Sequence of images capturing the air invasion into a rigid micro uidic chip with narrower pore constrictions going from 1 to 3, initially lled with ethanol. Two scenarios are highlighted: (i) the non-we ing uid rst invades the largest throat (1) having the smallest entry pressure and (ii) the recession of the non-we ing phase in the adjacent constrictions once the rst meniscus invades the pore: this event is . Raw images (1950×6600 pixels) captured during the drainage process: bright color represents the region invaded by air and dark color represents the region that remains saturated by water. e time-step between these images is 0.5s. . . . . . Pixel-residual error maps, in terms of gray level, for time 5 shown in Figure . , where local correction of gray level is applied in (a), whereas it is abandonned in (b). e displacement vector in both cases is issued from the DIC calculation performed with local correction of gray level. . . .

Histograms of gray level residuals for consecutive instants

1→5 acquired during the air invasion process and illustrated in Figure . . Dashed lines indicate the gray level residual calculated considering the local correction while solid lines calculated with no correction. For both cases, the displacement vector is obtained from the same DIC calculation performed with local correction. In (a), the considered region is the ROI shown on the maps of Figure . , whereas in (b) the considered region is only the invaded part. . . . . . . . Time evolution for the vertical displacements obtained from di erent mesh sizes (M=5, 10, 20 pixels) on a domain of 100 × 100 pixels. 0 indicates the reference state and ( >0) indicates the deformed state. . . . . . . . . . . . . . . . . . . . Eulerian representation of the displacement vector layered on top of the deformed images to con rm the granular motion. ese vector elds are colored by the displacement magnitude and displayed with a magni cator of 3. e last map, the volumetric strain map shows the positive and negative volumetric strains consistent with the opening and tightening of the granular medium, respectively. . Centered zone delimited by the red border of 4000 × 4000 pixels over which DIC is executed. . . . . . . . . . . . . . . . Evolution of the average value of the volumetric strain derived from DIC calculation with a Tikhonov regularization of 15 pixels and mesh size of 5 pixels and tested under two types of gray level correction, over an acquisition period of 3s. . Evolution of the standard deviation value of the volumetric strain derived from DIC calculation with a Tikhonov regularization of 15 pixels and mesh size of 5 pixels and tested under two types of gray level correction, over an acquisition period of 3s. Volumetric strain maps for the single nger detected in test (1). e time-steps between the maps is 0.5s. e black lines represent the detected interface by the approach explained in Section . . for a = 0.25. . . . . . . . . . . . . . . . . . . Close-up on volumetric strain maps at a position where a jump of the front has occured between two consecutive instants, in test (1). . . . . . . . . . . . . . . . . . . . . . . . . Volumetric strain maps for the single nger detected in test ( 2). e time-steps between the maps is 0.2s. e black lines represent the detected interface by the approach explained in Section . . for a = 0.25. . . . . . . . . . . . . . . . . . . Volumetric strain maps for the couple of ngers detected in test (3) and evaluated at same instants. e time-steps between the maps is 0.1s.

e black lines represent the detected interface by the approach explained in Section . . Steps to the construction of virtual image: (a) de nition of gray level pro le (b) assigning this pro le to the drawn line on the physical image (c) construction of the virtual image with a transition of gray level according to the de ned pro le. .

Residual error images (1950 × 6600 pixels) with ampli ed contrast: bright color represents the region invaded by air and dark color represents the region saturated by water. e time-step between these images is 0.5s. . . . . . . . . . . . . .

Output from the interface detection algorithm for unstable interface: a map of the scalar , issued from ℓ = 40 pixels. . Set of curves, each corresponding to a transition zone and describing the cumulative frequency of elements that reached their peak deformation through time, in test (2). . . . . . . . . Element-scale map describing the residual value between the peak deformation and the last stage deformation, detected in test (2). It is worth to point that keeps the same sign as even if

. has a di erent sign. . . . . . . . . . . . alitative maps highlighting, in dark red, the density of elements that have lost part of their peak deformation but conserved their sign in (a), and the density of elements that have changed their deformation sign in (b). . . . . . . . . . .

Comparison of the density of high amplitude volumetric strains above a certain threshold (herein, | | > 5.25 [%]) between test (2) and (3). In (a) the peak strain map for test (2), in (b) the map representing the thresholded peak strains for test (2); in (c) the peak strain map for test (3) and in (d) the map representing the thresholded peak strains for test (3). (a) log-scale graph showing the output of FFT with periods sorting in two parts for both borders: the main part contains the main periods that will contribute to the reconstruction of a ltered interface and the removed part contains the set of small and large periods that will not be involved in the contour reconstruction, (b) the main parts represent the ltered signal of signed distance while the removed parts account for the noisy signal that has been removed; in blue is the original signal and (c) in magenta and cyan, are reported the reconstructed borders of the contour based on the set of main periods selected; this gure is in element scale where each element is 5 pixels. . ). Moreover, the underground storage of synthesized methane produced by the reaction of carbon dioxide with hydrogen, allows to reduce the reliance on imported gas and avoid the uncertainties from geo-political risks (S ., ). erefore, large-scale underground storage of hydrogen, hydrocarbons and sequestred CO 2 is a promising solution to accelerate the energetic transition and to mitigate the intermi ency of renewable energies provided by solar and wind farms and to counteract the energy imbalance.

e storage of uid into saline aquifer, at minimum depth around 0.5 km within the Earth's crust, is "secured" by the presence of a speci c geological barrier, the "sealing" caprock, of very low permeability. However, the storage operation inducing a bi-phasic ow between the stored uid and the residential one, can trigger the opening of existing faults within the sealing rock or can generate new ones, implying a global destabilization of the large formations in the form of induced seismicity (M ., ), subsidence or ground swelling (C R ,

). e faults (re-)activation induced by the uid percolation is coupled with the uid migration (M M ., ) which is consequently contaminating the shallow potable groundwater and leading to environmental risks. Another physical issue that emerges in the context of bi-phasic uid ow, is the instability of the interface, known as uid ngering, which is manipulated by the high injection rate and the viscosity ratio of the involved uids (brine and hydrogen/methane/CO 2 ). Keeping unchanged the host aquifer reservoir, the injection pressure required to displace the residential brine is higher when the injected uid is hydrogen compared to methane (Z ., ), thus favouring the establishment of an unsteady gas movement, eventually "viscous" ngering, due to the lower viscosity of hydrogen with respect to methane (F ., ; S ´ G ´ ., ). In the context of CO 2 sequestration, the greenhouse gas is stored permanently, exhibiting a one-way uid ow (T ., ). On the contrary, the storage of hydrogen and methane is temporary; each injection operation is followed a er short period of time (few months) with a withdrawal one. is cyclic operation makes the rock formation more susceptible to loose its integrity (R , ; H .,

). e motion of two immiscible uids within a porous network is distinguished into two phenomena: during the injection phase, the gas displaces the residential brine which refers to the displacement of a we ing uid by a non-we ing one; this process is called drainage. In reverse, during withdrawal, the wetting uid pushes the non-we ing one and this process is called imbibition. In both cases, a di erential pressure between the two phases, drives the ow, alters the microstructure and possibly establishes a complex displacement pa ern. When this di erential pressure acting at the interface between the reservoir and the caprock, exceeds the threshold entry pressure of the sealing rock, the stored uid in ltrates into the tight rock and concretizes the above-mentioned geomechanical and environmental risks.

In completely di erent contexts, similar phenomena occur in biology or in chemical engineering when considering the bi-phasic blood ow (the two phases being plasma and red blood cells) or in lythium sulfur ba eries during the saturation of electrolyte in the pore network. In the rst case we can for instance refer to (D ., ; E ., ) who have studied the blood ow within a network of vessels of di erent sizes in order to estimate their subsequent dilations and constrictions triggered by changes in neuronal activity, via experimental or numerical scheme. For the second above mentioned example, it concerns the design and optimization of lithium-sulfur ba eries, which is typically a ected by capillary ngering phenomena (A F ,

). e coupling between bi-phasic ow and a host porous medium is a complex problem: it can easily combine thermo-chemo-hydro-mechanical interplay. e only way to understand such complicated interactions starts by decoupling the various processes. In this work, the focus is held only on the hydro-mechanical coupling and is further simpli ed at laboratory scale to investigate the uid ngering and the localized strains within a granular medium. With the proposed experimental campaign, both drainage and imbibition ows can be performed however in the following, the analysis will concentrate only on the drainage process under mechanical loading.

While numerous experimental studies have focused on the bi-phasic ow morphology within a Hele-Shaw cell or a 3D medium, the quanti cation of the full-eld uid-driven skeleton deformation under hydro-mechanical loading is still missing. e purpose of the current thesis is rstly to identify, the relation between the unstable gas ow observed during a drainage phenomenon and the localized strains by means of digital image correlation coupled with interface detection and, secondly, to capture the in uence of mechanical loading on the level of deformation and interface characteristics.

e current thesis is organized as follows. Chapter provides a short review of the literature regarding the hydraulic and mechanical instability phenomena in porous/granular media. Chapter presents the new biaxial experimental set-up speci cally designed to control hydraulic and mechanical conditions of a soil sample con ned within a transparent cell and to capture the uid percolation through it by means of high resolution optical system. e procedure elaborated to perform a drainage test using the biaxial apparatus is discussed in details. Chapter is dedicated to image processing, a rst step for the extraction of information from the acquired images on both aspects: mechanically in terms of full-eld deformation and physically in terms of interface detection. Moreover, a quanti cation of the uncertainty measurements arising from the optical system itself, the lmed pa ern and the processing algorithm is provided via two tests. Chapter delivers an in-depth analysis to identify the relation between the front propagation and the strains evolution from one side and to quantify the changes of the detected interface, physically and morphologically, from the other side. Finally, Chapter investigates the couplings between the hydro-mechanical loadings and the induced localized strains as well as the interface properties, by comparing two drainage tests that di er from each other in the order of magnitude of the mechanical loading.

e current thesis study was conducted under the framework of a doctoral contract supported by the French National Research Agency, and subscribed to the doctoral school: École doctorale Sciences de l'Ingénierie et des Systèmes. Speci cally, this reaserch work falls under the broad framework of the ANR-STOWENG project (ANR-18-CE05-0033) (ANR STOWENG,

). Geo-materials can be subjected to di erent types of loadings, in particular hydromechanical ones. When the bi-phasic ow of two immiscible uids occurs, the uid-uid interface can destabilize generating a preferential pathway for the ow. In-depth studies of this ow have been conducted in what concerns the unstable displacement pa erns, their controlling parameters and their driving mechanisms at the pore scale. Conversely, the strain localization and skeleton remodeling have also been investigated when a geo-material is undergoing a mechanical loading. Few studies have addressed the e ects of hydro-mechanical loadings on the response of the loaded geo-material. In this chapter, an overview of the research work retrieved from the literature approaching these two kind of instabilities is provided. e retraction of a defending uid by an advancing one, can manifest in unsteady percolation and promote the formation of preferential pathway.

is phenomenon called by uid ngering, is a form of instability possibly occurring in granular/porous media when a uid front percolates the porous network. Indeed, uid instabilities happen whether the two-phase ow is designated as a drainage or an imbibition process which are illustrated schematically in Figure . . However, the focus in this thesis will be on drainage process, when a we ing phase (WP) initially saturating a granular medium is displaced by the injection of a non-we ing phase (NWP).

Since the eighties the scienti c community has been mostly interested in understanding the ow of multiple immiscible phases through a rigid porous skeleton. Fluid instabilities have been investigated considering network of capillary ducts (L , ) and more recently (S S ,

), Hele-Shaw cells (E ., ), or real porous rocks Hele-Shaw cell is constitued of two parallel transparent plates separated by a certain gap where where one layer of particles can be poured or a 3D printed porous medium interposed. (B ., ; B ., ), a empting at nding out at rst place (i) the displacement pa erns at the scale of centimetric samples and their controlling parameters then (ii) the relation between the pa ern formation and phenomena occurring at the scale of the pores.

When the non-we ing phase percolates through the porous network saturated with a we ing phase, the displayed pa ern depends on the viscosity contrast as well as on the competition between the viscous forces and the capillary forces. e seminal work of (S T , ) has early identi ed the in uence of viscosity contrast on the uid displacement pattern considering two immiscible uids within a Hele-Shaw cell without the presence of a porous medium. When a less-viscous uid is driving forward a more-viscous uid, the interface is most likely to destabilize and develops fast-growing ngers as illustrated in Figure . . Two regimes of unstable ow have been identi ed later on by (L , ), depending on the governing forces: capillary or viscous. When the uid is injected with high ow rate, the ow regime is viscous-dominated and the established displacement pa ern is described as viscous ngering; in reverse, when the ow rate is slow, the ow is capillary-controlled and the displacement pa ern is described as capillary ngering. is competition of governing forces is encapsulated in the capillary number de ned as: Regardless of the fact that the scope of this thesis does not investigate in the ow at the pore scale, it is important to look behind these macroscopic displacement pa erns to discover the local mecanisms that drive them (S ., ). A porous network is commonly de ned by multi-connections between pore throats and pores, thus the advancing ow driven by a certain capillary pressure which is de ned as the di erence of pressures between the non-we ing and we ing phases = -, results from a sequence of pore lling and throat invasions. (L ., ) describe the mechanism of pore and throat lling in a network of capillary ducts on the basis of Young-Laplace equation: each throat/pore has its own threshold pressure de ned as the capillary entry pressure and given by:

= × ( . ) (a) = (b) =
= × ( 1 1 + 1 2 ) ( . )
where 1 and 2 are the principal radii of curvatures of the meniscus. As each entry in the porous network has its own threshold pressure, the ow driven by a capillary pressure, will only advance if the local capillary pressure acting at the interface exceeds the local entry pressure of the target pore or throat. Particularly, the throat is characterized by two di erent entry pressures that control the nature of displacement moving from pore to throat: a piston-type invasion illustrated in Figure . a, occuring when exceeds the piston-like pressure , or a snap-o invasion, as depicted in Figure . b when exceeds the snap-o pressure but remains lower than . Equation ( . ) and Equation ( . ) report the piston-like and snap-o pressures derived from Equation ( . ), for more details see (V B , ; Z ., ):

= 2 cos ( 1 + 1 ) ( . ) = 2 cos -sin ( , ) ( . ) 
where is the contact angle at equilibrium and and are the dimensions of the rectangular cross-section of the channel. It is to be noted that the entry pressure for a snap-o invasion is smaller than that for a piston-type invasion. Obviously, the entry pressure to a pore is smaller than that to a throat. In drainage, the sequential invasion privileges the largest pore throat over the narrower ones, as reported in the panels (a) to (c) in Figure .  where the meniscus air-ethanol, arrived at the same position with respect to the pore constriction geometry, advances in the rst chanel characterised by a larger radius with respect to the other two chanels.

At the pore scale, the invasion of the NWP usually corresponds to an alternate sequence of piston-type displacements and Haines jumps events when the NWP moves from pores to throats and from throats to pores, respectively. e characteristic time scales of these two processes is very di erent, as a ma er of facts pore lling due to Haines jumps abruptly occurs, as a kind of local instability (H , ), with a sharp drop of the local capillary pressure caused by the change of curvature of non-we ing/we ing interface (B ., ; S S ,

). e fast invasion of the pore space by the NWP generally induces a non-we ing uid ow towards the pore from adjacent throats, so sucking we ing uid into these last ones, as can be seen in second and third pore constriction in Figure .  where a backward movement of air is observed. It is worth to underline that the three ducts of Figure . are connected before and beyond the constriction. ese pore scale instability events are clearly driven by capillary forces and therefore happen only when capillary forces exceed the viscous forces. is means, referring to the Lenormand phase diagram (L , ), that Haines jumps mostly occur within the capillary ngering domain (Z B , ; Z ., ). When Haines jump tooks place, the pressure drop can be signi cant making the governing entry pressure, the snap-o pressure. Although this type of displacement is rare to happen in drainage, the schematic in Figure . b illustrates the snap-o motion where in red is the invading non-we ing phase and in white the defending we ing one.

e mechanism consists on supplying the adjacent pore by intermi ent bursts of non-we ing uid broken by the swelling of the we ing layers within the connecting throat. Once the pore got fully drained, a permanent connection starts to be built with the former pore through the intermediate throat (J N H , ; B , ). On the other hand, the regime of viscous ngering, with viscous forces higher than capillary forces, typically implies at the microscopic scale a piston-type invasion, driven by the high values of the NWP ow rate and consequently of the pressure gradient. is last being responsible for the absence of the stick-slip behavior previously described. Going back to the study of (S S , ), an interplay between the pore scale event, Haines jump, and the subsequent deformation of the invaded chanel is revealed: when the non-we ing phase is travelling from the pore space to the pore constriction, as depicted in the rst panel of Figure . following the receding direction, the capillary pressure is increasing (this la er being de ned as the opposite of reported in the second panel of Figure . ) and the chanel undergoes a compaction whereas when the interface advances and invades the following pore, a drop of the pressure is accompanied by a swelling of the chanel.

. & Geo-materials, either ne or coarse materials, are the foundations of many engineering applications such as dams, tunnels, o shore installations and geological storage. Understanding their behavior against thermal and hydro-mechanical loadings is fundamental to avoid catastrophic failures. At laboratory scales, researchers have deeply studied their macroscopic deformation under axial and/or shear forces applied either on dry or saturated samples. However, thanks to the technology development and especially imaging technology, the measurement precision has improved, and a transition from ponctual to contactless full-eld measurement has been elaborated.

is progress has re ected on geomechanics domain (W S , ; X ., ) and many studies had access to twodimensional measurements using one digital camera (R F , ), stereovision measurements using two digital cameras (L .,

) and three-dimensional measurements using X-ray radiography (L ., ; H , ). So, recording 2D or 3D images allow to retrieve local information going from macroscale to microscale, depending on the spatial resolution of optical systems. e assessment of the acquired data is achieved via robust image analysis algorithms such as Digital Image Correlation (DIC) for 2D images and Digital Volume Correlation (DVC) for 3D images.

Strain localization and crack/fault (re-)opening is ubiquitous in geomaterials. Without aiming to revise the huge literature on this topic it is worth to remind that the most part of the available results are mainly focused on the quantitative characterization of such instabilities (extent, thickness and void index evolution, see e.g. (D ., ; L ., )) and the correlation of their occurrence with the behavior of the material (contractive or dilative) as well as the test conditions (drained or undrained).

ite recently (D ., ) launched an experimental campaign in order to detect microscale precursors of visible laboratory scale shear bands, observing di usely distributed strain localization events, at early stages of triaxial tests on sand, just few of which evolving towards visible shear bands.

In these studies the most re ned analyses have been obtained via X-ray computed microtomography, in particular high-speed synchrotron X-ray tomography, allowing the monitoring of grain remodeling. Only quite recently the interest of the scienti c community started to shed light on hydro-mechanical coupled localizations as preferential uid paths in shear banded region in porous media, using neutron tomography techniques. In (H , ), it has been shown that an imbibition front accelerates owing through a compactant shear band. Conversely (S S , ) proved that the propagation of a non-we ing uid front through a granular material can generate fracture, altering the local void ratio distribution: at the tip of a defect, the grains are displaced and so the void ratio increases, then a fracture is generated, the grains are compacted so that a decrease in void index is observed.

. Bi-phasic ow of two immiscible uids has been evaluated in 2D conditions, particularly within a Hele-Shaw cell as well as in 3D conditions. Also the acquisition systems provided to lm the displacement pa erns, are adapted to each con guration. In the following, the objectives of studies in the literature that focus on uid ow through a porous medium are discussed, with particular emphasis on the coupling between uid invasion and the corresponding response of the percolated medium, in terms of localized strains and fracture opening.

. . Bi-phasic ow in 2D con guration with appropriate imaging techniques

Extensive studies have been conducted to elucidate the evolution of the pa ern describing the distribution of two immiscible uids in a 2D con guration, either in the absence of any porous medium (S T , ) or when the two uids percolate through a porous medium entrapped within a linear or radial Hele-Shaw cell (L ., ), a rigid porous medium incarnated by a duct network (L Z , ) or a micro uidic device (R ., ). Di erent scenarios have been tested, and di erent aspects of the bi-phasic ow have been investigated considering the role of (i) gravity forces (M´ ., ), (ii) deformable granular medium where the grains are free to move (E ., ; C

., ; O S , ) or undeformable granular medium where the grains are glued to the transparent walls (E ., ; L ., ), (iii) grains diameter constituing one or two-layered sample where in the la er case, the upper layer is ner than the bo om one (I ., ), (iv) packing density (C ., ), (v) one-dimensional loading (H .,

) and (vi) wettability conditions (T .,

).

e acquisition system used in the above-cited experiments to capture the displacement pa erns typically consisted of a simple optical system made of a camera and an optical lens. In most studies, the acquired set of images was used to investigate the unsteady regimes and to try to identify the e ect on the displacement pa erns of parameters other than those addressed by the phase diagram. Among the above mentioned topics, the interest in this thesis is focalised on the coupling between heterogeneous unstable percolation and deformation of the solid constituent. For this reason a short review of the results available in the literature is proposed in the following. ) has tackled the interaction between uid ow and the skeleton deformation, happening also within a Hele-Shaw cell and due to a point-wise radial air injection. In this study, the particles can be displaced but without leaving the con ning cell. DIC is the technique used to extract the volumetric strain maps reported in Figure . . A positive volumetric strain indicates the dilation of the medium while a negative value indicates the compaction. Regardless that no information has been provided neither on the DIC process nor on the handling of the artefact produced by the change of contrast through the drainage process, it seems that the air invasion pa ern, colored in black, generates localized deforma- tion and as can be seen on the sequence of maps illustrated in Figure . , the order of magnitude of deformation within an invaded zone does not modify through the process, thus the induced deformation looks irreversible. As in the previous study, the adjacent environment appears to undergo negative volumetric deformation and the grains are therefore compacted.

According with these preliminar results, unstable percolation described by uid ngering, seems to be responsible of the generation of localized deformation however, there is still a lack of quantitative local information correlated to the tracking of the interface and the conditions which characterize the triggering of the unstable ow.

. .

Bi-phasic ow in 3D con guration with appropriate imaging techniques Fluid ow has also been investigated into 3D medium, percolating through a cell of glass beads or a geo-material.

