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Introduction

The durability and structural serviceability of cement-based materials are major concerns in civil engineering due to their significant economic, social and environmental implications [START_REF] Smil | Making the Modern World: Materials and Dematerialization[END_REF]. Drying plays a central role in this, given that the changes in saturation of the pore network, together with the associated drying shrinkage are leading processes in the cracking of concrete [START_REF] Tabbal | Modelling the drying shrinkage of porous materials by considering both capillary and adsorption effects[END_REF]. This is also pivotal in controlling the potential penetration of aggressive chemicals [START_REF] Tuutti | Corrosion of steel in concrete[END_REF].

Historically, the vast majority of laboratory studies on the drying of cement based materials have been performed at ambient temperatures (20 • C), which is generally assumed to be either directly representative of the engineering applications or sufficient for direct extrapolation to moderate temperature regimes.

Nonetheless, in recent studies [START_REF] Poyet | Experimental investigation of the effect of temperature on the first desorption isotherm of concrete[END_REF][START_REF] Drouet | Temperature influence on water transport in hardened cement pastes[END_REF], temperature was found to have a major effect, not only on the drying kinetics, but also on the amount of free water leaving the porous network. This process is highly heterogeneous, given that significant thermo-hydric spatial gradients develop in between the material exposed surfaces and its core. Additionally, the spatial distribution of pores and aggregates, as well as the opening of cracks, can severely alter these overall gradients. Consequently, macroscopicscale measurements (e.g., global mass loss) or pointwise sensor-based relative humidity measurements cannot fully capture these highly heterogeneous governing processes. In the last few decades, significant advances in full-field techniques have allowed an unprecedented insight in these local processes [START_REF] Viggiani | Advanced experimental techniques in geomechanics[END_REF][START_REF] Viggiani | Recent developments in laboratory testing of geomaterials with emphasis on imaging[END_REF] such as electrical capacitance tomography [START_REF] Voss | Three-dimensional electrical capacitance tomography -a tool for characterizing moisture transport properties of cement-based materials[END_REF], magnetic resonance [START_REF] Mcdonald | Sorption, anomalous water transport and dynamic porosity in cement paste: A spatially localised 1H NMR relaxation study and a proposed mechanism[END_REF][START_REF] Faure | An MRI-SPI and NMR relaxation study of drying-hydration coupling effect on microstructure of cement-based materials at early age[END_REF][START_REF] Pel | NMR Imaging of Moisture and Ion Transport in Building Materials[END_REF], gammadensimetry [START_REF] Villain | Gammadensimetry: A method to determine drying and carbonation profiles in concrete[END_REF][START_REF] Villain | Uncertainty of gammadensimetry measurements on concrete specimens[END_REF], etc. Particularly, x-ray tomography has long been used to study cementitious materials, because of its sensitivity to density variations. It has for example been widely employed to characterize the cracking initiation and propagation in multiple loading conditions such as uniaxial tension [START_REF] Trtik | Microtensile testing and 3d imaging of hydrated portland cement[END_REF][START_REF] Stamati | Tensile failure of micro-concrete: from mechanical tests to fe meso-model with the help of x-ray tomography[END_REF], compression [START_REF] Meyer | Fracture of foamed cementitious materials: A combined experimental