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This study reports on the Heaviside-based digital image correlation (H-DIC) procedure and its application in fracture analysis. This improved DIC procedure was proposed to solve the uncertainty problems at the vicinity of the crack and to evaluate the opening and shear movements of crack lips and the orientations of cracks in the subset. Some tests were conducted to demonstrate the performance of the H-DIC algorithm. An application on argillaceous rock mass exhibiting multiple mixed mode fractures is shown to validate the efficiency and robustness of the proposed method. This application consisted in processing images acquired from an experimental investigation performed in a gallery front submitted to climatic seasonal variations. The results illustrated how the H-DIC procedure enables to localize and to quantify the opening, shearing, and orientation of sub-pixel cracks during the process of minimization.

A sensibility study performed on the opening and shear components demonstrated that the precision of crack aperture by H-DIC procedure is close to 0.14 pixel and the spatial resolution is equal to one pixel. Moreover, the crack area was calculated from local apertures on a monitoring duration of one year, and a maximum value of 595.8 mm² in winter was obtained.

Introduction

Desiccation cracking, which results from the heterogeneous spatial organization of tensile stresses, the heterogeneities of mineralogy or the orientation of swelling clay particles inside geomaterials, modifies the hydraulic properties of clayey geomaterials [e.g., [START_REF] Vogel | Studies of crack dynamics in clay soil: II. A physically based model for crack formation[END_REF][START_REF] Coppola | Dual-permeability model for flow in shrinking soil with dominant horizontal deformation[END_REF][START_REF] Baer | Image analysis and fractal geometry to characterize soil desiccation cracks[END_REF].

Consequently, the water movement and solute transport in unsaturated cracked clayey soils become more complicated to describe and model. Indeed, models regarding water movement in cracked soils further require both dynamic crack patterns and varying hydraulic descriptions [START_REF] Baer | Image analysis and fractal geometry to characterize soil desiccation cracks[END_REF][START_REF] Velde | Structure of surface cracks in soil and muds[END_REF]. Thus, knowledge about the crack morphology seems indispensable for modeling the soil cracking mechanism and water transport in unsaturated cracked soils [START_REF] Velde | Structure of surface cracks in soil and muds[END_REF][START_REF] Tang | Desiccation and cracking behaviour of clay layer from slurry state under wetting-drying cycles[END_REF]. In recent years, the measurement of crack patterns has evolved from field measurements to automatic recognition and quantification using digital image analysis. Researchers frequently use digital imaging methods for crack quantification [START_REF] Baer | Image analysis and fractal geometry to characterize soil desiccation cracks[END_REF][START_REF] Velde | Structure of surface cracks in soil and muds[END_REF][START_REF] Tang | Desiccation and cracking behaviour of clay layer from slurry state under wetting-drying cycles[END_REF], wherein superficial crack patterns are quantified using geometric and morphological indexes. Two limits of the previous approaches based on digital imaging methods are (i) the precision of desiccation crack detection (always greater than or close to 1 pixel) and (ii) their application being limited to desiccation cracks subjected to an opening mode (i.e., mode I in fracture mechanics); hence, in the previous approaches, the shear movements of crack lips are assumed to be negligible. These digital imaging methods allow the determination of the desiccation crack width [START_REF] Yesiller | Desiccation and cracking behavior of three compacted landfill liner soils[END_REF] when the aperture is greater than one pixel by following a particular criterion (i.e., gray level threshold defined by the user), where a gray level is considered a fracture. The most classic approach is to segment the image to highlight desiccation cracks [START_REF] El-Halim | Image processing technique to assess the use of sugarcane pith to mitigate clayey soil cracks: Laboratory experiment[END_REF]. The limitations of this approach are the precisions of the crack location and crack aperture, which are of the order of the entire pixel. Thus, a very good contrast between the background (i.e., the region of interest or geomaterial) and the cracks is required. Then, all desiccation cracks with an aperture less than one pixel or when the gray level is greater than the chosen threshold are considered continuous uncracked material, which results in an overestimation/underestimation of the real permeability. From this approach or the technique using computer-aided design (CAD) software [START_REF] Li | Study of desiccation crack initiation and development at ground surface[END_REF], the total area of all the surface cracks in a surface of interest is obtained. Moreover, the length, orientation and aperture of the crack can be determined from the digital images with the aid of AutoCAD.