Material: glass beads

Instead of direct imaging the 2D surface, other studies investigated in the uid percolation within 3D granular packs using X-ray tomography (C ., ) or the planar laser-uorescence imaging (D J , ) as illustrated in Figure . . is la er consists on imaging the core of the sample by matching the refractive index of the dyed-uids with the granular material and sliding horizontally the laser sheet to capture the occuring ow in the corresponding vertical slice then, a 3D volume is constructed from the acquired stack (S ., ; D ., ). ese techniques can achieve high spatial resolution images but on the behalf of a slow ow rate due to the required time for an image scan (couple of seconds). Confocal microscopy, another optical technique for 3D imaging relying as well on the refractive index matching, allows to scan at higher speed, around 30 Hz, (K ., ) but covering only a small eld of view (910 µm × 910 µm). Filming a fast percolation through a porous medium is still challenging: either small eld of view can be captured or details are lost. Nevertheless, the interest of the above-mentioned studies is mainly pointed to the quanti cation of morphology changes of the invading pa ern as well as the trapped uid volume. In addition, a macroscopic deformation is quanti ed in (D J , ) by recording the displacement of the top lid during uid invasion. is global measurement has indicated an expansion of the granular medium detected by the li of the lid even though a con ning weight is applied on the top.

Material: geo-materials

On another side, bi-phasic ow experiments have been conducted on geomaterial samples under triaxial conditions to determine the so-called breakthrough pressure (H ., ; L ., ). Di erent terms and de nitions are used to de ne this la er (H ., ) but most importantly, a distinction between the capillary entry pressure and breakthrough pressure has to be made: the rst one refers to the minimum capillary pressure required to invade the largest pore at the entry of a sample while the breakthrough pressure also called by the threshold pressure, is de ned as the minimum capillary pressure required to invade a continuous pathway comprising the largest pores across the sample. A resume highlighting the di erence between these two quantities is provided in Figure . . So the breakthrough pressure can be de ned as the pressure at which the invading non-we ing phase reaches the top of the sample.

In most of the triaxial experiments conducted on in-situ samples, high range of con ning and injection pressures are applied to mimic the reservoir conditions (A ., ) and to identify the breakthrough pressure as well as the controlling parameters. (S ., ) have found that the con ning pressure and speci cally the e ective pressure have a major in uence on the breakthrough pressure. A shale sample Draupne II has been loaded then unloaded a er the failed a empt for CO 2 to enter the sample. With this new state of stress reported in the last row of II, the subsequent breakthrough pressure is lower. e reason behind this response is related to the loading history which Draupne II has experienced whereby the alteration of the local porosity has occured and persists even a er the load has been removed (B , ). Moreover, macroscopic measurement of radial deformation was achieved using a Linear Variable Di erential Transformers (A ., ; S ., ) and the results are reported in Figure . . e decreasing response in radial deformation indicates a dilation which is more signi cant in Draupne I than in Draupne II, once the samples have reached their breakthrough. It is important to recall that the mechanical loading acting on the rst sample is higher than that on the second one. erefore one can relate the in uence of the mechanical loading on the global deformation of the sample: the higher the e ective stress is, the more dilated the sample becomes. Moreover, X-ray computed tomography scans come to support these measurements (S ., ). A quantitative description of the responses of two water-saturated granular media, prepared entirely from silica-sand grains or silica-silt grains, to gas migration is provided by the continuous scanning of the 3D sample via X-ray computed tomography in (C ., ). Under hydro-mechanical loadings representative to the in-situ conditions, and particulary by conserving the same ratio of radial/axial stress acting on both samples, this study has con rmed the fracture-like phenomena in the ne-grained sediments and the capillary invasion in the coarse-grained sediments. By referring to the density maps obtained for sand sample in Figure . a and for silt sample in Figure . b, the dilation of the medium described by a low value of the bulk density is more important and localized in the silt sample compared to the sand one, indicating the generation of preferential pathway in ne medium.

On the other side, in what concerns the investigation in imbibition process, C

. ( ), have lmed the velocity-controlled uid ow through a sandstone specimen subjected to mechanical loading in a triaxial cell, using X-Ray tomography. G … As noticed, an interplay between the uid propagation and the deformation of the medium remains an ongoing challenge. e goal of this thesis is to identify this coupling by means of laboratory experiments conducted on sand samples undergoing uid injection and mechanical loading.

e main motivation for this work is the underground storage of energy and mainly the behaviour of the sealing rock. e choice of sand as the material to be tested in the laboratory is obviously not motivated by an a empt of adherence to the behavior of the real material constituting the sealing caprock of underground gas reservoirs but by the interest in identifying the main mechanisms which are the basis of the coupling between heterogeneous (unstable) gas in ltration and induced local strains. Using granular materials, the identi cation of the grains movement is possible as well as the monitoring of the uid ow and the quanti cation of its morphology changes. A new bi-axial machine, called BIAX, was designed at Ecole Centrale Nantes -France, to simulate at laboratory scale, the propagation of uid ow in a partially saturated medium, under hydro-mechanical loadings. is machine, supplied by Megaris Srl, derived from the classical Bishop-Wesley device, is unique: besides being a suction controlled biaxial equipment, it is characterized by special features such as the see-through of the main sides of the in-placed specimen, and consequently the customised way for loading mechanically the non-wrapped sample. e purpose of this design is to visualize the in ltration of air into a water-saturated geo-material then quantify a full-eld uid-driven deformation and track the moving interface. However, the investigation in this eld of tests requires, in parallel, a reliable optical system that will play a major role in the data extraction and exploitation. In the sequel, an extensive description of the sample cell characteristics and the machine functioning, followed by the detailed steps to perform successful drainage tests are discussed. en, the optical system is described and the set of experiments that will constitute the core of our analysis, are addressed. A part of this work has been published in the journal Frontiers in Physics (A N ., ).

Camera Biaxial machine

Telecentric lens

Figure . : Biaxial machine endowed with its optical system.

. Before tackling the characteristics of the new sample cell, a photograph is presented in Figure . , to take you over the experimental cabin, where the setup is installed. e macroscopic elements are pointed: the biaxial machine endowed with its optical system, which is composed of the camera and the telecentric lens. e sample cell screwed within the pressure chamber is characterized by a couple of transparent windows, delimiting the specimen from both sides, to see through the in ltration process via an external couple of windows, as depicted in Figure . . A closer look on the sample cell, out of its home chamber, is provided in Figure . a. As can be seen, this sample is far from being similar to a conventional biaxial or triaxial cell. Digging into details when compared to the previously cited setups, many features are maintained or upgraded. For instance, the two parallel windows providing the mechanical con nement, are also inspired from the Hele-Shaw cell and purposely designed in sapphire, to promote the access to a scratch-free surface of the sample and to guarantee high quality images. Removing the front window layer, the sample assembly is revealed in Figure . b. So in addition to the front and back windows, the sample cell is built by mounting four other pieces, all tightened by two O-rings: the lower and upper blocks and two lateral compartments, which are going to be detailed in the sequel. One can imagine, how with this critical design, achieving a sealed sample is quite challenging, especially that there is no latex membrane wrapping the specimen.

In most of the Hele-Shaw experiments, the setups are designed with a pointwise injection either in the center of a radial cell or at the bo om of a linear one. is injection condition cannot be considered as objective towards the pa ern formation. In other words, a proper destabilization of an interface should not be triggered by the injection point but should emerge from an homogeneous interface. erefore, a porous stone occupying the most part of the sample section is put in contact with the base of the specimen to ensure a uniform layer of the injected uid over the base cross section before its "natural" bifurcation.

Two types of porous stones are designed: the rst one, a bronze porous stone, labelled as B-stone, consists of three adjacent blocks as presented in Figure . a. e two lateral blocks were initially dedicated to gas injection and the larger central one to uid saturation. However, the use of lateral blocks for gas injection is rapidly discarded due to the fact that the gas pathway is in uenced by the sample boundary e ects and therefore the central part of the porous stone is manipulated for a double service: rst for uid saturation phase then for gas injection phase. e second porous stone is a mix of bronze porous stone and ceramic porous stone (see Figure . b) and is labelled as BC-stone. is la er, and precisely the ceramic stone part, is very common in triaxial machines adapted to partially saturated medium, due to its threshold entry pressure that acts as a "checkpoint" where only the gas injected with a capillary pressure exceeding this threshold, is authorised to cross; the capillary pressure, , being de ned as the di erence of pressures between the non-we ing and we ing phases. e arrangement of blocks in BC-stone is as follow: in the center, is placed the bronze stone dedicated to the gas injection, whereas on both lateral sides are placed symmetrically the ceramic stones for uid saturation. Two pieces of BC-stone are concieved with two di erent entry pressures: 1 bar ( 1) and 3 bars ( 3). e selection of one of them depends obviously on the order of magnitude of the imposed capillary pressure. By blocking the entry/exit of gas up to a certain limit of capillary pressure, the ceramic porous stone hides an implicit advantage: a direct access to the pore pressure of the resident uid within the sample, during the gas in ltration phase, measured via a connected transducer. It is to be noted that when stone is used, a pre-saturation of the ceramic parts with deaerated distilled water is performed prior to the sample preparation phase. Some characteristics of the mentioned stones are listed in Table . . In all the referred types, the invading gas forms a thin layer at the base of the sample which is connected to gas injection point indicating the e ciency of these designs. Table . -Characteristics of the porous stones.

A er detailing the lower boundary of the specimen, the upper boundary is also in contact with a porous stone, a bronze one, illustrated in Figure . . With its two blocks, it covers all the top cross section and guarantees a uniform and smooth uid evacuation. As can be noticed, the studied uid ow is upwards.

e mechanical loading acting on a typical 2D Hele-Shaw cell (H .,

) or a 3D transparent box (D J , ), is usually limited to a 1D con ning load applied on a free horizontal lid, whereas the lateral boundaries consist of rigid con ning walls. e novelty of our sample cell is that the con ning pressure can act both along the vertical and the horizontal axis di erent from the normal to the con ning transparent windows.

e secret hides in-between the sapphire windows where two applied cell pressure arriving through the valve ( for Cell Input), provides the con nement of the sample. From now on, all acronyms which we are referring to are those of Figure . . e valve ( for Cell Output) being open, the cell pressure is transmi ed to the water lling the two bure es, the Reference Bure e ( ) and the Measurement Bure e ( ), normally used to measure volume changes of the sample. e ( ) bure e is connected to the ampli er, shown in Figure . , where the water pressure within the lower chamber is incremented by at least 10 kPa due to the ampli er self-weight, and transmi ed to the silicon oil residing within the upper chamber. is la er supplies the two longitudinal membranes via the Side Down block ( ) by this ampli ed pressure, called as "side pressure". An additional load of kg can be placed on the top of the ampli er to increment by 5 kPa the previous ampli ed pressure.

e side pressure therefore acts on the lateral side of the sample with an overpressure with respect to that of the chamber pressure to guarantee a good sealing of the sample. e cell and side pressures are measured by the two transducers ( ) and ( ) respectively. e last point to address is the thickness of the medium within the cell. e two at plates of Hele-Shaw cells, wrapping only one layer of glass beads of diameter , are usually separated by a small gap. However, in our case, a very thin gap is not endorsed because, as previously mentioned, our sample cell will undergo mechanical loading. erefore, the thickness of the sample has been chosen to be as small as possible to approach the conditions of two dimensional uid ow typical of the Hele-Shaw cell as well as to provide a minimal surface capable to sustain the mechanical loading applied to the sample. An optimised sample thickness of 11 mm is retained. Regarding the longitudinal section of the specimen, the length is 50 mm while the width is 40 mm (see Figure . b).

. Now reducing our focal length and looking widely to our setup, the biaxial machine is endowed with six blocks hooked on the exterior border of the chamber where ve of them, pointed in transducers, this machine provides a precise control of di erent circuits connected either to the sample or to the con ning cell. For instance, the saturation block, supplied by the source tank ( ) from one side and in contact with one entry of the base porous stone through (for the Saturation Output) from the other side, is the path for sample saturation: the uid is pushed upward, due to the gradient of pressure induced by the inlet pressure at the base of . A volume controller records the temporal evolution of the saturating uid volume while the transducer gives the measurement of the actual pressure that serves as feedback for the control system.

e uid block, connected to the upstream of the sample via two taps, has double role: the rst one consists on collecting, through , the out ow uid driven by the multi-circulations carried out during the saturation of the sample in the aim of removing as much as possible air bubbles; the second role consists on being the link between the uid tank and the sample. During the Skempton phase, followed for the improvement of the saturation degree of the sample and detailed in Section . . , this block provides the undrained condition by closing the taps and then the drained condition by opening the la er to transmit the increased uid pressure residing within the tank to the sample, through , and thus modifying the pore pressure of the sample.

e gas block is in charge of the gas circuit. e pressurized gas arrives through . Two scenarios emerges regarding the circuit of gas to be followed, depending on the type of porous stone used at the lower boundary. In the case where B-stone is used, as pictured in Figure . , the circuit of gas is built by connecting to in order to centrally inject the gas through , far from the sample's borders, as previously explained in Section . . When BC-stone is used, the gas is injected by connecting one of the tap or to the central entry that feeds the bronze stone as depicted in Figure . b. e side blocks are connected to the circuit that supply the membranes by the silicon oil, pumped via the peristaltic pump towards the (1) side down block , (2) the membranes, (3) the side up block and nally makes its way back to the side oil reservoir through . is loop is continued until the full saturation of the membranes during the set-up of the test. However, the role of these blocks is not restricted to the membranes's lling process. As previously described in Section . , they participate in the continuous transmission of the ampli ed con ning pressure to the lateral borders of the sample, which is measured by .

e experimental setup allows to apply both mechanical and hydraulic loadings on the prismatic sample. e mechanical loading manifests in two ways: a cell pressure, provided by air compressors, that con nes the sample cell inside the pressure chamber, and a vertical force/displacement provided by the thrust of the ram. e hydraulic loading allows to develop suction controlled tests or to induce a uid ow through the sample, with a separate control of the uid pressure at an injection and an extraction point placed at the bo om and at the top of the sample. In order to carry out tests in partially saturated conditions, a pressure-volume control for liquids and an air compressor for the gas to be injected are available. e acquisition and data control system is designed to manage a simultaneous multi-pressure control for three di erent uids (gas or liquids) and the con ning pressure.

e maximum operating pressure of the system is 1600 kPa.

. &

A sample cell with complex and delicate assembly leads to a challenging manipulation. A validation process was conducted over one year, starting with glass beads as granular material. Being well de ned and uniform, glass beads are used to establish the sample preparation method that guarantees a good sealing against the pressures to which the sample will be subjected.

Adding latex dots at the critical points of the sample, obviously at its corners, (see the white dots in Figure . b) has shown a large e ciency to avoid air intrusion from the pressure chamber into the sample. Moreover the di erential pressure between the side pressure and the con ning one has also contributed in solving the aforementioned sealing issue. en, once the sample preparation method for a sealed sample was achievable, the transition to a geomaterial is made using Fontainebleau sand. Fontainebleau sand ( ) NE 34 is considered as a reference material in many laboratory experiments and has been characterized in our laboratory in the study of Y . (

). It has a mean diameter 50 =210 µm for a granulometry varying from (100 to 400) µm, and a speci c density of 2.65 g/cm 3 . Considering the mean diameter of Fontainebleau sand, around 50 grains span the gap of 11mm. e preparation of the sand sample was rst carried out using the tamping method, which consists of alternating the pouring of the sand in thin layers and the compaction of these layers. However, this preparation has not led to reliable results in terms of repeatability, which is probably due to the lack of homogeneity of the obtained sample, causing in particular signi cant boundary e ects.

Alternatively, an homogeneous sand distribution has always been known to be achieved via the raining method. It is to be noted that any method for our sample lling has to be done with the sample leaned, horizontally, a con guration imposed by the mechanical assembly of the pieces surrounding the sample. erefore, a new pluviation setup was developed and designed to match the geometrical constraints, especially the small sample depth to be lled of 11 mm, and to ensure a proper pluviation with the least possible excess of sand and without damaging the latex borders. A customized very thin plate, of thickness 1 mm, is screwed on top of the sample to cover the delicate pieces during the sand pouring process, as illustrated in Figure . . e sand is poured until its levelling with the top face of this plate. e excess of sand is then removed via a cylindrical rasor, depicted in Figure . , sliding on the longitudinal border and having a wall thickness equal to half the plate thickness in order to keep an extra layer of sand. e removal of the excess of sand is facilitated by the presence of two slopes parallel to the rasor (see Figure . ). is pluviation setup has provided a uniform and symmetrical rainfall with respect to the longitudinal axis of the sample and repeatable sand densities. Furthermore, it allows to test di erent densities by modifying either the falling height or the diameter of the holes of the perforated plate.

Here the falling height used is equal to 250 mm; the hole diameter of the perforated plate is 2 mm and the spacing between holes is 10 mm. To further densify the raining curtains and achieve a more uniform version of the sample, the pluviation setup is endowed with a ne mesh of 0.5 mm of diameter xed underneath the perforated plate.

Concerning the uids used, the Table . lists some properties of the defending we ing uid (1), the distilled water, and the injected non-we ing uid (2), the air. e viscosity ratio between uid (1) and ( 2), M= 1 / 2 , is also computed to serve later on, for the classi cation of our drainage tests on the drainage phase diagram. Table . -Properties of used uids.

. In this thesis, the main focus is on reproducing drainage tests, where the non-we ing phase invading the medium is the air and the defending we ing uid is the deaerated distilled water. In the following, the three preliminary steps prior to the injection phase are described in details: the preparatory phase, the con nement of the sample and its saturation. e tests were conducted at room temperature. en the sample cell is screwed inside the chamber, the scheme of the biaxial apparatus being that of Figure . . A presaturation of the saturation block, evoked in Section . and all its hydraulic circuits, with distilled water should be done, prior to the saturation phase, to reduce as much as possible the quantity of air present in the circuit connected to the base porous stone. e uid and gas blocks are emptied and dried then connected to the specimen. e lateral le and right membranes are lled by silicon oil using a peristaltic pump ( ). Once the membranes are saturated with oil, the oil circuit is closed to the atmospheric pressure, then the brackets, inside the membrane's chambers, retaining the sample all over its height, are moved away and their con nement e ect is replaced later on by the con ning stress applied on the longitudinal sides of the sample via the cell pressure ampli er described in Section . . e golden xers, shown in Figure . c are unscrewed. e windows of the pressure chamber are closed and the optical system is calibrated to lm the center of the sample, more details are provided in Section . .

. . Preparatory phase

. . Con ning phase

An initial con ning pressure of 45 kPa is applied to the drained sample; the valve ( ), depicted in Figure . , is opened to the atmospheric pressure. e high pressure input ( -) delivers the cell pressure into the chamber through the valve ( for Cell Input), so providing the con nement of the sample. On the head, and consequently on the basis of the sample, the chamber pressure is consequently applied. e transmission process of this con ning pressure to the lateral borders of the sample is previously detailed in Section . . e side pressure therefore acts on the lateral side of the sample with an overpressure with respect to that of the chamber pressure to guarantee a good sealing of the sample. e cell and side pressures are measured by the two transducers ( ) and ( ) respectively. When the cell pressure reaches its target value, a sealing check is done by turning the system to undrained conditions (( ) is closed) then examining if any increase of pressure inside the sample occurs via the transducer since and are kept open, and the transducer via the open tap . If the sample does not show any leakage, the system is put back in drained conditions (( ) is open).

. . Saturation phase

e upward saturation of the medium starts through the circuit (for the Saturation Input) to , connected to the pressure-controlled water reservoir . Due to a small gradient of pressure between the bo om and top of the sample (10 kPa), the water lls the bo om porous stone, then percolates through the sample to saturate it and nally is recovered through . e water is circulated through the sample, several times, to remove as much as possible the trapped bubbles of air in the circuit. As well, the saturating uid is circulated towards the gas block to wet all the connections. To complete this saturation, the Skempton approach, detailed in (H ., ) is followed. A sequence of stepwise increments of the con ning stress of 11 = 50 kPa is applied (using the ramp mode of the machine controller) in undrained conditions and the corresponding increment of the pore pressure is measured via the pressure transducer ( being kept open). At each stage of the loading path the Skempton coe cient , de ned as the ratio between and with the mean stress, is calculated considering it as an indicator of full saturation when it tends to 100%. In our system, an estimation of is calculated since the stress against the glass ( 33 ) cannot be determined. If we consider an estimate based on an elastic response, we have 33 = ( 11 + 22 ), with Poisson's ratio (for e.g. = 0.3), 11 and 22 the con ning and the side pressures respectively. A er the con ning pressure reaches the target value and the pore pressure stabilizes, a back pressure is applied, by the uid tank , through the valve ( ) to maintain the same e ective stress (10 kPa) at the end of each stage. is valve is kept open for around 20 to 90 minutes for a non-greased and greased sample respectively, until the injected water volume from the uid reservoir towards the sample, measured by the sensor ( ), ceases. is process is repeated stepwise unless becomes constant.

e di erent steps are summarized in the plot of Figure . . e gure shows a sequence of cell pressure increase in blue, the resulting pore pressure measurement in red, the applied back pressure in yellow and the consequent water injection in green. It's evident that more steps are realized, lower the quantity of the injected water becomes. is indicates the dissolution of air bubbles in water and consequently the approaching of full saturation.

. . Injection phase

Finally, the injection phase consists on the invasion of air into the saturated sand under speci c hydro-mechanical conditions. At the top of the sample, a back pressure is maintained constant and equal to the value of the pore pressure at the end of the saturation phase. An increase of the e ective stress is applied by increasing the con ning pressure acting on the drained sample ( is open). At the bo om, in the case of B-stone, the specimen is connected through the valves ( ) and ( ) to a gas block supplied by high pressure input reservoir. e gas in contact with the sample is initially at a pressure equal to the pore pressure. It occupies uniformly the bo om porous stone in such a way that when the injection is triggered, the gas source is not pointwise but distributed homogeneously across the sample cross section.

is is an important point as the expected localization in the uid ux should not be induced at the injection point but should manifest because of the loss of stability of the uid front. e gas pressure is then increased by constant mode to the target value , to launch the gas propagation. In other words, a capillary pressure = -is imposed to the sample as the di erence between the pressure of the non-we ing phase (the gas) and that of the we ing phase (water).

e in-place water is expelled instantaneously towards the uid reservoir while the gas in ltrates through the sample. e out ow volume is recorded via the sensor ( ), all along with all the measured pressures at a frequency of 100 Hz. During the gas percolation, an image acquisition at a frequency of 30 Hz, captures the drainage instabilities. . e optical system is constituted by a high resolution 50 MPx camera (VC-50MX) mounted with a telecentric lens of magni cation 0.75 to record the in ltration process at a resolution of 6.1 µm/pixel and a frequency of 30 Hz.

e eld of view covers almost the overall surface of the sample with a eld of 36.6 × 48.2 mm (6004 × 7904 pixels). e mounted setup is screwed on micrometric plates allowing to (i) center automatically the camera's sensor on the specimen surface by controlling the positions along the and axis via the so ware "Zaber" and (ii) to adjust the focus by manipulating the axis. In addition, a control of the rotation along axis is possible to calibrate the perpendicularity of the optical system with the sample cell. e lighting system consists of two LED spotlights, covered by polarizing lters, to illuminate the target object without glare e ect. e whole system, the optical one and the biaxial machine, is positioned on an optical table to avoid the vibrations e ect (see Figure . ).