and numerical study[END_REF][START_REF] Yang | Characterisation of 3d fracture evolution in concrete using in-situ x-ray computed tomography testing and digital volume correlation[END_REF], splitting [START_REF] Wolski | An in-situ x-ray microtomography study of split cylinder fracture in cement-based materials[END_REF] and triaxial loading [START_REF] Stamati | Effet des hétérogénéités sur le comportement mécanique du béton à l'échelle mésoscopique : apports de la micro-tomographie à rayons-x in-situ combinée à une modélisation e-fem[END_REF]. Neutron imaging is comparatively less known in this domain but it lends itself as an ideal tool to study the varying moisture profiles thanks to its high sensitivity to hydrogen and its compounds [START_REF] Perfect | Neutron imaging of hydrogen-rich fluids in geomaterials and engineered porous media: A review[END_REF][START_REF] Zhang | Application of neutron imaging to investigate fundamental aspects of durability of cement-based materials: A review[END_REF][START_REF] Tengattini | Neutron imaging for geomechanics: A review[END_REF]. This technique has been for example widely used to characterize hydraulic processes such as natural drying [START_REF] De Beer | The drying process of concrete: a neutron radiography study[END_REF][START_REF] Maruyama | Evaluation of water transfer from saturated lightweight aggregate to cement paste matrix by neutron radiography[END_REF][START_REF] Trtik | Release of internal curing water from lightweight aggregates in cement paste investigated by neutron and x-ray tomography[END_REF], front tracking in two-fluid flow [START_REF] Jailin | Fast tracking of fluid invasion using time-resolved neutron tomography[END_REF][START_REF] Yehya | Fluid-flow measurements in low permeability media with high pressure gradients using neutron imaging: Application to concrete[END_REF][START_REF] Kanematsu | Quantification of water penetration into concrete through cracks by neutron radiography[END_REF], water uptake into cracked concrete [START_REF] Wittmann | Neutron radiography, a powerful method for investigating water penetration into concrete[END_REF][START_REF] Zhang | Neutron imaging of water penetration into cracked steel reinforced concrete[END_REF][START_REF] Zhang | Observation and quantification of water penetration into strain hardening cement-based composites (shcc) with multiple cracks by means of neutron radiography[END_REF][START_REF] Zhang | Neutron radiography, a powerful method to determine time-dependent moisture distributions in concrete[END_REF][START_REF] Zhang | Application of neutron radiography in observing and quantifying the time-dependent moisture distributions in multi-cracked cement-based composites[END_REF][START_REF] Schroefl | Transport of water through strain-hardening cement-based composite (shcc) applied on top of cracked reinforced concrete slabs with and without hydrophobization of cracks -investigation by neutron radiography[END_REF], moisture migration in heated concrete [START_REF] Zeilinger | Moisture transport in a concrete of the snr 300 investigated by neutron transmission[END_REF][START_REF] Dauti | Analysis of moisture migration in concrete at high temperature through in-situ neutron tomography[END_REF][START_REF] Tengattini | Quantification of evolving moisture profiles in concrete samples subjected to temperature gradient by means of rapid neutron tomography: Influence of boundary conditions, hygro-thermal loading history and spalling mitigation additives[END_REF], etc. This extensive application of x-ray and neutron tomography for the study of cementitious materials has nonetheless generally focused on only one of these two highly complementary techniques. Their combined use is comparatively more recent, and follows the development of facilities allowing their combined use.