Moreover, all shearing movements (mode II or III in fracture mechanics) of crack lips are not measurable by this approach. In this case, an underestimation or an overestimation of the real quantity of cracks can also have an influence on the precision of the amount of water movement.

By simulation, Lisjak et al. [START_REF] Lisjak | Continuum-discontinuum analysis of failure mechanisms around unsupported circular excavations in anisotropic clay shales[END_REF] (Mont Terri site) showed the presence of mixed mode (I/II) fractures in specimens subjected to compressive tests. Recently, Hedan et al. [START_REF] Hedan | A new approach to quantify the anisotropy of hydromechanical strains in clay-rock at the gallery scale[END_REF] showed a variety of sub-horizontal and sub-vertical strains in transversely isotropic argillaceous rock. This variability induces a different in-plane movement for each cracked block, which results in the presence of mixed mode I-mode III fractures (Figure 1). The conceptual model displayed in Figure 1 illustrates the presence of a mixed opening mode, which includes a shear mode of the cracked block boundaries when an isotropic contraction () of 0.05 and an imposed (imp) rigid body movement (imp_disp) of 0.3 is applied on block 1 and an isotropic contraction () of 0.04 and a rigid body movement (imp_disp) of 0.4 on block 2. These phenomena of opening and shearing would be amplified if anisotropic (e.g., transverse isotropic) shrinkage would have occurred.

According to the results of Hedan et al. [START_REF] Hedan | A new approach to quantify the anisotropy of hydromechanical strains in clay-rock at the gallery scale[END_REF] regarding the variability of the anisotropy ratio of argillaceous rock submitted to a natural annual cycle, the scheme of principle (Figure 1.a) confirms that the spatial heterogeneity of strains induces opening and shear modes along the boundaries of blocks 1 and 2 (Figure 1.b). The opening value o_imp is constant and equal to 0.645, and in the shear mode, s_imp evolves slightly but linearly in the range of -0.615 to -0.625.

The analysis of the shear mode is more complex than that in the opening mode, and the former depends on the location of the discontinuity and the local behavior of blocks.

In contrast to the standard digital image correlation (DIC) algorithm [START_REF] Sutton | Determination of displacements using an improved digital correlation method[END_REF], which cannot ensure solution uniqueness when a discontinuity is present in the subset, Heaviside-based DIC (H-DIC) [START_REF] Valle | Digital Image Correlation Development for the Study of Materials Including Multiple Crossing Cracks[END_REF] gives a unique global solution in a subset. This property allows conserving equivalent metrological performance with or without a discontinuity in the subset. However, the H-DIC algorithm was developed as a local approach and offers a treatment on a subset. The improvements of DIC algorithms now allow us to account for the presence of discontinuities in each subset; thus, opening, shearing, and orientation of crack lips can now be quantified during the process of minimization. No additional step is required to measure crack opening, as in other previous studies [START_REF] Hedan | One-year monitoring of desiccation cracks in Tournemire argillite using digital image correlation[END_REF].

It should be mentioned that others DIC techniques exist to study the deformation of cracked medium as the pointwise DIC technique [START_REF] Jin | Theoretical development for pointwise digital image correlation[END_REF] and the subset splitting method [START_REF] Poissant | A Novel "Subset Splitting" Procedure for Digital Image Correlation on Discontinuous Displacement Fields[END_REF] and extented-digital image correlation [START_REF] Réthoré | From pictures to extended finite elements: extended digital image correlation (X-DIC)[END_REF]. In 2007, the latter which can be considered as a global approach is based on a coupling of the Heaviside functions, the spirit of extended finite element method [START_REF] Moës | Non-planar 3D crack growth by the extended finite element and level sets-Part I: Mechanical model[END_REF] and DIC technique. The use of a non-invasive optical approach on geomaterials also allowed to localize the bands of deformations on granular material [START_REF] Desrues | Localization of the deformation in tests on sand sample[END_REF], on argillaceous rock by classical DIC approach to study the 2D multi-scale hydro mechanical behavior [START_REF] Bornert | Multiscale Full-Field Strain Measurements for Micromechanical Investigations of the Hydromechanical Behaviour of Clayey Rocks[END_REF] and by digital volume correlation the 3D mechanical behavior of sample submitted to a triaxial compression test [START_REF] Lenoir | Volumetric digital image correlation applied to X-ray microtomography images from triaxial compression tests on argillaceous rock[END_REF].