Spotlights

Micrometric plates

Optical table

Figure . : Photograph showing the additional elements to the acquisition setup.

Both cameras, collocated on both sides of the equipment, guarantee a real time visualization and synchronized acquired images from both surfaces. e synchronisation of these large amount of data is very important in order to compare the occuring in ltration process along the two sides of the specimen as well as to match the optical information with data coming from the biaxial machine. is synchronisation is ensured via the acquisition so ware "Hiris" supplied by RD Vision, loaded with the adapted project that triggers the acquisition and the record of images, simultaneously, on both cameras.

e recording of air in ltration into the saturated specimen has shown, during preliminary tests, a non-symmetrical invasion, behind the two sapphire windows, in particular a faster one on the last-closed window side.

is is probably due to a di erence in the local density of the sample in the vicinity of the two windows, the density of the rst poured layers in contact with the rst closed window, during the horizontal preparation of the sample, being larger than that of the last poured ones in contact with the last closed window. Trying to control this inconsistency by dividing the pouring process into two steps and raising the pluviation setup by half the thickness of the specimen for the second shot, has not produced successful changes. erefore, the in ltration of gas has been blocked on the looser side by spreading silicone grease layer on this critical side. Imaging this side has con rmed the inability of gas to penetrate the greased-layer and the draining process is only concentrated within the dense layer.

. As previously mentioned, this machine is a suction controlled biaxial machine, designed to control the hydraulic and mechanical loadings, via the so ware provided by "Megaris".

e hydraulic loading consists on monitoring the uid pressures to induce bi-phasic ow. Keeping constant, at its level at the end of the Skempton phase, and increasing to a certain value exceeding , the in ltration of air is activated.

e mechanical loading, in this work, consists only on controlling the e ective pressure acting on the solid matrix, no deviatoric stress are applied to the sample. e generated bi-phasic ow, unlikely to most of the ows in Hele-Shaw cells, happens within a medium subjected to plane strain conditions. e initial e ective pressure , assuming the sample is initially saturated, is nothing but the di erence between the con ning stress and the pore pressure , where the convention of geomechanics has been assumed. Prior to the opening of the gas tap, the initial e ective pressure can be adjusted, by increasing the con ning stress acting on the drained sample, up to a certain level. It is worth to remind that according to the above mentioned plane strain conditions in which the test is carried out, a complete control of the con ning stress and consequently of the corresponding e ective component can not be achieved, as no information is available on the stress acting on the con ning windows. From now on, with a certain abuse of notation, the con ning stress and the corresponding e ective stress are just referred as the in-plane stress components, say the quantities that can be controlled by the control system.

In this work, a parametric analysis of the response of the soil sample is conducted, keeping xed the hydraulic loading, say the capillary pressure, and varying the applied e ective stress. e goal is to capture the e ects of con ning conditions on the kinematics of uid ow, and on the order of magnitude of soil strain.

A large number of tests have been performed to conclude to the best sealed sample preparation method, to the best sample preparation and to the proper procedure for drainage tests. Herein, four experiments are going to be discussed and they are labelled from (1) to (4) in the remainder of the manuscript. ey are chosen because they derives from a rained sand sample with a clear manifestation of the developed nger.

e boundary conditions of the sample cell and some characteristics of the medium for all the tests are summarized in Table . . e four considered samples present almost the same density, con rming the repeatability of the sample preparation method. When one of the sample side is greased, it re ects a one-side percolation, una ected by the last poured layer of the sand.

Test number

( constant all over these experiments at 30 kPa, justifying the choice of the 1 stone having an entry pressure value of 100 kPa, at the lower boundary of the sample cell, for the last three tests, as indicated in Table . . Two di erent values of the initial e ective stresses are considered: 40 and 120 kPa. e word "initial" is emphasized due to the fact that the air invasion will alter the local pressure of the resident uid, implying a change in the local capillary pressure, and consequently in the local e ective stress by considering the classical de nition of the Bishop e ective stress, say = + . Obviously once the gas injected in the sample there is no-way of controlling the evolution of the local capillary pressure and consequently of the corresponding e ective stress.

When the BC-stone is used, the gas is injected via the central bronze stone; the lateral ceramic stones remain fully saturated since the applied capillary pressure remains below the entry pressure of the ceramic stone. e circuit below the ceramic stone is as well fully saturated and connected to the pressure transducer

. is last provides the recording, at a frequency of 100 Hz, of the instant variations of local pore pressure at the bo om of the sample during the drainage process; this advantage is not available when B-stone is used. e evolution of pore pressure and the expelled uid volume with respect to time, is reported in Figure . , for tests (2) and (3). A rst increase of pore pressure is observed before the gas enters the base of the sample at = 0, labelled as , corresponding to the air draining the circuit connected to the bronze part. en, a second increase of the local pore pressure is detected once the gas starts to in ltrate through the sample. From the moment the gas reaches the lower base of the sample and until its breakthrough labelled by 2 for test (2) and 3 for test (3), the increase of pore pressure obviously implies a decrease in the local capillary pressure.

e reason behind the drop of capillary pressure during the drainage process, is a ributed to the Haines jump events happening at the pore scale level (H , ), illustrated in Figure . ; when the non-we ing phase travels from the pore neck to the pore space, the moving meniscus accelerates and a spontaneous pore invasion occurs. e accelerated invasion of the pore space by the gaseous phase is the reason of the local reduction of the capillary pressure according to the Young-Laplace equation = / where is the surface tension and is the radius of the invaded element. Jumping from the throat into the pore the meniscus is a ected by an abrupt variation of its radius of curvature which induces a sharp reduction of (J ., ). Being the gas pressure controlled by the system, this means that locally the pore water pressure must increase. is is associated to the retrieveal of additional gas from the neighboring pores into the invaded pore. is process as discussed by (S S , ) is expected to be accompanied by a local volume increase of the region in front of the receding meniscus.

One can notice that the breakthrough time, the time at which the gas touches the upper limit of the specimen, deduced from the acquired sequence of images, is longer for test (2) than in test (3); in test (2), the breakthrough has been seen a er 1.5[s] from the entry time while in test (3), the breakthrough time was only a er 1 [s]. is is explained by the fact that in test (2), the e ective pressure is triple than that in test (3), inducing a more compact sample and so a narrower porous network for the gas to open. Considering now the behavior of the volume of the expelled uid, it is clear that the pro le exhibits a monotonic behavior characterized by a progressively increasing slope: mild slope at the beginning of the process when water is evacuated by the sample due to the slow drainage of the circuits and the porous stone beneath the sample, increasing when the gas starts opening a path through the sand pores and rapidly increasing when breakthrough conditions are a ained.

e conducted drainage tests being triggered by the imposed capillary pressure, an estimation of the capillary number is possible by calculating the output ow rate referring to the registrations of the expelled uid volume by . e output ow rate during the in ltration phase between and is calculated for both tests (2) and (3) and indicated in Table . ; e corresponding capillary number , see Equation ( . ), is also reported in Table . ; the viscosity of the injected uid and the surface tension are given in Table . , while the velocity of the injected uid is deduced from the output ow rate and the 'ungreased'sample cross section estimated as (40 × 5.5) [mm 2 ]; the greased depth being considered as the half the sample's thickness. Considering the largest cross section possible to be invaded by the gas, the computed capillary number corresponds to the lower limit. e . b.

e con rmation to these speculations is brought by looking on the raw data of air in ltration acquired through the lens of the optical system, depicted in Figure . . e presented images correspond to the breakthrough time of each experiment. Each in ltration is quali ed by the term "single" or "dual" in Table . , depending on the number of the developed ngers.

e rst two tests, having in common the e ective pressure of 120 kPa, present one localized in ltration. Even though in test (1) the percolation on one side was faster than on the other side due to the abscence of the silicon grease, the pa ern developed on the denser side seems, a-posteriori, not to be a ected by the faster breakthrough occurring in the vicinity of the last closed window. e test (2), under the same hydro-mechanical loading of test (1) but with forced in ltration on one side, shows an homologous pa ern, con rming the previous result. e last two tests, with an e ective pressure of 40 kPa, show a double localized in ltration. Test (4), even greased from one side, has shown a gas percolation in the non-greased depth, resulting in less clean percolation but however con rming the repeatability of the experiment. Figure . allows to compare test (4) to tests (2) and ( 3). e measurement of the local pore pressure seems a ected by the in-depth percolation, but the expelled uid volume within test (4) re ects same tendancy as test (3). For this reason, test (4) will not undergo the post-treatment tasks discussed in the following sections. Comparing these tests, one can observe that the applied e ective stress seems to a ect the spacing between contiguous ngers. Moreover the higher the e ective stress is, the denser the porous network will be and so the required entry pressure which according to the Young-Laplace equation is given by:

= ( . )
being the radius of the characteristic size of the smallest throat through which the gas should percolate. Indeed this result is consistent with the estimate of the critical wavelength proposed by Sa man & Taylor (S T , ) which speci es the functional dependency, on the characteristic size of the pores, of the minimal distance between two consecutive nger nucleation points, capable to enhance the ngering process. e extraction of quantitative data from the acquired images is obviously not straightforward and requires a sequence of image processing algorithms, chained together, starting from the interface detection evolving in 2D space through time, to the identi cation of suitable physical properties as the interface length, velocity and the invaded area, till some morphological properties as the interfacial length density, the interface corrugation and the ondulation frequency. In addition, a quanti cation of the uid-driven deformation is achievable by the image analysis technique such as the digital image correlation. is bunch of properties is going to be detailed later on. . As previously mentioned, the core of this study relies on the extraction of embedded information from the acquired images, using image analysis and image processing. e rst goal concerning the quanti cation of the solid matrix deformation induced by the uid percolation, is achievable via the 2D nite element digital image correlation (FE-DIC). is image analysis technique, based on the assumption of gray level conservation between the reference and deformed images, allows to measure the displacement elds. In this chapter, this measurement tool is detailed and suitable controlling parameters of the DIC algorithm are introduced to improve the accuracy of the output displacement elds. Moreover in the presence of a uid front propagating through an initially saturated porous medium, the question of detecting the interface emerges directly. Two types of interface are distinguished: "stable" interface evolving mainly in 1D and "unstable" interfaces evolving in 2D and holding active reliefs with rough texture. Appropriate image processing algorithms are applied, depending on the main characteristics of the moving interface.

Measurement
. As mentioned in Chapter , one of the main interest of our study is the investigation of possible deformations of the granular material induced by ngered (unstable) percolation of a gas through an initially saturated material. e classical measurement of macroscopic (axial or volumetric) deformation via an external transducer, typically used in standard biaxial (L ., ) or triaxial machine (C ., ), does not transmit the local variations of deformation within the invaded environment.

Here comes the contactless full-eld measurement technique to complement the above-mentioned measures and to deliver the missing local information.

e image analysis technique, typically used to get a full-eld measure of the displacement eld of a solid matrix, having its own speckle or having been treated in order to get an arti cial one, under a given loading, is the Digital Image Correlation (DIC). is la er, appeared in the early 1980s, as a process capable to match images acquired at di erent stages of loading, normally a mechanical one, has gained a lot of visibility and applications in the last years (see e.g. S . ( )). In geomechanics, in particular, DIC and DVC are typically used for the monitoring of the dessication crack DVC stands for Digital Volume Correlation, a measurement technique to analyse the displacement eld in images acquired for example using X-ray tomography.

propagation in argillaceous rock (H ., ), and the characterization of strain localization in sandstone (B´ L ` , ), argillite rocks (L ., ) or in granular material (H ., ), when subjected to mechanical loadings. In our context, a new mechanism of deformation of geomaterials is questioned: the deformation induced by uid in ltration through the porous skeleton. To our knowledge, this is the rst application of 2D-DIC to granular material subjected to 2D hydro-mechanical loading.

e granular soil material, Fontainebleau sand, has its own natural speckle. According to its grain size distribution, the grain diameter can vary from 150 µm to 300 µm. erefore, using the optical system described in Section . , each grain is represented by 25 to 50 pixels. When watersaturated sand is invaded by air, this last percolates through the porous network, and is expected, as already mentioned in Chapter , to discard the grains from each other and in turn tightens the adjacent pores; a similar behavior is illustrated in (C ., ; C ., ). DIC is chosen to provide a full-eld measure of the rearrangement of grains during uid ow. A recall of the FE-DIC is presented below.

DIC method allows to identify the displacement eld that matches a deformed state to its reference one, based on the optical ow equation described by: ) which assumes that the gray level for each pixel at coordinates in the reference image is conserved and found at ( + ) in the deformed image , with being the displacement vector at position . However, Equation ( . ) describes an ill-posed non-linear problem since one equation is wri en at each pixel but two underlying displacement components are sought. erefore, the non-linearity in Equation ( . ) is disposed using a rst order Taylor development, by assuming an in nitesimal displacement increment ( ): ) where ∇ denotes the spatial derivation. en, a Finite Element (FE) discretization to the displacement eld is adopted, following (B ., ), as follows:

( ) = + ( ) ( . 
+ ( ) + ( ) = + ( ) + ( ).∇ + ( ) ( . 
( ) = ∈N ( ) ¯ and ( ) = ∈N ( ) ¯ ( . )
where ¯ and ¯ denote respectively the nodal displacement vector and its in nitesimal increment at the node , is the ℎ shape function of the functional space adapted to the ℎ node in the spirit of nite element method, and N is the total number of nodes of the nite element mesh de ned within the frame of the Region Of Interest (ROI). Replacing Equation ( . ) and Equation ( . ) into Equation ( . ) and gathering for all the pixels inside the nite element mesh, the matricial form is wri en as follows:

{ -} = [∇ ] [ ]{ ¯ } ( . )
where { -} is a vector that contains the residues ( ) -+ ( ) evaluated at each pixel, [∇ ] is a diagonal matrix collecting the values ∇ + ( ) , and [ ] is a matrix in which each column reports the values of one of the basis functions at each pixel of the ROI; thus [ ] has as many rows as the total number of pixels within the ROI, , and as many columns as the total number of nodes N . e sought vector { ¯ }, representing the displacement vectors at all the nodes of the nite element mesh, is obtained by solving the over-determined system of Equation ( . ) in a least-squares sense. e system made of equations and N unknowns has led to the use of the pseudo inverse of this system. Formally, this is equivalent to solving the minimization problem in the following least squares sense:

= Arg Min [ ( ) - + ( ) ] 2 ( . )
A er some manipulations, the linear system to be solved becomes: ) and

[ ]{ ¯ } = { } ( . ) with = [ ] [∇ ] [∇ ] [ ] ( . 
= [ ] [∇ ] { -} ( . )
It is worth to underline that to optimize the computational cost by computing once for all the matrix [ ] and part of the vector { }, ∇ is replaced by ∇ in Equation ( .) and ( . ) (for more details and alternative implementations, see (P B , )). e solution of this problem is achieved via an iterative process: an initial nodal displacement vector ¯ 0 is assumed then ¯ is calculated for each iteration based on Equation ( . ). is process stops once the convergence criterion is satis ed; in our case when the norm of ¯ relative to the norm of ¯ becomes lower or equal to 10 -3 pixels.

e nal output from this computation is the vector { ¯ } collecting the nodal displacement vector ¯ . en, the displacement vector { } that will describe the displacement of all the pixels falling within the ROI is obtained from:

{ } = [ ]{ ¯ } ( . ) Ufreckles (R´ ´ ,
), an open source so ware based on the FE approach described above, is used for DIC calculation. A FE regular mesh with square four-noded elements is generated over a ROI in the reference con guration.

In the considered problem, air invasion induces a change of contrast between the reference and the deformed images and thus results into questionning the central hypothesis of DIC, say the gray level conservation. In the following, a way to overcome the gray level change a ributed to gas injection is presented, in addition to the selection of the appropriate mesh size ensuring an accurate description of grain rearrangement.

. :

Optical ow disturbance has been studied in the literature for various cases such as infrared images acquired during high-temperature tests (A ., ), images acquired from two di erent imaging systems (C .,

) and images acquired during crack growth (S ., ). Air in ltration through a water saturated granular medium introduces a new source of gray level change between the images shot at di erent times.

Phase coexistence in the sample contributes to the brightening of the invaded zone and so to the change in contrast and brightness between the reference and deformed states. However, the central hypothesis in DIC is the gray level conservation so any change of contrast and/or brightness violates this assumption, if not corrected.

Gray level correction has been discussed initially for the local DIC in (S ., ), by introducing the zero-mean normalised sum of squared di erence (ZNSSD) optimisation criterion. For FE-DIC, (S ., ) adopt a second minimization problem integrated within the main one, to minimize the least-squares residual, based on Equation ( . ); the problem is solved iteratively in two stages: (i) for a xed gray level, the residual functional is minimized to nd the displacement (see Equation ( . )), (ii) for the calculated displacement , another minimization problem is solved to tune the corrections corresponding to the brightness and the contrast (for more details, see (S ., )). Alternatively, instead of solving the double minimization problem and in order to remove the e ect of gray level alteration due to the gas intrusion, we apply a "local" correction of gray level, done element by element, for each step of the iteration process that determines the value of the displacement vectors at the nodal points via Equation ( . ). In particular, the gray level of the deformed con guration , is locally replaced by a corrected gray level ˜ , using the following equation:

˜ ( + ) = C ( ( + ) - ) + B ( . ) C = /
, is the ratio of the standard deviations of the gray level within two corresponding elements in the reference and in the deformed image at the current iteration. e element in the deformed image corresponding to a given element in the reference con guration is identi ed, at each iteration, thanks to the displacement vector . B = is the mean value of gray level in the reference element, conversely is the mean value of gray level in the deformed element.

us, Equation ( . ) allows to recover the gray level of the statistical distribution of the reference element, by changing the contrast of the deformed one via the term C and its brightness via the term B. An example illustrating the case of gray level change induced by uid propagation, is presented in Figure . . It consists on a sequence of images acquired during the drainage process when the air nger propagating from the bo om to the top in a water-saturated medium, alters the gray level locally. To emphasize the e ect of the aforementioned gray level correction on the minimization process, the pixelwise residual map is calculated at a given time , in two di erent ways and is represented: (i) in Figure . a, as the di erence between the gray level of a pixel in the reference image and its gray level in the deformed image but this la er being subjected to the gray level correction as per Equation ( . ), = | ( ) -˜ ( + )| and (ii) in Figure . b, as the di erence between the raw data of gray level, = | ( ) -( + )|, without applying any type of gray level correction. Note that, for both cases, the displacement vector that allows to correlate the deformed element to its corresponding reference element, is the one obtained from DIC calculation performed with local correction of gray level. We can clearly see how the local correction erases the ngerprint of the gas percolation and leads to an almost uniform residual map without any distinction between the invaded and intact zones. An additional validation of the adopted procedure is provided by the temporal evolution of the histograms of gray level residuals shown in Figure . for both cases. When local correction of gray level is applied, the histograms are superposed while the absence of gray correction generates a gap among the histograms relative to di erent time steps and higher values of residuals, as seen in Figure . a. e same analysis is developed also considering only the invaded zone where the alteration of gray level has occured, see Figure . b, in order to highlight the performance of the suggested approach into the targeted areas. e characteristic time steps used from now on wherever the time evolution of the drainage process is taken into account are { 1 , 2 , 3 , 4 , 5 } depicted in Figure . . e separation of the invaded zone from the intact one is accomplished via an algorithm based on the Mumford-Shah functional for segmentation analysis which will be discussed in Section . . . e histograms of gray level residuals, in solid lines are spread out over at least gray levels whereas they are more condensed over gray levels when local correction is applied. So, the proposed gray level correction approach reduces signi cantly the artefact of contrast change and is essential for a be er convergence. . :

e characteristic size of the quadrilateral nite elements adopted to discretize Equation ( . ) is chosen on the basis of a qualitative comparison between the displacement eld captured via DIC and the displacement of grains directly in contact with the transparent con ning walls of the biaxial apparatus as directly observed by images. Di erent mesh sizes have been tested, in particular =5, 10, 20 pixels, on a sequence of windows of dimension 100 × 100 pixels extracted from the images of the drainage process at di erent time steps, see Figure . . e local correction of gray level, detailed in Section . is applied; moreover, a Tikhonov regularization with a cut-o wavelength of 15 pixels is used to lter out high frequency displacements obtained from the DIC analysis. An additional median lter is nally employed at each iteration of the solving algorithm. is lter allows for further removing aberrant values of the nodal displacement without increasing the cut-o wave length of the Tikhonov regularization, what may decrease the spatial resolution of the measurement. It consists on substituting the nodal value of each displacement components by the median value from the neighbooring nodes (in the sense of the nite element mesh connectivity).

DIC calculation is launched for each mesh size, between the reference image 0 and the deformed images 1 -5 captured during the in ltration process. e results obtained from DIC in terms of vertical displacement are represented in the reference con guration in Figure . . ey show that a coarse mesh size with 10-pixels element or more, is not able to detect grain rearrangement as observed all along the drainage process (via ImageJ so ware). However, a mesh size of 5 pixels is sensitive to grain displacements and properly captures the mutual separation of a couple of grains initially in contact, pointed by the blue dashed ellipse in the rst row of Figure . . is justi cation leads to the adoption of a 5-pixels mesh size as an input to the DIC calculation in order to achieve an accurate measurement of grain separation at the microscopic scale.

e ow lines of the displacement eld, represented as a function of the current position rather than of the reference one, within the abovementioned observation squared window of size pixels, are represented in Figure .  (starting from 3 ). Colors indicate the displacement magnitude and the length of the arrows is magni ed by a factor of 3. Apparently the ow lines are consistent with the grain separation observed in the images and the displacement magnitude intensi es from one timeshot to another, describing the progressive discharge of grains caused by the air in ltration. Volumetric strain map presented in Figure . , is smoothed by a median lter. Calculated for the last time-step 5 , it shows that the opening of the granular medium is described by positive volumetric strains while the compaction of the adjacent zone is provided by negative volumetric strains.

