present case, 3 targets covered with a black and white speckle, and 3 cameras (Leutron Picsight P141M-GigE camera, 1392 ⇥ 1040 pix., 20 fps, 12-bit depth) are used. The cameras are fitted with the same Zeiss lens (50mm F1.4) and the same Kenko extension tubes (20 + 12 mm). The calibration procedure is carried out with an elementary displacement equal to 100 µm. The uncertainty (the standard deviation) of actuator length measured using this technique is sufficiently low to accurately control the hexapod machine (around 0.4 µm with the used optical setup). Moreover, the frequency of measurement (20 Hz) is sufficient to perform a quasi-static test. It has been shown [START_REF] Flohic | A 3D displacement control by digital image correlation for the multiaxial testing of materials with a Stewart platform[END_REF] that the error in displacement in such a configuration is less than 2 µm, and can be reasonably assessed to less than 1 µm because the measured error is partly due to the validation setup at this scale.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

Instrumentation

Different displacement measurement techniques are used to obtain both the boundary conditions and the displacement fields over the sample surface: the hexapod own DIC system, a Linear Variable Differential Transducers (LVDT) setup and several other cameras for additional DIC analyses. They can be divided into two categories, each having its particular advantages and drawbacks:

Measurements of the upper end-effector displacements:

• The hexapode own DIC system: fast (20 Hz), low uncertainty ( 0,2 µm) for the in-plane motion of each camera [START_REF] Flohic | A 3D displacement control by digital image correlation for the multiaxial testing of materials with a Stewart platform[END_REF]), but only the 3 translations and 3 rotations of the end-effector of the machine are obtained. The system is used for the control of the testing machine.

• The Linear Variable Differential Transducers (LVDT) setup: fast (10 Hz but even faster is possible), low uncertainty ( 0,1 µm each), but only the 3 translations and 3 rotations of the end-effector of the machine are obtained through calculation. The LVDT system is a redundancy used to verify the displacement performed by the end-effector.

Measurements focused on the sample, charging plates and reference targets:

• 2D-DIC setup: ⇧ to perform classic 2D-DIC full-field measurements (around 10 5 points), but with a slower acquisition rate (0.2 Hz), a higher uncertainty (⇡ 2 µm). ⇧ to determine the crack tip with an IDIC algorithm based on Williams shape functions.

• The stereo-DIC setup : slow (0.2 Hz), higher uncertainty ( ⇡ 30 µm) but full-field motions (around 10 5 points) and the out-of-plane movements of the sample are assessed.

The measurement setups are chosen because their redundancy and complementarity ensure trustworthy results at the micrometer scale.

LVDT setup

An LVDT (WA-T series by HBM) setup composed of 6 items is used for measuring the displacements of the end-effector. A rigid steel frame is fixed to the passive hexapod and maintains the sensors as shown in Figure 2.8(a). Knowing the position of each LVDT and its measurement surface orientation (Figure 2.8 (b)) enables to calculate the 3 relative translations and rotations of the upper end of the hexapod. The measurement areas are on

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests the octagonal reference plate (see Figure 2.8 (a) and (b)), a few centimeters away from the end of the specimen and the DIC targets. The main interest of this setup is that it is fixed to the machine via a different frame than the DIC control setup, so that spurious displacements due to the applied load deforming the frames would be different, and thus detectable. This setup is sensitive to displacements perpendicular to the axis of each sensor (i.e., bias due to the roughness or surface misalignments). This bias is minimized as much as possible by using flat and ground surfaces, which are oriented along the hexapod own coordinate system X,Y , Z, and also orienting sensors along these axes. Consequently, the deviation of the measurement of each individual sensor is about 1 µm and the corresponding standard uncertainty is as low as 0.1 µm over a 2 mm range when only one translation of the end-effector along the sensor axis is considered. Because of the roughness and flatness defects of the surfaces, a set of six linear relationships linking any displacement of the hexapod to those measured by the LVDT setup cannot be stricto sensu considered. Since the first goal of this setup is to check the hexapod displacement during the test, an absolute measurement of the displacement of the end-effector is not necessary per se. Consequently, the signals of the sensors are recorded during a displacement without load (i.e., no specimen is mounted), and used as a reference when the signals are measured during the test.

DIC setup

As the performed fracture tests on concrete samples present a relative displacement at complete rupture of the order of tens of micrometers, it is essential to design a setup that ensures the required uncertainty. To find the best configuration, several designs were tested. The first fracture tests (Test P 1, Test P 2, Test P 3) were performed using only two cameras, the twin setup -the equivalent of T 1 and T 2 from Figure 2.9. The feedback offered by these tests permitted some considerable improvements considering the frame holding the cameras, the number and the positioning of the optical devices.

In the final configuration several cameras are placed around the specimen. They are used to measure the displacement of the specimen, but also the displacement of the loading plates (Figure 2.9). Since the loading plates are firmly screwed to the octagonal reference plate that is very stiff, one considers as a first approximation that all these parts have the same rigid body motion, and thus the additional DIC setup provides redundant information about the end-effector displacement.

Kinematic full fields are measured on each side of the sample with a twin camera setup (2 identical cameras T 1 and T 2 in Figure 2.9(a)). The cameras are AVT MANTA G418B (2048 ⇥ 2048 pix., 12 bits), equipped with F1.4 35-mm Zeiss lenses. The images obtained using the twin camera setup are also used to determine the coordinates of the crack tip during the hybrid test. To perform this computation, another IDIC algorithm is used, this time based on the Williams series [START_REF] Williams | The Bending Stress Distribution at the Base of a Stationary Crack[END_REF] presented in Chapter 5 Section 2.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Furthermore, to have redundant measurement and also quantify the out-of plane displacements, stereo-DIC [START_REF] Beaubier | CAD-Based Calibration and Shape Measurement with StereoDIC -Principle and Application on Test and Industrial Parts[END_REF] is performed on each side of the specimen with four cameras (S l 1 and S r 1 , S l 2 and S r 2 in Figure 2.9(a)). These cameras are 60D Digital Single Lens Reflex by Canon, two of them equipped with F2.8 24-mm Canon lenses, the other two equipped with F2.8 24-mm Nikon lenses. The lighting is provided by four LED panels (Microbeam 512 by Flolight) to have a constant and uniform illumination on each side of the specimen. The design of the frame holding all the cameras (the ones of the hexapod control and the additional ones) is chosen to minimize its sensitivity to the applied load. First, the frame (green part in Figure 2.9(a)) is linked to the lower grip through a 45-mm thick steel cylinder and the components of the frame are not subjected to flexural loading during the tests. Second, the frame is fixed through 4 points to the cylinder to be hyperstatic. Last, each set of three cameras on each side of the specimen is fixed to a 'subframe' (red parts in Figure 2.9(a)) that is related to the main one in one point. Consequently, the relative displacement between the three cameras can only be rigid body motion, except if the subframe itself or the cameras own base turn loose. The present configuration was chosen after several others were tested.
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Specimen fixing and boundary conditions

For the original NM tests and the present ones, the loading is transmitted from the machine to the specimen through high performance glue (here, Sikadur 31 epoxy glue, cured during 24h before the test). In the case of the original NM tests, the loading was applied by L-shaped parts, since only unidirectional shear was considered. In the present case, where the setup is designed to perform shear in both direction, flat (Figure 2.10(a)) or U-Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests shaped parts (Figure 2.10(b)) are used. Numerical simulations were carried out with the nonlocal damage model [START_REF] Lorentz | Gradient damage models: Toward full-scale computations[END_REF] presented in Chapter 1 Section 1.2.1 to study both types of boundary conditions. The computations are performed considering a proportional tension-shear loading path with a ratio of one between the tensile and shear displacements. The obtained results show that damage occurs in the vicinity of the glued interface for flat parts (Figure 2.11(a)) and at the tip of the sidewalls (Figure 2.11(b)) for the rigid U-shaped plates. According to the damage model results, both types of grips present the risk of crack initiation in unwanted areas. However, the U-shaped loading plates have the advantage of partially reducing geometric singularities at the boundaries due to their finite rigidity and more important glue penetration (both are out of scope of simple numerical simulations). But, as no clear cut conclusion could be drawn from the numerical predictions, experimental tests were performed with both setups to choose the most adequate one. From current experiments the following hypothesis is confirmed: the flat plates are not suitable to perform complex, hybrid tests. Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

Flat plates

The first test (P 1) was conducted using flat plates and considering the same loading type as for the numerical simulations. The geometry of the sample corresponds to that presented in Figure 2.1(a). The experimental results also show crack initiation and propagation along the interface (Figure 2.12). It is clear that damage does not develop in the glue layer but in concrete close to the interface. A second test (P 2) was performed using the same loading plates, but this time a thin layer of glue was used to reinforce the corners of the sample. With the current setup a crack initiated and propagated from the notch (Figure 2.13). In Figure 2.14 the history of the force with respect to the prescribed displacement is compared with the LVDT measurements. The LVDT measurements are in good agreement with the prescribed tensile displacement (Figure 2.14(a)), with only a small difference during the propagation step. In the shear direction (Figure 2.14(b)) a drift occurs from the beginning, leading to a difference of about 12 µm for a total displacement equal to 90 µm. Since no noticeable displacement error was detected previously without load, the differences seen here may be due to the compliance of the end-effector between the targets and the blocks used for LVDT measurements or the LVDT setup itself. As the system is loaded for the first time after the completion of the whole setup, the drift can also be caused by the 'selfpositioning' of the system. To minimize the errors and to decouple these phenomena two procedures are introduced. A 'no-load pretest measurement' step and an elastic loadingunloading step as described in Section 6 are performed before each test.

From the vertical displacement fields measured by DIC one observes a damage localization occurring in the vicinity of the adhesive: displacement discontinuities between the sample and the flat plates appear in the two most stressed corners (Figure 2.15(a)). In the upper-left corner a displacement jump of about 30 µm is detected and in the lower-right corner a 10 µm one.

Because of damage developing in the vicinity of the glue (a phenomenon observed during the previous test), the theoretical boundary conditions are changing during the test and only one notch crack is initiated. In spite of this phenomenon, the propagation is stable for 80 mm (i.e. more than 40 min of test time, use the displacements measured on the specimen with DIC and not those of the machine, it is not problematic for the simulation. Nonetheless, the progressive debonding of the interface with the machine implies that the theoretical boundary conditions are not at all applied to the specimen, so that reorienting the main crack is more difficult if not impossible. In conclusion, the flat plates are not suitable to perform complex, hybrid tests.

U-shaped plates

Using U-shaped loading plates and a proportional loading history two cracks initiate and propagate from the two notches of the sample. Even though the numerical simulations with rigid U-shaped boundary conditions predict damage initiation at the end of the sidewalls ( 

Rigid body motion (RBM) plates

As presented in Chapter 1 Section 3.2, on each side of the sample three cameras are mounted. One perpendicular to the sample surface, for 2D DIC analyses and for determining the crack tip, and another two for stereo-DIC purposes. Even though the subframe

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests (red parts in Figure 2.9(a)) is attached to the main frame (in black in Figure 2.9(a)) in only one point to induce only very small rigid body motions under load, spurious displacements can still appear if the frame or the cameras setup turn loose. To be able to correct this last possible effect, and also a possible (and more likely) motion between the two subframes on each side of the specimen, reference targets have been added alongside the specimen (Plates (1) and (1') in Figure 2.9(b)), fixed to the lower U-shaped part. The use of RBM plates is fully justified since during a proportional NM-type test (Test P 3) it was observed that the relative displacement along Y direction on one face of the sample was much higher than on the other face (Figure 2.17(a)). The tensile displacement (i.e., along Z) was identical for the two faces (Figure 2.17(b)). Moreover, no perturbation is observed related to the control of the machine since the evolution of the forces with respect to the commanded displacement is in good agreement with the one with respect to the LVDT measurements. The displacement fields do not show any debonding, nor unwanted damage localization during the test (Figure 2.18). After a complete series of analyses, the only plausible cause for the different displacements along Y on one face with respect to the other, which is a phenomenon completely unphysical, is a spurious rotation of one of the camera. Even a very small one (< 0.1°) can create a false movement along Y with no impact on the tensile one. It is worth noting that this spurious displacement is not inducing any problem when one performs 2D simulations. The correction is necessary when the information coming from several cameras are used in a coupled manner. It is the case when performing stereo-DIC or extracting the BCs for 3D simulations. In the latter, this artifact introduces a non-existing shear between the two faces of the specimen, thus the necessity to correct it. Moreover, the spurious movements affect the values of the averaged relative displacements measured on the Ushaped plates and induce non-existing differences between these measurements and the LVDTs and the commanded displacements. To check this hypothesis it is considered that the lower part of the sample is not deforming and the rigid body motions can be computed from the displacements measured on this area (Figure 2.19(a)). Therefore, the rotation of the camera with respect to the sample is computed for each image using the small-angle approximation and the least squares method

R = Â(UziYi -U yi Z i ) Â(Y 2 i + Z 2 i ) (2.7)
with U zi the displacement along Z, U yi the one along Y and Y i , Z i the coordinates of a mesh node i.

In Figure 2.19(a) the original displacement measured by DIC (black vectors) can be observed and the one corrected by extracting the rigid body motions measured on the lower part of the sample (red vectors). The gray skeleton is the mesh used for the DIC computations. One may observe that in addition to the area used to actually determine the rotation, another two vector lines are illustrated (Figure 2.19(a)). The corrected displacements from the upper line and from the lower one (in red) can be used to compute the relative mean displacement on the sample as plotted in Figure 2.18 and as boundary conditions for numerical simulations. Using the above formulation an important rotation level is identified on face 1 of the sample and a negligible one on face 2 (Figure 2.20(a)). After correcting the displacements along Y a very good agreement is observed between the two faces of the sample (Figure 2.20(b)).

The present test validates the hypothesis that a camera may turn with respect to the others. The assumption that the lower part of the sample is not deforming is quite strong and it is not a proper reference for all the cameras. Therefore, specific targets (Plates (1) and (1') in Figure 2.9(b)) have been installed to correctly quantify any parasite movements. These 2-mm thick reference targets are covered with a speckle on each side. They are visible to all of the 6 cameras, so that spurious displacements of each camera can be deleted.

Even though it was considered that the lateral plates are subjected only to a common

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests rigid body motion, it was observed during the tests that this hypothesis is not stricto sensu valid. Special attention should be payed to the extracted RBM. The motions observed can come from a camera rotation or can be given by the deformation of the lower Uplate. Therefore, they depend on the applied load. In all the cases the lateral plates are subjected only to a rigid body motion (since they are fixed to the U-plate in only one point). Considering that they are 2 mm thick, the assumption that they are a common reference for all the cameras can be made. Therefore, the RBM measured on the lateral plates can be used to correct the 3D BC (Figure 2.19(b)) even if the rotation is influenced by the applied load. For all the tests presented in the following chapters the rotation was identified on the lateral targets and used as correction for the 3D simulations. The displacement fields averaged to obtain RBM of the loading plates are corrected only when a clear drift, decoupled from the applied load, is observed. The BC for the 2D simulations are not corrected. 

Setup validation

The griping of the sample is done with a two step procedure to enable the calibration of the measurement devices: first bond the upper interface, wait for curing, apply displacement without load, and then bond the lower one. The goal of the intermediate step, displacement without loading, is to record the signal of all the instruments (LVDT sensors and cameras) within the range of displacement that will be applied afterward. Because no load is applied, the displacement of the machine is supposed to be very accurate (less than a micrometer [START_REF] Flohic | A 3D displacement control by digital image correlation for the multiaxial testing of materials with a Stewart platform[END_REF]), so that these measurements are considered as 'references' thereafter. This way, it is possible to: • Validate that every device is ready for the test.

• Record the signal of the LVDT sensors to compare them to the control command and the DIC results to check that the machine is well prepared.

• Record the signal of the LVDT sensors to compare them to those under load to detect potential troubles during the test.

• Assess the uncertainty of DIC methods and potential biases with simple rigid body motions of the specimen.

In the following section the last two points will be detailed and exemplified on one test, the Interactive test 1 (I 1). The I 1 test consists of a complex non-proportional loading history. The test can be divided into several loading steps, namely, a series of tension, rotation and shear steps that lead to initiation, propagation and reorientation of the crack following a zigzagged path. The actual results of the test are given in Chapter 4 Section 1.2.

Assessment of DIC uncertainties

The uncertainty of 2D-DIC obtained with cameras T 1 and T 2 is assessed. It turns out that air convection effects (shown in Figure 2.21) have higher contributions in the present case than the uncertainty due to acquisition noise [START_REF] Tomičevć | Mechanics-aided digital image correlation[END_REF] and integer locking [START_REF] Besnard | Finite-element" displacement fields analysis from digital images : Application to Portevin-Le Chatelier bands[END_REF].

A way of reducing this effect during the test is to blow air toward the specimen with a large fan. However, the contribution is still larger than integer locking (but small in Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Since a quasi static test is performed, an additional way of lowering the measurement uncertainty due to the high frequency convection phenomenon would be to perform a simple time filtering [START_REF] Poncelet | Dissipation measurements in steel sheets under cyclic loading by use of infrared microthermography[END_REF] or to resort to spatio-temporal DIC [START_REF] Besnard | A space-time approach in digital image correlation: Movie-DIC[END_REF].

The uncertainty of the rigid body displacement between the upper and the lower Ushaped parts obtained by stereo-DIC is assessed with 101 photographs taken when the hexapod stands still. The values are 0.07 µm (resp. 0.68, 1.77) for a translation along X (resp. Y , Z), and 3.6 ⇥ 10 -4 rad (resp. 7.7 ⇥ 10 -3 , 1.1 ⇥ 10 -3 ) for a rotation along X (resp. Y , Z).

Comparison between different measuring systems

Figure 2.22 shows the translations and rotations applied to the specimen without load (before gluing the lower surface for the 'baseline analysis'), or after complete failure (for the 'test motions' part). This second part has been performed after the test to apply exactly the same loading path and check for any difference.

The results are given at point O spe sup for the three signals, namely, the machine command, the LVDT signals and the DIC data. In the case of DIC, only cameras T1 and T2 are used with 2D-DIC since no out-of plane displacement is applied (i.e., the out-of-plane displacement measured by stereo-DIC is less than the resolution). The presented DIC results are obtained as follows. On each face, the images of camera T1 (resp. T2) are analyzed with the previously mentioned RT3-DIC algorithm. For each image (i.e., every 5 s), a rigid body motion is sought on the measured displacement field in the central rectangular region of each U-shaped part. The difference between the motions of the upper During the steps called 'basic movements', there is first a period where the displacements are recorded while the specimen is held still (step 0), then a 50 µm cyclic translation along X is performed (step 1), then a 100 µm cyclic translation along Y (step 2) and then along Z (step 3). The displacements corresponding to the test are then performed ('test movements' 0 -7), starting with a proportional 150 µm loading-unloading Y -Z translation (step 0).