The work conferred here is reported in two parts, -The first part presents the performance of H-DIC in detecting subpixel cracks [START_REF] Valle | Digital Image Correlation Development for the Study of Materials Including Multiple Crossing Cracks[END_REF] within simulated images representing mode I fracture, mode III fracture, mixed mode I-mode III fracture, and isotropic shrinkage with rigid body movements of two blocks. The corresponding results on the movements of crack lips, the mode of fracture (opening, shear or mixed mode) and the pathway of the discontinuity in the region of interest are discussed as well.

-An application of a real case where many cracks were observable in a 344×275 mm² region of interest of an underground gallery front submitted to natural variations in relative humidity (RH) and temperature (T) is presented in the second part.

H-DIC

2-1 Principles of H-DIC

The proposed H-DIC method is an extension of the classical DIC method. A local approach was chosen to develop this process to clearly separate metrological problems from finite element problems. This development was established using classical developments (i.e., a minimization process on a subset) [START_REF] Sutton | Determination of displacements using an improved digital correlation method[END_REF][START_REF] Bruck | Digital image correlation using Newton-Raphson method of partial differential correction[END_REF][START_REF] Cheng | Full-field speckle pattern image correlation with B-Spline deformation function[END_REF]. For subpixel evaluation, the bicubic image interpolation algorithm was selected. The correlation function S is described using a classical representation where F and G are the initial and final images, respectively. To accurately determine displacements in the presence of a crack in the subset, the kinematic field was enriched by adding Heaviside functions. However, the algorithm was developed as a local approach and offers a treatment on a subset. The kinematic field was defined to represent kinematic jumps along a straight line.
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In [START_REF] Valle | Digital Image Correlation Development for the Study of Materials Including Multiple Crossing Cracks[END_REF], the authors confirms that the errors between the conventional DIC and H-DIC are similar and close to 0.01 pixels for the continuum medium. However when a crack crossed the subset, the maximum errors can reach 1 pixel with the conventional DIC, 0.02 for H-DIC. The gap of two orders of magnitude confirmed by the local error shows that the algorithm convergence is better using an appropriate kinematical field.

-The kinematic field can be described as follows: -To ensure a correct measurement of the crack orientation, a straight line representing the crack was defined by its polar coordinates, which is described by Figure 2 and expressed as follows: The subset was treated as a unique field using a two-dimensional Heaviside function H(x, y) associated with jump vector (uH, vH). All subsets were enriched, and uH and vH approach zero when there is no discontinuity in the subset. Contrary to the standard DIC algorithm, which cannot ensure solution uniqueness when a discontinuity is present in the subset, this approach gives a unique global solution in a subset.
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𝐻(𝑥, 𝑦) = 𝐻(𝑟 𝐻 , 𝜃 𝐻 , 𝑟) (4) 
From H, uH and vH, the parameters o and s were calculated in each pixel of the discontinuity, and their numerical values correspond to the local opening displacement and local the sliding displacement, respectively.

2-2 Performance of H-DIC

As in other works [START_REF] Bornert | Assessment of Digital Image Correlation Measurement Errors: Methodology and Results[END_REF], synthetic images were created from different widths of speckle grains, wherein each speckle grain was defined by a half-cosine function. To accommodate the integration phenomenon of the charge-coupled device (CCD) camera, the initial images were created with dimensions of 8,000 pixels×8,000 pixels, a displacement was applied to these images, and then, the final images (400 pixels×400 pixels) were generated by subsampling.