One such facility is the NeXT-Grenoble instrument at the Institute Laue-Langevin in France [START_REF] Tengattini | Next-grenoble, the neutron and x-ray tomograph in grenoble[END_REF]. When these two techniques are combined together, a unique insight is gained into thermo-hydro-mechanical THM couplings, such as, for example the effect of cracks on water content field [START_REF] Stavropoulou | Liquid water uptake in unconfined callovo oxfordian clay-rock studied with neutron and x-ray imaging[END_REF][START_REF] Stavropoulou | Dynamics of water absorption in callovo-oxfordian claystone revealed with multimodal x-ray and neutron tomography[END_REF].

The complementary of these two techniques is particularly evident in the specific case of cementitious materials as shown in Figure 1, which highlights how only their combined use allows the detection of the key phases (aggregates, pores and cement paste) and of the processes studied here (drying).

The aim of this contribution is in fact to observe and quantify the complex interplay between drying of cementitious materials and damage, in 4D (3D+time). This experimental quantification is, in turn, essential for the calibration, validation and improvement of state-of-the-art numerical models [START_REF] Pont | A multiphase thermo-hydro-mechanical model for concrete at high temperatures-finite element implementation and validation under loca load[END_REF][START_REF] Cheikh Sleiman | Influence of common simplifications on the drying of cement-based materials up to moderate temperatures[END_REF], for example in order to identify parameters related to THM coupling [START_REF] Bouhjiti | New continuous strain-based description of concrete's damage-permeability coupling[END_REF].

Specifically, this paper focuses on the measurement of moisture migration and crack propagation in cement paste and concrete exposed to moderate temperatures. These heating tests are performed using a bespoke heating cell (introduced in section 2.2) while acquiring in-situ simultaneous x-ray and Neutron tomographies at the NeXT-Grenoble instrument. This imaging facility enjoys the highest cold neutron flux in the world for imaging purposes, of particular importance given the required spatio-temporal resolution.

To study these micro-scale processes and take full advantage of the multi-modality of the acquisitions, it is essential to register (align) subsequent tomographies along time as well as across acquisition modalities, as detailed in section 3.1. A number of image analyses methods, dedicated to the study of moisture migration and the quantification of the local effect of fractures on it are also introduced here (sections 3.2 and section 3.4.2). The results captured the hydric state evolution of the heated samples with the help of a proposed transition between neutron attenuation and water content. In addition, the x-ray cracking extraction coupled with the neutron attenuation field has given a unprecedented estimation of cracking local effect on drying. 

Material and methods

Specimens

Two experimental campaigns were performed on two samples, a cement paste one and a concrete one.

The water to cement ratio of the former is 0.5 (w/c = 0.5). The material was cast within a commercial plastic mold imposing a cylindrical shape of 6 cm in height and 3.5 cm in diameter. The cement sample was cast using heavy water D 2 0, a form of water that contains a larger than normal (99.8 %, in this case) amount of the hydrogen isotope deuterium ( 2 H or D), rather than the more common hydrogen-1 isotope. Heavy water is nearly one order of magnitude less neutron-attenuating than normal water. This is made necessary by the high interaction between neutrons and hydrogen, which would be sufficient to attenuate virtually all the neutrons in these samples [START_REF] Stavropoulou | Liquid water uptake in unconfined callovo oxfordian clay-rock studied with neutron and x-ray imaging[END_REF], inducing an unacceptable signal-to-noise ratio in the tomographies. Given that a change in the sample geometry (and notably a reduction of the radius) would negatively affect the representativity of the sample, heavy water is employed here in lieu of normal water. Heavy water is virtually identical to "light" or ordinary water in terms of its physico-chemical properties: D 2 O is 11% denser and 20% more viscous than H 2 O, the other properties such as boiling temperature, fusion temperature, surface tension, etc being even closer together for the two isotopes [START_REF] Chaplin | Water properties (including isotopologues)[END_REF]. The effect of the use of D 2 O on the cement hydration reaction is reported for example in [START_REF] Christensen | The effect of additives on the reaction of portland and alumina cement components with water. time resolved powder neutron diffraction investigations[END_REF][START_REF] King | Hydration of tricalcium silicate with d2o[END_REF], which show that the induction period and the time to the maximum evolution of C 3 S/D 2 O heat evolution [W /K] are delayed when compared to those of

C 3 S/H 2 O.
However, the final value of the integrated heat output is remarkably similar. In addition, the mechanical compression stress/strain curves reported in [START_REF] Yehya | Propriétés de transfert dans le béton par imagerie neutronique[END_REF] of two concrete mixed respectively with H 2 O and D 2 O are virtually identical. Based on these observations, for the purposes of this paper, it is assumed that the conclusions drawn for heavy water-cast samples are applicable to the equivalent cement cast with ordinary water.

The sample was cast with a type K thermocouple implanted within the paste upon casting around the middle height for measuring the temperature. The exact location of the welding point of the thermocouple has been accurately determined a-posteriori from the tomographies and found to be 35 mm from the top.