The prescribed displacements and the two measurements are in good agreement. During the first translations without rotation, the difference between LVDT measurements and command is less than 2% of the magnitude of displacement, while the difference between DIC measurements and command is less than 7% in the worse case (i.e., measured displacement along Z during Z translation). This error has not been explained since the DIC results are trustworthy (i.e., they lead to consistent numerical simulations as shown in chapter 4 section 2.2) and the LVDT setup is also very accurate. One must keep in mind that even if this relative error seems large, the corresponding absolute error is very small (a few micrometers).

Visible drifts on R X plateau must be considered carefully since these apparent still periods correspond in fact to large translations. Consequently, these drifts may be interpreted as control errors (i.e., due to the DIC technique used by the control loop), but also as measurement errors of the LVDT setup (Figure 2.23). During the last plateau, for example, the LVDT tips slide over more than 75 µm along Y and 200 µm along Z, while the drift corresponds to a difference of 5 µm between the LVDT measurements. Since the linearity error given by the LVDT maker is 1 µm for a 2-mm stroke, the drift may come from control errors but also slight flatness defects and misalignments of the octogonal reference part.

Conclusions

In this chapter the experimental setup used to perform mixed-mode fracture tests on concrete specimens was presented in detail. The main components of the setup were described, i.e., the machine and its particular 3D displacement control, the instrumentation, the fixture of the specimen and the RBM plates. A key point to remember is that the testing machine was adapted to perform mechanical tests and the most important challenge was given by the high stiffness of the specimen. Since the command of the machine is performed with a custom made optical 3D displacement control protocol, during the tests an extra measuring system composed of LVDT sensors is used to check the applied displacements. To asses a maximum of information both 2D and stereo-DIC full-field measurements are performed during the test. The displacement fields on each face of the sample give access to the crack pattern, and also to the actual boundary conditions that are crucial for a faithful numerical analysis of the test. Last, the 6 load components are recorded enabling for a complete description of the 3D mechanical behavior of the specimen. Two grip types were tested, namely, flat and U-shaped plates. By using the former, damage localization occurs in concrete in the vicinity of the glue layer, significantly changing the intended loading path. By using U-shaped grips, the boundary conditions are correctly applied to the specimen, making it possible to control the fracture orientation during the experiment. Therefore, the U-shaped geometry was chosen for the experimental campaigns. The RBM plates are used to create a common reference for all the cameras and correct any spurious motions. This correction is required only when the cameras are used in a coupled manner (stereo-DIC measurement or BC for 3D simulations). Finally, the experimental setup validation, consisting of multiple loading-unloading movements, is presented.

Chapter 3

Pre-defined tests As a result of the P 1, P 2 and P 3 'development' tests, the accuracy required for the tests has been achieved as explained in the previous chapter. The setup has been validated by comparing the different measurements recorded by redundant systems and also by performing numerical simulations with the displacements measured on the sample. Only when a good consistency was obtained between the experimental results and the numerical simulations in the elastic domain, both in tension and shear, was the setup deemed satisfactory. Now this protocol is used to perform thrustwothy tests, all of them with the same experimental conditions except the loading path.

A NM-type test campaign is conducted. Both proportional and non proportional loading histories are considered. For each loading case at least 3 tests are performed on samples with the same geometry, material and subjected to the same theoretical loading conditions. The results allows us to discuss the reproducibility, the interest and the limitations of such tests.

The tests are performed on samples with large double notches. Loads are transmitted via U-shaped grips and the full LVDT, DIC and load-cell setups are used to monitor the tests. Even though all the tests were carried out following the same protocol, and the same amount of post-processed data exists, not all of them are presented in details in the manuscript for the sake of brevity. More in-depth results are given in Appendix A, and full data (load and displacement evolution as well as displacement field and raw images) are available in digital format.

Proportional loading history

A series of 4 tests P 4, P 5, P 6 and P 7 with a proportional loading path, with a ratio between the tensile and shear displacements equal to one and with a displacement rate of 8.33 ⇥ 10 -3 µm/s is performed. The tests are displacement controlled, assisted by the optical 3D displacement control of the machine. P 4 test is presented in detail to assess the test validity. The results for all the tests are given both in terms of force-displacement curves and crack paths. Finally, in Section 2.1 the results of several numerical simulations are compared with the experimental data.

The experimental test can be divided into two parts, an elastic loading-unloading, considered a pre-test step (i.e., step 0) and the actual test. During step 0 the sample is loaded in the elastic regime up to 10 µm along Y and Z followed by an unloading at the same rate.

Force and displacement response

For the P 4 test the LVDTs measurements are compared with the mean relative displacements computed on U-shaped grips (Figure 3.1) using a regularized global DIC approach [START_REF] Tomičevć | Mechanics-aided digital image correlation[END_REF]. The mesh element size is 15 pixels and the regularization length Let us emphasize that each time the results are given on the same graph for the three coordinate axes, the same color code is applied. The results for the X -axis (out of plane motions) are given in blue, for Y (shear direction) in red and finally for Z (tensile) in black. Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests mentation is ready to use, and, more importantly, as the whole setup is loaded, spurious motions can appear due to the 'self-positiong' of different components of the setup. This clearance elimination is observed on nearly any test, as seen in Figure 3.3. The change of the forces and the torque with respect to the applied displacement is linear except for the jump of the displacement due to clearance. No crack initiation is detected by DIC. After this 10 µm loading-unloading the test is started.

The LVDT measurements are consistent with the DIC results both in shear and tension. The out-of-plane displacements exhibit small fluctuations, with a maximum of ⇡ 3.5 µm. Even with these perturbations the test can still be considered as in-plane since the recorded out of plane loads are negligible (Figure 3.2). To quantify the effect of small out-of-plane motions, 3D numerical simulations with prescribed out-of-plane translations of this magnitude are performed and a negligible influence is noticed.

One notes that, after unloading, the system is not returning to zero neither in terms of force nor of displacement. Therefore, each test starts with a different pre-loading. As a consequence, the curves are not identical, but their slopes show only small fluctuations. Even though subjected to the same theoretical loading path, the displacement at failure and the peak force vary. The shear displacement at complete fracture ranges between 27 and 40 µm, and the tensile level between 26 and 37 µm. These variations are clearly influenced by the initial loading-unloading step, but we assume that material scatter also plays an important role in the displacement differences.

Crack paths description

In Figure 3.4 the final crack paths are given for the 4 proportional loading cases. For each specimen only one visually detectable crack completely propagates and crosses the entire sample. The crack paths of face 1 are similar to those of face 2. Slightly more important differences are observed for tests P 6 and P 7. The beginning of the crack propagation for test P 6 face 1 has a more steep angle than on face 2. A similar behavior is observed for P 7, but the propagation angle is higher on face 2 than on face 1. One concludes that no pattern can be established and that the most likely cause for these differences is the material heterogeneity. Also, it is observed that the final cracks are not always initiating from the notch. For test P 4 face 2 and P 5 face 1 it is visible that the initiation occurs ⇡ 3 mm from the notch corner. This phenomenon makes it more difficult to compare the experimental results in terms of crack propagation to the numerical simulations. From one test to another the initial angle of the crack path is slightly different.

During the test an image is taken every 5 seconds. Depending on the test, between 1500 and 2000 images/camera are recorded. DIC computations are performed using the same RT3-DIC code, but to be able to observe the displacement jumps corresponding to the cracks, the regularization length is set to zero. The displacement fields are used to extract the boundary conditions for numerical simulations and also to capture the crack kinematics.

The displacement fields from Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests The DIC displacement fields show that for each test two cracks are initiating, but only one undergoes unstable propagation and leads to the final observed crack. For the tests P 4, P 5 and P 6 the right crack (y + ) propagates in an unstable manner and only for test P 7 the left one (y -). As full field measurements are used on each face of the sample, the crack initiation and propagation is captured all along the test. Therefore, not only the observed final crack path is given, as in the literature [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF][START_REF] Winkler | Traglastuntersuchungen von unbewehrtenund bewehrten Betonstrukturen[END_REF], but also the cracking history for each time step is assessed. This point is important since the sudden unstable propagation may induce an observed crack slightly or tremendously different from the stable one. For example, a small difference of crack initiation location is visible on face 2 of P 4 test, and very often a large crack initiating and propagating during the unstable phase is visible. Another example, the displacement field along Z for P 2 test computed on the last image taken before the unstable phase, clearly shows the existence of only one crack (Figure 3.7(a)), while the image taken after the complete fracture of the specimen (a 5 s interval) illustrates the presence of a second crack that initiates from the right notch (y + ) and propagates toward the other crack (Figure 3.7(b)). The crack is also visible on the specimen at the end of the test (Figure 3.8), but it is not due to the applied load, but induced by the unstable phase. Therefore, it cannot be used as experimental data in model validation. The results in terms of crack paths obtained using DIC are detailed in the following for each test:

• Test P 4: the presence of two cracks is observed on both faces of the specimen. One observes a disymmetry between the two cracks, the propagation of the right crack (y + ) being more important than the left one (y -). From one face to another the results are similar, but the left crack (y -) is more developed on face 1 than on face 2.

• Test P 5: a clear crack is noticed from the right notch (y + ) on both faces, while the left crack (y -) is observed only on face 1.

• Test P 6: only the initiation of damage and a very short stable propagation is observed on face 1 and almost no damage is visible on the second face. The result is consistent with the force-displacement curves, where no softening is visible. Generally, the samples are taken out from the waterbasin between 7 and 14 days before the test. In the present case the sample was remove from the tank 2 month before the test. The experiment was postponed due to technical issues. This difference of drying could hardly explain the more brittle behavior of this sample.

• Test P 7: the presence of two cracks is revealed on both faces. The second face results are as expected, namely, two straight cracks. The left one (y -) is longer, which explains why the left crack went unstable for this test. Even though normally the right crack (y + ) evolves on the upper half of the notch and the left on the lower half, dictated by the shear direction, for face 1 both cracks initiated on the lower part of the notch. After a period of stable propagation, both cracks are changing suddenly their direction. The left crack undergoes a third reorientation and, finally, the two cracks are evolving in the good directions. The force-displacements curves for P 7 (Figure 3.3) do not present any elements that would indicate or explain the different behavior of the cracks on one of the specimen face. The out-of-plane displacement recorded during the test is more important. The maximum value is 5 µm, measured by an LVDT sensor, but the out-of-plane force and torques have negligible values (Appendix A).
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Test reproducibility

The test is designed such that Saint-Venant's hypothesis is not valid. So for the present case the sensitivity to the boundary conditions is de facto very important. Since the displacement at complete specimen failure is less than 20 µm for a 50 ⇥ 200 ⇥ 200 mm specimen, the smallest difference or error in the applied boundary conditions is reflected on the crack paths.

In this context, due to the heterogeneous nature of the material, the global reproducibility of the proportional loading tests presents certain difficulties. During the stable phase (roughly symbolized in Figure 3.9) the results are quite satisfactory. On the contrary, the unstable behavior is mainly driven by local heterogeneities and is not reproducible.

One deduces that the machine control and the instrumentation is sufficiently accurate to perform proportional loading tests on concrete specimens with the safety net that the boundary conditions are measured and the real values can be used for numerical simulations. In other words, one may conclude that concerning the reproducibility, the required performance is at the limit of the experimental setup with this type of loading, and that unfortunately the duration of stable propagation is so short that only the initial propagation is clearly exploitable. 

Non-proportional loading cases

Experimental tests with Non-Proportional (N P ) loading histories are presented in the sequel. The tests are performed using two types of loading conditions, composed of multiple loading steps. All the tests start with an elastic loading-unloading, as described in Section 1.1.

The first loading case (N P 1 and N P 2 tests) is continued by prescribing a displace-

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests ment up to 30 µm along Y 1 . Even though during this step no crack initiation is expected, this shear pre-load will influence the propagation angle. Next, the displacement along Y is maintained at 30 µm and a tensile displacement is applied up to failure.

The second loading case (N P 3 test) is identical to the first one during the shear phase and the beginning of tension. The difference is that at a displacement along Z equal to 30 µm the direction of shear is changed, the displacement along Y changes from a positive value to an increasing negative level until complete fracture.

The experimental force-displacement curves 2 , for the three tests, are given in Figure 3.10. In particular, one observes the complete evolution up to failure for the tests N P 1 and N P 2. In the case of N P 3 the graphs show only the positive shear, tension and the inversion of shear from U Y = 30 µm up to -25 µm. The latter was stopped because of a technical problem that occurred at U Y = -25 µm.

The importance of the elastic loading-unloading, represented with a continuous line in Figure 3.10, is even better captured during these tests. The 'self-positioning' of the whole setup is well reflected. For example, for the N P 1 test in tension, important spurious motions are observed during the pre-test step and no fluctuations afterward. For the nonproportional loading case, one notices that the curves are superposed for the three tests during the common loading steps, both in shear and in tension. One clearly observes in Figure 3.10(a) the step differentiating N P 3 from the others, namely, the sign inversion in shear.

Experimental results for tests N P 1 and N P 2

When comparing the responses of N P 1 and N P 2 in terms of displacements amplitudes at fracture and peak force values, small variations are observed. The maximum shear force ranges between 5.7 and 6.9 kN to a corresponding displacement of 28.5 to 30.5 µm. The tensile force peak values are varying between 16.8 and 17.8 kN for a maximum displacement along Z ranging between 32 and 37 µm.

The final crack patterns obtained for the N P 1 and N P 2 tests are given in Figure 3.11(a) and Figure 3.12(a). As expected, for each specimen only one crack is visible at the end of the test. For the present loading cases the final crack paths are almost identical for the two faces of the specimen, which is not the case for the proportional tests of Section 1.1.

Even if N P 1 and N P 2 tests are subjected to the same loading history the final crack paths are completely different. For N P 1, the crack initiates and directly propagates downward (Figure 3.11(a)), consistent with the shear loading direction, with NM results [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF] and with numerical simulations. For N P 2, damage occurs on the upper side of the notch and it is propagating toward the lower part of the sample (Figure 3.12(a)).

Besides the final crack, which is visible at the end of each test, by using full field 1 We recall that Y is the shear direction, and Z corresponds to tension. 2 The complete experimental results are given in Appendix B

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests measurements one has access to the whole history of crack initiation and propagation until unstable phase occurs. As for the proportional tests, an image is taken every 5 seconds, with a total of ⇡ 2500 photos/camera for N P 1 test and 3500 photos/camera for N P 2.

For all the DIC computations the algorithm and the parameters presented in Section 1.1 are used.

The displacement fields obtained at the end of the stable propagation are given in (2) for face 2) and on the right side the displacements along Z (labeled (1') for face 1 (resp. (2') for face 2). Besides the fact that the DIC displacement fields show the presence of two cracks for each test, they also reveal different crack patterns for the two specimen faces. For the N P 1 test the right hand side cracks start with the same propagation angle, and they are almost superimposed during the first ⇡ 5 mm. Afterward, on face 1, the crack changes its orientation, while the crack on face 2 continues to propagate in the same direction. The overall crack patterns on face 1 are less steep than on face 2. Also on face 2 a sudden reorientation is observed, and the length of the stable crack is more important than on face 1. On both faces a dissymmetry is observed between the left and the right crack, the latter being more developed on both faces of the specimen. Even though at the end of the stable phase the right crack is much more developed, the complete failure is due to the unstable propagation of the left crack. On face 1, for the N P 1 test one observes a third crack in the center of the sample parallel with the other two, a crack that is not present on the second face.

For the N P 2 test, the final crack paths are almost identical for the two specimen faces and only on the DIC displacement fields one observes that during the stable propagation the crack patterns are completely different. On face 1 the crack paths are consistent with the applied load, while on the other face two straight stable cracks propagate through the entire ligament. The left crack (Figure 3.12(2')) is the one that undergoes unstable propagation and crosses both the thickness and the width of the sample. One may also notice that the macroscopic crack is not a coalescence between the cracks of face 1 and face 2, but only the contribution of the left crack of face 2. Given the dissymmetry between the crack patterns from one face to the other and that cracks from face 1 have no contribution to the final failure, the hypothesis of cracks developing only on the specimen surface arose. The cracks initiate and propagate on the surface, and during the unstable phase one crack traverses both the thickness and the width of the specimen.

The out-of-plane LVDT measured displacement varies between -4 and 0.5 µm for a force F x ranging between -0.4 to 0 kN (Figure 3.13). Considering that the values for the torques M Y and M Z (Figure 3.14(a)) are close to zero during the entire experiment, one may conclude that the present test is planar. Therefore, the different behavior for the two faces of the specimen can only be explained by the material heterogeneities and by cracks forming only on the surface of the specimen (this hypothesis of surface crack is also consistent with the relative small decrease of the force while the apparent remaining ligament is small). One expected the two notches to create stress concentrations that will dictate the damage localization and the propagation angle. Unfortunately the loading Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests applied during the test is too uniform when compared to the influence of the material heterogeneities.

[mm] Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests 1.2.2 Experimental results for test N P 3

For the N P 3 test only the results during the positive shear, tension and negative shear down to -25 µm are presented, namely, the first part of the test. The test was stopped at U Y equal to -25 µm and unloaded. Afterward, the sample was reloaded by applying a non-proportional (shear-tension) loading history until complete failure. This second part of the test is not detailed since it was performed after the unloading of an already damaged specimen, as observed from the displacement fields (Figure 3.15(b)). However, the final crack obtained during the test is of interest.

From the displacement fields (Figure 3.15(b)) obtained at the end of the first loading part (i.e., before unloading), no damage localization is visible on face 1 of the specimen (Figure 3.15 (1) and (1')). On the second face the existence of two cracks is shown. One of ⇡40 mm length on the right side of the specimen and another one of ⇡30 mm on the other side (Figure 3.15(2')). Since two important cracks are visible on face 2 of the sample, when reloaded, due to crack tip singularity, they should continue to propagate. However, in Figure 3.15(a) it is shown that the final crack initiated from the notch. This result is consistent with the previously made hypothesis that for this non-proportional loading case the cracks are forming first on the surface of the specimen, hence enabling for a second initiation from the notch for a different loading path. The experimental displacement fields are used to carry out numerical simulations with a finite element model (FEM) with two main purposes. To validate the experimental data, the numerical results have to be consistent with them at least during the elastic domain. Once the experimental data are considered trustworthy they are used to test the chosen damage model, namely, the nonlocal gradient damage model developed by

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests EDF R&D to describe crack propagation in quasi-brittle materials [START_REF] Lorentz | A variational formulation for nonlocal damage models[END_REF][START_REF] Lorentz | Gradient damage models: Toward full-scale computations[END_REF].The damage state is described by a scalar field, which reflects the material degradation due to the initiation of multiple microcracks within the sample. Apart from having the necessary damage zone description this model should be able to correctly predict crack initiation and propagation on a priori unknown paths.