A comparison between displacements directly observed by comparing insets of the image acquired at time 5 with the reference state, and volumetric strains measured via digital image correlation is reported in Figure . . Di erent locations are identi ed where to put a control window of size 100 × 100 pixels. e chosen locations are shown in Figure . a, their corresponding close up in the reference con guration in the rst row of Figure . b and their deformed states in the second row. e evaluated volumetric strains reported in the third row are consistent with the visual observation of opening and tightening of the porous space. is delivers an additional con rmation on the reliability of the 5-pixels ne mesh.

Finally, the need for such ne mesh justi es the choice of FE-based DIC over local DIC which requires subset dimension to be larger than 10 × 10 pixels (R ., ; W P , ). Indeed the FE method allows to obtain directly (and not equivocally) a deformation eld by derivation of shape functions whereas for a local method, a post-processing step is required implying an additional smoothing which would not allow to estimate the very local variations of deformation induced by the rearrangements of the grains. ese vector elds are colored by the displacement magnitude and displayed with a magni cator of 3. e last map, the volumetric strain map shows the positive and negative volumetric strains consistent with the opening and tightening of the granular medium, respectively. . e optical system chosen to survey the air in ltration into the sand medium is constitued by a high resolution camera of 50 MPx equiped with a telecentric lens (for more details, see Section . ). e visualization of the grains movement driven by the uid percolation is going to be quanti ed via FE-DIC. So to extract the full-eld motions, three elements have contributed: the specimen undergoing the in ltration, the optical system lming the process and the DIC algorithm processing the acquired images. Each element incorporate underlying uncertainty that will a ect the accuracy of the measurement. e percolation of uid generates a change of contrast, a su cient source for the divergence of DIC algorithm, if not corrected. e optical system, intended to lm the invasion process, adds some errors to the acquired images depending on the stability of the sensor. And nally, the DIC algorithm supplied by the acquired images and controlled by several inputs, can also be a source of measurement errors.

erefore, two tests called by "stability test" and "virtual change of contrast test" are addressed in the sequel to quantify possible errors induced by the above-cited sources.

It is to be noted that the conditions under which the drainage experiments are conducted and lmed, such as the polarized light, the acquisition frequency (30 Hz), the exposure time, and the (room) temperature are conserved in the following experiments dedicated to the quanti cation of the measurement errors and therefore the induced errors are strictly coming from the optical system, the specimen and the algorithm. . .

Optical system uncertainty: stability test e optical system on its own can be a source of errors and the typical way to estimate these errors, assigned to the sensor stability, resides in performing steady acquisition at the same acquisition frequency used in drainage experiments: a sequence of images is acquired at a frequency of 30 Hz, over a period of 3s -longer than the duration of the conducted drainage experiments-for a xed pa ern of Fontainebleau sand. So a sample of Fontainebleau sand is xed inside the pressure chamber without applying any mechanical loading then lmed. e rst acquired image is considered as the reference state and the remaining as the "deformed" states. en, the DIC algorithm based on a nite element mesh of size 5 pixels, justi ed in Section . , is applied to the group of acquired images over a centered ROI of (800 × 800) elements, that corresponds to 4000 × 4000 pixels as depicted in Figure . . A zero displacement and consequently a zero deformation are expected since the lmed pa ern does not undergo any loading.

e rst invariant of the strain tensor, the volumetric strain, is one of the essential measurement to describe the response of the medium through a drainage experiment. Expressing here the planar rearrangements, volumetric strain is calculated as the trace of 2D strain tensor, = + , with the horizontal strain and the vertical strain. e strain values are represented by their average values over each nite element of the mesh.

en, the average value of this quantity is calculated for each "deformed" image acquired during the stability test at time and according to two types of gray level correction: the global correction that relies on the gray level of the whole studied zone while the local correction supplies the matching process with the element-wise gray level information (see Section . ). e evolution of the average value is reported in Figure . and the evolution of the standard deviation value is reported in Figure . , as function of time. e calculated average values oscillate within the interval (-5,7) ×10 -4 %, indicating a negligible strain over the whole acquisition period, regardless the type of gray level correction. In parallel, the calculated standard deviations of the volumetric strain show a stable value all over the acquisition time but a lower value when local correction of gray level is admi ed. A direct conclusion can be made highlighting the advantage of local correction approach over the global one, even though the gray level information has not been modi ed between the reference and current states. is DIC calculation is performed by considering a regularization with cut-o wavelength of 15 pixels. is last, known by Tikhonov regularization (R ., ; P ´ ., ), aims on ltering the displacements with a wavelength smaller than the cut-o wavelength. A parametric study is conducted on this parameter and the standard deviation of the volumetric strain, averaged over the set of the acquired images, is presented as function of the cut-o wavelength in Figure . a.

As expected, whatever the regularization wavelength is, the local correction delivers lower measurement errors than the global correction. Moreover, the higher the cut-o wavelength is, the lower the uncertainty is, due to the smoothing e ect brought by the regularization parameter. e cut-o wavelength to be used is usually recommended to be three times the size of the nite element mesh size; therefore a regularization of 15 pixels is endorsed. Considering a mesh size of 5 pixels while the characteristic size of the grains is around 35 pixels, a regularization with a cut-o wavelength of 15 pixels will allow to lter out the measurements at a scale smaller than that of the grain scale while our focus concerns the grains rearrangement.

erefore, this choice allows to measure the local arrangements in a resolute way (thanks to the 5-pixels elements), and robustly (thanks to the 15-pixels regularization). A similar analysis is conducted on the second invariant of the strain tensor 2 , the octahedral shear strain, in order to determine the order of magnitude of the uncertainty produced by the optical system; the graphs are presented in Figure . b. Same conclusion is again found regarding the closiness of the response following a local or global gray level correction. e measured uncertainties for the rst and second invariant of the strain tensor are summarized in Table . , for a = 15 pixels and local correction of gray level.

. . Intrinsic uncertainty to bi-phasic ow experiment: virtual change of contrast test

When imaging system is set up to record the response of a structure or of a medium, the lighting intensity is normally controlled via the external spotlights to avoid the environmental change of light. However, in many situations, uncontrollable e ects emerge during the experiment, and alter the gray level information continuously, producing a signi cant change of contrast within the acquired image itself as well as with respect to the reference state. is problem can be encountered during a heating process of a material, a structure explosion, or a uid percolation into a porous medium. During a drainage experiment, the air in ltration through the initially watersaturated sand, induces a change of contrast which will absolutely perturbate the iterative process of DIC, if not corrected. e local correction of gray level has proven to be a preferential approach capable to reduce the uncertainty measurements when no gray level change has occured. e question that naturally arises is to which extent the local correction approach is capable of xing the situations where a gray level change occurs. To answer this question and quantify the measurement errors induced by the change of contrast, the gray level is modi ed in ve images selected from the sequence of the "deformed" images acquired during the stability test, to simulate virtually the e ect of the bi-phasic front propagation; the ve virtually generated images are shown in Figure . , with a linear front propagation. is change of gray level transforming the dry state to virtually saturated one relies on the real average gray level identi ed a er the full saturation of the medium by water; an example illustrating the full saturation of a medium is presented in Figure . . Similarly to Section . . , the DIC calculation is held over the whole domain with local correction of gray level from one side and with global gray level correction from the other side, to emphasize the bene t provided by the rst type of correction. e standard deviations of level correction leads to lower uncertainty compared to the global gray level correction and generates higher gap between the two responses compared to the result in Figure . . erefore, when an alteration of gray level is induced by a certain phenomenon, a local correction of gray level is very e ective to compensate this undesirable gray level change. Moreover, the smoothening e ect induced by the increase of the regularization parameter is replicated again. Table . sums up the residual uncertainty a er the application of local gray level correction, using = 15 pixels. By comparing these values to the ones reported in Table . , one can conclude that the local correction of gray level has almost completely erased the e ect of change of contrast since the error measurement conducted on "virtual" test incorporates implicitly the ones previously quanti ed in "stability" test. .

A er verifying the mesh size to be used for the detection of the local grains rearrangement, underlying the importance of applying the local correction of gray level to reduce the artefact generated by the change of contrast and regularizing the displacement eld by a -pixels cut-o wavelength, the FE-DIC approach is applied over an extended ROI covering each developed nger observed in the rst three tests, for which the nal states are illustrated in Figure . . In Figure . , the volumetric strain maps, regularized by the median lter already discussed in Section . and calculated at equally spaced instant of 0.5s during test (1) are presented.

e black lines indicate the interface separating the invaded zone from the intact one and the approach used for its detection is detailed in Section . . . One can notice that the progress of the uid front is accompanied by the simultaneous appearance of narrow clusters of elements associated to positive and negative volumetric strains, in the drained zone of granular medium.

is can be observed by assessing a close up window at the position where a jump of the front has occured between two consecutive instants as shown in Figure . . When the interface progresses between and + 0.033 , several clusters of positive and negative volumetric strains show up simultaneously. e order of magnitude of the measured strains is clearly larger than the previously quanti ed errors whose signature can be seen in the non-invaded areas.

Considering the characteristic size of the nite elements used to develop the FE-DIC analysis, these strain pa erns could be interpreted as a straightforward consequence of grain displacements: in this spirit, local swelling corresponds to grain disentanglement, say grain extrication giving rise to a looser con guration, and consequently positive volumetric strain; local shrinkage to grain entanglement, say grain reorganization from an initial con guration towards a denser one, and consequently negative volumetric strain.

A speculative but illustrative explanation of the relation between the volumetric strain distribution, observed in the inset of Figure . , and the saturation evolution at the grain scale during drainage, resides in the pore scale mechanisms that characterize the drainage phenomenon and speci cally the Haines jump events, already discussed in Section . . A Haines jump event consists in a sharp drop of the capillary pressure when 2). e time-steps between the maps is 0.2s. e black lines represent the detected interface by the approach explained in Section . . for a = 0.25.

the gas enters in the target pore which is accompanied by the imbibition of the neighbor channels. During drainage, the non-we ing phase in ltrates rstly the largest channel as, according to the Laplace law, it has the lowest entry pressure. When the meniscus passes from the pore neck into the pore, initially occupied by the we ing phase, the capillary pressure drops down because of the change in meniscus' curvature. See the discussion reported in Section . . Considering the classical de nition of the Bishop e ective stress, valid in the regime of partial saturation, say = + , the local

Here the convention of geomechanics assuming positive compressive stress holds true.

e ective stress drops down too, which explains the local swelling of the granular medium. Conversely the grains discarded by the gas ow, generate local compaction in the neighborhood channels. 3) and evaluated at same instants. e time-steps between the maps is 0.1s. e black lines represent the detected interface by the approach explained in Section . . for a = 0.25.

a signi canlty deformed nger, with respect to the case of test (3). Indeed, the maps reporting the evolution of volumetric strains within both ngers, the le and right one, of test (3), show less densi ed distribution. ese qualitative observations are delivered by both ngers which are generated under a mechanical loading smaller than the one in the previous tests, which can be interpreted with a smoother percolation of gas and a consequent reduced opening of the porous network within the ngers. is di erence can be accorded to the fact that when a medium is subjected to small e ective stress, the pathway followed by the gas does not require much e ort in order to be opened as the density of the system is su ciently loose to let the gas percolate, conversely in the case when more important e ective stress is applied, the gas path must really nucleate which necessitates local grain disentanglement/entanglement which corresponds to more important local volumetric strains. is result can be corroborated with the breakthrough times 2 and 3 observed respectively in tests ( 2) and ( 3). e formation of the couple of ngers in test (3) has required less time than the formation of the single nger in test (2). A macroscopic description of the evolution of volumetric strains through the drainage process, deduced from these maps, is discussed in the following chapter.

. In the previous Section . , the DIC approach leads to quanti ed information on the kinematics of the granular medium driven by uid percolation. However, the analysis of coupled problem remains incomplete without providing the kinematics of the moving interface. erefore, tracking the interface within the medium will not only give insights on the interface velocity but also on the morphological properties that are expected to be driven by the heterogeneity of the micro-structure.

Two types of uid-uid interfaces are distinguished: a stable one, characterised by a smooth texture, mainly evolving in 1D, and appearing when the couple (M,Ca) falls within the "stable" domain delimited in the drainage or imbibition phase diagram and an "unstable" one which is associated to capillary and/or viscous ngering (see the drainage phase diagram in Figure . ). For this last type, an appropriate interface detection algorithm should be adopted in order to detect the rami ed, complex pa ern evolving in 2D.

In our problem, these two types of interfaces have been observed: the rst one, a "stable-like" interface is encoutered in the saturation phase when water is injected to saturate the medium, while an ondulated interface of heterogeneous reliefs is observed when air is injected into the medium. e focus of the research discussed in this thesis is mainly to investigate the behaviour of unstable interfaces but a brief description of the approach used for stable interface detection is also proposed in the sequel.

. . Virtual image correlation method for the detection of "stable" interface

Virtual Image Correlation (VIC), developed by R´ ´ F ¸ (

), is a technique used for the detection of smooth, non-branched diffuse interface. During the propagation of water into the dry sand medium, partially saturated transition zone separating the dry sand zone from the saturated one can be observed which can indeed be regarded as a non-sharp di use transition zone between the two "phases" of the mixture which saturates the pores. An example of a sequence of images acquired during the saturation phase and showing a stable interface evolving along the direction of the uid ow, is illustrated in Figure . . e VIC approach applied on the sequence of images in Figure . delivers the di use interface shown in . Recalling the gray level perturbation problem cited in Section . , interface detection was initially thought as a leading step towards a be er convergence of the DIC. e idea was to determine precisely the boundary of the invaded zone, where a high change of contrast is induced either by the water during the saturation phase or by the air during the injection phase. e invaded region delimited by the upper boundary of the detected interface serves as an input domain, where the FE-mesh for DIC is re nely generated, whereas outside this region a coarser mesh is constructed (see Figure . ). e gray level correction process detailed previously, is thus guaranteed to be applied within an element enclosing only one cluster of gray level, either dark gray level if the element is fully saturated or bright gray level if the element is dry and so the correlation residue is reduced. Adopting this approach the detected interface is determined over the deformed state and so the generated mesh, the DIC algorithm is therefore applied in the reverse direction which means that the displacement is rst calculated from the deformed state to the reference state. e displacement from the reference to the deformed con guration is nothing else the inverse of the output displacement from the DIC.

e process behind the detection of the stable di use layer is now brea y discussed. VIC is quite similar in concept to DIC but the reference image with respect to which the displacement is sought, is di erent: in DIC, the reference image is a physical raw image while in VIC, as its name suggests, the reference image is a virtual one.

is la er is initiated based on the following input parameters: (i) a well de ned gray level transition following for instance a linear or cos pro le as illustrated in Figure . a; the extreme values of this transition, are de ned using the K-means clustering algorithm (H W , ), applied on a partially saturated image to pick the two peaks of gray levels, and (ii) the width of the transition zone, noted by , imposed at the initial state and optimised during the process. en, drawing a line in the vicinity of the real interface (see Figure . b), a virtual image is generated according to the pre-de ned pro le of gray level (see Figure . c).

e process of detecting the real interface in the physical image starts by nding the displacement of the interface in the virtual image to match the real one. e gradient of gray level being de ned only in the normal direction, the resulting displacement eld will only be oriented, locally, along this line. e problem is solved in a local coordinate system ( , ) where is the curvilinear coordinate de ned over the length of the virtual curve and is the normal coordinate de ned over the transition thickness.

An hypothesis is made that all the pixels belonging to the same transversal section with respect to the virtual curve, undergo the same displacement. e core of this approach is founded on a principle similar to that of DIC: the gray level at a position in the virtual image is found at position + in the physical one, which is translated by:

( ) = ( + ) ( . )
So now, this equation de ned for all the pixels of the virtual image is unsurprisingly linearised via the same Taylor development discussed in Section . . To reduce the number of unknowns displacements, a B-spline discretization of the interface displacement along the normal direction is de ned and the problem is solved in the least-square sense, using Ufreckles (R´ ´ , ).

As the thickness of the partially saturated zone is susceptible to change from a time-step to another depending on the local rearragement of the granular medium, the prede ned thickness of the transition zone should be adapted to each time-step. Once the displacement eld is obtained, an optimisation process for the transition zone is launched. A new thickness is calculated using the last determined displacement eld. In particular, assuming a linear pro le of the virtual gray level, one has:

( ) = + × ( . )
where, ( ) is the lower (higher) extreme of the gray level transition, is de ned as and is the normal coordinate of the pixel. Replacing Equation ( . ) into Equation ( . ), an estimation of the new thickness of the transition zone is determined by the least-square method and proposed in Equation ( . ).

= ( . ) ( . ) ( . ) ( - ) ( . )
is optimisation process, which consists on a loop for the calculation of and , stops once:

--1 -1
becomes lower than a certain tolerance.

( . ) e capability of this algorithm to detect variable thicknesses through time is validated via synthetic images.

VIC approach has been proven to be a robust method to detect a stable interface with variable thickness. However, it is not suitable for the case when intefaces with more complex structure are to be identi ed. Being able to only track the normal displacement, this method does not guarantee a good e ciency when the local normal direction strongly varies during the progress of the interface, even if the virtual curve is suitably updated at each time-step. Moreover, the nature of the ow within a porous medium, leads sometimes to the rami cation of the pa ern and sometimes to the coalescence between branches. is situation goes beyond the capability of the VIC approach.

erefore, an adapted method for the detection of complex interfaces is developed in Section . . , where contrary to the VIC approach, the new technique is based on the output of a standard DIC calculated on structured FE-mesh. e detection of the interface, prior to the DIC is therefore abandonned due to the fact that when a small mesh size is used for the FE-DIC, as determined in Section . , no fear should be carried regarding the gray level distribution within each element.

. . Alternative technique for the detection of non-steady interface

e detection of the interface between the defending we ing and the invading non-we ing phase during the considered drainage process is of paramount relevance in order to have a characterization of the gas in ltration process as much detailed as possible. In particular measuring, all along the time evolution process, the interface length, the interface velocity, the interface corrugation and the interfacial length density, quantitatively characterizes the gas ngering structure and enlightens the characteristic scales of the in ltration of gas through the considered granular medium. In M´ . ( ), when air is injected into glycerol-water saturated glass beads, the interface was detected using image segmentation: a suitable threshold is xed in order to separate the two main clusters of gray level. Another technique used in (K ., ; O S , ) merely consists in subtracting the gray level of reference image from that characterizing the current state, neglecting possible grain reorganization caused by the in ltration process.

Taking into account the speci c characteristics of the drainage process of an initially saturated granular medium, say: (i) the existence of a di use transition zone between the fully wet and the fully dry material, as thick as ne grains, (ii) the rami cation of the transition zone and the possible pinch o of the branches, (iii) the coalescence of branches and (iv) the trapping of residual spots of the we ing uid behind the non-we ing one, a new approach to the detection of the interface between the invading non-we ing and the defending we ing phase is developed. Based on a similar functional as the well-known one of Mumford-Shah (M S , ) for image segmentation, the proposed method allows to robustly account for the abovementioned topological transition of the ow. However, image segmentation works well when a signi cant contrast of gray levels between the di erent regions of the image is available and it only provides a description of the front in the deformed con guration thus ignoring the deformation of the grains. In our case, the raw images acquired during the in ltration process of air, lack in contrast between the two phases as reported in Figure . . As an alternative, they are therefore replaced by pixelwise correlation error maps that are reconstructed, without gray level correction (see Section . ), from the full-eld measures of displacement. It's important to underline that the displacement which is used to evaluate the correlation error is the one obtained from the minimization problem as discussed in Section . . e reliance on residual error maps for interface detection is inspired from a similar approach adopted in the identi cation of fracture paths starting from the eld of residuals, see (R ., ). To further increase the contrast between the saturated and unsaturated zone, k-means clustering algorithm, with two clusters, is rst applied to retrieve the intensity of the invaded zone, then the correlation error is normalised with respect to this intensity and suitably ampli ed (by 100 in the speci c case). e nal residual error images, de ned in the reference image frame, are illustrated in Figure . . As previously mentioned, a similar approach as the one proposed in the seminal paper by Mumford-Shah, and later developed also by A T ( ), is adopted introducing the order parameter (0 < ≤ 1) in order to track and quantitatively analyse the interface between the saturated and the dry zone. e spatial distribution is identi ed as that minimizing the following energy functional:

= 1 2 ∫ (1 -) 2 d + ∫ 2 2 + 2ℓ 2 ∇ .∇ d ( . )
where is the pixel map of the absolute value of the ampli ed correlation error, ℓ the length over which the transition from to of is smoothed and the threshold value of above which is expected to be higher than . is minimization is solved in its discrete format by using a nite element discretization inherited from the DIC measurements (i.e. a regular grid of square-shaped quadrilateral rst order elements). e term involving is integrated using a sum over the pixels inside the elements because is de ned pixel-wise. Conversely, a standard Gaussian quadrature using 4 Gauss points per element can be used for the second term in Equation ( . ).

A er writing the stationarity of with respect to , for each image in the analysed sequence, is therefore obtained solving a linear system. It provides an implicit representation of the saturated/unsaturated interface which will be further exploited to analyse quantitatively the properties (length, corrugation,….) of this interface and their evolution during the ngering gas in ltration. Figure . represents the output maps of , issued from ℓ = 40 pixels for the considered sequence of images. Incidentally it is worth to notice that performing this analysis using a gray level residual allows for detecting the sought interface in the reference con guration of the analyzed sample while it would have been obtained in the deformed con guration if performed using the raw images. is avoids solving an inverse mapping problem for retreiving the interface position in the reference con guration. In the previous chapter, the road to discover the hidden information behind the acquired images has been made accessible. By means of DIC, the full-eld volumetric strain maps are extracted and by means of the interface detection algorithm, the tracking of the non-steady interface is provided. In this chapter, post-processing techniques are developed to dive into the volumetric strains maps and extract the relation between the front propagation and the strains evolution from one side and to quantify the changes of the detected interface, physically and morphologically, from the other side.

. e charts of the volumetric strain, as presented in Chapter , show the distribution of the strains within the developed nger and provide a global view over the order of magnitude of deformation. However, the sought correlation between the uid ow and the localized strain is still missing. A deep investigation is therefore conducted to nd out the underlying local information taking into account rstly the spatial distribution of the induced strains with respect to the progressive invaded zones and secondly the time history of the peak strain.