Another thermocouple was added at the sample top surface to better assess the effect of the air gap between the radiator and the sample on the heating process. After casting, the sample was left in its mold for a month, after which was placed in a bath of heavy water maintained at 20 • C.

The composition of the second, concrete sample, is detailed Table 1. The cylindrical specimen was cored out from a well-vibrated larger bloc using a diamond coring bit with an inner diameter of 27 mm, and has a height of 45 mm. Unlike the cement paste sample, the concrete specimen was cast, cured and saturated using normal water. In this case, in fact, the relatively high volume fractions of sand and aggregates (which are less neutron-attenuating than the hydrated paste) allow a sufficient signal-to-noise ratio for representative sample sizes without the need for the adoption of heavy water.

Just before testing, the sample was wrapped in three layers of self-adhesive aluminium tape (aluminium being particularly neutron transparent), to minimise moisture escape from the lateral surfaces during the test, to induce a unidirectional moisture flow. The aluminium tape used in the test (3M TM High Temperature Aluminum Foil Tape 433) has a working temperature up to 316 • C. The sample was also equipped with a type K thermocouple at mid-height (attached to the lateral surface) and a second thermocouple was placed at the top of the sample to measure its surface temperature. 

Concrete composition

Heating cell

A novel heating cell, based on the prototype presented in [START_REF] Dauti | Analysis of moisture migration in concrete at high temperature through in-situ neutron tomography[END_REF] was developed in this work. The improved design allows the reduction of minimum distance from the sample to the detector which influences the ultimate resolution (as detailed in a next section).

The designed cell has a principal functionality of heating the samples on their top surface, from which the moisture is extracted. The materials and design were chosen to be as transparent as possible to both neutrons and x-ray, while also fulfilling other needs related to safety requirements. It is for example equipped with an exhaust tube connected to a vacuum system in order to evacuate gases and airborne dust that could become slightly radioactive when exposed to a neutron beam. The cell components are assembled in two principal parts (Figure 2). The part on the left of the figure is the base of the cell, supporting a cylindrical tube of 80 mm inner diameter and 110 mm height. This tube contains the sample, which is surrounded by rock wool (acting as lateral heat insulator). The top part of the cell contains the heating source, which is in this case a ceramic infrared radiator (Elstein) with a square surface of 36 cm 2 and a power of 250 W. The temperature of the radiator is servo-controlled thanks to a built-in thermocouple connected to regulator.

The radiator is fixed to the cap-like aluminum piece containing all the electrical elements and on which the exhaust evacuation system is fixed. 

Thermal testing conditions

In both experimental campaigns, the temperature of the radiator was servo-controlled. Given the air 110 gap of few millimeters between radiator and sample, there is a slight discrepancy between the imposed temperature and the one at the top of the sample, which was measured thanks to the thermo-couple installed on its top surface. The heating temperature and duration were estimated based on preliminary numerical and experimental analyses and were adapted during the tests based on the observed results. In addition, the heating rate and duration and the maximum temperature were imposed carefully to not induce disturbances to the chemically-bonded water quantity in the material.

For the concrete sample, The temperature history measured at the top surface of the concrete sample is shown in Figure 3 (a). Multiples tomography stamps were added to this plot to indicate important time instances at which of some of the relevant simultaneous N/X tomographies were acquired. analyzed here (in red annotation for the data used for the upcoming multi-modal registration analysis in section 3.1 and in blue annotation for the upcoming hydric gradient analysis in section 3. 

Neutron and x-ray tomography acquisition

The x-ray and neutron tomographies were acquired at the NeXT-Grenoble beamline (detailed in [START_REF] Tengattini | Next-grenoble, the neutron and x-ray tomograph in grenoble[END_REF]).

Two slightly different sets of parameters were employed in the two campaigns on concrete and cement, respectively, each optimised for the expected speed of the processes. In the former, the temperature at the top of the sample was imposed to be relatively high (around 90 • C) at the beginning of the test suggesting a fast process. The parameters were therefore optimised to achieve simultaneous acquisitions every 7 minutes.