The material properties considered in the numerical simulations are given in Table 3.1. The initial estimation of the Young's modulus and the tensile strength is obtained from three point flexural tests and the compression strength by performing classic compressive tests described in Chapter 2 Section 1.2. The initial value for the Young's modulus (20.03 GPa) is then adjusted in order to fit experimental force-displacement curves inside the elastic domain. As a result it is set to 21 GPa throughout all numerical simulations presented herein. The fracture energy is set to 100 J.m -2 and the Poisson's ratio to 0.2 -values considered typical for concrete in general (they are not subject of a parametric study). 2D plane-strain and 3D numerical simulations are carried out for two experimental tests (proportional loading case (P 4) and a non-proportional one (N P 2)). The importance and the sensitivity of the applied boundary conditions is also discussed.

Comparison between experimental results and numerical simulations for test P 4

The main purpose of this section is to show that even if the proportional loading was intended to be very simple, the full-field measurements provide a full series of discriminating tests for damage models. In the present study the boundary conditions are obtained using DIC. The majority of the cases reported in literature are instrumented using point measurements and the models are tested using simple scalar data [START_REF] Desmorat | Nonlocal anisotropic damage model and related computational aspects for quasi-brittle materials[END_REF][START_REF] Jirasek | Evaluation of directional mesh bias in concrete fracture simulations using continuum damage models[END_REF][START_REF] Prochtel | On the dissipative zone in anisotropic damage models for concrete[END_REF][START_REF] Réthoré | Mixed-mode crack propagation using a Hybrid Analytical and eXtended Finite Element Method[END_REF]. Therefore the measured displacement fields are first averaged in order to obtain a simplified representation of the boundary conditions for each time step (Figure 3.16(a)). This strategy will be used first for 2D plane strain simulations on each face. Then 2D simulations will be performed with the full-field results (i.e., they are not averaged) (Figure 3.16(d)). For a more detailed study of boundary conditions sensitivity, 2D simulations are also performed with a linear (Figure 3.16(b)) and a parabolic (Figure 3.16(c)) approximation of the displacement fields. Last 3D simulations with 3D boundary conditions reconstructed from 2D measurements will be presented (Figure 3.27).

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests In order to exclude any issues when modeling the loading plates and the glue layer, the DIC mesh node displacements corresponding to a resized sample of 50 ⇥ 200 ⇥ 100 mm are extracted and then averaged to be applied to the finite element model on its boundaries (Figure 3.17). 2D plane strain simulations are performed using QU8 elements and a total of 300,000 DOFs 3 . The global load components are determined as the averaged reaction forces associated with Dirichlet boundary conditions. The numerical simulations performed independently on each face using the simplified boundary conditions are consistent with the experimental response in the linear regime in tension (Figure 3.18(a)). However, important differences are observed between the experimental and numerical shear force-displacement response, even in the very early stages of loading (Figure 3.18(b)).

Even though the crack paths predicted using averaged data are globally correct, they do not accurately follow the paths observed during the experimental test (Figure 3.19). Contrary to the experimental results the numerical crack paths are symmetric and curved. Moreover the differences in terms of stable crack propagation between the two faces of the sample are not captured. Finally the stable crack length is overestimated.

3 All presented numerical results are checked for mesh orientation and refinement independence.
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2D simulations with full-field boundary conditions

One critical aspect of any numerical simulation of complex experiments is related to the knowledge of actual boundary conditions [START_REF] Mathieu | Identification of interlaminar fracture properties of a composite laminate using local full-field kinematic measurements and finite element simulations[END_REF][START_REF] Fedele | Simultaneous Assessment of Mechanical Properties and Boundary Conditions Based on Digital Image Correlation[END_REF]. Therefore in order to faithfully reproduce experiments it is important to perform the numerical simulations using measured boundary conditions. From the DIC mesh nodes the displacements are extracted to be directly applied to the 2D numerical simulations (Figure 3.16(d)).

When comparing the force-displacement curves of both faces of the specimen, the results are now consistent in tension and shear (Figure 3.20) in the elastic regime. This result validates the fact that measured boundary conditions are very important when analyzing such experiments. With this first set of parameters (Table 3.1) the initiation of damage and the nonlinear response are underestimated (Figure 3.20). This is mainly related to the simplified choice for the yield surface that is chosen to be an ellipsoid of revolution. As consequence the bi-tensile threshold is underestimated (Figure 3.23). Since during the whole loading process the bi-compressive domain is not probed, the material properties can be modified, without changing the tensile strength, in order to obtain a more realistic value for the concrete strength in bi-tension (Table 3.2). The corresponding yield function is displayed in Figure 3.23. The new test results depend upon the value of the bi-tentile threshold, as the predicted tensile force-displacement curve is closer to the experiment in terms of maximum level at crack initiation (Figure 3.24(a)) but the shear force-displacement curves are still different (Figure 3.24(b)). It is concluded that having the correct value of the concrete strength in bi-tension is not sufficient to fully reproduce the force-displacement curves and that the simplified form of the yield surface is not able to fully capture the actual behavior of concrete. More elaborate models should be considered. However the second set of parameters enables much better results to be obtained in terms of stable crack length (Figure 3.25). Since the present tests are performed to create an experimental database, the access to the BCs required to simulate the experimental tests is mandatory. It was already shown that the averaged BCs are too poor to reproduce the test. Of course one may use the full-field data, but one may wonder if BC described in a richer way than just scalarbut still not using the complete full-field data is relevant. Numerical simulations are performed using a linear and a parabolic approximation of the displacement field. We mention that scalar interpolation corresponds to 2 DOF approximation limited to two translations, while linear interpolation corresponds to 3 DOF approximation with two translations and an in-plane rotation.

In Figure 3.26 the crack paths obtained using scalar (black), linear (blue), parabolic (green) BC approximations and the full-field BCs are compared. One notices that the crack paths given by the scalar (black) and the linear (blue) approximation show important differences with respect to those obtained with the full-field BC (red). With the parabolic approximation the crack paths (green) are closer to the expected solution. Small changes in the applied BCs are influencing both the length and the propagation angle of the cracks. The sensitivity to the applied boundary conditions is very important, mostly due to the very small displacement values required to initiate and propagate the cracks (less than 20 µm measured on the specimen face). In conclusion, at least for the present loading case, only by using full-field measurements we may obtain an accurate reproduction of the experimental data.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests When considering the force-displacement results (Figure 3.28) obtained using the measured boundary conditions and the second set of material parameters (Table 3.2), the predictions are similar to the experiment in the tensile direction, while the gap between the numerical results and the experimental data becomes more important in shear. The evolution of the torques predicted by the numerical simulation is in agreement with the experimental data (Figure 3.29). The 3D results in terms of crack paths are consistent with the experimental results and with the 2D simulations. The dissymmetry between the two cracks and the two faces of the sample is even better captured by the 3D model (Figure 3.30). As shown in the previous section, the results obtained with a damage model with an elliptical yield function are in good agreement with the experimental data, with very few exceptions. It was supposed that the differences are due to the simplified form of the yield surface. In the following, the results obtained with a more complex model, presented in details in Chapter 1 Section 1.2.2, are discussed. The latter relies on the criterion proposed by Franc ¸ois [2008]. From now on the elliptic yield function model will be referred to as Endo-Scalaire (ES) and the more complex model as Endo-Fiss-Exp (EFE). With the EFE

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests model, 2D plane strain simulations are performed using the material properties given in Table 3.1. The results are presented only for face 1 of the sample, for simplicity reasons, and compared with the experimental data and the ES results (when R bitension = 2.9 MPa, material properties given in Table 3.2). The two models predict very similar results both in terms of forces-displacement curves (Figure 3.31) and crack patterns (Figure 3.32(a)). If the evolution of the principal stress components is plotted during crack propagation for the ES model (Figure 3.32(b)), one notices that the values are located between equibiaxial tension and pure tension. The similarity of the results is explained by the fact that in this particular area the shape of the ES yield function obtained with the second set of material parameters is close to the EFE shape. In conclusion, the proportional loading case is not sufficiently discriminant to differentiate the two models. However, the numerical predictions are in good agreement with the experimental data, but the shear behavior is not better captured by the new model. In fact both models have the same process zone profile and as a result almost the same final crack slope, which seems to be responsible for experiment-simulation differences.

Comparison between experimental results and numerical simulations for the N P 2 test

Since the experimental results obtained for the non-proportional loading histories, presented in Section 1.2, are very intriguing, numerical simulations are performed for a better understanding of the test results. Both 2D plane strain and 3D simulations are performed by applying the measured boundary conditions. Even though from the crack patterns the test seams to be rather 3D than planar, the 2D results are in good agreement with the 3D ones. One may notice that in both cases the general tendency of the crack paths and their lengths are well reproduced by the model. The crack paths are very short on face 1 and much longer on the second face, consistent with DIC measurements (Figure 3.34). However, the experimental propagation angle is not well captured by the model. Since for the proportional tests (Section 2.1) the model was shown to give good results in terms of crack orientation, one may conclude that the experimental crack patterns are not driven by the applied loading but by the material heterogeneities, thus not reproducible by the numerical models. However, since the difference between the cracks developed on one face of the specimen with respect to the other one is partially recovered by the model, one may conclude that these differences are not entirely due to material heterogeneity, but also to the applied displacement.

Considering the force-displacement curves (Figure 3.33), a slight difference is observed even in the elastic region, which could be better captured after a parametric study. Overall the results are consistent in shear and an offset is observed between the tensile force-displacement curves predicted by the damage model and the experimental data. Considering the differences observed on the crack patterns, between the simulations and the experimental data, one may conclude that the force-displacement curves are expected to not have exactly the same evolution.

The 3D results are similar to the 2D ones. No improvement is observed, by the contrary the gap between the experimental and numerical is slightly more important when considering the force-displacement curves (Figure 3.35). Regarding the crack paths the dissymmetry between the two faces is well captured, but still the propagation direction predicted by the model is different from the experimental one (Figure 3.36).

As observed some of the non-proportional loading tests are difficult to interpret and simulate. More data and a more detailed numerical study is needed to better understand the tests. Since the two non-proportional cases N P 1 and N P 2 have such different results, Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests one may conclude that the material scatter is an important factor in the initiation and the propagation of the cracks under these loading conditions. considering the heterogeneous nature of the material and the high sensitivity to the applied load. The experimental data were validated both by comparing the displacements obtained with different measurement systems and with those from numerical simulations. Even though the present results are trustworthy and can be used for model validation, the period of stable propagation is small (less than 30 mm) and the sensitivity to the applied boundary conditions is important. Yet, the experimental data are considered challenging not only for the presented models but for a large series of damage and fracture models.

The non-proportional loading results are consistent in terms of force displacement curves, but the crack paths revealed by DIC showed important differences from one face to the other, even though the final crack path was identical for both faces. Also, very different crack patterns were obtained for tests performed under the same theoretical loading history. It is important to note that even with the presence of the two notches, the stress fields induced by the non-proportional loading are not sufficiently heterogeneous to influence the initiation and the propagation of the cracks. Therefore, in the present case the cracks are driven by material heterogeneities. As shown in Section 2.2 one may conclude that the experimental data obtained for the non-proportional loading cases cannot be used easily for model validation.

In the light of the presented results, the development of new mixed-mode fracture tests is required. The main challenges are to increase both the stable crack propagation phase and the complexity of the crack patterns. The crack propagation should occur through the whole thickness of the specimen and be driven by the stress fields and possibly not by material heterogeneities. Moreover, the sensitivity to the applied boundary conditions should be diminished. In the previous chapter the advantages and limitations of the first series of mixed-mode fracture tests were discussed. In order to maximize the stable crack propagation period, to create more complex and discriminating crack paths, the development of new tests is clearly required. First, for these new tests the initiation and the control of one crack at the time is chosen. When performing numerical simulations, the problems occurring while reproducing an experimental test are decoupled from the numerical difficulties generated by the convergence of the propagation of each crack at each time step and the interactions of two or more cracks. A preliminary study presented in Section 1.1 will show that only by adding an in-plane rotation to the shear-tension loading, the initiation of only one crack is ensured.

Chapter 4 Interactive tests

In the present chapter the development of interactive tests is presented. The tests are designed to increase the stable propagation phase of the cracks and to address a variety of phenomena associated with mixedmode crack propagation, such as crack reorientation and branching, crack closure, crack coalescence and mode III crack propagation. The complexity of the tests is increased by applying an in-plane rotation and by updating during the tests the loading history with respect to the crack path. The first part of the chapter is focusing on the experimental results, while the second part is a comparison between the experimental data and the numerical results obtained with the same nonlocal damage model. It is shown that the present experimental database is trustworthy to be used in model validation

Second, the rotation will also increase the stable propagation period by generating a tension/compression stress gradient. The shear direction is closely related to the orientation of the crack and the tensile load is responsible for the actual propagation. Therefore, in the case of the interactive tests the loading path consists of a series of tension, rotation and shear steps (Figure 4.1) that leads to the initiation, propagation and reorientation of the crack.

Third, the experiments are performed in an interactive manner: the crack path is assessed during the test by performing DIC computations and at key positions of the crack tip the loading is changed to reorient/branch the crack. In this way, the interactive tests represent an important step toward hybrid testing.

Thanks to these 3 key points, several cases of stable propagation are studied to illustrate phenomena like crack reorientation, crack branching, successive crack initiations, crack coalescence, crack closure and mode III crack propagation.

In the following, the results of four interactive tests are presented. All the tests were performed with the same experimental setup and the same amount of post-processed data exists. However, one test will be presented in detail and the others in a more succinct manner.

Importance of in-plane rotation

Since for the interactive tests it was chosen to control only one crack at a time, numerical simulations are performed to determine the adequate geometry and boundary conditions. The first intuitive choice is to use a single notched geometry subjected to a shear-tension load history. It is observed that a second crack is initiating from the corner opposite to the notch (Figure 4.2(a)), due to the important rigidity given by the absence of the second notch. One thus tries to keep (at least) a notch on the other side, but with its shape and dimensions varied to only obtain the initiation of the 'expected' crack. For each case a second crack is nonetheless observed. Even when one of the notches has a semicircular It seems that this 'impossibility' of single crack initiation is closely related to the fact that the second crack appears while the first one is still not fully developed so classical considerations based on assumptions from linear elastic fracture mechanics could not be applied.

Finally, the solution was to change the loading conditions by adding an in-plane rotation (Figure 4.2(b)) that ensures both a single damage localization and a more important period of stable propagation. Moreover, in combination with shear and tension it creates complex loading histories, generating discriminant crack paths. The present loading case can be applied to single and double notched specimens, and also used to control the initiation and the propagation of successive cracks. 

General comments

For the I1 test the loading path consists of a series of tension, rotation and shear steps (Figure 4.1) that leads to initiation, propagation and reorientation of a crack following a zigzagged path (Figure 4.4). The tensile component is used to initiate and propagate the first crack. The global shear component (to be more accurate, the ratio shear/tension) is used to reorient the crack. Last, the in-plane rotation of the upper plate combined with shear is equivalent to a pure rotation applied to both upper and lower plates in a symmetric way, the latter produces tension-compression gradient close to the crack tip. The loading path is chosen for two main features, namely, the crack is initiated in mixed mode loading and the process zone influence is checked by crack reorientation. The sought crack path (Figure 4.4) is composed of a first step of initiation and upward propagation (1), then a reorientation downward (2), followed by a subsequent propagation (3), then an upward reorientation (4) with a subsequent propagation (5), and last a reorientation downward (6) with a final propagation (7). The crack will be kept close to the middle of the specimen and will not be too influenced by the imperfections of the boundary conditions. Moreover, the shear loading will be applied both ways with crack upward and downward orientations so that crack closure and friction will occur during the steps following the first propagation. Models taking into account these phenomena

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests can thus be validated, and the validity domain of the models without such features may also be probed. Two propagations are in the upward direction (1 & 5), and two in the downward direction (3 & 7) so that the test is interesting in terms of branching condition at steps ( 4) and ( 6): will the crack reorient itself and follow the path (5) (resp. path ( 7)) or branch from the previous reorientation point and follow path (5') (resp. (7'))? The displacements applied during the test are presented in Figure 4.5. The first point worth noting is that the evolution is not linear during each step contrary to those shown in Chapter 2 Figure 2.22. It presents plateaus because the loading is stopped from time to time to check the crack tip location and decide whether the next loading step is started or if the current one goes on. It is also important to note that the test is quasi-static (i.e., the test lasts more than 10 h with a stable crack propagation during the whole time) so that seemingly 'sudden' motions or force changes on the following figures are not. Only the final unstable crack propagation is a dynamic event.

The second point is that the test that is theoretically an 'in-plane' test performed on a 3D displacement machine can be indeed considered as in-plane:

• The rotation levels along Y and Z shown in Figure 4.5(b) are negligible. Moreover the X translation is very small: while the biais observed during the displacement without loading is about 12 to 16 µm, the measurement is equal to ⇡ 25 µm at the end of the test. This small drift is consistent with the very small out-of-plane translation measured by stereo-DIC (i.e., less than 4 µm).

• The in-plane feature of the test is also confirmed by the measured forces and torques (Figure 4.6), i.e., F X , M Y and M Z are close to zero.

• Moreover, the crack propagation is symmetric with respect to the Y -Z plane as proven by analyzing the displacement fields on both surfaces (Figure 4.7 and 4.8) in addition to the final cracked surface (Figure 4.9). When the final crack is studied with tomography (Figure 4.10), no particular 3D effect is observed, namely, the crack path is nearly the same in every X-section. However this result must be taken
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Step by step analysis

Step 0 aims for no initiation, just an elastic loading up to 10 µm along Y and Z followed by an unloading at the same rate. The results show a linear change of the forces and torques with the applied displacements. A sudden drop of F z appears during the increase of the displacement, probably due to slip between two parts of the setup. The goal of this step is apart from checking that every measurement device is working normally to let such type of 'self-positioning' set in before the real loading. No crack is detected by DIC at maximum force nor at the end of the step.

Step 1 corresponds to a proportional combination of translation along Y and Z, and rotation along X to induce a gradient of tensile stresses along Z and a shear stress along Y (which is of course non uniform because of the notch).

At the beginning of the step, F Y and M X are proportional to the applied displacement. The level of F Z remains close to zero since only a gradient of tensile stress is applied with a mean nearly equal to zero. At around t = 6000 s, the crack initiates and propagates 'upward' (i.e., toward positive Z values and negative Y values) until the end of the step (see (A)-(a) in Figure 4.7 and 4.8). This first propagation is quasistatic : the F Z drop takes about 560 s so that the control loop has enough time to adapt the actuator lengths (Figure 4.11(b)). In a more general way one notes that the time evolutions of the actuator lengths are smooth, as well as the forces and torques, which confirms the stability of the propagation. Because the section transmitting the M X torque is progressively reduced in the region of tensile stresses (i.e., positive values of Y ), the average force F Z becomes more and more negative with the propagation of the crack. The variation of F Z corresponds to an indirect sign of crack propagation. The stiffness of the specimen is slightly modified, namely, the slopes of F Y and to a lesser extent of M X are lower than at the beginning of the step.