Two cases were simulated with each pixel of the final images and were calculated by averaging 20 pixels×20 pixels of the initial images:

(i) First, a displacement of one pixel in the initial image is equivalent to 0.05 pixels in the final image. An opposite movement applied on both sides of the discontinuity generated an equivalent edge displacement of 0.1 pixels in the final image. The images representing a mixed mode were obtained when applying an equivalent translation along the directions parallel and perpendicular to the discontinuity. This case simulates only a rigid body movement of the block without deformation (Figure 3). (ii)

Second, the displacement represents a deformation plus a rigid body movement of two blocks in the final image (Figure 1). The isotropic shrinkage was centered at the middle of each block. This case simulates a rigid body movement of the block with deformation.

2-2-1 Rigid body movement of blocks without deformation

To evaluate the performance of the proposed method, synthetic images were created and built in a known kinematic field. To investigate the performance of the H-DIC algorithm, synthetic images must be simulated in two of three principal modes of fracture mechanics and must simultaneously define the possible movements of the discontinuity edges (i.e., mode I (opening mode), mode II (in-plane sliding) or mode III (out-of-plane sliding)). To avoid confusion with the experimental test presented herein, the studied slip mode will be called mode III. The study surface in the experimental part was perpendicular to the cracked surfaces and corresponded to the free surface of the front gallery, so the measured slip mode corresponded to out-of-plane shear in fracture mechanics, and thus mode III.

Figure 4 shows the differences between the measured displacements and the imposed subpixel translations along modes I, III and mixed I-III. The correlation subset size of 40 pixels×40 pixels is chosen as in the literature [START_REF] Valle | Digital Image Correlation Development for the Study of Materials Including Multiple Crossing Cracks[END_REF]. The global uncertainties of displacement are calculated from all steps in the imposed translations.

The errors also depend on the value of the imposed vector jump (uH, vH) and the location of the discontinuity in the synthetic images. Indeed, a jump of one pixel is not superposed with the entire pixel of the synthetic image, whereas a jump of two pixels is superposed with the entire pixels on the synthetic image, which explains why the error is lower for two pixels than that for one pixel. The spatial resolution is equal to one pixel on the synthetic images, and the opening displacement and sliding displacement vary between 0. discontinuity in all subsets, the location and movement of the crack edges and the orientation of the jump norm (Figure 5). This set of data was obtained for all subsets, and the plots in Figure 5 correspond to the o-plot, s-plot, -plot, and -plot for a mixed mode I-mode III with imposed jumps of 2 pixels along the perpendicular and parallel directions. The profiles in Figure 5 correspond to the imposed and H-DIC data on the borders of blocks 1 and 2. No additional step is necessary after the minimization process on the subset. Figure 5 shows that the H-DIC algorithm is necessary to treat data issued from the fracture test.

In the present case, only a movement without deformation was applied. In the next case, rigid body movement and isotropic shrinkage was applied on the two blocks (see Figure 1).

2-2-2 Rigid body movement and deformation of blocks

To mimic a real case of shrinkage and a movement of blocks of argillaceous rock, two synthetic images were created, which simulate the variability of isotropic shrinkage and rigid body movements for each block. The synthetic isotropic shrinkage and the imposed rigid body movement were 0.05 and 0.04 pixels for block 1 and 0.3 and 0.4 pixels for block 2 (Figure 1).

The area of each block was different to account for the geometric variability of the natural block [START_REF] Hedan | A new approach to quantify the anisotropy of hydromechanical strains in clay-rock at the gallery scale[END_REF].

The mean values of errors were approximately 0.016 pixels for the opening component (o), -0.023 pixels for the shear component (s) and 0.0074 rad for the -angle (Figure 6); the maximum standard deviations were 0.049 pixels, 0.047 pixels and 0.039 rad, respectively. The errors and standard deviations were very close to the previous results without deformation for an opening close to 0.6 pixels and a shearing close to |-0.55| pixels (Figure 4).