Specifically, 900 projections were acquired over a 360 • rotation (necessary for the conic x-ray geometry).

For the neutron, a field of view of 60 mm was selected to cover the entire sample, by adopting a 100 mm Zeiss Macro lens, f./2.0, mounted on a Hamamtsu ORCA 4v2 camera (2048x2048 pixels). To accelerate the acquisition, each pixel was binned 4 times, yielding a 116 µm pixel size. Each neutron radiography was average over two acquisitions each with a 0.2 s exposure, giving a relatively high Signal to Noise Ratio SNR=30. Given the maximum resolution attainable with the selected voxel size, a 100 µm thick LiF:ZnS scintillator was chosen. Analogously, a pinhole diameter D of 23 mm was selected (corresponding to a neutron flux of 1.5x10 8 ncm 2 s), which, given its distance to the detector L of 10 m and a sample/detector distance l =50 mm yields a neutron penumbra d = D/L * l = 115 µm, well compatible with pixel size and scintillator thickness. These factors should yield a resolution just above 100 µm, coherent with the expected characteristic heterogeneity size. For the x-ray, the generator was set at 130 V and 230 µA, which allowed the acquisitions of 9 frames per second, each of which was then averaged over 4 projections, acquired fully simultaneously to the neutron tomographies.

The second experimental campaign, on cement paste, was set at a lower temperature, suggesting a slower process, and allowing for a higher spatial resolution to be achieved. In this case, 1200 projections were acquired over 30 minutes for a 360 • rotation fully simultaneously. To achieve this, a 50 mm f./1.2 Canon

Lens was adopted, yielding a pixel size of 50 µm, with no binning. Given this smaller pixel size, a thinner, 50 µm thick LiF:ZnS scintillator was selected. Additionally, a SI15 pinhole D (corresponding to a neutron flux of 7.5x10 7 ncm 2 s) was selected to achieve a maximum attainable resolution of about 75 µm. Each neutron radiography was the average of 3 individual projections each with a 0.5 s exposure, resulting in a SNR=47.

The x-ray source was maintained at 130 V and 230 µA, and the flat panel was set still at its maximum speed of 9 frames per second, but to maintain the 30 minutes of the simultaneous tomography, each radiography was the average of 13 individual acquisitions. Between each 30 minute set of tomographies a 30 minute pause was added, to minimise unnecessary sample and environment neutron activation. It should be noted that this was chosen over a smaller pinhole/longer exposure to ensure that the sample status did not change excessively during a given tomography, which would have caused motion blurring artefacts. It should be noted that the comparison of subsequent tomographies showed a relatively modest changes in the samples, which suggest that a comparatively small changes should occur along a tomography. The stability in the optimised values of the centre of rotation and in the alignment tensor between modalities also suggests that these motion blurring artefacts should bear a modest influence on the proposed results.

These sets of radiographies were reconstructed into the corresponding 3D volumes by means of the Feldkamp (FDK) back projection algorithm, as implemented in the commercial software X-act (from RX-Solutions). Besides the aforementioned medianing of the radiographies, some small correction for beam hardening was also applied during the reconstruction step. Thanks to the calibration of the instrument the volumes are pre-aligned in the two modalities although a post-reconstruction sub-pixel alignment was also performed as detailed in the next section. An example of the 3D neutron and x-ray attenuation fields are reported in Figure 1 for the concrete sample.

The alignment along time relies on a well established approach, a global Digital Volume Correlation of the sample. Specifically, the intensity-based incremental Lukas & Kanade [START_REF] Lucas | An iterative image registration technique with an application to stereo vision[END_REF] approach was adopted, taking advantage of its implementation within the SPAM open source image processing suite [START_REF] Stamati | spam: Software for practical analysis of materials[END_REF].