Step 2 prepares the bifurcation by inverting the sign of F Y . As a consequence M X also evolves since the rotation around X is not modified during this step, but only F Y . Considering the displacement fields, no visible propagation occurs. The slope of F Y (Uy) is equal to the one at step 0, which means that in spite of the crack opening (up to ⇡ 50 µm along Z near the notch, see Figure 4.7(a) and 4.8(a)), the transmission of the load Y through the crack faces is still possible. One does not even see any progressive crack closure during this step for which the slope would evolve.

Step 3 consists of linearly increasing the rotation and the vertical translation to repropagate the crack. The latter turns and propagates downward (i.e., toward negative Z values) as expected (see Figure 4.7(B-b) and 4.8(B-b)). Because of crack propagation, the forces and torques remain constant while the displacement evolves notably.

Step 4 prepares a new bifurcation. Same trends as for step 2 are observed except that the change of F Y is inverted (i.e., negative to positive values). The slope of F Y (Uy) is

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests During step 5, the linear increase of rotation and vertical translation induces a bifurcation, so that the crack follows path 5 upward (Figure 4.4) instead of branching and following path 5'. After a brief decrease of the forces and torques at the beginning of the step, they remain constant or slowly increase during stable crack propagation until the end of the step (Figure 4.7(C-c) and 4.8(C-c)).

Step 6 prepares another bifurcation (as steps 2 and 4 did). The change of F Y is identical to that of step 2, namely, from positive to negative values. The F Y (Uy) slope is now lower than those of steps 4, 2 and 0. This means that the crack opening (Figure 4.7(c) and 4.8(c)) does not enable for the transmission of the load through the complete crack faces. Figure 4. 7(d) and 4.8(d) show that the crack has started to branch during this step. This branching induces a small decrease of F Z .

During step 7, only a translation along Z is applied so that F Z becomes positive. No bifurcation occurs to propagate downward. Instead, branching occurs so that the crack follows path 7' (Figure 4.1(b)). F Y tends to zero because of the thinning of the ligament and the opening of the crack and thus the larger compliance. The F Z (Uz) slope is lower than at step 0, thereby proving that the load is (nearly exclusively) transmitted through the ligament. The crack becomes eventually unstable and complete failure occurs in a dynamic manner, which gives information about the limit of stability.

Test I2 -experimental results

Test I2 addresses phenomena such as successive crack initiation and propagation, crack closure and friction and crack coalescence. The chosen geometry for the I2 test is the one with two large notches ( Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests composed of combinations of elementary loading paths like tension, shear and in-plane rotation (Figure 4.1). One may note that during the test a rotation is applied with respect to O spe sup , located in the center of the upper surface of the sample, while the lower surface is fixed. Since this is not pure bending (i.e., in-plane rotations applied symmetrically to the upper and lower part of the specimen), apart from the tension/compression stress gradient, it also induces an important proportional shear stress of the same sign. Therefore, during certain loading steps, a displacement along Y is introduced only to partially compensate the rotation effect. The actual shear loading at the crack tip is a combination of the rotation and the applied shear translation.

The test is started with the elastic loading-unloading (labeled 0 in Figure 4.12 and Figure 4.13) presented in detail in Section 1.2. It is then followed by a positive in-plane rotation combined with a positive shear force (labeled 1) to initiate and propagate a crack upward. Afterward, the system is unloaded and reloaded by coupling a negative in-plane rotation with a positive shear force (labeled 2) leading to the closure of the crack and the initiation of a second crack on the opposite notch. After a second unloading, the final step is a proportional tensile -negative shear loading (labeled 3) that reorients both cracks and joins them. Each combination of loadings is carefully chosen to obtain the aforementioned phenomena (i.e., successive crack initiation and propagation, closure, friction and coalescence).

Even though the out-of-plane displacement measured during the present test shows a maximum value of ⇡ -8 µm, the out-of-plane loads (F X , M Y and M Z ) are close to zero during the test and only a small increase in the two torque values is visible at the end of the test.

For more details, a step by step analysis is proposed in the following, the elastic loading-unloading (step 0) is not discussed since it was presented in Section 1.2.

Step 1 corresponds to a combination of negative translation along Y and positive rotation along X. In the beginning, F Z has small variations since a tension/compression gradient is applied and only the resultant plotted. The DIC mean relative displacements measured on the loading plates are consistent with the LVDT measurements indicating ⇡ 10 µm of applied displacement along Z, thus the overall values of F Z are positive. F Y and M X have a linear change proportional to the applied displacements. One may note that both F Y and M x are positive, even though the applied U Y is negative. The shear stress is generated by the rotation and not by the applied translation, the latter being introduced only to decrease the effect of rotation. Starting from t ⇡ 5500 s, the crack initiates and propagates upward (Figure 4.14(A)-(a) and Figure 4. 15(A)-(a)). Along with the onset of damage, a change in slope is observed for F Y and M X . F Z is decreasing proportionally to the crack propagation due to the reduction of the tensile region.

During the test, DIC computations are performed to assess the propagation of the crack. When it has reached the center, the sample is unloaded, and thus the crack is closed.

Step 2 leads to the initiation of a second crack, while the first one is closed. It consists of a combination of a positive translation along Y and a negative rotation. In the present

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests 4.12(b), and a very good agreement is observed between DIC, LVDTs and the command values. When the crack is considered sufficiently propagated the specimen is unloaded. For a command displacement equal to zero, F Y ⇡ -3 kN due to the closure of the two cracks, but F Z ⇡ 2.5 kN, value that is also observed at the end of steps 0 and 1. Since this value is recorded at the end of the elastic unloading, one may suppose that it is generated by the positioning of the experimental setup.
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Step 3 consists in a proportional tension -negative shear loading, in order to make the two preexisting cracks reorient and coalesce. The two reopened cracks are visible in Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests . However, on the last DIC computation (even though not completely converged) and on the final crack paths (Figure 4.16), one may note that only one crack reoriented (the right one) and joined the second at mid-distance between the notch and the crack tip.

At a closer look it is observed that on the final crack paths, the left crack seems to have initiated 10 mm from the notch root, even though on the DIC measurements the crack is clearly initiating from the notch. The phenomenon can be explained by damage occurring during the dynamic rupture or by the preexistent microcracks that are forming a macrocrack due to the important displacement applied to the sample.

Test I3 -experimental results

The present test proposes stable crack propagation and crack reorientation. The particularity of the I3 test is that it does not present crack closure. Moreover, two phases of unstable propagation are observed: a first one at the end of the first loading step and another very short one at the end of the test.

The test is started with the elastic loading-unloading (labeled step 0 in Figure 4.17 and Figure 4.18). Afterward, the actual test is composed of three loading steps. A displacement along Y combined with a rotation along X will initiate a crack propagating toward the upper part of the sample. The shear load gradually goes from positive to negative while the rotation is maintained constant. Finally tension is applied up to complete failure of the specimen.

The translations recorded during the test are given in Figure 4.17(a). An overall good consistency is observed between the mean relative displacements measured by DIC, the LVDTs measurements and the command. Since very small values of displacement along X are measured during the test and the out-of-plane loads are close to zero, one may conclude that the test is planar and thus also suitable for 2D simulations.

During step 1 a crack is initiated by applying a proportional displacement along Y and an in-plane rotation. The present loading path is identical to the one applied during step one in I2 test, but the specimen geometry is different. For the I2 test 5 ⇥ 40 mm notches were used, and for the present test this was changed to 5 ⇥ 25 mm. The crack propagates stably until t ⇡ 6375 s (Figure 4.19(A)-(a) and Figure 4.20(A)-(a)). Afterward an unstable propagation occurs. Because of the applied rotation, the right part of the sample is subjected to a compressive stress and the unstable propagation is stopped once it gets close to the compression zone. One observes a sudden variation on the LVDT measurements (at t ⇡ 6375 s) both on the translations and on the rotations (Figure 4.18), due to the induced shock. Moreover, a drop is observed on the loads evolution of F Y , F Z and M X , consistent with an important crack propagation. The most affected is F Z since the specimen surface loaded in tension is reduced by the crack propagation. The crack propagation occurring during the unstable phase is observed by analyzing two consecutive Since the advance of the crack is extensively monitored and even the unstable part is well captured using DIC measurements, the present experimental data can be an interesting challenge for the damage and fracture models concerning the prediction of the instability and crack arrest phenomena. Once the crack is stabilized the test is resumed.

The second drop in F y and M X is due to shear unloading in a more rapid manner without exceeding the velocity limit imposed by the adjustment time of the optical 3D control of the machine.

Step 2 corresponds to the sign inversion of the shear load. Since the shear direction is considered to be closely related to the crack orientation, during this step the change in shear is performed to prepare the reorientation of the crack. One may observe the decrease of F Y while F Z remains constant. The two different slopes observed in the change of F Y during this step are due to a change in the displacement rate. No crack propagation is observed during the present loading step.

Step 3 consists of applying a translation along Z up to complete fracture, while the displacement along Y is maintained constant. The important change in U Z slope is also due to a change in the displacement rate. Due to the pre-applied shear load and to the increase in U Z displacement, a crack reorientation and propagation may be observed (Fig- 

Test I4 -experimental results

The I4 test consists of two main parts, each composed of several loading steps. During part I of the test, a crack propagates under mode I and II, as for the previous tests, while during part II of the test a mode III propagation is prescribed.

Part I, step 1 consists of a displacement along Y down -30 µm applied to the sample (Figure 4.23(a)). No crack initiation is expected nor observed on the measured displacement fields. Afterward, a rotation is imposed to the specimen in order to initiate

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests . During this step an increase in F Y and M X proportional to the applied displacement is observed (Figure 4.24). The U Y translation is not directly influencing the crack propagation angle but the shear force developed by the in-plane rotation. Therefore, when applying the rotation, first the preexistent shear force is decreased, thus the amplitude of the final positive shear force is decreased as well.
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Part I, step 2 consist of a rotation along X and a transition along Y. The translations and the rotations measured at point O spe sup (i.e., the center of the upper face of the sample) are given in Figure 4.23. Spurious motions are observed on U X and U Z signals all along the test. On U Y both the LVDT measurements and the mean relative displacement measured by DIC are showing a more important amplitude than the command. One may suppose that the gap is created by the optical 3D displacement control of the machine. Under shear loading the frames maintaining the control cameras may deform toward the shear direction, hence the cameras would measure a smaller displacement along Y than actually prescribed, and increase the displacement command along Y to compensate.

While a good consistency is observed for the evolution of R X between the DIC displacements and the command, there is a small difference with respect to the LVDTs measurements. F Z remains constant before the initiation of the crack and, afterward, an important decrease is observed due to crack propagation. When the crack has sufficiently propagated (i.e., up to the center of the sample as shown in Part II, step 1 The main purpose of the second part is to create mode III crack propagation. Therefore, a rotation along Z is applied to the specimen. The LDVT measurements are in good agreement with the prescribed displacements (Figure 4.25). The ones along X and Z are reasonably close to zero and a slightly more important displacement is observed along Y. Yet, at the end of the first loading step only 3% of difference is detected between the prescribed rotation and the measured quantity. At the beginning of the loading step F Z is constant and close to zero and once the cracks start propagating more and more friction is involved in the specimen, hence the negative change of F Z down to -23 kN (Figure 4.26(a)). A slight increase in F Y , consistent with the measured displacement, is also observed. M Y has, as expected, a linear evolution during the entire step, while M Z is increasing linearly until the initiation of the mode III cracks ( It is important to note that the propagation angles are opposite for the two faces of the specimen. On face 1, the preexistent crack is continuing the propagation, and another series of cracks initiate and propagate with similar angles. On the second face, a denser crack network is formed almost perpendicular to the preexisting crack. Certain cracks initiate from the existing ones and from the notches, and the rest from the borders of the sample and propagate toward the center.

Part II, step 2 consists of applying a displacement along Z while maintaining the rotation constant. The tensile loading starts at t ⇡ 3.6⇥10 4 s and is continued up to complete failure of the specimen. During the present loading step the errors on U Y and R Z remain constant. F Z is increasing up to 5.8 kN, then softening is observed until F Z and Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests 
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Test reproducibility

For the 'interactive' tests it is quite difficult to discuss the test reproducibility, mainly because the overall loading histories are different for each test. However, the first step of stable propagation is common to all the tests. Therefore, the final crack paths obtained for tests I1, I3 and I4 are compared for each face of the specimen (Figure 4.31) . The I2 test is not eligible for the comparison since it uses a geometry with large notches, while for the other tests geometries with one/two small notches are considered. For I1 test a single notch geometry is used, while a double-notch configuration for I3 and I4. An approximative comparison for the first propagation step is considered reasonable because only one half of the specimen is submitted to tensile loading and the other one to compression.

One observes a good agreement between the 3 tests during the first propagation step. For face 1 the 3 crack paths are superimposed and only small differences are visible for the second face. The crack path for test I1 is reoriented quite quickly, but the cracks corresponding to tests I3 and I4 are submitted to a similar loading until they reach the center of the sample. They have alike evolutions.

Even though difficult to compare, just for the common loading step the test reproducibility is satisfactory given the heterogeneous nature of the material. 

Comparison with numerical simulations

The goal of the present work is to propose rich and well instrumented mixed-mode crack propagation tests in mortar that can be used to validate numerical crack propagation/damage models. Therefore, in the following section the numerical simulations performed using a nonlocal damage model are compared with the experimental data provided by the interactive tests. 2D plane strain and 3D simulations will be carried out using the nonlocal damage model presented in Chapter 1 Section 1.2.2 using the full-field measured BCs, but also a linear approximation as described in Chapter 3 Section 2.1. Before using the data to validate fracture and damage models it is important to perform numerical simulations to confirm that these data are trustworthy. Therefore, the results have to be consistent at least during the elastic regime, both in tension and shear.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests It may seem trivial, but since the comparison is performed both in tension and shear, if the experimental data are biaised, the curves cannot be in agreement only by adapting the elastic parameters. Small rotations of the cameras, optical dilation, optical distortion, spurious motions of the setup can create errors on the displacement fields that are not obvious even after comparing the measurements of different redundant systems. The difficulty of reproducing the experimental tests during the elastic domain is increased by the very low amplitude of the applied displacement. Hence a higher sensitivity to the measurement uncertainty and biais is expected. Moreover, considering the complexity of the tests, the numerical simulations are essential for a better understanding and interpretation of the experimental results. Last, these numerical simulations raise questions emerging from the use of rich, complex, full-field boundary conditions and to the need for using such rich data when performing numerical simulations. In particular, the choice of the appropriate boundary conditions, since the displacement fields are measured on the whole sample surface and the loading plates, and numerous conditions may be used.

The majority of the tests present sooner or later some crack closure effects. Dealing with crack closure in the simulations is not the goal of this thesis, but it is interesting to check it since data are available. Therefore, the used model can consider phenomena as stress transfer across damage bands and stiffness recovery. One will compare the results obtained with the same model with and without crack closure description.

Specimen geometry and boundary conditions

Boundary conditions

Since displacement fields are available on both faces of the specimen and on the loading plates, two types of boundary conditions are studied. First, the data are extracted from the loading plates and applied to the entire specimen (200⇥200 mm). Also, a second set of data is extracted from the specimen face for a re-sized sample of 150⇥200 mm. Each set of BC presents advantages and drawbacks. By using the displacements from the grips, the simulation can be performed on the complete sample, hence the BCs are as far as possible from the propagation zone.

However, the existence of media with a higher rigidity between the sample and the BC (plates and the glue layer) could generate certain difficulties for the simulations. Also, in the vicinity of the glue, damage localization may occur and influence the macroscopic behavior. Using the displacements obtained for the resized sample, the BCs are closer to the propagation zone, thus their influence is increased. Moreover, since the displacement amplitudes are smaller, the measurement uncertainties have a slightly more important contribution. However, the data are extracted directly from the sample surface, thus the different rigidity of the glue layer and the transmission of the load are no longer factors of influence. For each case, the BCs are extracted from the upper and the lower part of the sample, thus all the rigid body motions are considered (i.e., do not induce any strain).

Using the BCs measured on the loading plates 2D plane strain simulations are performed for I1 and I2 tests. In order to take into account the rigidity of the glue, when

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests performing simulations considering the entire specimen, two layers of higher strength and rigidity are considered on the upper and lower ends of the sample. In the case of very narrow undamageable bands, damage occurs at the interface between the area with normal material parameters and the area with increased strength for both tests (Figure 4.32 (a) and (c)). One observes that damage is not given only by the rigidity difference, but also by the fact that measured BCs are used. Thus, they are not necessarily very smooth, and even small global perturbations can create local stress concentrations, therefore damage localization. An increase in the height of the undamageable layer should dampen this effect. For I1 test, a more important layer ensures that no damage is occurring at the interface, while for I2 this phenomenon cannot be avoid. The size of the undamageable bands has a slight influence on the crack pattern when considering I1 test ( The simulations performed with the BCs extracted directly from the specimen surface are presented in the sequel. The resized sample is chosen as close as possible to the real specimen size but a reduction in height is necessary to avoid the influence of the U-shaped

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests . The size of the bands has a very small influence on the crack pattern, but is important for a correct transmission of the load. The crack path obtained with the latter is in good agreement with the experimental data. One concludes that the experimental results can be reproduced by the models only if the 'exact' BCs are used, i.e., the ones extracted directly from the surface of the sample.

All the simulations presented in the sequel are performed considering the resized sample (150 ⇥ 200 mm). undamageable bands are introduced on the upper and lower areas of the sample to ensure that no spurious damage localization is occurring.

Notch geometry

Another study was related to the shape of the notch. Simulations were performed with a rectangular notch shape (the shape used for all the numerical simulation presented in this work), a slightly rounded notch (consistent with the real shape of the notch, where the angles are not exactly 90°because of the saw) and a triangular notch (Figure 4.34), which is intentionally chosen to be far from the real one. The results are compared at the end of step 1 (before the first reorientation). Almost no differences are observed considering the propagation angle, and only the crack obtained with the rectangular notch is slightly longer that the other two. In conclusion, the shape of the notch has a minor influence on crack propagation.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests In this section the results obtained performing 2D plane strain simulations are compared with the experimental data. The computations are performed for each face of the sample, both considering no stiffness recovery (i.e., g = 0) and with stiffness recovery (i.e., g = 0.9). The model and the stiffness recovery parameter are presented in Chapter 1 Section 1.2.2.