. . Zoned-strains description

In order to investigate the correlation between the progress of the gas front through the granular material and the appearance of local volumetric strains, DIC is applied to the study of the zones progressively invaded by the gas and those representing the complement of the invaded zone at time with respect to that relative to time +1 . e invaded zone is therefore the whole drained region delimited by the current interface at a time as depicted in e algorithm for the interface detection has been previously detailed in Section . . , but a post-processing algorithm for the procurement of a noise-free interface, as the ones presented in Figure . , a er ge ing rid of the unconnected fragments, is addressed in Section . . . Now, the set of elements corresponding to each invaded zone and to each transition zone being recognised, a local analysis is performed, zone per zone, to investigate in the evolution of the mean volumetric strains during the drainage process. In Figure . a, the temporal history of the mean volumetric strains within each invaded zone, during test (2), is presented as function of the acquisition time normalised by the breakthrough of the corresponding test; the curve in dark blue corresponds to the rst invaded zone located at the base of the nger whereas the one in dark red corresponds to the penultimate stage of the developed nger obtained in test ( 2). e solid lines denote the mean values of the positive volumetric strains while the dashed lines denote the mean values of the negative volumetric strains. is graph describes implicitely, the variations in the deformation of the elements within each invaded zone through the invasion process, re ecting the in uence of the propagating interface on the previously generated invaded zones.

Focusing on the response of the average volumetric strain within an invaded zone, as for instance, the rst one, the mean value of deformation is increasing at early stages of the invading process, until it reaches a constant value a er a certain interval of time (around / = 0.15). is means that some elements within this zone have been undergoing uctuations in deformation, impacting the global deformation, only over this short time interval, even though the air in ltration is still active. However, in the case of larger invaded zone reached at later time stages, a lighter increase in deformation at the beginning and a faster tendancy for stabilisation are established. is means that the more the nger is developing, the lower is the impact of the propagating interface on the global deformation or in other words, at later time stages, the progress of the interface is accompanied by a more complete desaturation of the invaded zones.

In addition, the larger the invaded zone is, the smaller the average volumetric strains are. By comparing the state of deformation within two consecutive invaded zones at the same time , one can deduce that the average strain in the rst zone usually remains higher than the one in the subsequent zone which means, that the new-deformed area enclosed within the last invaded zone, has a lower magnitude strain with respect to the average value reached within the former invaded zone. is is deduced given that an invading zone zones are generated, the more the e ect of the invading process on the microstructure reorganisation is reduced, since the volumetric strain inside the new generated transition zones is globally decreasing. A speculative explication for the fact that the base of the nger is subjected to higher deformation than its tip resides in the heterogeneity of the granular sample which is expected to be denser at the base than all along its height. In these circumstances, the capillary pressure necessary to enter the throats of the granular medium is higher at the bo om of the sample than in any other place, which means that once the gas entered in the porous network, also the capillary pressure drop induced by the micro-scale invasion process and the e ective stress release will be higher in this zone than elsewhere (see the qualitative discussion of Section . ). Moreover, the of the intensity of the volumetric strain within the invaded zones does not always manifest as a monotonic function of time as there groups of curves and therefore groups of transition zones interested by the formation of more than one plateau as time increases. is observation is also evident in the case of test (3) presented in Figure . for both ngers. is type of response re ects the fact that the air invasion process occurs with a sequence of bursts spread over a sequence of transition zones. As the set of curves provided in Figure . b contributes to the formation of the set of curves in Figure . a, unsurprisingly, the shape of the curves relative to the invaded zones is inherited by that of the transition zones and therefore the local evolution of deformation within each transition zone is the one behind the global response observed within the corresponding invaded zone. Obviously, the actual process is an irreversible one: once the deformations are generated, they are slightly ampli ed then remain constant over the whole process. ese ndings have also been found in the following chapter, for the domains covering each nger developed in tests (3), con rming these analyses.

. . Peak-strains description

A er debrie ng the coupling between the uid ow and the generated deformation, a more local analysis concerning the element-wise response is elaborated, by searching the peak value a ained during the process. e peak value being retrieved for each element within the developed nger, a pair of maps is constructed: one indicating the time at which each element has reached its peak value (see Figure . ) and another one indicating the value of the reached peak deformation (see Figure . ). ese maps correspond to the drainage test (2).

Comparing Figure . to Figure . , the generation of peak deformation seems relevant to the progressive stages of the invading interface, not only in the main direction of the uid ow -the vertical one-but also in the bifurcation branching from the body of the nger. is observation is Figure . summarizes the sequence of transition zones for the le and right nger in panels (a) and (c), respectively. As can be seen, the coalescence emerges once within the le nger at the height of 800 elements and twice within the right nger, the rst one at the height of 600 elements (the one previously detailed in Figure . ) and the second one at the height of 800 elements. In parallel, the maps indicating the time at which the elements have reached their peak deformation are also provided for each nger of test (3). Comparing the maps of the peak strain and of the evolution of the gas front, one can deduce that the skeleton remodeling is driven by the gas front whether percolating in the main direction of the ow or nucleating local bifurcations/coalescences. However, looking at the base of the developed nger in Figure . , the dark blue color is impregnated by coloured spots indicating that some elements have reached their maximum deformation at later stages, so a er the nucleation of the corresponding zone. Figure . gives insights on this point revealing the cumulative frequency of elements that have reached their peak deformation through the drainage process, within each transition zone. As it can be seen, the transition zones at the base of the developed nger, pointed by the blue pale e, con rm that the elements a ain their peak deformation gradually through the process. In addition, comparing a transition zone formed at an early stage of the process (the dark blue one), versus a transition zone formed at an intermediate stage (the aqua one), the initial zone requires more time for the half of their elements to reach a peak value than the intermediate zone (around 0.36 vs 0.26 , respectively). Regardless the triggering of skeleton deformation at the moment of the invasion, the elements continue to have local uctuations of deformation all over the process, even though at the scale of the invaded zone, the average strain witnesses an increase only over small interval of time followed by a stable mode, as can be seen in Figure . a. erefore, a direct question is raised: how the elements of a zone are continuously deforming and reaching their peak deformation values while the global value, averaged over a given invaded zone, does not show any increasing tendancy but in contrary a stable behavior.

To answer this question, Figure . provides the variation of strain calculated as the di erence between the peak volumetric strain and the last stage volumetric strain at the breakthrough. is re ects whether the a ained peak deformations during the process are maintained all over the process or modi ed. As a zero indicates that the maximal strain is a ained at the breakthrough, positive or negative values of this indicator witness the fact that strains are not mantained a er the passage of the gas front. For a given zone and given element, even though the elements are consecutively reaching their peak deformation, however these values are not maintained explaining the observed global response within each zone. It is worth to notice that, the map provided in Figure . only indicates that the record deformations are modi ed but it is not clear whether it is a ma er of strain relaxation or an alternation of the strain sign. erefore, a veri cation is conducted for each element within the nger by checking whether the sign of deformation is conserved or changed between the state of peak strains and the breakthrough state. If the sign is conserved, the element witnesses a relaxation of deformation whereas if changed, the element goes from a negative volumetric strain to a positive one or inversely, but obviously with an absolute magnitude smaller than the absolute peak one. e investigation conducted for test (2) is reported in Figure . , where in (a), the map indicates the elements that have undergone a strain so ening while in (b), the map highlights the elements that have changed the sign of their deformation, considering all the elements except the one invaded at the breakthrough. us, the majority of elements, a er reaching their record values, experiences a decrease in the magnitude of the volumetric strain through the process, positive strains remaining positive and the negative ones remaining negative. A minority of elements changes their sign of extraction of the skeleton of high amplitude peak strains, exceeding a certain threshold, is performed for both tests and the output maps are illustrated in Figure . b and . d for test (2) and test (3) respectively. One can notice that in Figure . b, the extracted strains constitute a large part of the developed nger and hold the shape of the nger whereas in Figure . d, the extracted strains are sca ered forming a less compact skeleton. erefore, the applied mechanical loading impacts the amplitude of the peak deformations as well as their distribution: the higher the e ective stress, the more high-amplitude peak deformation is reached, the more dense the distribution is.

. & e interface detection procedure detailed in Section . . , allows us to retrieve concrete and quantitative information about the moving interface for all the aquired images. At rst place, for each time-step, a map is calculated, then a set of contours is identi ed by selecting a value for . In the presented cases, a = 0.25 is chosen as a compromise for having an interface describing the reliefs of the drained zone and located within the partially saturated transition zone. Being deduced from a discretization grid, the contours map associated to a given value of the scalar , can be converted into an explicit geometrical representation of the interface. However, a post-treatment on the detected contours is required: (i) to distinguish the advancing front from non-simply connected or even non-connected parts of the water-air interface, and (ii) to deduce the main properties of the moving interface as the interface length, the invaded area, the interface velocity, the interfacial length density, as de ned by (D ., ) and the interface corrugation, as de ned by (V .,

). e interface detection and the quanti cation of these properties are performed via new-developed algorithms using MATLAB.

. . Post treatment process for interface detection

As in segmentation process, where choosing a threshold value on the gray level implies that a binarized image corrupted by noise shows up, similarly, choosing a value of does not result in a single contour separating two distinct zones, but into non-simply connected and/or possibly non-connected domains. In order to overcome the di culties intrinsic at the treatment of multi-connected surfaces, an algorithm is developed in 2 to distinguish automatically the unconnected open/closed contours from the main root. e output of this algorithm is illustrated in Figure . where the black 5 mm line indicates the fragments that will be discarded and the blue one denotes the main root. To explain the way the algorithm treats binarized images and to test its capability to identify internal boundaries or boundaries of non-connected parts of the domain, a complex scenario issued from the case illustrated in base of the ROI, serving for the generation of a binarized image, see e.g. Figure . c. A sorting is then conducted on the rest of the red contours to divide them into two categories: the rst one completes the ngering morphology while the second one is located outside the target and so is neglected (colored in magenta in Figure . d). e rst category contributes either in spo ing a (red) hole inside the nger to account for trapped drops of the we ing uid against the non-we ing uid invasion or in adding (light blue) fragments to the main interface to be counted later on in the total length, as illustrated in Figure . d.

. . Physical properties

A propagating interface is characterised by a set of physical properties that are mainly driven by the applied hydro-mechanical loading. In the following, the interface length, the underlying area and the growth property are addressed.

Interface length and invaded area

Once the interface of the nger is identi ed via the previous algorithm, its discretization is assumed based on a set of points of known cartesian coordinates. In order to calculate the length of the unfolded interface, a sequence of local curvilinear coordinates is then de ned based on the length of segments connecting each two consecutive points, all along the interface.

A reference point ( = 0) is set for one extremity of the blue interface in Figure . . In the case where the root interface is separated in disconnected branches by the image border as in Figure . d, a reference point ( = 0) is de ned for each blue part. Finally, the total length of the nger is the sum of the lengths of the di erent segments constituing the interface or merely the nal curvilinear coordinate.

Concerning the invaded area, as already mentioned, the propagating air does not succeed in draining all the saturated zone; some spots remain saturated; using the previous algorithm the distinction between the invaded zones and the resisting ones is ensured, as shown in Figure . e where the black spots inside the large white domain hide the undrained zones. e invaded area is computed by counting the number of white pixels in the binarized image.

Interface velocity e interface velocity depends both on the micro-structure of the medium and on the applied hydro-mechanical loading: the hydraulic loading monitored by either the imposed capillary pressure or the gas in ow and the mechanical loading controlled by the con ning pressure and indirectly by the e ective stress. In the literature, the interface tip velocity, as proposed in L . ( ), is a macroscopic quantity describing only the advancing velocity of the tip of the front, in the vertical direction. Recording the maximum position of the interface of each acquired image allows to deduce the jump of the tip ( ) between two consecutive images taken at gap of 1/ [s], being the acquisition frequency. us the interface tip velocity is × . However, the velocity of a curve moving in the 2D space or of a surface moving in the 3D space is correctly de ned as a normal velocity, say a vector eld oriented as the outward unit normal to the considered object of co-dimension 1, as reported e.g. in (M ., ). In addition, the interface does not evolve in a unique direction: the front tip can cease and an expansion of the interface can be triggered simultaneously at the most vulnerable spot of the front. is can be clearly seen in Figure .  that summarizes the history of the invading front by assigning a color for the growth areas at each time step; the non-invading zone is represented by the white color while the invaded zone is painted by the gradually colored time-steps. A measure of the local velocity is quanti ed to highlight the local jumps of the interface via a customized algorithm. Two consecutive interfaces, obtained at -1 and are scanned. It is important to note that the two interfaces, are extremely heterogeneous, in terms of the intrinsic uctuations of the pro le, and signi cantly di erent one from the other. e interface velocity is calculated based on the following criterion: any point of the interface at time is regarded as the transported along the normal to the interface at time -1 of a point staying on the la er. However, the local properties such as the curvature and the normal direction in uence this searching process. erefore, in order to further enrich the collected data, a similar process can be done but in the reverse direction by following the normal direction drawn on the ( ) interface.

ese two ways complement each other and contribute to capturing the spontaneous appearance of the irregularities especially when sharp changes of curvature occurs between -1 and . An example issued from the direct application of the aforementionned process on test (1) is illustrated in Figure . c where the tracking process in both directions provides a complete description of the burst: in Figure . a, the tracking process is based on the eld of normals (black lines) to the -1 interface while in Figure . b, the normals are those to the ( ) interface. e magnitude of the interface velocity computed using both the abovementioned approaches and expressed as function of the curvilinear abscissa of the -1 interface -1 , are plo ed in Figure . c: this last indicates negligible velocity everywhere except at the bulge formation which occured at a speed of 60

/ . e calculated displacement behind this local velocity is nothing else than the depth of this bulge, which is around 300 pixels, as can be seen in Figure . , a similar result will be obtained following a completely di erent approach in Section . . . e algorithm developed to t the normal velocity consists on nding the intersection point between the normal plo ed on the ( -1)/ interface and the /( -1) interface. e combination ( -1)→ interfaces is considered in the following but this analysis is also applicable for →( -1) interfaces. e searching process for the intersection point is an iterative process and detailed in Algorithm . the discretised ( ) interface is collected. e equation of the normal line is then computed at each point of the ( -1) interface; however to capture its intersection with the fragment of the ( ) interface enclosed within the window, this last is not de ned by a continuous equation but by the set of discretising points P. erefore, the equation of the line connecting any two consecutive points of P is de ned and its intersection with the normal line is computed. If the intersection point falls outside the connecting segment formed by the considered couple of points of P, the iterative process continues with the next couple of points and so on. If the intersection point is located within the connecting segment, its curvilinear abscissa is interpolated and recorded to be used as the starting point in the searching process within the next window. At the end of the process, the two normal displacements elds obtained, from both directions when needed, are assigned to the ( -1) interface and therefore the velocity pro le of the ( -1) interface is computed as can be seen in . .

Morphological properties

Morphological properties describe the reliefs of an interface by highlighting the depth of the local bifurcations via the interfacial length density analysis, the macroscopic corrugation amplitude and the ondulation frequency. ese properties are mainly in uenced by the heterogeneity of the granular medium and are detailed in the sequel.

Interfacial length density

In 3D images of a partially saturated porous medium, the interfacial area is de ned as the area of the meniscus between the non-we ing and we ing phase per unit volume (D ., ; C ., ). is quantity is an indicator for the compactness of the ganglion formations (S ., ) and improves in the description of partially saturated medium besides the saturation degree parameter (J N ., ). Imaging the 2D surface of the sample and tracking the moving interface on low-contrasted pa erns does not allow to capture the separation between the solid and uid phases. erefore, the separation line identi ed in Section . . is considered as the interface between the two uid phases and an analysis aiming at characterizing the interfacial length distribution along the air-water interface is developed. e goal is to bring out the characteristics of the micro-structure of the nger front, and in particular to identify the placement of bulges, indicating possible rami cation of the nger, as the case in I . ( ) reporting the sequence of bursts during a drainage process, together with their dendritic depth. To this aim a square window, of size W, is moved translating its centroid along the detected ondulated interface.

e fragments of the interface residing within each cell are identi ed and their cumulative length L per cell is calculated and normalised with respect to cell's diagonal W = W √ 2. e interfacial length I L per cell is de ned herein as I L = L / W . It is to be noted that due to the vicinity of the two "river banks" of the nger, in particular at the nger tip, this study is conducted, separately, on the two branches which are labelled later-on by le and right parts, in order to avoid swallowing non-concerned fragments within the sliding cell and to distinguish the contribution of the bulges which have nucleated on the le and right borders. e le part is colored in magenta in Figure . and the right part in cyan and they are split based on the maximum position on the whole curve. Di erent window sizes have been tested; apparently depending on the heterogeinity of the depth of the bulges, with respect to the nger body, windows of di erent sizes are needed to classify the heterogeneities. e aim of this study is to carry out this classi cation. Mean and standard deviation of the interfacial length distribution are therefore calculated assuming the window characteristic size as a parametrization. eir evolution as functions of the window size is reported on Figure . for the two parts of the nger. I L exceeding 1 indicates that local pa erns, longer than W , are dominant.

is interpretation is complemented by the evolution of the standard deviation. When the la er increases along with the window size, this re ects a signi cant uctuation in the interface morphology, say a transition from smooth fragments into sharply bended fragments, whereas when it decreases along with the window size, this means that the characteristic size of the bulges has been exceeded and as long as the cell size increases, the cell grabs almost the same texture while travelling on the interface. A qualitative description of the interfacial length as a function of the window size all along a de ned bulge shape is summarized in Figure . . When a small window size is employed, as in panel 1, a constant interfacial length is going to be found, which in the limit corresponds to zero standard deviation. If the window size increases, the texture of the bulge starts to be more valued, the interfacial length will exceed 1 and the standard deviation grows, as in panel 2. However the excessive increase of the window size will drive again to a constant interfacial length and a drop in the standard deviation, see panel 3.

e result obtained for the le nger border in Figure . a shows three di erent slopes of the standard deviation within the intervals of the window characteristic size W (100, 300), (300, 550) and (550, 750) pixels.

e window sizes W={100, 300, 550, 750} pixels are considered as critical since they are the turning points for the change of slope in the standard deviation evolution. On the other side, the result obtained for the right border in Figure . b, describes a di erent behavior. A decrease in the standard deviation is observed a er the peak at W = 300 pixels. So the largest window needed to capture the heterogeneities on the right side is 300 pixels. Focusing on the le border where the the variation of the standard deviation as a function of W indicates the presence of heterogeneities of di erent characteristic sizes, the complete evolution of the interfacial length along the curvilinear abscissa is drawn in Figure . a only for the critical window sizes. For the rst window size tested, W = 100 pixels, the pro le indicates the showing up of mild uctuations that turn out to sharp uctuations with the increase of W. One can notice that at the positions pointed by the dashed black rectangles, the interfacial length I L exceeds 1 for a certain W and then drops when larger cells are used. e identi cation of these positions on the nger structure presented in Figure . , provides a justi cation of this observation considering that at these locations the size of the heterogeneities is relatively small compared to other irregularities alitative characterization of the interfacial length as a function of the window size, 1: small, 2: medium and 3: large. and so it is tightly enclosed within a cell of W = 300 pixels whereas the use of larger cells provides a measure which is not a ected by these small details. However, the measurement of the interfacial length at positions ( , , ) provides a behavior contrary to the previous one: the bigger the cell is, the larger the amount of included bended fragment and the higher the interfacial length will be. is interpretation is valid up to a certain limit of W which once exceeded, implies a backward trend. e morphology of the corresponding bulge, identi ed in Figure . explains the reason behind the "e ciency" of large cells. An in-depth investigation on the interfacial length as a function of the window sizes at speci c positions where bold bumps are formed and denoted by { , , } and { , , } in Figure . , is presented in Figure . . For the rst bulge, a plateau is reached at W ranging from 300 to 550 pixels while for the second bulge, a plateau starts at W = 400 pixels followed by a peak at W = 850 pixels. One can conclude that the rst bulge is the main contributor for the rst change of slope of the standard deviation evolution reported in Figure . a, while the second bulge is the principal cause of the second change of slope. erefore, the le border of this nger can be characterised by three scales of the buldge characteristic size: small size detected at W = 300 pixels corresponding to a bulge amplitude of 150 pixels (4 grains of FB), regular size detected at W = 550 pixels corresponding to an amplitude around 300 pixels (8 grains of FB) and nally big size detected at W = 750 -800 pixels corresponding to an amplitude around 400 pixels (12 grains of FB). Using a window size W = 750 px allows consequently to observe the main characteristics of the micro-structure of the le part of the interface. e amplitude of the bulges corresponds to the half of the window size, as the window is drawn centered on the discretised interface. Contrary to what has been seen for the le part, the use of large cells is not necessary for the right part as reported in Figure . b, which is consistent with the fact that the largest characteristic size of the bulges which form on the right hand side of the nger is smaller than that relative to its le part. erefore, for the right border, one can consider a cell of characteristic size W of 100 -150 pixels corresponding to 3 -4 grains of FB.