Applications to a real case

As the DIC method is a powerful tool that allows for the measurement of displacement fields without contact, many applications of this method have been published along with an increasing number of reports on the analyses of rock materials [START_REF] Blümling | The excavation damaged zone in clay formations time-dependent behaviour and influence on performance assessment[END_REF][START_REF] Cabrera | Synthèse des Résultats des Programmes de Recherche[END_REF][START_REF] Möri | Mont terri project: cyclic deformations in the opalinus clay[END_REF][START_REF] Hedan | Investigation of the damage induced by desiccation and heating of Tournemire argillite using digital image correlation[END_REF][START_REF] Bailly | Temporal behavior of a ventilated claystone at the Tournemire URL: Cross-spectral analyses focused on daily harmonics[END_REF]. In this study, the presented H-DIC algorithm is used in the context of fractured clay rocks. This experimental in situ investigation was carried out on a 344×275 mm 2 study area located on the East96 gallery front at the Tournemire experimental station [START_REF] Hedan | One-year monitoring of desiccation cracks in Tournemire argillite using digital image correlation[END_REF], during which the RH and T were measured continuously. Clay rocks are considered in several industrial countries as potential repositories for high-level radioactive wastes. Among the critical issues related to the long-term safety assessment of such geological repositories, the study of the so-called excavation damaged zone (EDZ) induced by gallery excavation is of particular importance. The initiation and extension of the EDZ are governed by many parameters [START_REF] Tsang | Geohydromechanical processes in the Excavation Damaged Zone in crystalline rock, rock salt, and indurated and plastic clays-in the context of radioactive waste disposal[END_REF][START_REF] Bossart | Geological and hydraulic characterisation of the excavation disturbed zone in the Opalinus Clay of the Mont Terri Rock Laboratory[END_REF][START_REF] Blümling | The excavation damaged zone in clay formations time-dependent behaviour and influence on performance assessment[END_REF], such as the material properties of the rock (e.g., material anisotropy), the initial stress field in the rock, the existence of natural fracture zones in the rock mass, the geometry of the gallery, and the hydric state existing in the gallery. With regard to the hydric state in the gallery, fractures associated with the desaturation of argillaceous media have been observed in gallery fronts in several underground research laboratories, e.g., the experimental platform at Tournemire [START_REF] Hedan | One-year monitoring of desiccation cracks in Tournemire argillite using digital image correlation[END_REF][START_REF] Cabrera | Synthèse des Résultats des Programmes de Recherche[END_REF] and the Mont Terri laboratory [START_REF] Möri | Mont terri project: cyclic deformations in the opalinus clay[END_REF]. This hydric fracturing process is evidenced in situ by sub-horizontal cracks and sub-vertical cracks. The corresponding crack openings can reach a few millimeters in winter (dry state), whereas these cracks are closed in summer (wet state). These cracks are induced by drying and are parallel to the bedding planes, suggesting that the cracks are partially controlled by sedimentological patterns (e.g., vertical differences in sediment granulometry and/or mineral composition). The changes in the crack openings calculated from the displacement fields and the strain fields were clearly correlated and concomitant with changes in RH and T (with 25%<RH<99% and 6°C<T<14°C) in the gallery [START_REF] Hedan | Investigation of the damage induced by desiccation and heating of Tournemire argillite using digital image correlation[END_REF].

Experimentally, it was impossible to mark the surface of the material because it contributes to the exchange of water. The natural roughness of material has been used as a natural speckle and allows the DIC to be employed.

The set of pictures and the H-DIC algorithm have demonstrated the anisotropy of hydric strains along the directions parallel and perpendicular to the stratification and the presence of sub-horizontal and sub-vertical cracks with intervals of 34.97 to 69.4 mm between subhorizontal cracks [START_REF] Hedan | A new approach to quantify the anisotropy of hydromechanical strains in clay-rock at the gallery scale[END_REF]. These observations and Figure 1 confirm the presence of mixed mode I-mode III fractures in the argillaceous rock submitted to natural variations in hygrometry.