During the present experimental test, a zigzagged crack pattern is obtained by applying a combination of shear, tension and in-plane rotation (Section 1.2). The load was changed several times to change the path of the crack. The final crack path is the result of 2 reorientations and one branching. After the first reorientation (labeled 2 in Figure 4.4), when changing the loading both reorientation and branching are possible. At the next tested point (labeled 4) the crack only reoriented and at the last bifurcation point (labeled 6) a branching is observed from point 4. It is interesting to test if the model is able to correctly predict this pattern.

Crack path comparison

For face 1 of the specimen, the results predicted by the damage model in terms of crack path are generally consistent with the experimental observations only when the crack closure phenomenon is considered in the model (Figure 4.35(b)). With no stiffness recovery, the first and second reorientations are well captured by the model, but the branching of the crack is not correctly predicted (Figure 4.35(a)). For the second face, the crack path predicted both with and without stiffness recovery is in good agreement with the experimental data (Figure 4.37). Even though satisfactory results are obtained in terms of crack pattern, for both faces of the specimen, at a more rigorous comparison, one observes that the direction of the first propagation phase is clearly underestimated by the model. A parametric study was conducted to assess the influence of material parameters on the crack initiation and propagation direction. Only by decreasing all the material parameters a slight increase in the propagation angle is observed. The first propagation angle is better represented, but the overall crack path is not consistent with the experimental observations.

Force-displacement curves

Considering the force-displacement curves, the results are not trivial to present since the test is composed of several loading steps. Even though the simulations are performed using full-field data, for the force-displacement curves only the mean relative displacement is used. And since a rotation along X is applied, the mean displacement along Z is not reflecting the actual loading state. Both the load and the displacement are the resultant of a linear field.

On the shear force-displacement curves the steps of the test can be better depicted.

Step 0, the elastic loading-unloading, is observed from zero to a positive displacement and load. Afterward, the actual test begins and the initiation of the crack is observed at the end of this phase (labeled 'Step 0-1' in (Figure 4.36(b)). During the elastic loading-unloading and the elastic part from the first loading step a good agreement is observed between the model predictions and the experimental data (Figure 4.36(b)). The same behavior is observed for the second face of the sample (Figure 4.38(b)). One may conclude that the experimental data are trustworthy and can be used for model validation. Briefly described, steps 1, 3, 5 and 7 consist of applying tension/rotation and, thus, propagating the crack and steps 2, 4 and 6 are composed of shear loading, to prepare the crack bifurcation. Each step is marked on the force-displacement curves (Figure 4.36 and Figure 4.38).

It is not straightforward to compare numerical to experimental data for the tests presented in this work, given that the curves predicted by the damage model have more noise than the experimental ones. The noise of the experimental forces is the one of the loadcell measurements, while the numerical results incorporate the uncertainties of the DIC measurements. The damage model results thus seem to cluster during certain loading steps, mostly for small displacement amplitudes. Once the level of the displacement is more important the noise observed on the force decreases since the sensitivity to the BC uncertainties is less important.

The simulation predictions for face 1 of the sample, when no stiffness recovery is considered, are discussed in the following. The tensile force-displacement curves are in agreement during steps 0 to 6, and only during step 7 a more important difference is observed (Figure 4.36(a)). Considering the shear force-displacement history, one notes that the general tendency is well captured by the model, each loading step being clearly outlined. The simulation predictions with no stiffness recovery are in good agreement with the experimental data during steps 0 and 1. Starting from step 2, the shear modulus is underestimated by the damage model, the slope of the numerical results being less steep than the experimental recordings (during step 2, 4 and 6). Moreover, the maximum force at the end of each of these steps is less important than the experimental level. These differences could be coming from the fact that the model with no stiffness recovery is used (Figure 4.36(b)). However, when crack closure is considered (i.e., g=0.9), the gaps are maintained during steps 2, 3 and 4. An improvement is observed nonetheless starting from step 5 and the results are superimposed during steps 6 and 7 (Figure 4.36(d)). Taking into account the crack closure effect also reduces the gap between the experimental and the numerical tensile force-displacement curves during step 7.
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Step 3 (d) Shear -with stiffness recovery Since the different responses in shear during steps 2, 3 and 4 are a priori not due to crack closure, one may sup pose that it is related to the position of the crack tip. If the temporal and spatial crack path predicted by the model does not rigorously correspond with the experimental observation, important consequences are seen on the force-displacement curves.

For the second face, the tensile force-displacement curves have different evolutions starting from step 5 and by considering the stiffness recovery only a slight improvement is observed (Figure 4.38(a) and (c)). When considering the shear component, the results are similar with those obtained for face 1, in very good agreement during steps 0-1, and different evolutions starting from step 3 (Figure 4.38(b)). The same tendency is detected, namely, the model underestimating the 'shear stiffness' and the shear peak force. When the formulation with crack closure is considered, a better response is obtained for steps 5 and 6 (Figure 4.38(d)).

Linearly approximated of boundary conditions

In Chapter 3 Section 2.1.3 it was shown that for the first series of tests, the sensitivity to the boundary conditions is important and only by using full-field BCs the results were accurately reproduced by numerical simulations. The high sensitivity is due to a large extent to the very small applied displacements at complete fracture of the specimen (⇡ 20 µm). Therefore, the control of the experimental machine, using the 3D optical control loop, has a very high impact on the crack paths since even a difference of 1-2 µm will change the cracking history.

The same exercise is conducted for I1 test, the BCs being simplified by a linear approximation. The simulations are performed considering the recovery of the stiffness for both faces of the sample. The crack pattern is given for both faces (Figure 4.39), while the force-displacement curves are presented only for face 1 (Figure 4.40) since very similar results are obtained for the other side of the sample. It can be observed that the forcedisplacement curves are very similar, but it has to be noted that only the mean relative displacement is plotted with respect to the resultant force, hence a reduced representation of the actual loading state. Even though the force-displacement histories are in good agreement, the crack path is not well reproduced when a linear approximation of the boundary conditions is used. The most sensitive part is crack branching as it was also observed when using the model without considering crack closure. Since several cracks are branching during the last loading step, a strong competition arises, and only a very fine modeling is predicting the right branching point.

Even though for the present test the applied displacements are much more important than for previous tests (>100 µm) still only the full-field BCs should be used to perform numerical simulations. The main reason is now the complexity of the crack pattern.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests From the previous results it seems that the damage model is still not perfect but for the sake of comparison 2D plane strain simulations are performed using a completely different formulation based on LEFM, presented in Chapter 1 Section 1.1. The main difference, apart from the simplicity of the present model in comparison with a nonlocal damage model, is that the process zone is not taken into account. This aspect is known to be very important, more so for a heterogeneous material such as concrete and for small structures, where the ratio between the process zone and the characteristic linear size of the sample is very important. The crack propagation is simulated using Griffith criterion (G > G c ) and the bifurcation angle is determined by using the maximum normal stress criterion (s max qq ). The propagation of the crack is obtained with the X-FEM technique.

The first computation is performed using the same material parameters (E, n, G c ) as for the damage model. The crack path predicted by LEFM is not consistent with the experimental results (Figure 4.42(a)). The experimental crack is oriented upward, while the predicted one is clearly propagating toward the lower part of the sample, even though the pre-crack included in the X-FEM mesh is chosen to correspond to the initiation of Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests the real crack. It is generally known that the initiation of the propagation is not well represented with a Griffith criterion [START_REF] Griffith | The phenomena of rupture and flow in solids[END_REF]. Therefore, if the crack initiation and propagation is not synchronized with the experimental one, since the load history is strongly non-proportional, the crack propagation may occur during a different loading step, hence the wrong orientation.

A second simulation is performed with G c = 15 J/m 2 , in order to synchronize the inception of propagation with the experiment. The crack path obtained with the modified value of G c is consistent with the experimental results at the beginning of the test. Afterward, the error is accumulating, and the final pattern is still not consistent with the measured one (Figure 4.42(b)). One concludes, as expected, that LEFM is not suited to simulate complex crack paths, and the experimental data can be reproduced only by using a more elaborate model. 

Comparison between experimental results and numerical simulations of I2 test

During the I2 test only one crack is controlled at a time, but successive crack initiations and propagation are generated. The test is started with the initiation and the propagation of one crack and, afterward, the loading is changed to close the first crack and to initiate a second one from the opposite notch. The last propagation step consists in the coalescence of the two cracks. The detailed description of the test is given in Section 1.3. 2D plane strain simulations are performed on a reduced sample of 150 ⇥ 200 mm. Two strips with increased stiffness and strength are used on the upper and lower part of the sample as presented in Section 2.1.1. Since during this test one of the cracks is closed and subjected to a compressive displacement, the simulations are performed considering the stiffness recovery (i.e., g = 0.9), but also without the crack closure formulation, in order to establish the importance of the studied phenomenon. The results are presented for one face of the sample, since for the second one a very similar response is observed.
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When comparing the crack patterns predicted by the damage model with stiffness recovery, with those observed on the DIC measured displacement field, one notes a good overall agreement (Figure 4.44(a)). The location of the cracks is not presented at the end of each loading step, but it was established that the crack kinematics is coherent with the experimental one, and at the end of each propagation phase consistent results are obtained. As for the previous test, the propagation angle predicted by the model is slightly less important than the measured value for both cracks. Moreover, it can be observed that the cracks predicted by the damage model are starting to reorient during the last loading step, which is consistent with the applied load but not clearly visible on the vertical displacement field before unstable propagation. When comparing the crack paths obtained when considering crack closure with those predicted without the crack closure formulation, almost no difference is noted (Figure 4.44(b)). The results are unexpected since during the propagation of the second crack, the first one is submitted to a compressive displacement created by applying a negative rotation along X. One may find an explanation on the vertical stress field given by the damage model ( For the present test the comparison between the damage model predictions and the experimental data is no longer performed using the force-displacement curves because during the first and second propagation steps no tension was applied, but only a combination of a displacement along Y and an in-plane rotation along X. The mean displacement U Z is close to zero during these two loading steps. Therefore, the force-displacement points are clustered and difficult to interpret. Since the displacement values are common for the experimental test and the simulations, the change of the forces and the torque is given with respect to time.

The history of the tensile force predicted by the damage model (g = 0.9) is consistent with the experimental data during the elastic loading-unloading (labeled 0 in Figure 4.45)

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests and the elastic regime of step 1. Once the crack starts propagating the experimental force is decreasing, because the surface transmitting the tensile load is reduced. The force predicted by the simulation remains constant. During step 2, the general trends of the curves is consistent, but a gap is observed between the experimental and the numerical data. The evolution of the experimental tensile force is almost identical during step 1 and step 2, consistent with a complete stress transmission through the crack faces (i.e., the behavior of a undamaged specimen is retrieved during the second propagation step). Even though the crack patterns predicted by the model are consistent with the experimental ones, it seems that the stiffness is not completely recovered even with g set to 0.9. During the last loading step (labeled 3), the two curves have a similar trends. Since the F Z signal is weak, the torque evolution is also compared. Similar results are obtained, a good agreement during the first propagation step, starting from the beginning of step 2 the curves present slightly different evolutions.

Considering the shear forces, the results are in good agreement during steps 0 and 1. For the second loading step only an offset is observed between the two signals, mainly due to unloading. One may notice that after the unloading the experimental shear force is ⇡ -2 kN, given by the fact that the crack faces may present an important roughness and during crack closure the two faces may not be exactly superimposed. After unloading the force predicted by the damage model is close to zero, hence the offset between the two curves. The effect can also be noted after the second unloading. Yet, during step 3 the difference between the curves in not only an offset generated by a different start but also the slope of the experimental curve is steeper than that predicted by the damage model, which may be due to the shape of the real ligament.

On the history of the forces the same tendency is noted. The results obtained with g = 0.9 are almost identical with those obtained when g is set to zero. As expected, the curves are superimposed during the elastic loading-unloading (labeled 0 in Figure 4.45) and the first propagation step (labeled 1). Only during the second step where one of the cracks is closed, same small differences are observed. Even if the test was designed to better characterize the crack closure phenomenon, since only a very low value of compressive stress is generated, the results obtained with and without crack closure, at least with the present model, are almost identical.

Linear approximation of boundary conditions

The linear approximation is computed for each face by fitting a first degree polynomial to the measured BCs (U Y = a Y y + b Y and U Z = a Z y + b Z ) on the lower and upper part of the sample1 . For the previous tests it was shown that the approximated boundary conditions do not correctly reproduce the experimental data. For the present test the results obtained with an linear approximation of the BCs are very close to those obtained with the full-field data. In terms of crack patterns, only minor differences are observed (Figure 4.46). The propagation angle of the right crack (i.e., Y + ) is slightly less important than the one given Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

Comparison between experimental results and numerical simulations for I3 test

The specificity of the I3 test is that after a long period of stable propagation, an unstable phase occurs that is 'controlled', well instrumented and stopped before complete fracture of the specimen. This test can be used to check whether fracture and damage models are able to correctly predict the instability and the subsequent propagation. Moreover, during the test the crack is reoriented once. Finally, the test was designed without crack closure. Yet, simulations will be performed with and without stiffness recovery to validate this statement. 2D plane strain simulations are carried out on the resized sample (150⇥200 mm) by applying the full-field BCs.

Crack path comparisons

The crack patterns predicted by the damage model are in good agreement with the experimental ones, for both faces of the specimen, at the end of the first phase of stable propagation (Figure 4.48(a) and (b)). One notes that apart from a slight difference in the propagation angle (as already observed for I1 and I2 tests) the length and the temporal position of the cracks are well captured by the model. However, the instability is not reproduced. One clearly observes on the final crack (Figure 4.48(c) and (d)), that the length before the reorientation is the same as it was before unstable propagation. Therefore, since an important difference exists between the experimental and the numerical cracks when the reorientation occurs, the crack predicted by the damage model is not following the experimental observations. In terms of crack paths predicted by the model with and without stiffness recovery, one notes that the results are almost identical (Figure 4.49).

Comparison between the experimental and the simulated force history

For an easier interpretation of the data, the results are given only in terms of F Z (t) and F Y (t), where F Z is the tensile force, F Y the shear one and t the time. The present test consists of several loading steps labeled from 0 to 3 (Figure 4.50).

Considering the tensile force, the damage results are consistent with the experimental data during step 0 and step 1. The drop of F Z at the end of step 1 is reflecting the unstable propagation phase of the crack. With the propagation of the crack, the area of the sample transmitting the tensile load is reduced, thus F Z becomes more and more negative. Since the damage model is not predicting the unstable propagation phase, the sudden drop in force is not reproduced. During step 2 the rotation along X is maintained constant, and the shear load is changed to prepare the reorientation of the crack.

During step 3 a displacement along Z is applied up to complete failure of the sample while maintaining the displacement along Y and the in-plane rotation constant. At the beginning of step 3 the two curves have the same trend but once the crack restarts the propagation phase, same differences are occurring, mainly because the fracture state is not the same. Yet, the model manages to capture the softening up to a close to zero force.
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For the shear force the results are consistent during steps 0 and 1 (Figure 4.50). Starting from step 2 a gap is observed between the two, which is generated by the unloading of the shear. At the end of step 2 the shear force predicted by the damage model is only ⇡-1 kN, while the experimental one is ⇡-5.5 kN. The important difference must be given by the different crack paths.

The results obtained with g set to 0.9 are very close to those predicted by the formulation without considering the crack closure. Small differences are observed during the last loading step, during which an important displacement along Z is applied, which is not consistent with crack closure. It should be noted that for example at t = 26000 s, U Z ⇡150 µm and starting from t = 26400 s the model with the stiffness recovery is not converging anymore. The difference can be generated by the important amplitude of the applied displacement or, even more probably by the different geometry of the crack.

Conclusions

The goal of the present chapter is to present rich and well-instrumented tests of in-plane and out-of-plane mixed-mode crack propagation in mortar, which can be used to validate numerical crack propagation/damage models. The choice of the loading type, namely, a combination of global tension, shear and rotation, has led to reorientations and stable crack propagation phases. The tests are deemed rich because they address several phenomena (i.e., initiation, propagation, bifurcation, branching, slow stable propagation and limit of stability, crack closure and friction, mode III propagation) but not occurring all at the same time.

The tests are also considered as well instrumented because a large quantity of data has been recorded (i.e., depending on the test, between 5,700 and 8,800 images for each of the six cameras and between 8 h and 12 h of acquisition at 10 Hz for each scalar data (LVDT measurements and load components)). The availability of both the kinematic measurements on the two main surfaces of the specimen, the forces and torques is of interest to better understand and compare the experimental results to numerical simulations.

Complete damage model validation is out of the scope of the present work. Yet, there were studied the influence of stiffness recovery parameter, of s cr and of the elastic parameters on experimental curves/crack path reproducibility, validating the discriminating nature of the experimental results.

Last, to check that the whole results are consistent and ready for use, numerical simulations have been performed. Even though for certain tests the occurrence of crack closure was obvious, numerical simulations were carried out using a nonlocal scalar damage model with and without stiffness recovery. Therefore, for each studied test the influence of crack closure was quantified. First, the numerical model results confirmed the validity of the experimental data since for all the studied tests a good agreement was observed both in shear and tension at least during the elastic domain. Second, the data were shown to be relevant and discriminant, and only by considering a complex nonlocal damage model the crack paths can be correctly reproduced.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

Even though the interactive tests present important advantages and clearly overcome the main drawbacks of the first series of tests, they still have some shortcomings. A very important amount of rich experimental data is available. However its exploitation and interpretation is not straightforward. By applying an in-plane rotation the signal of the tensile force-displacement curve is reduced since both the displacement and the force resultants are close to zero. Therefore, for certain tests other quantities may be more adequate for the comparison between the numerical results and the experimental data, e.g. torques.

The interactive tests enable for the control of a crack evolution to follow a prescribed crack path only in a qualitative manner. The rough trajectory is imposed, but no fine control is possible. However, since the 'interactive' tests lead to successful stable and complex crack propagation, this work calls for a full automated test (or hybrid test) based on the same principles, testing machine and instrumentation.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests
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General description

The interactive tests, presented in the previous chapter, are an important step toward hybrid testing, since the command is adjusted during the test as a result of the cracking state. However, the boundary conditions are changed with no adaptive model, but as a result of prior studies. Moreover, the control is not very fine, and the BCs are only changed to radically modify the crack path. Yet, these tests prove the capacity of the experimental setup to create complex crack patterns that are subjected to several reorientations. A new approach, the hybrid test, is presented in this chapter. The main feature of these tests is the coupling between experimental tests and numerical simulations. Between the two, an automatic exchange of BCs is ensured during the whole duration of the test. Moreover, measurements are performed using full-field techniques. The hybrid tests generally found in literature are the so-called sub-structured tests [START_REF] Saouma | Hybrid Simulation -Theory, implementation and application[END_REF][START_REF] Bursi | Modern testing techniques for structural systems -Dynamics and control[END_REF][START_REF] Taucer | Cascade project : Recent advences and futur need in experimental earthquake engineering[END_REF], with the structure split into at least two different sub-domains, the first one studied experimentally and the other one numerically simulated (Figure 5.1). The particularity of the present approach is that the studied structure is not divided into sub-domains (Figure 5.2), but the experimental test and the numerical simulation are performed on the entire specimen. A first step toward a hybrid test is the development of a virtual hybrid test. The 'real' cracking state is computed using a damage model [START_REF] Lorentz | Gradient damage models: Toward full-scale computations[END_REF], while the SIFs are obtained from a linear elastic fracture mechanics (LEFM) analysis. After each propagation step, the new data (the crack tip coordinates) are introduced in the LEFM model and the crack is reoriented by changing the loading conditions.