Corrugation amplitude e granular medium through which the bi-phasic ow percolates is responsible of the dendritic structure of the nger sides. e de nition of a corrugation amplitude A, describing the perturbation of the current ondulated interface with respect to a reference at 1D form, has been proposed in (V ., ; B ., ); this last being de ned as the standard deviation of the normal coordinate , of each point of the ondulated surface measured with respect to the reference curve. Inspired by these studies as well as by the methods proposed in (A ., ) for 2D interface, an estimation of this quantity is proposed herein to evaluate the ondulation of the air-water interface, evolving in a 2D space. e idea is to generate a "smooth" 2D contour C, that preserves the shape of the corrugated one C but with less relief-details, as an alternative to the referred at interface in the 1D problem. is is achieved by manipulating the parameter ℓ that controls the length of the regularization in the computation of via the minimization of functional Equation ( . ) and thus the smoothness of the detected contour: the largest the ℓ is, the less details are detected. However, generating a smooth interface by increasing the regularization parameter ℓ tends to shi outward the level-sets of . To avoid the contact of the selected smooth interface with the borders of the ROI and subsequently its undesired fragmentation, the algorithm of interface detection is supplied by an enlarged input domain of correlation error map generated by virtually replicating the column of border pixels on the le and right hand sides of the nger as well as the row border pixels at the top, as illustrated in Figure . a. So, in addition to the rst front detection that delivers the corrugated interface C for ℓ C =40 pixels, a second one is launched with the same parameters except a larger ℓ and on virtually larger input correlation error images in order to extract a smoother interface. e coarse regularization length is ℓ C = 200 pixels. e value to be selected should provide a smooth interface that incorporates the whole ondulated interface with a particular a ention for the tip of the nger. Herein, C is 0.05 (smaller than C =0.25) and the corresponding smooth interface is colored in red on the level-set map of in Figure . b. Once the smooth interface is provided, the goal is to determine the distance between this la er and the corrugated one. A signed distance is de ned over 2 × elements in the normal direction to the curvilinear abscissa along C, using a fast marching method on the regular grid de ned by the DIC nite element 

mesh (S ,

). In this way, the rst elements outside the domain delimited by C are assigned with negative values according to their distance from the smooth interface and similarly, the last elements inside the domain delimited by C with positive values; being de ned as the minimum o set to C delivering a zone of signed distance covering all the reliefs of C, see Figure . c. Having a de ned signed distance map with respect to C, an interpolation is applied on the contour C to deduce its signed distance C to C. Indeed not all the points of C contribute to the calculation of the corrugation amplitude. A sorting is applied: for each point on the smooth interface, a corresponding point on the corrugated interface is chosen if the three following conditions are satis ed: (i) the searched point has to be on a straight line normal to C with a given tolerance, (ii) in the case where more than one point belongs to the same normal direction, the one with the smallest distance is picked; this occurs when a concavity inversion of the interface pro le exists on the normal direction and (iii) the index of the point to be picked has to be larger than that of the predecessors. Similarly to what already done in Section . . , a distinction between the le and right borders is taken into account for both interfaces. e result of this sorting is shown in Figure . a where the black lines link the considered couples of points: each point of C with its counterpart on C. Figure . a also provides a visualization of the appropriate selection of the value of ℓ C to be used so that the sought interface is not only smooth but it is capable to accurately describe the reliefs of the corrugated curve. In addition, this approach allows us to transform the geometrical interface to exploitable data. e evolution of the signed distance with respect to the curvilinear abscissa de ned on the smooth interface is represented on arbitrary singularities break the somehow "monotonic" topology. erefore, this can justify the fact that the corrugation of the le border is slightly higher than the right one since the le border is marked by the appearance of more signi cant irregularities. is approach based on the de nition of the level-set with respect to a "smooth" interface has allowed to extract the distance between two interfaces, the smooth one and the corrugated one. Conversely, calculating the distance between two consecutive corrugated interfaces labelled ( -1) and ( ) as per Section . . , using the same approach, is not an option because the de nition of the signed distance will be limited over a small due to the signi cant curvature of the corrugated interface. is procedure is therefore e ective for characterizing the topology of the interface but not for quantifying the interface velocity.

Ondulation frequency e signed distance pro le reported in Figure . b can be analysed as a signal via the Fast Fourier Transform algorithm (FFT), in order to retrieve the most redundant periods and deduce the approximate distances separating the main bulges formations.

e graph showing the amplitudes of each period of the Fourier domain is represented in Figure . a for the le and right borders in logarithmic scale. A very dense set of small periods can be observed indicating the noisiness of the signed distance signal and indirectly that of the detected interface. A truncation is applied on the delivered period domains by referring to the previous analysis performed on the interfacial length density of Section . . . e window size for which the maximum standard deviation of the interfacial length is calculated (see Figure . ) is considered as the lower boundary of this truncation. is window size values the largest texture of the interface which could possibly be at least equivalent to one period. To delimit the upper limit, periods close to the total length of each smooth border, are as well discarded. us the interval of periods taken into account for the le border ranges between 750 and 3000 pixels while for the right border between 300 and 2800 pixels. Figure . : Post-treatment of the signed distance signal with the FFT: (a) log-scale graph showing the output of FFT with periods sorting in two parts for both borders: the main part contains the main periods that will contribute to the reconstruction of a ltered interface and the removed part contains the set of small and large periods that will not be involved in the contour reconstruction, (b) the main parts represent the ltered signal of signed distance while the removed parts account for the noisy signal that has been removed; in blue is the original signal and (c) in magenta and cyan, are reported the reconstructed borders of the contour based on the set of main periods selected; this gure is in element scale where each element is 5 pixels.

, . is chapter is dedicated to explain the e ect of hydro-mechanical loadings on the localized strains from one side and on the interface properties from the other side. To nd out these couplings, a comparison is conducted between two tests characterised by two di erent order of magnitude of e ective stress.

. &

A er the decomposition of the volumetric strain into positive and negative parts and the evaluation of their evolution within each transition and invaded zones, as discussed in Section . . , a global analysis is performed by examining the average volumetric strain within the developed nger.

e tests considered in this chapter are tests (2) and (3), being the ones non-a ected by a double gas percolation, due to the application of silicon grease on one side of the sample. e temporal evolution of the average volumetric strain calculated at each invaded zone during the process is reported in Figure . a for test (2) and in Figure . b for test (3), starting from the initial stages of the invasion process until the breakthrough time. e average volumetric strain observed for both tests is positive, indicating a dilation of the medium as a consequence of the drainage process, regardless the extent of the imposed e ective stress. However, the response obtained from test (2) undergoing an e ective stress of 120 kPa shows a higher amplitude of deformation than the ones observed in le and right ngers of test (3) undergoing a lower e ective stress (40 kPa). erefore, one can conclude a direct relationship between the applied e ective stress and the overall volumetric strain: the higher the initial e ective stress, and therefore the con nement, is, the more relevant the positive strain associated to the uid-uid interface nucleation will be. In addition the octahedral shear strain issued from the deviatoric strain tensor , is also calculated as 2 = 2 3 ( : ) and averaged over each invaded zone during the process. e temporal history is reported in Figure . 3) respectively. e spatial distribution of the octahedral shear strain, at the breakthrough time, is illustrated in Figure . , together with the spatial distribution of volumetric strain in Figure . for the three observed ngers. One can notice that the volumetric strains are accompanied by non-negligible octahedral shear strains which give the order of magnitude of shear strains. Both volumetric and octahedral shear strain maps reveal similar strain pa erns: the nger of test ( 2) is characterised by a dense distribution of volumetric and octahedral shear strains while the pair of ngers observed in test (3) enclose a region characterized by small value of strain (close to zero). erefore, the higher the e ective stress is, the more compact the spatial distribution of the strains within the developed nger will be. Moreover considering the presence in both ngers of test (3) of zones of residual trapped water accompanied by regions which are neither a ected by volumetric nor by octahedral shear strain, which are not observed in test (2), one can conclude that, keeping constant the capillary pressure, higher e ective stresses require the gas to open new paths in the granular skeleton while lower values of it allow the gas to percolate through the existing network. Now regarding the amplitude of the average of the octahedral shear strain, Figure . reveals a higher amplitude for test (2) than for test (3).

us, an additional con rmation regarding the in uence of the e ective stress on the magnitude of the induced strains is deduced.

Very few results can be retrieved from the literature concerning microscale observation of local strain induced by a drainage process. We can for instance refer to (E ., ) who reported non-vanishing fulleld volumetric strain maps of a glass beads monolayer, within a Hele-Shaw cell, induced by a pointwise gas injection. In this case however the e ect of the mechanical con nement has not been taken into account. Our results represent to the best of our knowledge a novelty in the eld. Moreover they are qualitatively consistent with the macro-scale measures of volumetric strain observed in a shale sample during a drainage process, see e.g. (A ., ) and more recently G B . (

). e temporal evolution of strains during the drainage process being discussed, a description of the evolution of the average strains within subelements of the nger, is missing. An investigation on this evolution is performed at the breakthrough time to identify any correlation between the transition zones, if exists. erefore, the strains calculated within the nger at the breakthrough are divided into subsets, each representing a transition zone. en, an average value is calculated for each transition zone in order to verify the order of magnitude of the average strain and its variation from one tansition zone to another. As it can be seen, the spatial distribution of the breakthrough volumetric strains, reveals the presence of transition zones characterized by a negative average strain value, taking as a reference the average value calculated in the whole nger. In addition, in test (2), the base of the sample is characterised by the largest positive volumetric strains, followed by a sequence of transition zones with an average strain evolving between -0.1 and 0.1 [%].

is kind of behavior, at the gas entrance, is not observed in test (3), where the spatial distribution indicates somehow a sequence of transition zone with an average strain ranging between -0.1 and 0.1 [%]; the anomalous response observed in the le nger between the 8 ℎ and 12 ℎ zones is not taken into account because it is associated to the period where drained patches, "disconnected" from the root nger, emerge a ecting the reliability of the measurements. erefore, one can conclude that the higher the initial e ective stress, the more the base of the developed nger is deformed.

In both cases, the evolution of the average strains along the developed ngers, shows an alternation between negative and positive average strains. Figure . sheds the light on the sign of the average volumetric strains held by each transition zone and therefore a visual distinction can easily be made beween the dilated zones in red color and the ones in gray color. As can be seen on the provided maps, base of sample is always described by a positive average strain, indicating the opening of the medium, then is followed by a series of compacted and dilated zones. e proportion of transition zones having a positive average strain is 58 [%] of the total number of the transition zones invaded in test (2) and the surface of the nger covered by this proportion is 64 [%]; considering the right nger of test (3), the proportion of transition zones having a positive average strain is 64 [%] and the surface covered by the red color is 63 [%]. erefore, covering the same percentage of the nger surface by the average positive strain while the proportion of the transition zones to reach this covering, is higher in the test (3) than in test (2), means that the transition zones identi ed by a positive strain are larger in test (2) than in test (3). us, the higher the e ective stress is, the larger the zone holding a positive average strain will be.

A similar analysis is conducted regarding the spatial distribution of the octahedral shear strain 2 obtained at the breakthrough time for both tests, in order to identify the order of magnitude of the induced strains based on the established transition zones. . & A er the identi cation of the correlation between the hydro-mechanical loadings and the strains elds, the correlation between the hydro-mechanical loading and the interface properties is searched. In the previous chapter, several parameters characterizing the properties of the nger have been introduced and tested on the nger of test (1), such as the interface length, area, velocity etc, without providing any link with the applied loadings. In the sequel, the discussion is carried out by comparing the interface behaviour of test (2) with test (3), regarding both the morphological and the growth aspects.

. . On the morphological framework

As previously discussed in Section . . , the bi-phasic interface growing through the drainage process experiences the emergence of permanent instabilities like the local bifurcations or the emergence of temporary instabilities like the local coalescence, depending on the imposed hydro-mechanical loadings. As mentioned in Section . a qualitative comparison of Figure . and Figure . seems to indicate that the lower the e ective stress is the higher the number of coalescence events and the trapped undrained ganglions within the nger are. To investigate the occurrence of coalescence events, as for instance the one observed in test (3) during the development of the right nger, the interfacial length density, introduced in Section . . , is evaluated at two consecutive con gurations of the nger: the rst one preceding the coalescence, with a current interface holding the local bulges susceptible to merge as illustrated in Figure . c, and the second one at coalescence when the local asperities are erased, as presented in Figure . d. Without entering into details and nding out the size of the local bulges, the aim of this analysis is to verify how the interfacial length density measure is modi ed by a coalescence event. Considering the red contour at stage before the coalescence and the corresponding one at stage +1 with the extremity at the top having the same height as the maximum height, separate analyses similar to those presented in Section . . are developed for both interfaces in order to capture the e ect of the coalescence. In Figure . a and Figure . b are presented the mean and standard deviation of the interfacial length as function of the window sizes for the le border of the contour detected at and for the red contour detected at +1 , respectively. One can notice the dramatic change in the response before and a er the coalescence event. e parallel increase in the mean value as well as in the standard deviation seen from a window size exceeding 400 pixels in (a) is transformed to a complete inverse response in (b) once the coalescence is over. erefore the coalescence event generates signi cant changes in the morphology of the interface converting the combination of local bulges to an interface with a topology quite similar to the rest of the contour, con rmed by the drop of the standard deviation in (b). As a ma er of fact no microstructure associated to a window size larger that 400 pixels can be observed a er coalescence. It is worth to recall that the characteristic grain size is equivalent to 35 pixels.

Furthermore, a comparison of the interfacial length density at the breakthrough time is also conducted between tests (2) and (3) to determine whether the morphology of the nal interface is dependent or not from the loadings.

e results are presented in Figure . separately for the le and right borders of each nger from tests (2) and ( 3). e rst column stating the output for the single nger formed in test (2) indicates that the le and right borders need a window size around 600 pixels to capture the largest bulge.

Moving to test (3), the second column representing the le nger indicates from the rst sight the presence of two distinct morphologies for the le and right borders. e largest characteristic size of the bulges on the le border requires a window of size 400 pixels to be detected while the largest characteristic size on the right border is detected by a window of size 700 pixels. So within the same nger, two di erent sizes of local instabilities are formed. In addition, the order of magnitude of the standard deviation reached by surveying the right border is almost two times that of the le border, re ecting a level of heterogeneity much higher on the right border than on the le one: as can be seen in Figure . h, the number of signi cant bulges on the right border is much more important than that on the le border. Moving to the last column, representing the right nger, also obtained during test (3), the double plots re ect two borders having almost the same characteristic sizes of the bulges, 400 pixels for the le border and 500 pixels for the right border. erefore one can conclude, that within the same test, di erent charac-teristic sizes of the bulges are observed with di erent levels of heterogeneity. Moreover even if test (2) and test (3) undergo di erent mechanical loading they do not show a signi cant di erence in terms of interfacial length distribution. So, the morphology of the interface seems to be not significantly a ected by the mechanical loading and counts more on the local heterogeneities of the granular medium.

Another quanti cation of the morphology of the nger from a global perspective is provided via the corrugation amplitude, previously de ned in Section . . , as the standard deviation of the measured signed distance between a reference smooth interface and a real ondulated one, o ering a macroscopic indication on the amplitude of ondulation. e process of determining the corrugation amplitude, is applied to each nger of test ( 2) and (3) at their breakthrough stages. e followed steps are brie y recalled. Firstly, an enlarged correlation error map characterised by a sharp contrast, is generated by only replicating the le and right columns of pixels of the prede ned ROI; the top border being crossed by the nger at the breakthrough time, is not replicated. e newly obtained correlation error maps, illustrated in Figure . for each nger, serve for the extraction of the smooth interface via the algorithm, previously detailed in Section . . , using a regularization length of 250 pixels.

e output maps representing the level-sets by the scalar are shown in Figure . . A value of 0.15 is selected for the three cases, driving to the closest smooth interface that is completely beyond the ondulated one without any interference.

en, a signed distance map is generated with respect to this smooth interface, over a transition zone of = 125 elements, and presented in Figure . together with the smooth interface in red and the ondulated one in blue. As it can be seen, the de ned signed distance, represented by the gradually coloured pale e covers all the reliefs of the ondulated interface with = 125 elements. e process of determining the corrugation amplitude starts by travelling the smooth interface, each border separately from the other, looking for the point on the corrugated interface having minimal distance to it. A particular a ention is Table . : Comparison of corrugation amplitude, expressed in pixels, and calculated for each border of the three ngers, within a de ned interval, in the rst row. en in the second row, are presented the window sizes at which I L has reached its maximum value for each border, and are considered as the lower thresholds for the output periods in the FFT analysis which follows.

interval, is computed and reported in Table . . e estimated values of the corrugation amplitude give an additional con rmation on the randomness of the interface topology: within test (3), the identi ed amplitudes seem quite di erent for the right and le nger; again, the corrugation amplitudes found for the right nger describe two borders of similar topology since the values are close to each other while the le nger is constitued of two borders with di erent features. Moving to test (2), the corrugation amplitude seems in the same range as the one found in the right nger which discards the possibility of having a relationship between the morphology of the interface and the mechanical loading.

is interpretation corroborates the results deduced from the analysis of the interfacial length density.

e output signal reporting the signed distance as function of the curvilinear abscissa of the smooth interface, is supplied to the FFT algorithm to get the frequencies from which the signal is formed. en, taking into account the ndings from the interfacial length analysis performed on each border, the main interval of period is selected and the remaining periods are discarded, being quali ed as a source of noise. e lower threshold of the period interval is determined by the window size at which I L reaches its maximum value and the retained value for each border is reported in the second row of Table . . Reconstruction of the " ltered"contour is then performed by (i) supplying the IFFT algorithm by the selected period interval and (ii) exporting the resulting ltered signal into the corresponding contour. e output contours are visualized in Figure . to see how the selected interval impacts the description of the local bulges. Overall, the ltered contours follow the main features of the interface, penalizing the small reliefs on the behalf of larger or more accentuated ones.

. . On the growth framework

In the previous section, the morphology properties have been examined at the breakthrough and led to conclude the abscence of correlation between the mechanical loading and the topological characteristics. A new correlation is veri ed but this time within the growth framework tackling the interface length, the invaded area and the interface velocity. us, the goal is to determine whether the applied mechanical loading has an in uence on these properties or not, by comparing tests (2) and ( 3).

e temporal evolution of the interface length , calculated as de ned in Section . . at each stage of the air invasion process, is reported as function of time normalized by the breakthrough of each nger, in Figure . . A reference time = 0 is considered just a er the formation of the rst invading zone within the de ned ROI. One can notice that the developed interface length is almost everywhere higher in test (3) than in test (2).

is can be explained by the fact that when a lower e ective stress is applied, the interface is more free to expand and invade, generating a longer contact line. Moreover, the interface length gives an implicit information regarding the continuity of the interface movement; the black curve representing the length of the interface in test (2), manifests a stabilization of the interface length, re ecting an interface ceasing over an important period of time between / = 0.7 and / = 0.9. e similar behavior observed for the le nger of test (3) is judged as an artefact due to the in-depth formation of drained but unconnected zones with the main nger (the observation within the interval 0.2 and 0.6 of / does not re ect authentic measurement for the le nger due to the above-cited issue). So, in test (2), the movement of the interface is intermi ent explained by the stabilization of the interface length whereas in test (3), the movement of the interface is continuous as the interface length is steadily increasing. erefore, when a medium is subjected to a higher e ective stress, the interface propagation is more susceptible to be blocked and ceased by the compactness of the medium, even near the top of the sample, while when a lower mechanical loading is applied, a smoother percolation occurs as the one perfectly described by the right nger of test (3). Furthermore, the evolution of the interface length highlights the appearance and disappearance of local formations during the air invasion. When the interface length increases, it means that going from -1 to , the interface has developed an additional contact line relative to previous interface, whereas, when the interface length is decreasing, it re ects that some local bulges have been transformed to a smoother contact line a decrease in the length of the Comparing the nger of test (3) to nger of test (2), this last repetitive decrease of its length with respect the right nger. erefore, one can conclude that the generated bursts under signi cant mechanical loading tend to replace the spiky reliefs by shorter contact line, contrary to the case of right nger where the generated bursts always establish an increasing contact line. is emphasizes again the barrier against the development of the interface imposed by the mechanical loading.

e second property investigated is the evolution of the surface of the drained zone during the air invasion. e rst invaded zone is not considered to avoid any misconception produced by the position of the considered ROI.

en, the areas of the progressive transition zones are cumulated from = 2 to = , and the evolution of the cumulative areas for the three ngers is reported in Figure . , as function of time normalized by the breakthrough time. is graph indicates that the higher the mechanical loading is, the larger the drained zone will be with respect to the breakthrough characteristic time. However, one should not forget that test (2) requires more time to reach the breakthrough than test (3). A clear representation of the cumulative surface of the invaded zone is represented as function of time, from = 2 to = in Figure . to verify the size of the invaded zone at each time-step. e surface of the invaded zone corresponding to test (2) is less pronounced than the ones corresponding to test (3) a er time-steps ( ≤ 25).

erefore, the generated area during test (2) at each time-step is smaller than that during test (3). So, the mechanical loading acts on the draining capacity of the propagating nger: the higher the mechanical loading is, the smaller the surface of the transition zone is, however the larger the nal drained zone is with respect to breakthrough. e last property, the velocity of the interface is tackled to study the in uence of the mechanical loading on the interface propagation speed. In the previous chapter, the local velocity of the interface moving from -1 to has been introduced. In order to have a simple global indicator of the interface velocity, the tip velocity notion is privileged.

erefore, a er tracking the maximum position of the interface at each time-step, the velocity is deduced at the tip of the nger.

e evolution of this tip velocity is reported in Figure for the three considered ngers; the highest two red peaks not taken into account as well as the highest black peak, being judged as artefacted measurement since the position of the tip of the nger has remained on hold over a certain period of time while unconnected drained zones have appeared. e average velocity of the nger of test (2) can be estimated around 50 / while in test (3), the tip velocity is around 80 / . is result corroborates the previous ndings regarding the convenience of the interface propagation when low mechanical loading is applied. In addition, the zero tip velocity described by the black curve between / = 0.7 and 0.9 con rms the previous analysis about the stagnation of the C A er thorough review of the literature, the two-phase uid ow in a geological formation can be classi ed as a rather complex process due to the interference of several couplings. In uenced by internal factors intrinsic to the medium such as the microstructure and the e ective stress related to the storage depth, and controlled by external parameters such as the injection ow rate and the viscosity contrast, the bi-phasic ow can turn to an unstable percolation. ese uid instabilities described as uid ngering, are precursors of local skeleton remodeling as evidenced by (C ., ). Particularly, the mechanical loading acting on the host rock seems to have an in uence not only on the percolation and the breakthrough but also on the response of the geological barrier formations in terms of the induced deformation (H ., ; S ., ). Clearly, the scope of this thesis falls within the context of underground storage of energies, but in simpli ed conditions, where a granular material is selected to investigate the coupling between bi-phasic ow and the response of the solid skeleton under hydro-mechanical loading.

In the current thesis, for the aim of nding out at rst place, relation between uid ngering and the grain reorganization then the in uence of mechanical loading on the hydro-mechanical instabilities, two main drainage tests with air invading a water-saturated sand sample, have been performed under same hydraulic loading but with di erent level of e ective stresses, and supported by two other tests for repeatability con rmation.

e experimental set-up allowing to control simultaneously the pressure of the saturating uid (back pressure), the pressure of the injected uid and the e ective stress from one side, and to lm the air in ltration through the water-saturated sand sample from the other side, is one of a kind machine. Starting from the delicate preparation of the sand sample, to the challenging and meticulous drainage procedure, to dealing with high-resolution images and the development of appropriate algorithms for the extraction of embedded information, these four big steps have to be accomplished before the analysis of the results. e contributions related to each of the experimental and post-processing tasks have been extensively explained. en, the discussion of the correlation between the detected propagating interface and the corresponding generated deformation is addressed.