Figure 7 presents, on a state close to an extreme state (RH=73.71%, T=7.22°C), the jump maps (o, s) and -map calculated using the H-DIC algorithm. A limit of crack detection is applied when the jumps were greater than 0.136 pixel (i.e., 0.0366 mm for a magnification of 0.269mm.pixel -1 ). The white background corresponds to these areas without desiccation cracks or with a jump less than the H-DIC precision, and the color level corresponds to the jump amplitude in millimeters. The results show a movement of desiccation cracks along a mode I opening and the presence of mode III sliding. To our knowledge, the existence of mixed mode I-mode III for desiccation cracks in argillaceous rock and for sub-horizontal and sub-vertical cracks has never been observed and measured experimentally in the field. A qualitative analysis of Figure 7 shows the same order of magnitude of displacements in modes I and III. Figure 7 confirms these results, where many cracks have an -orientation different from 0 or , which confirms the presence of a mixed mode. The -orientation allows the isolation of sub-horizontal and sub-vertical cracks. Moreover, the orientation of sub-horizontal cracks corresponds to the stratification orientation, and the angle between the orientations of the sub-horizontal and subvertical cracks can be measured.

From Figure 7, the sub-horizontal and sub-vertical desiccation cracks were divided according to the H-value, and the ranges were chosen to have a good continuity of cracks. In the previous study [START_REF] Hedan | A new approach to quantify the anisotropy of hydromechanical strains in clay-rock at the gallery scale[END_REF], the mean orientation of the sub-horizontal crack according to the coordinate system of the camera was 1.74 rad. A qualitative analysis shows that the H-value was in the range of 1 to 2.2 rad for sub-horizontal desiccation crack and - to 1 rad and 2.2 to  rad for sub-vertical desiccation cracks. These ranges were obtained to locally contain the pseudocontinuous pathways of each sub-horizontal and sub-vertical crack.

Although our new investigation using the H-DIC algorithm confirms the strong dependence of desiccation crack behavior with climatic changes [START_REF] Hedan | One-year monitoring of desiccation cracks in Tournemire argillite using digital image correlation[END_REF][START_REF] Cabrera | Synthèse des Résultats des Programmes de Recherche[END_REF][START_REF] Möri | Mont terri project: cyclic deformations in the opalinus clay[END_REF][START_REF] Hedan | Investigation of the damage induced by desiccation and heating of Tournemire argillite using digital image correlation[END_REF], the investigation also provides at least one new result or feature that has not previously been documented in studies performed in underground facilities.

The sub-horizontal and sub-vertical desiccation cracks induce the apertures (mode I), as observed in previous results [START_REF] Hedan | One-year monitoring of desiccation cracks in Tournemire argillite using digital image correlation[END_REF], but our study on the same set of data shows that climatic changes can also induce slipping (mode III) in desiccation cracks. These slip modes appear to exhibit low crack aperture values, but the aperture value was higher than the precision of H-DIC (>0.136 pixels = 0.0366 mm for a magnification of 0.269mm.pixel -1 ). This new result confirms that many desiccation cracks evolve in mixed mode I-mode III (Figure 7) and not only in mode I, as measured in previous results on clayey geomaterials [START_REF] Hedan | One-year monitoring of desiccation cracks in Tournemire argillite using digital image correlation[END_REF][START_REF] Bailly | Temporal behavior of a ventilated claystone at the Tournemire URL: Cross-spectral analyses focused on daily harmonics[END_REF].

Contrary to many studies [START_REF] Liu | Automatic quantification of crack patterns by image processing[END_REF][START_REF] Li | Experimental study on soil-water characteristic curve for silty clay with desiccation cracks[END_REF], which transform grayscale images to binary images to calculate the crack area (CA) called crack intensity factor or surface crack porosity, H-DIC uses calculated jumps (u',v') to localize the desiccation cracks pixel by pixel (Figure 7) and to calculate 𝐶𝐴 from o-values. 𝐶𝐴 was calculated using the following equation:

𝐶𝐴 = ∑ 𝑜(𝑥, 𝑦). 𝛾² 𝑁 𝑖=0
where  is the magnification (=0.269 mm•pixel -1 ) and N is the number of pixels at each deformed state (t) with an aperture of desiccation cracks o≥0.136 pixel (see section §2-2-1)

In comparison to the literature, H-DIC allows local quantification of the crack aperture.