The work that will be presented in the following sections was performed in collaboration with Clément Jailin during his master's internship [START_REF] Jailin | Experiment modelling dialogue : crack path controlled by a hybrid method[END_REF].

Real vs. virtual hybrid test

By performing full hybrid tests (i.e., the same structure is used for the experimental test and the numerical simulation), one can control the test by quantities of interest that are not directly accessible (e.g., damage, crack tip, SIFs). Generally, the fracture tests are performed by establishing the loading history and not the crack pattern. With the present hybrid tests, the crack path is prescribed and the boundary conditions iteratively adapted to generate this desired crack history.

The main components of a 'real' hybrid test are (Figure 5.3):

• The mechanical loading -An experimental loading device (a hexapod) applying multiaxial boundary conditions to a sample and propagating a crack by stable increments • The measurement technique -DIC used to asses the position of the crack tip • The control algorithm -a model used to determine the BCs required to reorient the crack.

-+ • The virtual mechanical loading -a simulation performed using a damage model, therefore the genuine behavior of concrete is mimicked. • The virtual measurement technique -the crack tip is determined by using a numerical tool • The control algorithm -the same as for the 'real' test.

First, the virtual loop will have an important contribution to the development and the optimization of the control technique. Second, it will validate the prescribed crack path control, and last it will determine the feasibility of different crack patterns. By using an Integrated DIC technique, the quantity of interest (the crack tip position) can be directly determined. When a specific parameter or set of parameters is sought, instead of using a general finite element basis, one can consider the solution by using an adapted decomposition basis. The integrated technique can be used to directly identify certain proprieties such elastic parameters [Hild and Roux, 2006a], stress intensity factors [START_REF] Hild | Measuring stress intensity factors with a camera : integrated digital image correlation (I-DIC)[END_REF], rigid body motions (see Chapter 2 Section 2.2) by using specific shape functions to approximate the solution and consequently minimize the errors due to measurement noise and from the re-projection of the displacement fields. It also reduces the computation time, which is interesting in the case of a hybrid test as presented herein.

For the present study IDIC is used to performed the optical 3D displacement control of the machine, as described in Chapter 2 Section 2.2. It can also be used to determine the crack tip position during the hybrid tests. To characterize a cracked medium in brittle materials, the displacement fields can be measured by using Williams' series [Williams, Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests 1956]. Therefore, directly from the DIC code one obtains the values of the stress intensity factors [START_REF] Hild | Measuring stress intensity factors with a camera : integrated digital image correlation (I-DIC)[END_REF], and the crack tip position [START_REF] Hamam | Stress intensity factor gauging by digital image correlation: Application in cyclic fatigue[END_REF].

Crack tip detection with Williams' series

The presence of a crack induces singular stress fields with amplitudes proportional to the stress intensity factors and discontinuous displacements across the crack faces. The displacement field in the vicinity of a crack tip is expressed as

u(z) = Â j=I,II Â n a n j F n j (z) (5.1)
with j being the fracture mode, I the opening and II the shear mode, and a the amplitudes of Williams fields [START_REF] Williams | The Bending Stress Distribution at the Base of a Stationary Crack[END_REF]. Moreover one has

F n I (z) = r n/2 2µ p 2p ⇣ ke inq/2 - n 2 e i(4-n)q/2 + ⇣ n 2 + (-1) n ⌘ e -inq/2 ⌘ (5.2)
for mode I fracture and

F n II (z) = ir n/2 2µ p 2p ⇣ ke inq/2 + n 2 e i(4-n)q/2 - ⇣ n 2 -(-1) n ⌘ e -inq/2 ⌘ (5.3)
for mode II, with z(r, q) being the position with respect to the distance to the crack tip, r, and the crack angle q. Thus, by adopting complex notations, z is expressed as x + iy or as re iq . k is the Kolossov's constant, namely, k = (3 -n)/(1 + n) for plane stress or k = 3 -4n for plane strain conditions, with n the Poisson's ratio.

The decomposition is performed with respect to n, the displacement field for n = 0 representing the rigid body translations, n = 1 corresponding to the stress intensity factors (SIF), K I and K II , and n = 2 to the T-stress and the in-plane rotation. These formulations can be used to determine K I and K II only if the plastic area in the vicinity of the crack tip is negligible and only in the area where the effect of the SIFs is considered dominant.

The n = -1 term can be used to determine the coordinates of the crack tip. The existence of a non-zero prefactor a I -1 (see equation (5.1)) indicates a false estimation of the crack tip position. It can be shown that the derivatives of the Williams fields with respect to the crack position are also terms of Williams' series [START_REF] Roux | Digital image correlation and fracture: an advanced technique for estimating stress intensity factors of 2D and 3D cracks[END_REF]]

∂F n j ∂x = n 2 F n-2 j .
(5.4)

Considering d a small shift of the crack tip, it can be assessed as

d = 2a 0 -1 j a 0 1 j , (5.5)
where a 0 -1 j and a 0 1 j are the current amplitudes. The crack tip is repositioned iteratively until the desired precision is reached.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

All the above formulations are valid for straight cracks. When dealing with curved paths a more complex formulation should be considered as proposed by [START_REF] Leblond | The stress field near the front of an arbitrarily shaped crack in a three-dimensional elastic body[END_REF] or by modifying the Williams series [START_REF] Jailin | Experiment modelling dialogue : crack path controlled by a hybrid method[END_REF].

Crack detection method

An important entry for the corrected Williams' series is the initial direction of the crack. The previous formulation considers the initial (and constant) direction parallel to the X axis. Since in the present study the crack is reoriented to follow a curved trajectory [START_REF] Réthoré | Automatic crack tip detection and stress intensity factors estimation of curved cracks from digital images[END_REF], the direction of the crack changes after each propagation step. Therefore, a procedure detecting the crack direction has to be formulated.

Residual map

As a first approach, the gray level correlation residual map R = | f (x)g(x + u)| can be used to detect a crack pattern. In order to asses the accuracy of the method the images recorded during I1 test are used, since the crack was reoriented several times. The crack pattern is defined from the residual map (Fig. 5.5(a)) either manually or automatically by tracking the points of maximum error along the vertical axis (Fig. 5.5(b)). The values of these points are then filtered (Fig. 5.5(c)). To determine the crack tip, a critical value of the residual has to be established (the green line in Fig. 5.5(c)), and only the points with a higher residual value are representing a crack. The first estimation of the crack tip is given by the intersection of the critical value line and the filtered residual curve (red curve in Fig. 5.5(c)). At this point, the tangent to the residual curve is giving the crack direction. It will be on this axis that the displacement d will evolve. For each iteration of d, the tangent will be readapted.

Eigenstrains

The previous analysis is hard to compute for small crack openings (for example, at the beginning of the test) and does not give access to the direction of the crack. Another method to detect the crack path is to use the eigenstrains. These strains will be orientated in the direction of crack propagation. A threshold on the principal strains values can give an approximate position of the crack tip and the eigenvector orientation (when the second component is considered) will indicate the propagation direction (Figure 5.6).

Control algorithm

The objective of this section is to present the key steps required to control the crack path once the crack tip has been detected. It is considered that the desired crack path is already established. Once the crack has initiated, it will propagate until an arrest criterion The error between the prescribed trajectory and the actual one is closely related to the reorientation frequency. Therefore, it is necessary to find a balance between the duration of the test and the accuracy of the determined crack path. Thus, a cracking step per loop and an arrest criterion have to be chosen. The crack propagation can be stopped either when a certain gap is detected between the real crack tip and the prescribed trajectory or by controlling a propagation increment per loop. Moreover a too short crack advance is meaningless because of the material heterogeneity.

Bifurcation angle

The bifurcation angle represents the new crack propagation direction needed to achieve the prescribed trajectory. From the bifurcation angle, the ratio of the stress intensity factors (SIFs) is determined and, furthermore, the corresponding BCs. The most simple choice is to consider a ternary bifurcation angle (Figure 5.7(a)), that will be taken equal to zero if the crack tip is close (i.e., within a given threshold) to the prescribed trajectory, positive if the crack tip is detected below, therefore the crack is oriented upward, and negative otherwise. A more accurate approach is to consider the bifurcation angle as the angle between the present direction of the crack and the intersection between the prescribed trajectory and a circle of radius dx (Figure 5.7(b)). Or, since the crack propagation component is smaller along Y than along X, only the projection of the crack is considered. The bifurcation angle becomes the angle necessary to reach the prescribed crack path after a dx shift (Figure 5.7(c)). Since the crack propagation increments are small, the differences between the different methods are negligible, therefore, the last approach is used during the present work.

The choice of dx is very important for the stability of the control technique. If dx is too small, the propagation of the crack is not sufficient and has the same magnitude as the measurement noise. Thus, the control is very difficult. On the other hand, an increase of dx is creating a gap between the prescribed trajectory and the actual one. The more suitable value is a compromise between the two. For convergence reasons and stability reasons, the propagation increment may not be taken equal to dx. Therefore, for the reference crack presented in Figure 5.7 the best crack pattern that can be obtained with dx = 10 mm (the value chosen for the present study) and an propagation increment per loop equal to 5 mm is the green curve (i.e., the input crack).

Inverse problem

The present section describes the relationship between the material behavior in the vicinity of the crack tip and the applied loading conditions. This dependency will allow the use of linear elastic fracture mechanics to determine the BC corresponding to a certain bifurcation angle.

First, by using a bifurcation criterion, the relationship between the bifurcation angle and the SIF ratio can be established. The chosen bifurcation criterion is the Maximum Normal Stress (Chapter 1 Section 1.1). Therefore, the SIF ratio corresponding to the bifurcation angle q is K I K II = 1 -3cos(q) sin(q) (5.6)

For simplicity, one can note K I = f (q)K II .

The SIFs are linearly related to the amplitudes of the elementary loading states (Figure 4.1). If every elementary loading is characterized by a direction u i (x, y) and an intensity U i , then the actual loading is given by

U(x,y) = n  i=1 U i u i (x, y).
(5.7)

The sensitivity matrix, linking the SIFs (K I , K II ), when a crack in a 2D medium is considered, with the elementary loadings U i , i 2 [1, n], can be determined by computing successively the elementary SIFs (K i I , K i II ) for every solicitation u i (x, y).

The final SIFs characterizing an arbitrary loading state U(x,y) are expressed as

✓ K I K II ◆ = ✓ K 1 I . . . K i I . . . K n I K 1 II . . . K i II . . . K n II ◆ 0 B B B B B @ U 1 . . . U i . . . U n 1 C C C C C A
(5.8)

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests One may note that solving the previous system for U i , i 2 [1, n], is not leading to a unique solution. Additional conditions have to be introduced (i.e., n-2 conditions) to reduce the system to only two unknowns

0 B B B B B @ U 1 . . . U i . . . U n 1 C C C C C A = 0 B B B B B @ BC I 1 BC II 1 . . . . . . BC I i BC II i . . . . . . BC I n BC II n 1 C C C C C A ✓ U a U b ◆ + 0 B B B B B @ BC 0 1 . . . BC 0 i . . . BC 0 n 1 C C C C C A
(5.9)

with U a and U b the only two independent loading conditions that will control the reorientation of the crack (of course more than two independent conditions may be used, but it is not the case here). The BC 0 i components are representing the preload applied to the sample.

The parameters {BC a i } a2{0,I,II} i2 [1,n] are introduced to establish different relationships between the degrees of freedom. By choosing these parameters one obtains a solution to the inverse problem.

The final equation is obtained by multiplying {K i a } and {BC a i } and reads

✓ K I K II ◆ = ✓ K a I K b I K a II K b II ◆ | {z } sensitivity matrix ✓ U a U b ◆ + ✓ K 0 I K 0 II ◆ (5.10)
Therefore, a bijective relationship is obtained (5.10) between the SIFs and the DOFs characterizing the loading state U a and U b .

Since the stress intensity factors are related to the bifurcation angle K I = f (q)K II , the inverse problem is solved by inverting the sensitivity matrix and determining the relationship between the applied displacements and the bifurcation angle, which depends only on one parameter K II , which will be further on referred to as h.

✓ U a U b ◆ = ✓ K a I K b I K a II K b II ◆ -1 ✓ f (q) 1 ◆ h - ✓ K 0 I K 0 II ◆� (5.11)
The loading is a linear expression depending only on one scalar parameter h. The loading applied at each reorientation step is decomposed in a fixed part

✓ U a fix U b fix ◆ = - ✓ K a I K b I K a II K b II ◆ -1 ✓ K 0 I K 0 II ◆ (5.12)
and the proportional loading with the loading direction defined by

✓ U a dir U b dir ◆ = ✓ K a I K b I K a II K b II ◆ -1 ✓ f (q) 1 ◆ (5.13)
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U(x,y)

= h h U a dir u a (x, y) +U b dir u b (x, y) i +U a f ix u a (x, y) +U b f ix u b (x, y) (5.14)

Virtual hybrid loop

Apart from the control procedure that was previously presented, the virtual hybrid loop is also composed of a virtual loading and a numerical tool for crack tip detection. The crack propagation is simulated using a nonlocal damage model [START_REF] Lorentz | Gradient damage models: Toward full-scale computations[END_REF] described in Chapter 1 Section 1.2.1. The asymmetric elliptical yield shape function was chosen. The computations are performed using the modified material parameters (Table 3.2). It was shown that the results obtained with this formulation and set of parameters are in agreement with the experimental data (Chapter 3 Section 2.1).

For the crack tip detection a procedure implemented in Code Aster is currently used. The so called Post Endo Fiss module is detecting the crack pattern from a scalar damage field. A crack is considered when the damage value is greater than a given threshold. At the end of each propagation step the crack tip is determined and injected in the control part, where the propagation increment is taken into account by using the X-FEM technique (Chapter 1 Section 1.1).

In the following, the crack predicted by the damage model will be considered the reference (i.e., 'real') pattern, and the equivalent crack tip position given by Post Endo Fiss will be considered as the measured crack tip.

Case study

A case study performed using the virtual hybrid loop approach will be presented in the following. In order to assess the feasibility of the control algorithm and of the entire principle of the hybrid test, the case of a concrete specimen with a sinusoidal crack pattern is considered. The interactive test I1 (presented in Chapter 4 Section 1.2) proves that it is possible to obtain experimentally a very complex zigzagged crack path by applying a combination of shear, traction and in-plane rotation. Based on these results, a significant improvement is expected by using a hybrid test algorithm. The crack obtained during I1 test is more of a qualitative example, where only the rough shape of the crack is determined in advance. In the case of a hybrid test, an exact crack path is sought.

Since a combination of three elementary loading components is chosen for the present test (i.e., shear, tension, in-plain rotation) to obtain equation (5.9), with only two independent loading conditions, an additional condition has to be prescribed. The equation for this condition represents a constant rotation with a change of tension in order to continu-Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests ally shift the rotation center away from the crack tip

U t (x, i) = ⇣ -25 x 100 -5 + 2i ⌘ 10 -3 mm (5.15)
where x is the abscissa of the boundary condition (from -100 mm to 100 mm) and i the number of the loop. Using this distribution of tension/compression along the top boundary condition, while the lower one is considered motionless, allows to stabilize the crack, to avoid crack closure and damage occurring in the vicinity of the boundary conditions and also to limit the compressive force on the compressed ligament, which limits the loading of the machine itself, and thus potential problems. The test is performed on a single notched specimen (Figure 5.8), like the one used in I1 test. The input crack is a sinusoidal function with a 15 mm amplitude over a 1.25 period range. with a period and a quarter The control is performed using the protocol described in Section 3.2. The 'real' crack state is determined by 2D plain strain simulations carried out with the damage model. The mesh is composed of 31, 296 T6 elements with an element size of 1 mm.

For the present case study dx is chosen equal to 10 mm and the propagation increment per loop is 5 mm. A satisfactory result is obtained with 34 loops. After each loop, it is checked if the detected crack tip is close to the input trajectory (i.e., within a given threshold). If this condition is not satisfied, the boundary conditions are changed to reorient the crack toward the desired trajectory. The propagation of the crack on the last thin ligament cannot be controlled because of convergence difficulties, which could be explained by the crack becoming unstable. The horizontal and vertical displacement fields predicted by the damage model at the end of the test are shown in Figure 5.9.

In order to control the propagation increment during each loop, the arrest criterion is chosen to be a percentage of the total damage. Therefore during each loop only the direction of the applied load and the increase in damage is given as entry data. Yet, it is observed that the increase in damage is roughly proportional to the crack length obtained by Post-Endo-Fiss (Figure 5.10). Therefore, the propagation is linear with respect to the Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests number of loops and the propagation/loop presents only small variations. The average propagation increment is 5.0028 mm and the mean bifurcation angle is 5.97°. The low bifurcation angle is showing that the crack is reoriented in a progressive manner, due to the important number of control loops and the small propagation increment.

The maximum displacement of the top left corner applied for each loop before the unload is plotted in Figure 5.11. The increase of the crack length at each loop and the variation of boundary conditions show that the crack bifurcates and propagates during each loop.

For a more accurate comparison between the input crack pattern and that obtained with the virtual hybrid loop, the input crack is compared to the equivalent crack determined from the damage field by using Post Endo Fiss module (Figure 5.12). The results are in very good agreement, the mean absolute error between the two being only 6.3%. The error is considered to be the difference between the simulated trajectory and the input crack path, normalized by the amplitude of the sine. One may conclude that by using the virtual hybrid loop, the crack path can be accurately controlled to follow a given trajectory. For a real hybrid test performed on a concrete specimen, the control will be more difficult and less accurate because of the heterogeneous nature of the material.

Discussion

The main objective of the hybrid tests is to obtain, in an automated manner, more discriminating experimental data able to challenge a large variety of fracture and damage models. Moreover, a more accurate and rapid parameter identification can also be an important application.