It has been seen that the preferential pathways of the injected air have induced localized eld of deformation enclosed within the invaded zone and determined via FE-DIC, to be more signi cant at the base of the developed nger than at its tip. e in-depth analysis performed to evaluate the in uence of the advacing front on the previously generated drained zone, described by the temporal evolution of the average volumetric strains within each invaded/transition zone, highlights the increase in the average strains within these zones, from the moment of their nucleation during the percolation process, followed by a steady deformation. It has also been shown that the energy held by the propagating interface is dissipated within a set of consecutive bursts generating a decreasing average value of the induced strains then a new set of bursts starts.

e maintenance of the average strains through the drainage process at a constant value has led to say that the generated deformations are irreversible. A con rmation is brought when an element-wise analysis is performed: even though the peak value of deformation (positive or negative) reached by an element is not preserved through the process, the so ening mechanism dominating all over the developed nger still guarantees the non-vanishing of the induced strains. Moreover, the base of the nger can be classi ed as an active zone, subjected to continuous alteration of the local strains compared to the tip of the nger, just ying the accentuated response of the average strains at the rst drained zones with respect to subsequent ones, mentioned previously. Now the in uence of the e ective stress on the air in ltration manifests in the number of developed ngers: the higher the e ective stress is, the harder the conduit opening will be due to higher capillary entry pressure, and the lower the number of the developed ngers is.

Regarding the in uence of the e ective stress on the induced strains, the rst conclusion is deduced visually by looking at the distribution of the deformation clusters within the developed nger. It has been observed a denser clusterization with highly deformed zones when larger e ective stress is applied. e average value of the volumetric strains induced within the progressive invaded zones indicates the dilation of the medium due to air in ltration. is result corroborates with literature ndings and con rms the impact of the e ective stress on the response of the invaded geo-material, as mentioned in (S ., ): the higher the e ective stress is, the more dilated the medium will be. A empting to speculatively translate these ndings within the context of underground storage, being conscious of the strong simpli cation of the analysis, the change in e ective stress can be a ributed to two geological formations located at two di erent depths or, since the injection pressure is maintained constant within the two performed drainage tests, to two media with di erent density. In this last case the experiment with larger e ective stress can be representative of the behaviour of a denser and consequently low-permeable rock while the one with lower e ective stress can represent the underneath reservoir rock. In the rst case, higher storage depth will need higher injection pressure, however the induced strains will be more signi cant. In the second case, once the drainage phenomenon occuring at the reservoir level succeeds in invading the sealing rock, the generation of high strains is promoted. However, as reported in (G B ., ), when the stored uid succeed to in ltrate through the integrity of the sealing rock, an expansion of the medium is observed up to a characteristic time when a sharp dissipation of the gas pressure is observed and the medium undergoes a compression.

Finally, concerning the in uence of the e ective stress on the interface properties, it seems that the estimated morphological properties such as the interfacial length density and the corrugation amplitude, are independent of the applied mechanical loadings but are a ected by the intrinsic microstructure of the medium. However, in what concerns the physical properties such as the interface length, the invaded area and the interface velocity, a correlation with the applied mechanical loading is established. It seems that the higher the mechanical loading is the more the interface propagation is intermi ent and described by a plateau of the interface length. When a lower mechanical loading is in-place, the interface propagation is smoother.

is is also re ected by the area of the transition zones: when the e ective stress is more important, the area of the transition zone is less pronounced. Meanwhile, the velocity of the propagating interface reveals also a faster percolation when lower e ective stress is applied.

P

Being a very broad subject, several aspects of the presented research activity can be additionally investigated; in particular focusing on hydro-mechanical coupling, several additional parametric studies can be developed starting from the proper drainage procedure and post-processing algorithms that have been made accessible.

First, within the loadings framework, additional drainage tests, still based on water as the defending uid and air as the invading one, could be conducted by scanning various levels of e ective stress to con rm the tendancy towards large deformation when higher e ective stress is in place.

en, in a similar way but with xed mechanical loading, verify the in uence of capillary pressure on the local and global reponse. And nally, check whether a xed ratio between the e ective stress and the capillary pressure induces the same response of the geo-material or not. Obviously, these veri cations can be made on various couple of uids but also on various granular samples either prepared with one type of material with a de ned granulometry or for instance with two materials of di erent grain sizes where the coarse one is poured at the base of the sample and the ner one at the top; an adjustment to the sample preparation procedure would be required by far in this case. is will allow to verify whether the morphological properties of a propagating interface is modi ed as function of the characteristic size of the grains.

Being equipped as well with a new syringe, adapted to operate under the applied mechanical loading, ow-rate controlled drainage tests can also be conducted to test the classi cation of the drainage phase diagram under the mechanical loading.
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d is document is composed using L A T E X macros and compiled using pdfT E X engine. e typeface used is Linux Libertine. e layout is inspired and adapted from the tu e-book, classic-thesis and two-thirds classes. Résumé : L'objectif de neutralité carbone reposant massivement sur les sources d'énergie renouvelables peut être accéléré en envisageant la séquestration souterraine du CO2 et le stockage souterrain (i) de l'hydrogène produit par l'électrolyse de l'eau à partir d'électricité renouvelable et (ii) du méthane synthétisé produit par la méthanisation. Cependant, l'injection de ces fluides dans des aquifères salins profonds peut déclencher des instabilités locales sous la forme de digitations, qui sont les précurseurs d'instabilités macroscopiques telles que la microsismicité, l'affaissement ou le gonflement du sol.

L'interaction entre le fluide injecté, le fluide résidentiel et le milieu poreux hôte est un problème complexe. Pour étudier la réponse d'un squelette solide percolé par un écoulement diphasique instable, une machine originale bi-axiale adaptée aux géo-matériaux partiellement saturés et fournissant un contrôle hydromécanique, a été mise en place. Des expériences de drainage ont été menées sur des échantillons de sable saturés en eau et chargés mécaniquement, par injection d'air via une pression capillaire imposée. Un protocol d'essai détaillant les étapes nécessaires à la réussite du test de drainage, allant de la préparation de l'échantillon à l'injection d'air, a été établi.

Grâce à un système optique haute résolution, l'infiltration de l'air à travers un ou plusieurs chemins préférentiels dans le milieu granulaire, a été acquise. Le suivi du ou des doigts a nécessité le développement d'un algorithme robuste permettant la détection automatique de l'interface pour l'ensemble des images disponibles. De plus, le réarrangement de la squelette granulaire induit par la percolation du fluide a été quantifié via la corrélation d'images numériques par éléments finis. Le couplage entre la propagation de l'interface et les déformations localisées a été mesuré quantitativement en fonction du chargement mécanique, contrôlé par la contrainte effective. Les résultats ont montré une corrélation entre le chargement mécanique et la percolation hétérogène sous la forme de digitation et de déformations localisées.

Title: Effect of two-phase fluid percolation on remodeling of geo-materials Keywords: Bi-phasic flow, hydro-mechanical loading, fluid fingering, localized strains, interface detection, DIC Abstract: The goal of carbon neutrality relying massively on the renewable energy sources can be accelerated by considering underground CO 2 sequestration and underground storage of (i) hydrogen produced by the water electrolysis from renewable electricity, and (ii) synthesized methane produced by the methanation. However, the injection of these fluids into deep saline aquifers, can trigger local instabilities in the form of fluid fingering, which are precursors of macroscopic instabilities such as micro-seismicity, subsidence or ground swelling. The interaction between the injected fluid, the residential one and the host porous medium is a complex problem. To investigate the response of a solid skeleton percolated by an unsteady bi-phasic flow, an original bi-axial machine adapted to partially saturated geo-materials and providing a hydro-mechanical control, has been set-up. Drainage experiments have been conducted on mechanically loaded water-saturated sand samples by injecting air via an imposed capillary pressure. A testing protocol detailing the steps required to achieve successful drainage test, starting from sample preparation to air injection, has been established.

Thanks to a high resolution optical system, the air infiltration through preferential pathway(s) within the granular medium, has been acquired. The monitoring of the propagating finger(s) has required the development of robust algorithm allowing the automatic interface detection for the set of available images. In addition, the skeleton remodeling driven by the fluid percolation has been quantified via finiteelement based digital image correlation. The coupling between interface propagation and localized strains has been quantitatively measured as function of the mechanical loading, controlled by the effective stress. The results have shown a correlation between mechanical loading and the heterogeneous percolation in the form of fingering and localized strains.

  pore constriction level of the evolution of capillary pressure ( = -) following the receding direction associated to drainage case (S S , ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Example illustrating the fracture driven by gas ow into water-saturated granular medium, in (a) the fracture pa ern developed within a Hele-Shaw cell lled with glass beads, in (b) the granular displacement vector eld obtained from particle image velocimetry and in(c) the relative density map with respect to the initial local density: red zones indicate compaction and blue zones indicate expansion (C ., ). . . . . . . . . . . . . . . . . . . . . . . . . . . . Evolution of DIC volumetric strain of a granular medium, driven by a central injection of air into a liquid-saturated deformable but con ned medium where the glass beads are unable to leave the circular Hele-Shaw cell. Positive volumetric strains referring to a dilation are induced in parallel with the growing pa ern, surrounded with negative volumetric strains in blue indicating a compaction (a planar laser-induced uorescence (PLIF) imaging device scanning successively the vertical slices by sliding the laser on the horizontal rail (D J , ). . . . . . . . . . . . . . . . . . . . . . . . . . . . A schematic highlighting the stages at which the capillary pressure is considered as an entry capillary pressure then as a breakthrough pressure, through a drainage process (H ., ). . . . . . . . . . . . . . . . . . . . . . . . Comparison of radial deformation for both shale samples in red. e decreasing response in deformation indicates a dilation of the medium (S ., ). . . . . . . . Horizontal cross-sections and two longitudinal sections acquired via X-ray tomography, highlighting the closure of the initial fractures and the nucleation of an irregular horizontal fracture in the centre of the sample by comparing the scan prior to the test in (a) and the scan post-test in (b); as well, a vertical fracture is initiated from the major horizontal one as observed in (b) (S ., ). . . . . . . . . . . Comparison of the evolution of the bulk density of a watersaturated sand sample in (a) versus a water-saturated silt sample in (b) due to the gas migration. A darker color indicates a lower bulk density refering to the presence of gas in the openings (C ., ). . . . . . . . . . . . . . . . . Biaxial machine endowed with its optical system. . . . . . . . Close up on the biaxial machine highlighting the double couple of transparent windows. . . . . . . . . . . . . . . . . . Zoom on the sample cell: in(a) the front view and in (b) what's beneath the front window: four pieces delimit the specimen and are tightened by two O-rings. e golden xers are maintained during the sample preparation phase to secure the geometry of the sample then removed prior to the con ning phase to free the movement of the top part along the vertical axis. . . . . . . . . . . . . . . . . . . . . . . Lower specimen boundary: (a): bronze porous stone (Bstone), or (b): bronze-ceramic porous stone (BC-stone). . . . . . Upper specimen boundary: a bronze porous stone of two blocks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e individual membranes holders at the le and right sides of the specimen with the arrows showing the movement mechanism of the brackets. . . . . . . . . . . . . . . . . . . . . Schematic of the membrane pressurization circuit from the cell chamber to the external bure es endowed with a pressure ampli cator. . . . . . . . . . . . . . . . . . . . . . . . . . Pressure ampli er constitued from the lower chamber receiving the input pressure and the upper chamber delivering the output ampli ed pressure. An additional load of kg, placed on the top of the ampli er, will increment by 5 kPa the last ampli ed pressure. . . . . . . . . . . . . . . . . . . . . Close up on biaxial schematic: main blocks connected to the sample are pointed. . . . . . . . . . . . . . . . . . . . . . . . . Customized thin metallic plate xed on the backside of the sample to protect the underneath delicate pieces during sand pouring process. . . . . . . . . . . . . . . . . . . . . . . . . . Cylindrical rasor sliding on the longitudinal border with a wall thickness equal to half the plate thickness in order to keep an extra layer of sand. . . . . . . . . . . . . . . . . . . . . Integrity test for membrane immersed in water. . . . . . . . . Di erent stages of the sample assembling process: in . a, the assembly of the four main elements, in . b, the addition of the O-rings and in . c, the closure of one side by the saphire window and leaning the sample horizontally, ready for the pluviation step. . . . . . . . . . . . . . . . . . . . . . v . Cell pressure, pore pressure, back pressure and the di erence between side and cell pressure on the le axis, volume of water injected into the specimen on the right axis versus time, during Skempton phase. . . . . . . . . . . . . . . . . . . Photograph showing the additional elements to the acquisition setup. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e pore pressure evolution, in solid line, during the air in ltration for the tests (2) and (3), measured via the transducer connected to the ceramic stone. e expelled uid volume, in dashed line, is also plo ed for both tests as function of time. . A schematic of a sequence of pores and throats to describe the advance of the non-we ing phase from le to the right. e interface at the throat level, indicated by the solid line, once beyond the throat, crosses rapidly the adjacent pore, at a lower capillary pressure, indicated by the dashed line (B , ). . . . . . . . . . . . . . . . . . . . . . . . . . . . Images of (6004 × 7904 pixels) acquired at the breakthrough time of each drainage test. . . . . . . . . . . . . . . . . . . . . Test (4) is added in black to the graph presented in Figure . to show the similarity of tendancy of the expelled uid volume with respect to test (3). . . . . . . . . . . . . . . . . . .

  . . . . Scanning overall the nger the validity of the volumetric strain measurement, in Figure . a the position of the elements tested and in Figure . b, in the rst row close up images of 100 × 100 pixels for each of the indicated position, shown in the reference con guration, the second row their deformed states and the last row the volumetric strain measurement by DIC. . . . . . . . . . . . . . . . . . . . . . . vi .

  . . . . . . . . . . . . . . . . . . . . . . . . . . . . Evolution of the standard deviation of the rst strain invariant in (a) and for the second strain invariant in (b) as function of the cut-o wavelength, using either a local or global correction of gray level in the DIC algorithm applied on the xed images acquired during the stability test. e graphs are in logarithmic scale. . . . . . . . . . . . . . . . . . Sequence of 5 images showing progressive zones with a gray level modi ed virtually, based on the gray level provided from a real saturation as the one presented in Figure . . e virtually saturated zones illustrate the propagation of a virtual linear front into the dry sand. e size of the images is 4000 × 4000 pixels, issued from the same zone depicted in Figure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Close-up showing the raw water-saturated region a er the full saturation process. . . . . . . . . . . . . . . . . . . . . . . Evolution of the standard deviation of the rst strain invariant in (a) and for the second strain invariant in (b) as function of the cut-o wavelength, using either a local or global correction of gray level in the DIC algorithm applied on the virtually saturated images. e graphs are in logarithmic scale. .

  for a = 0.25. . . . . . . . . . . . . . . . . . . . . . . . . . . . Sequence of images acquired during the saturation phase, showing a stable interface. e time-step is 0.1s. e dark color corresponds to the water-saturated zone and the bright one to the dry zone. . . . . . . . . . . . . . . . . . . . . . . . e output of the VIC algorithm: the detected interface follows the advacing front with a variable thickness of the transition zone. . . . . . . . . . . . . . . . . . . . . . . . . . . Mesh generation adapted to the detected interface by VIC. . vii .

.

  Example from test (1) illustrating the invaded zones for two consecutive instants vs the transition zone, in red color: (a) invaded zone at , (b) invaded zone at +1 and (c) transition zone associated to +1 . . . . . . . . . . . . . . . . . . . . . . . Evolution of the mean value of the volumetric strains during the invasion process, within the invaded zones in (a) and within the transition zones in (b), for test (2). . . . . . . . . . . Element-scale map showing the sequence of transition zones, acquired each 1/30s until the breakthrough time. e white color denotes the non-invaded zone while the gradually coloured pale e divides the developed nger of test (2) to distinct sequence of transition zones. . . . . . . . . . . . . . . Evolution of the mean value of the volumetric strains during the invasion process, within the transition zones of each developed nger in test (3). . . . . . . . . . . . . . . . . . . . Element-scale map describing the instant at which the elements reach their peak deformation in test (2). . . . . . . . . Element-scale map describing the value of the peak deformation within the nger of test (2). . . . . . . . . . . . . . . . Consecutive stages acquired at a timestep of 1/30s showing the coalescence of three dendritic bulges, located between 3000 and 4000 pixels along -direction, during the propagation of the right nger of test (3). . . . . . . . . . . . . . . . . Comparison between the uid ow interface and the time at which the peak deformation is reached, respectively in (a) and (b) for the le nger and in (c) and (d) for the right nger of test (3). ese maps are in element scale. . . . . . . .

  the interface detection procedure, obtained for a = 0.25. e blue lines represent the evolving main interface through time while the black ones do not contribute in the length calculation. . . . . . . . . . . . . . . . . . . . . . Example illustrating a correlation error map of complex, rami ed interface. . . . . . . . . . . . . . . . . . . . . . . . . Main steps to sculpt the instability, at a given time , with all the details: (a): contours from a selected value, (b): detection of the top contour in blue, (c): binarized image initiated from the top contour, (d): further separation of contours into sub-categories and (e): binarized image for drained/undrained zones. . . . . . . . . . . . . . . . . . . . . . Element-scale map showing the temporal evolution of the nger formation of test (1): the gradually coloured pale e indicates the time-step of the growth areas. . . . . . . . . . . Tracking process for the quanti cation of a velocity pro le, where in (a) the normal is plo ed on the ( -1) interface while in (b) the normal is plo ed on the ( ) interface; the time-step between the two interfaces is 1/30 [s]. e velocity magnitude data acquired from both analysis are plo ed function of the curvilinear abscissa of the ( -1) interface. . . Pro le of the local displacement, reported in Figure . b, is expressed as function of the curvilinear abscissa of the ( -1) interface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Another example for interface velocity quanti cation, in (a) the points allocation from ( -1) interface to ( ) interface, in (b) the velocity map and in (c) the velocity pro le. . . . . . Ondulated interface obtained from ℓ = 40 pixels and = 0.25, divided into two parts: le and right parts. . . . . . . . . Mean and standard deviation of the interfacial length function of window size for the le and right parts of the nger, in (a) and (b) respectively. . . . . . . . . . . . . . . . . . . . . . alitative characterization of the interfacial length as a function of the window size, 1: small, 2: medium and 3: large. . Interfacial length function of curvilinear abscissa for several window sizes applied on the le border in (a) and on the right border in (b). . . . . . . . . . . . . . . . . . . . . . . . . Interfacial length function of window size at critical bulges on the le part of the nger depicted in Figure . . . . . . . . Steps of the construction of smooth interface and its signed distance map, (a): enlarged correlation error image generated from the initial ROI pointed by the dashed rectangle, (b): level-set map calculated for ℓ = 200 pixels and the smooth interface C in red is selected for = 0.05 and (c): signed distance map generated with respect to the smooth interface in red and the corrugated interface C in blue resides within the signed distance area. e rst image is in pixels scale while the last two maps are illustrated in element scale: (732 × 1434) elements of 5 pixels each. . . . . . . . . . . . . . Estimation of the corrugation amplitude: (a) the output of the points selection process where the black lines link the couple of points: the one of C with its corresponding on C, this plot is in element scale, (b) the signal showing the evolution of the signed distance with respect to the curvilinear abscissa de ned on the smooth interface. e magenta and cyan scars delimit the intervals considered for the calculation of the corrugation amplitude. . . . . . . . . . . . . . . . . . . . . . . Post-treatment of the signed distance signal with the FFT:

  . . . . . . . . . . . . . . . . . . . . Evolution of the mean value of the volumetric strains during the invasion process for test (2) in (a) and for test (3) in (c). e results are represented until the breakthrough time of each test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Evolution of the mean value of the deviatoric strains during the invasion process for test (2) in (a) and for test (3) in (c). e results are represented until the breakthrough time of each test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Octahedral shear strain maps -pixel scale-calculated at the breakthrough of each developed nger. . . . . . . . . . . . . . Volumetric strain maps -pixel scale-calculated at the breakthrough of each developed nger. . . . . . . . . . . . . . . . . At the breakthrough time, the average of within each transition zone, in (a) for test (2) and in (b) for test (3). . . . . Element-scale maps showing the sign of the average volumetric strain calculated within each transition zone, at the breakthrough for test (2) in (a) and for test (3) in (b) and (c), where (b) corresponds to the le nger and (c) for the right nger. e red color indicates a transition zone undergoing a dilation and the gray color a transition zone undergoing a compaction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . At the breakthrough time, the average of 2 within each transition zone, in (a) for test (2) and in (b) for test (3). . . . . Example illustrating the evolution of the interfacial length density in (a) and (b) by surveying the le border of the right nger of test (3), where a coalescence event took place between (c) and (d). e analysis is performed considering the red part of the le border in (c) and (d) where in this la er the red contour is determined based on the maximum height found in (c). . . . . . . . . . . . . . . . . . . . . . . . . e evolution of the mean and standard deviation of the interfacial length density is evaluated at the breakthrough time for test (2) in the rst column, for the le nger of test (3) in the second column and for the right nger of test (3) in the last column. . . . . . . . . . . . . . . . . . . . . . . . . Enlarged correlation error (pixels) maps with respect to the initial domain delimited by the red rectangle and corresponding to the breakthrough time. (a) is for the nger of test (2), while (b) and (c) are for the le and right ngers respectively of test (3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . x .-maps, in element-scale (1 element=5 pixels), calculated at the breakthrough using a large (here, = 250 pixels) for a smoother representation. (a) corresponds to the nger of test (2), and (b) and (c) correspond to the le and right ngers of test (3), respectively. . . . . . . . . . . . . . . . . . . . . . . . Signed distance maps, in element-scale, generated over a transition zone of 125 pixels on both sides of the red curve. e la er represents the smooth curve obtained from a =0.15, the blue curve corresponds to the ondulated interface for which the corrugation amplitude is going to be determined. Panel (a) corresponds to the nger of test (2) , (b) and (c) for the le and right ngers of test (3), respectively; all at the breakthrough time. . . . . . . . . . . . . . . . . . . . Reconstructed contours in magenta and cyan for the le and the right borders respectively, using a limited interval of period in the IFFT algorithm. (a) correponds to the nger of test (2), (b) and (c) for the le and right ngers of test (3), respectively. . . .
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Figure

  Figure . : A schematic showing the drainage and imbibition processes, in a single capillary tube.

Figure . :

 . Figure . : During drainage, a ngering process nucleated at the interface between the advancing air (top) and the expelled glycerine (bo om) in (S T , ).

  Figure . : alitative drainage phase diagram by (L , ) in (a) and the updated quantitative log-scale version in (b) by (G A , ). ree regimes are distinguished. Note that the viscosity ratio in (b) is the inverse of that in (a). Subscripts and represent the invading and defending uids respectively.

Figure . :

 . Figure . : Sequence of images capturing the air invasion into a rigid micro uidic chip with narrower pore constrictions going from 1 to 3, initially lled with ethanol. Two scenarios are highlighted: (i) the non-we ing uid rst invades the largest throat (1) having the smallest entry pressure and (ii) the recession of the non-we ing phase in the adjacent constrictions once the rst meniscus invades the pore: this event is called by Haines jump (S S , ).