Table 1 shows the results of two specific states extracted over a period of one year. The first state has been selected for a maximal value of N that corresponds to the maximal value of fractured pixels; the second state has been selected for the maximal value of CA. Note that the maximal value of fractured pixels does not correspond to the maximal value of CA.

As observed by Hallaire in 1984 [START_REF] Hallaire | Evolution of crack networks during shrinkage of a clay soil under grass and winter wheat crops[END_REF] on clayey soil, the behavior of argillaceous rock submitted to a natural cycle reveals the same two results. First, thin cracks appear with small spacing (range of 35 to 320 mm), and the maximum CA (CAmax) does not correspond to the maximal number of pixels N (with o≥0.136 pixels). For this state, the maximum N (Nmax)

extracted from the H-DIC was 12193 pixels, which corresponds to a CA of 227.5 mm², and the hygrometry in the gallery was RH=35.22% and T= 1.16°C. Indeed, for argillite, the CAmax of 595.8 mm² was distributed into 9444 pixels for RH=72.7% and T= 7.9°C. Second, some of these cracks opened wide (widths greater than 0.5 mm), while the remaining cracks were partially or even completely closed. This result confirms the presence of two types of cracks: large cracks or master cracks and thin cracks or slave cracks [START_REF] Hallaire | Evolution of crack networks during shrinkage of a clay soil under grass and winter wheat crops[END_REF]. All cracks that are always open when the RH in the gallery is less than 80% [START_REF] Hedan | One-year monitoring of desiccation cracks in Tournemire argillite using digital image correlation[END_REF] are considered large cracks, and all other cracks are considered thin cracks. To compare the H-DIC results and the digital imaging methods (i.e., precision of approximately 1 pixel), CA_1 pixel was calculated taking into account aperture values greater than or equal to one pixel (i.e., 0.269 mm). CA_2 pixels was calculated taking into account aperture values greater than or equal to two pixels (i.e., 0.538 mm).

In the first state (2011/10/21) (i.e., Nmax), CA_1 pixel and CA_2 pixels were equal to 0 mm². In addition, H-DIC detected 12193 cracked pixels with an aperture in the range of 0.037 to 0.269 mm, and CA was close to 227.5 mm². Consequently, all visible cracks (Table 1), including large and thin cracks, had an aperture less than 0.269 mm, so the digital imaging methods with a precision of one pixel consider the medium as continuous without observable cracks.

In the second state (2012/2/13) (i.e., CAmax), CA_1 pixel and CA_2 pixels were close to 421 mm² and 154.7 mm², which correspond to an underestimation of crack area of 29.33% and 74%, respectively. These results confirm that the H-DIC algorithm allows the detection of lip movements with subpixel precision and that the digital imaging methods that segment images to highlight the desiccation cracks significantly underestimate CA.

Conclusion

After recalling the principles of the H-DIC measurement method, displacement was analyzed in two cases: synthetic images and field measurements in an underground gallery front. These cases allowed us to analyze the performance of the H-DIC algorithm by measuring the resolutions of openings, shear movements and orientations of cracks. In the first case, the tests related to single crack detection on synthetic images for different discontinuity jumps values without and with deformation of blocks showed that the H-DIC method was efficient at extracting the displacement fields in the neighborhood of cracks. The sub-pixel resolution of the movements of lips can be evaluated to 0.136 pixels. In the second case, an experimental field study considered an argillaceous medium because this material presents many subhorizontal and sub-vertical cracks in the region of interest. In this experimental case, all previous conclusions were verified. The experimental results obtained by H-DIC algorithm confirms that the desiccation cracks evolve principally following a mixed mode. A particular application was analyzed, and the measurement of CA from full-field displacements in fractured argillite rock was shown for two deformed states. Finally, the evolution of CA according to the imposed threshold was measured with evolutions in T and RH to demonstrate the presence of various types of desiccation cracks that have a significant influence on the values. The range of openings is 0.1-0.5 mm for the sub-horizontal and sub-vertical cracks, and these new sub-pixel cracks detected with H-DIC increase of 30-74% the porosity of cracks compared to the previous methods. The proposed development demonstrated its efficiency for localizing some subpixel displacement discontinuities and providing more accurate and more localized information. 
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 2 Figure 2 and equations 4 and 5 show the description of the two-dimensional Heaviside function.