Since the main goal is to obtain more complex and discriminating tests, it is important to establish the degree of complexity of a test. Therefore, relevant criteria should be chosen. A test may be considered more discriminating when an important variation of the stress state is generated. The stress state can be expressed in the principal stress space. Even though this criterion is clearly related to the chosen model, it will still provide important information about a chosen test. The stress states generated by the sinusoidal crack can be compared with those given by a Nooru-Mohamed (NM) non-proportional test (Figure 5.13), the latter being one of the reference tests used for model validation. In the case of the NM test, the sample is first loaded in shear up to 10 kN and then in tension until complete failure. The crack paths predicted by the two numerical simulations are given in Figure 5.13, and will be referred to as the reference crack patterns. When comparing the results obtained in terms of principal stresses (Figure 5.14), the sinusoidal crack path explores a larger zone on the damage function than the NM case. The sinusoidal test appears to be more sensitive to the shape of the damage function, thus a small change in the shape of the yield surface will have a more important impact on the sinusoidal crack path than on the NM case.

To asses the sensitivity of the two tests with respect to the yield surface numerical simulations are performed considering different sets of model parameters. It can be seen in Figure 5.14 that the crack path is sensitive to the shear strength and the tensile strength. Therefore, a small variation of the shear strength g should change the shape of the yield function and the crack path. For the second set of parameters, the value of g is changed from 3.25 MPa (Table 3.2) to 4.25 MPa (the red curve in Figure 5.14). All the other parameters remain unchanged.

For the sinusoidal crack the boundary conditions extracted from the virtual hybrid test are used blindly to perform the simulation with the second set of parameters. From the damage field (Figure 5.15(a)), it is observed that the crack pattern is not corresponding to the sinusoidal one. For NM cracks the difference is less important (Figure 5.16(a)). For a more accurate comparison, the equivalent crack patterns obtained with the Post Endo Fiss

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests the model parameters defining the yield surface are increased by the same ratio. Thus, the shape of the function remains unchanged (i.e. the new threshold function -blue curve in Figure 5.14 -is just a homothetic transformation of the initial one). When comparing the new crack pattern to the reference one, a mean absolute error of 89.22% is observed for the sinusoidal crack (Figure 5.17), while only a retardation in the initiation and the propagation is noticed for the NM cracks (Figure 5.18). With a uniform change of the yield function, while maintaining the same shape, the result for the first loading case is a sine that starts to propagate earlier or later. The amplitude and the phase of this sinusoidal path carry information about the yield function, even if their analysis is not trivial. The goal of this method is however validated: a slight difference in the model parameters changes tremendously the crack path, therefore the sinusoidal crack is very discriminating.

The boundary conditions obtained with the hybrid virtual loop can also be used for the validation of other models. Therefore, the boundary conditions extracted from the virtual hybrid loop prescribing a sinusoidal crack pattern can be blindly used to perform numerical simulations with an LEFM formulation (Figure 5.19). One clearly notices that even though the material parameters are exactly the same as those used for the hybrid loop, the crack path has not the expected sinusoidal shape.

Toward real hybrid tests

The results obtained with the virtual hybrid loop clearly prove that the control algorithm is adapted to perform mixed-mode propagation tests in concrete with a prescribed crack pattern. However, the transition toward real hybrid tests is not straightforward. Even though the control procedure is common for real and hybrid tests, the mechanical loading and the detection of the crack tip are still to be established for real hybrid tests.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests Considering the mechanical loading, the experimental setup used for the first series of tests and the interactive ones will be used, since it was shown to accurately apply complex boundary conditions to the specimen. However, the detection of the crack tip remains an important challenge. An IDIC [START_REF] Hamam | Stress intensity factor gauging by digital image correlation: Application in cyclic fatigue[END_REF] algorithm is commonly used to asses the crack tip position or to determine the SIFs for a straight crack. The main difficulty of the present approach is generated by the fact that the observed crack is not straight, but curved1 .

Conclusions

In this chapter, a new approach of experimental tests was proposed. This new method, called the full hybrid test, has the potential to achieve even more complex mixed-mode crack propagations in quasi-brittle materials. The full hybrid test is composed of three main parts: the mechanical loading, the adaptive model and the measurement technique. The complexity of the present approach is given by several elements. First, the use of a 6 DOF testing machine to apply the mechanical loading allows to accurately apply complex multiaxial boundary conditions. Second, by performing numerical simulations, the test can be controlled with a more complex quantity of interest, such as crack tip position or SIF values. Last, the feedback loop is based on full-field measurements, giving access to both the 'real' boundary conditions and the propagation increment after each step. Prior to the actual test, a virtual hybrid loop was developed. With the virtual approach, it was proven that the control technique is accurate and ready to be used.

Even though the potential of the full hybrid tests was not fully explored, since no real tests were performed 1 , certain improvements are unquestionable. By controlling the test with a prescribed path, a more complex and discriminating crack pattern is obtained as was shown in Section 4.2. Such a pattern could not have been generated without an iterative process, since the boundary conditions are in continuous evolution and not at all intuitive. Since the crack pattern is corrected after each propagation step, the reproducibility of the test is ensured. Moreover, by controlling the orientation of the crack, one hybrid test can carry much more information than a classic test. Thus, this test can be very cost effective both when the identification of model parameters or validation of the model are sought. Another very important advantage of these tests is related to a more fine characterization of the material, giving access to the characteristic length of the fracture process zone.

Conclusion

The main goal of the present study was the development of extensively monitored fracture tests on double and single edge notched concrete specimens. The work was motivated by the lack of mixed-mode fracture tests on concrete in the literature. The demand was underlined by the fact that the tests used as a benchmark [START_REF] Nooru-Mohamed | Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests[END_REF] for model validations were performed in 1992, when experimental techniques were very limited in comparison with today's possibilities. Even though these tests were well instrumented for the given time period and nontrivial crack patterns were obtained, clear shortcomings may be noted. The lack of important material data, the lack of 6 axes load and displacement measurements and the fact that only the final crack pattern is available are some of the drawbacks.

Thanks to an important development of experimental techniques in terms of multiaxial testing machine and full-filed measurements, more elaborate and discriminating fracture tests can now be performed. The present study has presented a gradual development of fracture tests starting from NM-type tests to interactive and hybrid configurations. A hexapod testing machine coupled with a 3D displacement control loop using fast DIC procedures thanks to GPUs has been used. A short period of stable crack propagation was observed by first combining normal and transverse loadings. Afterward, an in-plane rotation was added to stabilize crack propagation. 2D and out-of-plane displacement fields have been measured on the two main faces of the sample with several DIC techniques in addition to the six components of the applied load.

First, a thorough validation of the experimental setup, after numerous improvements, was performed. The setup was upgraded until the uncertainties and the biases determined for each measurement system were considered acceptable with respect to the magnitude of the total displacements and loads.

Then, NM-type tests considering proportional and non-proportional loading histories were performed. Even though these tests exhibit certain advantages, they were proven to have strong limitations. Conducting these tests is challenging due to the high difference between the applied displacement at complete fracture (only ⇡ 20 µm) and the sample dimensions (200 mm). These tests required very low uncertainties both for the control of the machine and the recorded data. Therefore, a very high performance experimental setup was created. The main issues are the short period of stable propagation and the reproducibility, especially for the non-proportional loading cases. For the latter it was shown that the applied loading and the geometry of the specimen are not sufficiently

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests complex to generate a heterogeneous stress field. Consequently, the crack propagation is mainly dictated by the material heterogeneities, thus not suitable for model validation with homogeneous formulations. The interactive tests were developed to overcome the drawbacks of the previous tests. An in-plane rotation was added to the combination of shear and tension, generating a gradient of tension-compression in front of the crack tip and ensuring a very long period of stable crack propagation, almost throughout the whole width of the specimen. Due to the more complex loading conditions, apart from stable crack propagation, phenomena such as crack reorientation, branching, successive crack initiations, crack coalescence, closure and friction, and mode III crack propagations are studied.

The data coming from the NM-type tests and interactive tests are then used to assess the predictive capacity of a nonlocal damage model. Since the results are generally consistent, one may consider the simulations as a validation of the quality of the experimental data. The simulations also show that the boundary conditions need to be determined very accurately. In the present case, they were measured via DIC and subsequently prescribed to 2D and 3D simulations. The importance of using the measured boundary conditions to obtain valid results is underlined both by the NM-type tests, with a very high sensitivity to the applied BCs, and by the interactive tests, because of the crack path complexity. The crack pattern revealed by the acquired pictures is generally well described. However, since its stable propagation is also assessed, more important differences arise, as not only the final crack has to be predicted, but the entire temporal and spatial history. Such analyses are made possible by resorting to displacement fields measured during the whole test. When the predicted load levels are compared to experimental values, they are in a general good agreement, but the interactive tests are a clear challenge for the model. Because the loadings and the crack patterns are very complex, the smallest prediction error has an important impact on the final result. These results show that the present experimental database is very challenging even for an advanced damage model with nonlocal features.

The present experimental database can also be used to benchmark various damage and fracture models. It is believed that the experimental database is not only challenging the chosen damage model but, more generally, a wide class of damage and fracture models. The fact that the tests have been monitored very extensively should allow for a thorough investigation in which kinematic fields and static data can be directly compared with numerical simulations.

In the present case, the experiments developed herein are mainly used for validation purposes. They can also be used to identify some of the parameters of the damage model that are not accessible through standard tests (e.g., equibiaxial tensile strength). The load data will be helpful since it is shown that they are sensitive to the equibiaxial tensile strength. In addition to the static data, the kinematic fields also carry a lot of qualitative and quantitative information about the underlying degradation mechanisms. Different identification procedures can be followed to achieve such a goal [START_REF] Grédiac | Full-Field Measurements and Identification in Solid Mechanics[END_REF].

Based on the interactive tests, the development of the 'full' hybrid tests was considered. Since these tests imply an automatic control to follow a given crack path, the degree Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests of difficulty and the risks are highly increased. Moreover, the experimental setup has to be upgraded to enable an automatic detection of the crack tip and the communication between the testing machine, the numerical model and the measurement. In order to develop and validate the control technique, a virtual hybrid test was designed. This virtual loop was proven to be a powerful tool in determining the feasibility and the complexity of a desired crack pattern. After the complete development of the virtual hybrid tests, several other steps toward a real hybrid test were made. For instance, to determine the crack tip location of curved cracks.

The main perspective of the present work is to actually perform such a test with a sinusoidal crack pattern. Once a real hybrid test is performed, a new era in mixed-mode fracture tests is started. Different crack patterns can be studied to obtain very discriminating tests that will generate various stress states, and from a single test sweep an important part of the yield surface. Moreover, one may study the sensitivity of the crack path to different model parameters and create patterns that are sensitive to a wide range of parameters, and thereby optimize the experimental procedure. Consequently, great improvements can be obtained both in the quality and the costs of mixed-mode fracture tests. Furthermore, these tests can be extended for other quasi-brittle materials and even to full scale structural elements.

The 'full' hybrid tests can also be upgraded to other types of materials with different mechanical behavior, where the control quantity may be, for example, plasticity and again damage. Last, these tests can be improved to perform in an automatic manner the parameter identification.

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

Proportional loading histories

Test P 4 -experimental results Using the hybrid test components described in Chapter 5 a real hybrid test is performed.

During the real test the same crack pattern as the one studied during the virtual hybrid test (Chapter 5 Section 4) is imposed, a sinusoidal function with a 15 mm amplitude over a 1.25 period range. The boundary conditions applied during the test are determined in order to reorient the crack towards the desired crack pattern. The loading consists of three elementary components: shear, tension, and in-plain rotation. The relations between tension and in-plain rotation is given by equation E.1, as for the virtual hybrid test, The communication between the main parts of the hybrid test is assured manually, in order to check at each time step the validity of the boundary conditions prescribed by the control algorithm. Several reorientations of the crack were performed to obtain the experimental crack pattern. The BCs computed by solving the inverse problem are imposed to the specimen until a shear force equal to ± 5kN is obtained. Afterwards, the shear force value is maintained constant while the tension and the in-plain rotations are increased until a crack propagation increment is detected. This constrain is necessary to avoid the initiation of damage near the interfaces between the sample and the glue layer.

The error between the input crack and the experimental one is higher than for the virtual hybrid test but, nevertheless, satisfactory results are obtained ( Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests
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 1 Figure 1.11: (a) The draft of the VERCORS mock-up and (b) the mock-up building during the casting of the dome
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 21 Figure 2.1: The 3 geometry types with small double notches (a), large double notches (b)and single small notch (c)
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 1 Figure 2.2: Tomographic image of the specimen before test. Sand density is homogeneous. The darker upper part is due to tomographic reconstruction

  To determine the tensile strength and the Young's modulus of the mortar, a series of 5 three point flexural tests on 40 ⇥ 40 ⇥ 160 mm specimens are performed. The specimens are taken out of the waterbasin 3 days before the tests. The tests follow the standard 196-Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests 1 NF-EN [NF
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 2324 Figure 2.3: The 6-axis testing machine. The real setup (left) and the CAD representation (right): (1) base, (2) actuators, (3) moving platform, (4) upper end-effector, (5) room for specimen, (6) optical setup in closed configuration with two cameras, (7) passive hexapod (load cell)
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 27 Figure 2.7: Rotations and translations measured by the three control cameras during the calibration procedure
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 2 Figure 2.8: (a) View of the upper part of setup: the 3 cameras with their targets and the LVDT setup. (b) Configuration of the LVDT setup

Figure 2

 2 Figure 2.9: (a) DIC setup: T 1 , T 2 cameras for 2D DIC. S l 1 , S r 1 , S l 2 , S r 2 cameras for 3D DIC. (b) Example of image obtained with camera T 1
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 2 Figure 2.10: Flat charging plates (a) and U-shaped charging plates (b)
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 2 Figure 2.12: Fracture surface after complete failure of the specimen when flat grips are used (test P 1)
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 22 Figure 2.13: Final crack paths obtained with proportional loading conditions and flat loading plates (test P 2) on each face of the sample: face 1 (a) and face 2 (b)

Figure 2

 2 Figure 2.15: DIC vertical displacement fields at crack initiation (test P 2) (a) and at the end of the stable propagation (b)
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 2 Figure 2.17: DIC relative mean displacement measured during the test on each face of the specimen in shear (test P 3) (a) and in tensile (b)
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 2 Figure 2.18: The displacement fields measured along Y (left) and along Z (right) on face 1 at the end of stable propagation (test P 3)
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 2 Figure 2.19: Displacements measured by DIC (black vectors) and the displacement vectors after the rotation correction (red vectors) on the lower part of the sample (a) and on the RBM plates (b)
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 2 Figure 2.20: The rotation values extracted from the lower part of the sample (a) and corrected relative mean shear displacement (b)
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 2 Figure 2.21: Example of vertical displacement fields for two consecutive time steps (i.e., 5 s between (a) and (b)) while the specimen is uncharged, but considering the airflow
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 2 Figure 2.22: Translations (a) and rotations (b) expressed at point O spe sup during the validation step of the setup without load, prescribed ('comm' superscript), measured by LVDT ('LVDT' superscript) and by DIC ('DIC' superscript)

Figure 2

 2 Figure 2.23: Displacement measurements obtained by the LVDT setup during the validation step

  Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests is equal to 250 pixels. The physical size of a pixel is 130 µm.The results in terms of force-displacement curves for the 4 tests are given in Figure 3.3. The pre-test is represented with a continuous line and the actual test only with markers. The evolution of the forces is presented only with respect to the DIC mean relative displacements measured on the U-shaped charging plates.
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 3233 Figure 3.1: Translations measured during test P 4. Comparison between the LVDT measurements and the DIC mean relative displacements computed on the loading plates
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 3435 Figure 3.4: Surfaces for the proportional loading cases after complete crack propagation, face 1 (left) and face 2 (right). Face 2 images are flipped to make the comparison easier
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 36 Figure 3.6: Displacement fields measured on face 2: (A) to (D) show the shear displacement (U Y ) and (a) to (d) the tensile component (U Z ) at the end of stable crack propagation. (A)-(a) (resp. (B)-(b), (C)-(c), (D)-(d)) correspond to test P 4 (resp. P 5, P 6, P 7). Face 2 images are flipped to make the comparison easier
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 37 Figure 3.7: Displacement field along Z for P 2 test before unstable crack propagation (a) and just after (b)
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 39 Figure 3.9: Comparison between the final crack patterns for the four proportional loading cases of face 1 (a) and of face 2 (b)
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 310 Figure 3.10: Shear force-displacement curves (a) and tensile ones (b) for the 3 nonproportional loading cases
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 3 Figure 3.11(b) for test N P 1 and in Figure 3.12(b) for test N P 2, on the left side the displacement fields along Y (labeled (1) for face 1 (resp. (2) for face 2) and on the right side the displacements along Z (labeled (1') for face 1 (resp. (2') for face 2). Besides the fact that the DIC displacement fields show the presence of two cracks for each test, they
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 33 Figure 3.11: (a) Surfaces for N P 1 test after complete crack propagation. (b) Displacement fields measured on face 1 and face 2 of the specimen: (1) and (2) show the displacement along Y (U Y ) and (1') and (2') show the displacement along Z (U Z ).Face 2 images are flipped to make the comparison easier
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 33143 Figure 3.13: Out-of-plane force-displacement curves for tests N P 1, N P 2 and N P 3
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 3 Figure 3.16: Boundary conditions applied to 2D numerical simulations: (a) scalar, (b) linear, (c) parabolic approximation and (d) full-field measurements
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 3318 Figure 3.17: Full-field boundary conditions extracted from DIC measurements and applied to 2D numerical simulations
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 320 Figure 3.20: Comparison between the force-displacement curves predicted by the damage model (R bitension = 1.7 MPa), using full-field measurements, and the experimental data in tension (a) and shear (b)
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 3 Figure 3.22: Crack initiation location on face 2
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 3 Figure 3.23: Planar yield function for the first set of parameters (R bitension = 1.7 MPa) in red, and for the second set of parameters (R bitension = 2.9 MPa) in black. The eigen stresses s 1 and s 2 are expressed in MPa
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 3326 Figure 3.24: Comparison between the force-displacement curves predicted by the damage model (R bitension = 2.9 MPa), using full-field measurements, and the experimental data in tension (a) and shear (b)
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 3273283 Figure 3.27: Boundary conditions applied to 3D numerical simulations. Red vector: measured displacements, purple vector: interpolated displacements
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 3313 Figure 3.31: Comparison between the force-displacement curves predicted by the ES and EFE models and the experimental measurements in tension (a) and shear (b)
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 3333343 Figure 3.33: Comparison between the force-displacement curves predicted by 2D plane strain simulations and the experimental measurements for N P 2 test in tension (a) and shear (b)
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 41 Figure 4.1: The three elementary loading paths: 'tension' (1), 'shear' (2) and 'rotation' (3)
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 42 Figure 4.2: Damage field for a single notched sample subjected to proportional tensionshear (a) and to an in-plane rotation (b)
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 4546 Figure 4.5: Translations (a) and rotations (b) expressed at point O spe sup during test I1: prescribed ('comm' superscript), measured by LVDT ('LVDT' superscript) and by DIC ('DIC' superscript)
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 47 Figure 4.7: Displacement fields observed on face 1: (A)-(E) show U Y and (a)-(e) U Z components. (A)-(a) (resp. (B)-(b), (C)-(c), (D)-(d), (E)-(e)) correspond to the end of step 1 (resp. step 3, 5, 6, 7)

Figure 4 . 8 :

 48 Figure 4.8: Displacement fields observed on face 2: (A)-(E) show U Y and (a)-(e) U Z components. (A)-(a) (resp. (B)-(b), (C)-(c), (D)-(d), (E)-(e)) correspond to the end of step 1 (resp. step 3, 5, 6, 7). Images have been flipped for the sake of comparison with Figure 4.7
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 4 Figure 4.10: Tomographic images of the upper part of the specimen after test I1 for different X sections. Zinc iodide was used to enhance the crack detectability Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

Figure 4 . 11 :

 411 Figure 4.11: Actuator lengths measured during the validation step of the setup (a) and during test I1 (b)

Figure 4 .