Figure . :

 . Figure . : Description at the pore constriction level of the evolution of capillary pressure ( = -) following the receding direction associated to drainage case (S S , ).

  e work of C . ( ) sheds the light on the fracturing process, induced by gas injection, of a watersaturated granular medium con ned into a Hele-Shaw cell with one open end. e displacement of the grains has been quanti ed by Particle Imaging Velocimetry (PIV) and the corresponding displacement eld is reported in Figure . b describing the opening of the medium. Similar information is extracted from Figure . c where such an opening corresponds to a decrease in the local density with respect to the initial value while the zones neighboring the opening ones are subjected to an increase of the local density re ecting a compaction. (E .,

Figure . :

 . Figure . : Example illustrating the fracture driven by gas ow into water-saturated granular medium, in (a) the fracture pattern developed within a Hele-Shaw cell lled with glass beads, in (b) the granular displacement vector eld obtained from particle image velocimetry and in (c) the relative density map with respect to the initial local density: red zones indicate compaction and blue zones indicate expansion (C ., ).

Figure . :

 . Figure . : Evolution of DIC volumetric strain of a granular medium, driven by a central injection of air into a liquid-saturated deformable but con ned medium where the glass beads are unable to leave the circular Hele-Shaw cell. Positive volumetric strains referring to a dilation are induced in parallel with the growing pa ern, surrounded with negative volumetric strains in blue indicating a compaction (E ., ).

Figure

  Figure . : A schematic illustrating a planar laser-induced uorescence (PLIF) imaging device scanning successively the vertical slices by sliding the laser on the horizontal rail (D J , ).

Figure

  Figure.: A schematic highlighting the stages at which the capillary pressure is considered as an entry capillary pressure then as a breakthrough pressure, through a drainage process (H ., ).

Figure . :

 . Figure . : Comparison of radial deformation for both shale samples in red. e decreasing response in deformation indicates a dilation of the medium (S ., ).

  Figure . : Horizontal cross-sections and two longitudinal sections acquired via X-ray tomography, highlighting the closure of the initial fractures and the nucleation of an irregular horizontal fracture in the centre of the sample by comparing the scan prior to the test in (a) and the scan post-test in (b); as well, a vertical fracture is initiated from the major horizontal one as observed in (b) (S ., ).

  Figure . : Comparison of the evolution of the bulk density of a water-saturated sand sample in (a) versus a water-saturated silt sample in (b) due to the gas migration. A darker color indicates a lower bulk density refering to the presence of gas in the openings (C ., ).

  Figure . : Close up on the biaxial machine highlighting the double couple of transparent windows.

  Figure . : Zoom on the sample cell: in (a) the front view and in (b) what's beneath the front window: four pieces delimit the specimen and are tightened by two O-rings. e golden xers are maintained during the sample preparation phase to secure the geometry of the sample then removed prior to the con ning phase to free the movement of the top part along the vertical axis.

  Figure . : Lower specimen boundary: (a): bronze porous stone (B-stone), or (b): bronzeceramic porous stone (BC-stone).

Figure . :

 . Figure . : Upper specimen boundary: a bronze porous stone of two blocks.

  Porous stone type Pore diameter [µm] Hydraulic conductivity [m/s]

BracketsFigure .

 . Figure . : e individual membranes holders at the le and right sides of the specimen with the arrows showing the movement mechanism of the brackets.

Figure . :

 . Figure . : Schematic of the membrane pressurization circuit from the cell chamber to the external bure es endowed with a pressure ampli cator.

  Figure . : Pressure ampli er constitued from the lower chamber receiving the input pressure and the upper chamber delivering the output ampli ed pressure. An additional load of kg, placed on the top of the ampli er, will increment by 5 kPa the last ampli ed pressure.

  Figure . : Close up on biaxial schematic: main blocks connected to the sample are pointed.

Figure

  Figure . : Customized thin metallic plate xed on the backside of the sample to protect the underneath delicate pieces during sand pouring process.

Figure . :

 . Figure . : Cylindrical rasor sliding on the longitudinal border with a wall thickness equal to half the plate thickness in order to keep an extra layer of sand.

  Figure . : Integrity test for membrane immersed in water.

  Figure . : Di erent stages of the sample assembling process: in . a, the assembly of the four main elements, in . b, the addition of the O-rings and in . c, the closure of one side by the saphire window and leaning the sample horizontally, ready for the pluviation step.

Figure . :

 . Figure . : Cell pressure, pore pressure, back pressure and the di erence between side and cell pressure on the le axis, volume of water injected into the specimen on the right axis versus time, during Skempton phase.

Figure

  Figure . : e pore pressure evolution, in solid line, during the air in ltration for the tests (2) and (3), measured via the transducer connected to the ceramic stone. e expelled uid volume, in dashed line, is also plo ed for both tests as function of time.

Figure

  Figure . : A schematic of a sequence of pores and throats to describe the advance of the non-we ing phase from le to the right. e interface at the throat level, indicated by the solid line, once beyond the throat, crosses rapidly the adjacent pore, at a lower capillary pressure, indicated by the dashed line (B , ).

  Figure . : Images of (6004 × 7904 pixels) acquired at the breakthrough time of each drainage test.

Figure . :

 . Figure . : Test (4) is added in black to the graph presented in Figure . to show the similarity of tendancy of the expelled uid volume with respect to test (3).

Figure . :

 . Figure . : Raw images (1950 × 6600 pixels) captured during the drainage process: bright color represents the region invaded by air and dark color represents the region that remains saturated by water. e time-step between these images is 0.5s.

Figure . :

 . Figure . : Pixel-residual error maps, in terms of gray level, for time 5 shown in Figure . , where local correction of gray level is applied in (a), whereas it is abandonned in (b). e displacement vector in both cases is issued from the DIC calculation performed with local correction of gray level.

  Figure . : Histograms of gray level residuals for consecutive instants 1→5 acquired during the air invasion process and illustrated in Figure . . Dashed lines indicate the gray level residual calculated considering the local correction while solid lines calculated with no correction. For both cases, the displacement vector is obtained from the same DIC calculation performed with local correction. In (a), the considered region is the ROI shown on the maps of Figure . , whereas in (b) the considered region is only the invaded part.

Figure . :

 . Figure . : Time evolution for the vertical displacements obtained from di erent mesh sizes (M=5, 10, 20 pixels) on a domain of 100 × 100 pixels. 0 indicates the reference state and ( >0) indicates the deformed state.

Figure . :

 . Figure . : Eulerian representation of the displacement vector layered on top of the deformed images to con rm the granular motion.ese vector elds are colored by the displacement magnitude and displayed with a magni cator of 3. e last map, the volumetric strain map shows the positive and negative volumetric strains consistent with the opening and tightening of the granular medium, respectively.

  Figure . : Scanning overall the nger the validity of the volumetric strain measurement, in Figure . a the position of the elements tested and in Figure . b, in the rst row close up images of 100 × 100 pixels for each of the indicated position, shown in the reference con guration, the second row their deformed states and the last row the volumetric strain measurement by DIC.

Figure . :

 . Figure . : Centered zone delimited by the red border of 4000×4000 pixels over which DIC is executed.

Figure . :

 . Figure . : Evolution of the average value of the volumetric strain derived from DIC calculation with a Tikhonov regularization of 15 pixels and mesh size of 5 pixels and tested under two types of gray level correction, over an acquisition period of 3s.

Figure . :

 . Figure . : Evolution of the standard deviation value of the volumetric strain derived from DIC calculation with a Tikhonov regularization of 15 pixels and mesh size of 5 pixels and tested under two types of gray level correction, over an acquisition period of 3s.

  Figure . : Evolution of the standard deviation of the rst strain invariant in (a) and for the second strain invariant in (b) as function of the cut-o wavelength, using either a local or global correction of gray level in the DIC algorithm applied on the xed images acquired during the stability test. e graphs are in logarithmic scale.

  Figure . : Sequence of 5 images showing progressive zones with a gray level modi ed virtually, based on the gray level provided from a real saturation as the one presented in Figure . . e virtually saturated zones illustrate the propagation of a virtual linear front into the dry sand. e size of the images is 4000 × 4000 pixels, issued from the same zone depicted in Figure . .

Figure

  Figure . : Close-up showing the raw water-saturated region a er the full saturation process.

  Figure . : Evolution of the standard deviation of the rst strain invariant in (a) and for the second strain invariant in (b) as function of the cut-o wavelength, using either a local or global correction of gray level in the DIC algorithm applied on the virtually saturated images. e graphs are in logarithmic scale.

Figure . :

 . Figure . : Volumetric strain maps for the single nger detected in test (1). e time-steps between the maps is 0.5s. e black lines represent the detected interface by the approach explained in Section . . for a = 0.25.

Figure . :

 . Figure . : Volumetric strain maps for the single nger detected in test (2). e time-steps between the maps is 0.2s. e black lines represent the detected interface by the approach explained in Section . . for a = 0.25.

Figure

  Figure . and Figure . show similar charts of the volumetric strain relative to test (2) within a zone including the nger and in test (3) in two separate regions including the two ngers which simultaneously progress in the sample, respectively. e time step in test (2) is 0.2s whereas in test (3) the time step is 0.1s and the maps presented for le nger correspond to the same instants as the right one. Comparing the charts relative to tests (1) and (2), see Figure . and . , elements a ected by a non vanishing volumetric strain are densely distributed within the developed nger. ese tests, having the same e ective stress of 120 kPa, highlight the tendancy to

Figure . :

 . Figure . : Sequence of images acquired during the saturation phase, showing a stable interface. e time-step is 0.1s. e dark color corresponds to the water-saturated zone and the bright one to the dry zone.

FigureFigure . :

 . Figure . : e output of the VIC algorithm: the detected interface follows the advacing front with a variable thickness of the transition zone.

  Pro le of gray level transition over (b) Virtual line is drawn (c) Virtual image is constructed

Figure . :

 . Figure . : Steps to the construction of virtual image: (a) de nition of gray level pro le (b) assigning this pro le to the drawn line on the physical image (c) construction of the virtual image with a transition of gray level according to the de ned pro le.

  Figure . : Residual error images (1950 × 6600 pixels) with ampli ed contrast: bright color represents the region invaded by air and dark color represents the region saturated by water. e time-step between these images is 0.5s.

Figure . :

 . Figure . : Output from the interface detection algorithm for unstable interface: a map of the scalar , issued from ℓ = 40 pixels.

  Figure . a and Figure . b, whereas the transition zone is de ned as the zone enclosed within two consecutive interfaces, as shown in Figure . c.

Figure . :

 . Figure . : Example from test (1) illustrating the invaded zones for two consecutive instants vs the transition zone, in red color: (a) invaded zone at , (b) invaded zone at +1 and (c) transition zone associated to +1 .

Figure . :

 . Figure . : Evolution of the mean value of the volumetric strains during the invasion process, within the invaded zones in (a) and within the transition zones in (b), for test (2).

Figure . :

 . Figure . : Element-scale map showing the sequence of transition zones, acquired each 1/30s until the breakthrough time. e white color denotes the non-invaded zone while the gradually coloured pale e divides the developed nger of test (2) to distinct sequence of transition zones.

  Figure . : Evolution of the mean value of the volumetric strains during the invasion process, within the transition zones of each developed nger in test (3).

Figure . :

 . Figure . : Element-scale map describing the instant at which the elements reach their peak deformation in test (2).

Figure

  Figure . : Element-scale map describing the value of the peak deformation within the nger of test (2).

Figure . :

 . Figure . : Consecutive stages acquired at a timestep of 1/30s showing the coalescence of three dendritic bulges, located between 3000 and 4000 pixels along -direction, during the propagation of the right nger of test (3).

  Figure . : Comparison between the uid ow interface and the time at which the peak deformation is reached, respectively in (a) and (b) for the le nger and in (c) and (d) for the right nger of test (3). ese maps are in element scale.

Figure . :

 . Figure . : Set of curves, each corresponding to a transition zone and describing the cumulative frequency of elements that reached their peak deformation through time, in test (2).

Figure

  Figure . : Element-scale map describing the residual value between the peak deformation and the last stage deformation, detected in test (2). It is worth to point that keeps the same sign as even if . has a di erent sign.

  Figure . :alitative maps highlighting, in dark red, the density of elements that have lost part of their peak deformation but conserved their sign in (a), and the density of elements that have changed their deformation sign in (b).

  Figure . : Comparison of the density of high amplitude volumetric strains above a certain threshold (herein, | | > 5.25[%]) between test (2) and (3). In (a) the peak strain map for test (2), in (b) the map representing the thresholded peak strains for test (2); in (c) the peak strain map for test (3) and in (d) the map representing the thresholded peak strains for test (3).

Figure

  Figure . : e outlines from the interface detection procedure, obtained for a = 0.25. e blue lines represent the evolving main interface through time while the black ones do not contribute in the length calculation.

Figure . :

 . Figure . : Example illustrating a correlation error map of complex, rami ed interface.

  Figure . : Main steps to sculpt the instability, at a given time , with all the details: (a): contours from a selected value, (b): detection of the top contour in blue, (c): binarized image initiated from the top contour, (d): further separation of contours into sub-categories and (e): binarized image for drained/undrained zones.

Figure

  Figure . : Element-scale map showing the temporal evolution of the nger formation of test (1): the gradually coloured pale e indicates the time-step of the growth areas.

  Figure . : Tracking process for the quanti cation of a velocity pro le, where in (a) the normal is plo ed on the ( -1) interface while in (b) the normal is plo ed on the ( ) interface; the time-step between the two interfaces is 1/30 [s]. e velocity magnitude data acquired from both analysis are plo ed function of the curvilinear abscissa of the ( -1) interface.

Figure . :

 . Figure . : Pro le of the local displacement, reported in Figure . b, is expressed as function of the curvilinear abscissa of the ( -1) interface.

  Figure . c and Figure . c as well as the velocity map in Figure.b. One can conclude that the velocity of the bursts is variable all along the interface and from one time-step to another which con rms the relation between the interface velocity and the micro-structure of the medium under the constant imposed capillary pressure. Moreover, the case reported in Figure.occurs a er around one minute from that in Figure.which underlines the fact that the interface can cease and destabilize far from the front tip.

  Figure . : Another example for interface velocity quanti cation, in (a) the points allocation from ( -1) interface to ( ) interface, in (b) the velocity map and in (c) the velocity pro le.

Figure . :

 . Figure . : Ondulated interface obtained from ℓ = 40 pixels and = 0.25, divided into two parts: le and right parts.

  Figure . : Mean and standard deviation of the interfacial length function of window size for the le and right parts of the nger, in (a) and (b) respectively.

  Figure . :alitative characterization of the interfacial length as a function of the window size, 1: small, 2: medium and 3: large.

  Figure . : Interfacial length function of curvilinear abscissa for several window sizes applied on the le border in (a) and on the right border in (b).

Figure . :

 . Figure . : Interfacial length function of window size at critical bulges on the le part of the nger depicted in Figure . .

  Figure . : Steps of the construction of smooth interface and its signed distance map, (a): enlarged correlation error image generated from the initial ROI pointed by the dashed rectangle, (b): level-set map calculated for ℓ = 200 pixels and the smooth interface C in red is selected for = 0.05 and (c): signed distance map generated with respect to the smooth interface in red and the corrugated interface C in blue resides within the signed distance area. e rst image is in pixels scale while the last two maps are illustrated in element scale: (732 × 1434) elements of 5 pixels each.

  Figure . : Estimation of the corrugation amplitude: (a) the output of the points selection process where the black lines link the couple of points: the one of C with its corresponding on C, this plot is in element scale, (b) the signal showing the evolution of the signed distance with respect to the curvilinear abscissa de ned on the smooth interface. e magenta and cyan scars delimit the intervals considered for the calculation of the corrugation amplitude.

  e retained period intervals are shown in Figure . a with solid and dashed lines for the le and the right border respectively while the removed sets of periods are pointed by square and round symbols. e signals corresponding to the retained or removed domains are generated via the Inverse Fast Fourier Transform algorithm (IFFT) and are referred as ltered or noisy signals respectively. In Figure . b, the ltered signals in magenta and cyan for the le and right borders respectively and the noisy signal in black are plo ed together with the original signal in blue. Using the ltered signal and the normal vectors to the smooth interface, one can reconstruct the ltered interface reported in Figure . c. Apparently it describes the main reliefs of each border that are well detected by the considered interval of periods.

  Figure . : Evolution of the mean value of the volumetric strains during the invasion process for test (2) in (a) and for test (3) in (c). e results are represented until the breakthrough time of each test.

  a and Figure . b for test (2) and (

  Figure . : Evolution of the mean value of the deviatoric strains during the invasion process for test (2) in (a) and for test (3) in (c). e results are represented until the breakthrough time of each test.

  Figure . : Octahedral shear strain maps -pixel scale-calculated at the breakthrough of each developed nger.

  Figure . : Volumetric strain maps -pixel scale-calculated at the breakthrough of each developed nger.

  Figure . presents the evolution of the average volumetric strains, at breakthrough, calculated in each transition zone formed along the process: in (a) the test (2) is presented with a decomposi-tion of the volumetric strains, illustrated in Figure . a, over 41 transition zones and in (b), the test (3) is presented with a decomposition of the volumetric strains, illustrated in Figure . b, over 21 transition zones for the le nger and in parallel, a decomposition of the volumetric strains, illustrated in Figure . c, over 25 transition zones for the right nger; the le nger having reached the top of the sample earlier than the right one.

  Figure . : At the breakthrough time, the average of within each transition zone, in (a) for test (2) and in (b) for test (3).

Figure . :

 . Figure . : Element-scale maps showing the sign of the average volumetric strain calculated within each transition zone, at the breakthrough for test (2) in (a) and for test (3) in (b) and (c), where (b) corresponds to the le nger and (c) for the right nger. e red color indicates a transition zone undergoing a dilation and the gray color a transition zone undergoing a compaction.

  Figure . : At the breakthrough time, the average of 2 within each transition zone, in (a) for test (2) and in (b) for test (3).

  Figure . : Example illustrating the evolution of the interfacial length density in (a) and (b) by surveying the le border of the right nger of test (3), where a coalescence event took place between (c) and (d). e analysis is performed considering the red part of the le border in (c) and (d) where in this la er the red contour is determined based on the maximum height found in (c).

  Figure . : e evolution of the mean and standard deviation of the interfacial length density is evaluated at the breakthrough time for test (2) in the rst column, for the le nger of test (3) in the second column and for the right nger of test (3) in the last column.

  Figure . : Enlarged correlation error (pixels) maps with respect to the initial domain delimited by the red rectangle and corresponding to the breakthrough time. (a) is for the nger of test (2), while (b) and (c) are for the le and right ngers respectively of test (3).

  Figure . : -maps, in element-scale (1 element=5 pixels), calculated at the breakthrough using a large (here, = 250 pixels) for a smoother representation. (a) corresponds to the nger of test (2), and (b) and (c) correspond to the le and right ngers of test (3), respectively.

  Figure . : Reconstructed contours in magenta and cyan for the le and the right borders respectively, using a limited interval of period in the IFFT algorithm. (a) correponds to the nger of test (2), (b) and (c) for the le and right ngers of test (3), respectively.

Figure . :

 . Figure . : Comparison of the evolution of the interface length evolving during tests (2) and (3) as function of time normalised by the breakthrough of each nger.

Figure . :

 . Figure . : Comparison of the evolution of the transition zones's areas formed during tests (2) and (3) as function of time normalised by the breakthrough of each nger.

Figure . :

 . Figure . : Comparison of the evolution of the transition zones's areas formed during tests (2) and (3) as function of time.

Figure . :

 . Figure . : Comparison of the evolution of the peak velocity formed during tests (2) and (3) as function of time normalised by the breakthrough of each nger.
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Table .

 . 

					, a			
	breakthrough pressure of 4.3 MPa has been determined, which leads to say:			
	a lower e ective stress results in a lower breakthrough pressure. However,			
	comparing this la er state of stress to the one applied to Draupne I, although			
	the e ective stress is higher in Draupne I with respect to that in Draupne			
	Breakthrough	Con ning	Back	Max injection	E ective	E ective	Max pore		CO 2 bth.
	measurement	pressure	pressure	pressure	pressure outlet	pressure inlet	pressure di .		pressure
									ℎ	ℎ
		[MPa]	[MPa]	[MPa]	[MPa]	[MPa]	[MPa]		[MPa]
	Draupne I	13 -13.5	7.5	11.5	5.5 -6	2	4		3.5 -4
	Draupne II	19.7	10	17.6	9.7	2.1	7.6		No
	Draupne II	14.8	10	14.3	4.8	0.5	4.3		4.3
	Table . : Breakthrough pressures obtained for the pressure conditions applied on two shale samples (S	.,	).
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Table . -

 . Boundary conditions and sample characteristics of di erent drainage tests. Now, moving to the hydro-mechanical conditions to which each test is subjected, Table., lists the set of applied pressures in terms of con ning, pore water and gas pressures and the corresponding induced initial e ective stress and capillary pressure. e imposed capillary pressure is maintained

				1)	(2)	(3)	(4)
	Greased side			No	Yes	Yes	Yes
	Bo om porous stone			B	1	1	1
	Apparent density	[ / 3 ] 1.74 1.71 1.72 1.72
	Estimated porosity	[%]		34.4 35.5	35	35
	Test number			(1)	(2)	(3)	(4)
	Con ning pressure	[	]	1250 750	670	670
	Pore water pressure	[	]	1130 630	630	630
	Gas pressure	[	]	1160 660	660	660
	"Initial" e ective stress	0 [	]	120	120	40	40
	Capillary pressure	[	]	30	30	30	30
	Stress ratio	/ 0	0.25 0.25 0.75 0.75

Table . -

 . Hydro-mechanical conditions of di erent drainage tests.

Table . -

 . Visual results and quanti ed data of di erent drainage tests. couple (viscosity ratio, capillary number) serves to classify the observed pa erns in the drainage phase diagram revealed initially by (L , ), see Section . . Both tests fall within the transition domain between the capillary ngering domain and the viscous ngering one, by referring to the drainage phase diagram provided in Figure

	Test number			(1)	(2)	(3)	(4)
	In ltration			Single Single	Dual	Dual
	Visualization			. a	. b	. c	. d
	Output ow rate	[ /	]	-	53.1	82.2	-
	Capillary number			-	-6.015 -5.825	-
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 . Summary of the induced errors due to the change of contrast on the rst and second invariant of the strain tensor.
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