  𝐻(𝑥, 𝑦) = 𝐻(𝑥 𝑐𝑜𝑠(𝜃 𝐻 ) + 𝑦 𝑠𝑖𝑛(𝜃 𝐻 ) -𝑟 𝐻 ) = 𝐻(𝑟 -𝑟 𝐻 ) and 𝐻(𝑥, 𝑦) = 0 𝑖𝑓 𝑟 ≤ 𝑟 𝐻 𝐻(𝑥, 𝑦) = 1 𝑖𝑓 𝑟 > 𝑟 𝐻[START_REF] Tang | Desiccation and cracking behaviour of clay layer from slurry state under wetting-drying cycles[END_REF] where rH and H define the position and orientation of the two-dimensional Heaviside functionH.-As all parameters are minimized in the same procedure, the correlation function S becomes 𝑆 (𝑢, 𝑣, , 𝑣 𝐻 , 𝜃 𝐻 , 𝑟 𝐻 ).

  1 and 2 pixels. The mean values of errors were approximately 0.136 pixels for the opening component (o), 0.051 pixels for the shear component (s) and 0.11 rad for the -angle, and the maximum standard deviations were 0.058 pixels, 0.054 pixels and 0.11 rad, respectively. The crack is considered open and in the subset when the o-component is greater than or equal to the threshold value of 0.136 pixels, corresponding to the mean value of errors for the opening component. When the o-component is less than this threshold value, the medium is considered continuous uncracked material.The errors in the opening displacement (o), sliding displacement (s) and -angle illustrate the interest and the improvement of using H-DIC (i.e., jump vector (uH, vH)) to extract the movements (o, s) of crack lips and the mode(s) of fracture exhibited by cracks. The H-DIC procedure is better than the traditional DIC method for calculating the translation of edges, and the jump maps (o, s), H-map and  -map allow us to predict the presence or absence of one

Figure 1 :

 1 Figure 1: (a) Schemes of principle for the initial state, the deformed state of two blocks subjected to an isotropic contraction () of 0.05 and a rigid body movement (imp_disp) of 0.3 for block 1 and an isotropic contraction () of 0.04 and a rigid body movement (imp_disp) of 0.4 for block 2. (b) Displacement values (opening o_imp and shear s_imp) of the borders of the blocks along the (x0, y0=0) axis. The positive displacements are along the positive axis.

Figure 2 :Figure 3 :

 23 Figure 2: 2D Heaviside function description in the subset base (adapted from Valle et al., 2015). Magnification of the edges of the discontinuity to explain all displacement components (uH, vH, o, s, n)

Figure 4 :Figure 5 :Figure 6 :

 456 Figure 4: Errors and standard deviations of o, s and  for the subpixel imposed translations representing mode I, mode III and mixed mode I-mode III fractures.

Figure 7 :

 7 Figure 7: Maps of the o-component, s-component, -angle and -angle for a mixed mode Imode III fracture in the real case of a gallery front at the experimental station of Tournemire and in a state close to an extreme state (RH=73.71%, T=7.22°C).o-component [mm]s-component[mm] 

  

Table 1 :

 1 Principal data and results extracted for two states.

	Date	2011/10/21	2012/2/13
	Desiccation		
	crack location		
	HR [%]	35.22	72.7
	T [°C]	1.16	7.9
	N [pixels]	12193	9444
	CA [mm²]	227.5	595.8
	CA_1pixel [mm²]	0 (100%)	421 (29.33%)
	CA_2pixels [mm²]	0(100%)	154.7 (74%)