 4 Figure 4.12: Translations (a) and rotations (b) expressed at point O spe sup during test I2: prescribed ('comm' superscript), measured by LVDT ('LVDT' superscript) and by DIC ('DIC' superscript).

Figure 4

 4 Figure 4.13: Forces (a) and torques (b) measured during test I2 and expressed at point O spe sup

Figure 4 .

 4 Figure 4.14: Test I2 displacement fields observed on face 1: (A)-(D) show U Y and (a)-(d) U Z components. (A)-(a) (resp. (B)-(b), (C)-(c), (D)-(d)) correspond to the end of step 1 (resp. step 2, during 3 and end of step 3). Even though the last image has not fully converged ((D)-(d)) the crack pattern is well captured Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

Figure 4 .

 4 Figure 4.15: Test I2 displacement fields observed on face 2: (A)-(D) show U Y and (a)-(d) U Z components. (A)-(a) (resp. (B)-(b), (C)-(c), (D)-(d)) correspond to the end of step 1 (resp. step 2, during 3 and end of step 3). Even though the last image has not fully converged ((D)-(d)) the crack pattern is well captured Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

Figure 4 .

 4 Figure 4.16: Test I2 specimen after complete crack propagation and the application of an additional translation equal to ⇡ 2 mm along Z to enhance the crack visibility: face 1 (a) and 2 (b) (face 2 image is flipped for comparison purposes)

Figure 4 .

 4 Figure 4.14(C)-(c) and Figure 4.15(C)-(c). The coalescence of the two cracks occurred in an unstable manner, therefore limited DIC data are available (Figure 4.14(D)-(d) and Figure 4.15(D)-(d)). However, on the last DIC computation (even though not completely converged) and on the final crack paths (Figure4.16), one may note that only one crack reoriented (the right one) and joined the second at mid-distance between the notch and the crack tip.At a closer look it is observed that on the final crack paths, the left crack seems to have initiated 10 mm from the notch root, even though on the DIC measurements the crack is clearly initiating from the notch. The phenomenon can be explained by damage occurring during the dynamic rupture or by the preexistent microcracks that are forming a macrocrack due to the important displacement applied to the sample.

  Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests images (Figure 4.19(A)-(a) and (B)-(b) for face 1 of the sample and Figure 4.20(A)-(a) and (B)-(b) for face 2). Subfigures (A)-(a) illustrate the crack state before the unstable phase and (B)-(b) afterward.

  ure 4.19(C)-(c) and Figure 4.20(C)-(c)). A second crack initiates from the left notch and stably propagates upward. It is important to note that the displacement along Z at failure is ⇡ 550 µm. The value is much more important than for the other tests since the crack stably propagates throughout ⇡95% of the specimen width (Figure 4.19(D)-(d) and Figure 4.20(D)-(d)), and progressive softening is visible on F Z force down to 1.3 kN (Figure 4.18(a)). On the final crack paths the same phenomenon is observed as for test I2: the cracks seem to have initiated at almost 20 mm from the notch tip, even though on the DIC images it is clearly visible that the crack initiates from the notch for face 1, and in the height of the notch on the second face. The phenomenon is also visible on the displacement fields before unstable rupture (Figure 4.19(D)-(d) and Figure 4.20(D)-(d)). Therefore, they are present before the dynamic propagation of the cracks. The crack initiating from the notch is visible from the beginning of the test, while the other one is occurring toward the end of the test and only on the surface (Figure 4.22).

Figure 4 .Figure 4

 44 Figure 4.17: Translations (a) and rotations (b) expressed at point O spe sup during test I3: prescribed ('comm' superscript), measured by LVDT ('LVDT' superscript) and by DIC ('DIC' superscript)

Figure 4 .

 4 Figure 4.19: Test I3 displacement fields observed on face 1: (A)-(D) show U Y and (a)-(d) U Z components. (A)-(a) corresponds to the last image before unstable propagation, (B)-(b) corresponds to the next image after unstable propagation (5 s between the two), (C)-(c) (resp. (D)-(d)) show the crack state during step 3 (resp. at the end of step 3)

Figure 4 .

 4 Figure 4.20: Test I3 displacement fields observed on face 2: (A)-(D) show U Y and (a)-(d) U Z components. (A)-(a) corresponds to the last image before unstable propagation, (B)-(b) corresponds to the next image after unstable propagation (5 s between the two), (C)-(c) (resp. (D)-(d)) represent the crack state during step 3 (resp. at the end of step 3). Images have been flipped for the sake of comparison with Figure 4.19

Figure 4 .Figure 4 . 22 :

 4422 Figure 4.21: Test I3 specimen after complete crack propagation and the application of an extra translation equal to ⇡ 1 mm along Z to enhance the crack visibility: face 1 (a) and 2 (b) (face 2 image is flipped for comparison purposes)

  Figure 4.27(A)-(a) and Figure 4.28(A)-(a)) the specimen is unloaded and the second part of the test begins.

  Figure 4.26(b)). A network of cracks undergoes mode III stable propagation (Figure 4.27(B)-(b) and Figure 4.28(B)-(b)).

  Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests the other loads are ⇡ 0 kN(Figure 4.26). Hence there is no unstable propagation at the end of the test. The cracks stably propagate until a macroscopic crack forms between the two notches (Figure 4.27(C)-(c), Figure 4.28(C)-(c) and Figure 4.29). One observes that throughout the thickness of the specimen (Figure 4.30) the crack created during the first loading part (i.e., in plane rotation, R X ) is planar, while the propagation under mode III exhibits several changes in slope.
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 44 Figure 4.23: Translations (a) and rotations (b) expressed at point O spe sup during test I4 part 1: prescribed ('comm' superscript), measured by LVDT ('LVDT' superscript) and by DIC ('DIC' superscript)
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 44 Figure 4.25: Translations (a) and rotations (b) expressed at point O spe sup during test I4 part 2: prescribed ('comm' superscript), measured by LVDT ('LVDT' superscript) and by DIC ('DIC' superscript)

Figure 4 .

 4 Figure 4.27: Test I4 displacement fields observed on face 1: (A)-(C) show U Y and (a)-(c) U Z components. (A)-(a) (resp. (B)-(b), (C)-(c)) correspond to the end of step 1 (resp. step 2 and step 3)

Figure 4 .

 4 Figure 4.28: Test I4 displacement fields observed on face 2: (A)-(C) show U Y and (a)-(c) U Z components. (A)-(a) (resp. (B)-(b), (C)-(c)) correspond to the end of step 1 (resp. step 2 and step 3). Images have been flipped for the sake of comparison with Figure 4.27

Figure 4 .

 4 Figure 4.29: Test I4 specimen after complete crack propagation and the application of an extra translation equal to ⇡ 1 mm along Z to enhance the crack visibility: face 1 (a) and 2 (b) (face 2 image is flipped for comparison purposes)
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 430 Figure 4.30: Crack faces after complete fracture for test I4
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 4 Figure 4.31: Comparison between the final crack patterns of I1, I3 and I4 tests for (a) face 1 and (b) face 2

Figure 4 . 32 :

 432 Figure 4.32: Crack paths predicted by 2D plane strain simulations performed with BCs measured on the grips, considering narrow undamageable strips for test I1 (a) and for test I2 (c) and thick undamageable bands for test I1 (b) and test I2 (d)

Figure 4 . 33 :

 433 Figure 4.33: Crack paths predicted by 2D plane strain simulations of test I1 performed on resized samples (150⇥200 mm) with the BCs extracted directly from the sample face, considering very narrow (a), narrow (b) and thick (c) undamageable bands

Figure 4 . 34 :

 434 Figure 4.34: Crack paths predicted by the damage model at the end of the first propagation step of test I1 for a rectangular (a), rounded (b) and triangular notch (c)

Figure 4 . 35 :

 435 Figure 4.35: Comparison between the crack paths predicted by the damage model (thick black lines) and the measured vertical displacement field for I1 test -face 1 (a) model without stiffness recovery, (b) model considering stiffness recovery

Figure 4 . 36 :Figure 4 . 37 :

 436437 Figure 4.36: Comparison between the force-displacement curves predicted by 2D plane strain simulations without (resp. with) the restored stiffness and the experimental data for I1 test -face 1 in tension (a) (resp. (c)) and shear (b) (resp. (d)). To differentiate the loading steps, the even labeled steps are plotted in gray

Figure 4 . 38 :

 438 Figure 4.38: Comparison between the force-displacement curves predicted by 2D plane strain simulations without (resp. with) the restored stiffness and the experimental data for I1 test -face 2 in tension (a) (resp. (c)) and shear (b) (resp. (d)). To differentiate the loading steps, the even labeled steps are plotted in gray
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 4440 Figure 4.39: Comparison between the crack paths predicted by the damage model (thick black lines) using a linear approximation of the BCs and the measured vertical displacement field for the I1 test (a) face 1 and (b) face 2

Figure 4 . 41 :

 441 Figure 4.41: Crack path predicted by a 3D simulation performed with the damage model

Figure 4 . 42 :

 442 Figure 4.42: Comparison between the crack paths predicted by LEFM (white trajectory) and the measured vertical displacement field for I1 test (a) G c = 100 J/m 2 and (b) G c = 15 J/m 2

  Figure 4.43) corresponding to the end of the second propagation step (i.e., maximum value of the in-plane rotation, therefore, maximum compressive stress on the right part of the sample (Y + )). The values of the stresses in the area containing the closed crack are only ⇡2 MPa (Figure 4.43), almost negligible with respect to the compressive strength of concrete.

Figure 4 .

 4 Figure 4.43: Vertical stress field predicted by the damage model at the end of the second propagation step

Figure 4 . 44 :

 444 Figure 4.44: Comparison between the crack paths predicted by the damage model with stiffness recovery (black thick lines) (a) and the measured vertical displacement field and (b) the crack paths predicted by the model when no stiffness recovery is considered (blue thick lines)
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 446445447 Figure 4.46: Comparison for I2 test between the crack paths predicted by the damage model with stiffness recovery (g = 0.9) for full-field BC (black thick lines) and for linear approximation BC (red thick lines)

Figure 4 . 48 :

 448 Figure 4.48: Comparison between the crack paths predicted by the damage model without stiffness recovery (black thick lines) and the measured vertical displacement field for I3 test (a) face 1 and (b) face 2

Figure 4 . 49 :Figure 4 . 50 :

 449450 Figure 4.49: Comparison between the crack paths predicted by the damage model without stiffness recovery (black thick lines) and with stiffness recovery (red thick lines) for (a) face 1 and (b) face 2
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 515 Figure 5.1: The analyzed structure during a sub-structured hybrid test, the experimentalsub-domain and the numerical one[START_REF] Saouma | Real-time hybrid simulation of a nonductile reinforced concrete frame[END_REF] 
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 54 Figure 5.4: Virtual hybrid test block diagram
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 55 Figure 5.5: Basic crack path detection techniques. (a) Residual map, (b) maximum values of the residual, (c) values of the maximum residual and the estimation of the crack tip position

Figure 5 . 6 :

 56 Figure 5.6: Eigenstrain map (a) and the second component of the eigenvector (b) obtained for the last image of stable crack propagation recorded during I1 test
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 57 Figure 5.7: Methods to determine the new crack propagation direction

  Figure 5.8: Case study geometry and loading combination for a sinusoidal crack

Figure 5 . 9 :

 59 Figure 5.9: Displacement fields at the end of the hybrid test. (a) Horizontal displacement (x axis) (b) Vertical displacement (y axis)
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 55 Figure 5.10: (a) total crack length, (b) propagation increment per loop
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 5 Figure 5.13: The crack patterns predicted by the damage model (a) with the boundary conditions given by the virtual hybrid loop and (b) the non-proportional loading history of Nooru-Mohamed [1992]

Figure 5 .Figure 5 Figure 5

 555 Figure 5.14: The yield function of the damage model based on the original set of parameters (black curve) and the correspondent principal stresses for a NM test and the present sinusoidal test. The yield functions obtained by slightly variating the model parameters are plotted: in red the one obtained by increasing the shear strength from 3.25 MPa to 4.25 MPa and in blue the yield function obtained by increasing the tensile, the compressive and the shear strengths by 20%
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 555 Figure 5.17: (a) Sinusoidal crack predicted by the damage model and (b) comparison between the crack path predicted by the damage model based on the original set of parameters (red) and the crack path predicted by the damage model after the tensile, the compressive and shear strengths are increased by 20% (blue)

  Figure A.1: Translations measured by each LVDT during test P 4

Figure A. 2 :Figure A. 4 :FigureFigure A. 7 :FigureFigureFigure B. 3 :Figure D. 2 :

 24732 Figure A.2: Actuator lengths measured during test P 4

  x is the abscissa of the boundary condition (ranging from -100 mm to 100 mm) and i the loop number.The test is performed on a double notched specimen (Figure2.1(a)) of 25 ⇥ 200 ⇥ 200 mm. The thickness of the sample is chosen to be 25 mm to assure a homogeneous stress distribution throughout the thickness of the sample. Therefore, the control of the test is performed only on one side of the sample (i.e., the crack tip detection and the resolution of the inverse problem are performed only for one face of the sample).

  Figure E.1: Comparison between the input crack path and the experimental path

Figure E. 2 :

 2 Figure E.2: Test specimen after complete crack propagation and the application of an extra translation equal to ⇡ 1 mm along Z to enhance the crack visibility: face 1 (a) and 2 (b) (face 2 image is flipped for comparison purposes)
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 2 

			.2: Young's modulus	
		Test 1 Test 2 Test 3 Test 4	Test 5
	Load rate	50 N/s 50 N/s 50 N/s 0.5 N/s 0.5 N/s
	E [GPa]	17.6	16.4	17.75	20.03	20.04
	Mean [GPa]		17.25 ± 0.74	20.035 ± 0.005
		Table 2.3: Tensile strength	
		Test 1 Test 2 Test 3 Test 4	Test 5
	Load rate	50 N/s 50 N/s 50 N/s 0.5 N/s 0.5 N/s
	F t [MPa]	4.125 3.275 3.894	3.823	4.33
	Mean [MPa]					

Table 2

 2 

	.4: Compressive strength values.
	Test 1 Test 2 Test 3 Test 4 Test 5
	F c [MPa] 80.31 77.19 76.88 83.59 81.72
	Mean [MPa]	79.94±2.9

  In the present chapter mixed-mode fracture tests similar to Nooru-Mohamed ones are presented. They are considered pre-defined tests since the loading history is established prior to the test and not modified during the test. In the first section the discussion is focused on the experimental results obtained under proportional and non-proportional loading histories. The main advantages, the reproducibility and the limitations of each loading case are discussed. The predictions of numerical simulations performed within the framework of nonlocal damage mechanics are compared with the experimental data. The presented results underline the importance of using accurate boundary conditions estimated from full field measurements to perform numerical simulations that reproduce the experimental results.
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 31 First set of material parameters used in numerical simulations (R bitension = 1.7 MPa)

	Young's	Poisson's	Tensile	Compressive	Fracture energy
	modulus [GPa]	ratio	strength [MPa] strength [MPa]	[J/m 2 ]
	21	0.2	3.9	80.0	100
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	.2: Second set of material parameters used in numerical simulations
			(R bitension = 2.9 MPa)	
	Young's	Poisson's	Tensile	Compressive	Fracture energy
	modulus [GPa]	ratio	strength [MPa] strength [MPa]	[J/m 2 ]
	21	0.2	3.9	8.5	100
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  Full hybrid test block diagramSince the control technique is unique and was never tested before, directly performing 'real' hybrid tests can be dangerous, or at least costly. Therefore preliminary studies areInnovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests needed. A virtual hybrid test based on the same principle is considered. The virtual test (Figure5.4) is composed of:

	Reference					
	crack path	Bifurcation criterion	Inverse problem	Crack propagation criterion	Mechanical loading	Real crack path
		Control Part			
					Measurement	
					Crack tip	
					detection	
		Figure 5.3:				

Table D . 1 :

 D1 Fracture energy values Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 G f [N/m] 88.26 129.89 124.73 94.96 133.42 116.48 Mean [N/m] 114.62±18.83

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

Innovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

This machine was acquired thanks to J.M. Virely in
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The coefficients used to compute the linear approximation of the BCs are given in Appendix CInnovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests

The preliminary results of a real hybrid test where a sinusoidal crack path is imposed are presented in Appendix EInnovative tests for characterizing mixed-mode fracture of concrete: from pre-defined to interactive and hybrid tests
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Chapter 5

Hybrid testing

Inspired by the interactive tests, the main aim of this chapter is to set up a relevant and discriminating concrete fracture test, which is able to fully investigate its complex mechanical behavior in a single run. 

Fracture energy

In order to determine the fracture energy of the concrete material presented in Chapter 2 Section 1.2, a series of 6 three point flexural tests are performed.

The tests are conducted on 70⇥70⇥284 mm specimens. A central notch of 5⇥35 mm is sawed before the tests (Figure D.1). The samples were kept in the same conditions as the specimens used for the mixed-mode fracture tests on the hexapod testing machine. In order to observe the influence of the sample's humidity on the fracture energy, 3 samples were extracted from the waterbasin 7 days before the tests and the other 3 only 12 hours before the tests.

The tests are performed in conformity with RILEM 1985, the supports and the loading arrangements acting on the beam being statically determinate and the test conducted in displacement control. During the experiment both the force and the deflection of the beam are recorded until the beam is completely separated into two halves. The deflection is measured along the neutral axis using a displacement sensor and is considered to be the displacement of the center of the beam with respect to the two supports.

The fracture energy is computed using the equation: The results in terms of force-deflection curves are given in Figure D.2 for the 6 tests. For a better visualization, a zoom is also given for a deflection between 0 and 0.3 mm.
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