To perform the multi-modal registration, a more recent development is instead adopted. Introduced in [START_REF] Tudisco | An extension of digital volume correlation for multimodality image registration[END_REF] and implemented within the aforementioned image analysis suite SPAM in [START_REF] Roubin | The colours of concrete as seen by x-rays and neutrons[END_REF], this method generalises 190 the Lukas & Kanade same-modality registration framework for fields obtained with multiple modes of acquisition. In brief, this method determines the linear transformation operator between the two modalities that minimises a functional similar to the single-modality one, except for the conversion of the gray value from one modality to the other, so as to have a coherent evaluation thanks to a joint histogram.

All neutron tomographies were registered to a reference neutron acquisition. This acquisition was also used as a reference alignment for the x-ray tomography acquired at the same time, adopting the multi-modal registration, to which all subsequent x-ray tomographies were also aligned, to build a geometrically coherent 5D dataset. This is exemplified in Figure 5, where the attenuation fields of the registered N/X tomographies are reported for four representative drying stages. The neutron tomographies (to the left of the figure) highlight how, in its initial state 001, water is visibly filling some of the relatively small macro-pores, while other macro-pores show no pore-filling. Tomography 009, acquired one hour after the beginning of heating, shows water accumulation in different macro-pores, zones of temporary lower pressure. As the drying progresses, the attenuation of neutron decreases, starting from the top of the sample, i.e., closer to the radiating ceramic, where the internal relative humidity is lower. The x-ray acquisitions (in the middle of the figure) do not highlight this drying process, due to the lower attenuation of x-ray by water. The main purpose of the complementary x-ray acquisitions was in this case the study of the development of fractures, if any. As investigated more in detail in Appendix B, no cracking was observed at the used resolution for the concrete sample (unlike in the cement paste sample analysed next).

These observations are further supported by the joint histograms to the right of Figure 5, where the colorbar shows the frequency of occurrence of any given pair of gray values (specifically, of x-ray on the x-axis and of neutron on the y-axis). In this representation, three main peaks can be identified, one corresponding to cement paste (initially with coordinates around [START_REF] Kraemer | Treatise on Physical Chemistry[END_REF][START_REF] Kraemer | Treatise on Physical Chemistry[END_REF]), one to aggregates ( [START_REF] Kraemer | Treatise on Physical Chemistry[END_REF][START_REF] Yehya | Fluid-flow measurements in low permeability media with high pressure gradients using neutron imaging: Application to concrete[END_REF]) and one, the most scattered, to pores ( [START_REF] Jailin | Fast tracking of fluid invasion using time-resolved neutron tomography[END_REF][START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]). This scattering is related to its modest fraction in the volume and to the dynamics of the pore-filling water which is captured throughout the joint histogram. Initially, in tomography 001, liquid water was accumulated in small macro-pores whereas the comparatively larger macro-pores were empty. As the heating starts, the pore-filling slightly increases in the macro-pores and reaches a maximum in tomography 009. This process could be explained by the ink-bottle neck theory [START_REF] Kraemer | Treatise on Physical Chemistry[END_REF]: the increase of temperature promotes in fact the desorption of the water molecule layers from the micro-pores. Driven by local pressure and saturation gradients, the liquid water migrates locally from the micro-pores to the nearest macro-pore by permeation which induces the pore water filling. The filling continues until the density of the adsorbate is low in the neighboring micro-pores, which grants a free access to all of the accumulated water volume in the macro-pore to the upper part of the sample. This shifts in the porosity corresponds to a variation of the average peak to ( [START_REF] Tengattini | Next-grenoble, the neutron and x-ray tomograph in grenoble[END_REF]72]) in the joint histogram, i.e., higher attenuation in both modalities. The water accumulation decreases again as the sample temperature continue to increase, shifting again the porosity peak to ( [START_REF] Jailin | Fast tracking of fluid invasion using time-resolved neutron tomography[END_REF][START_REF] Zhang | Application of neutron imaging to investigate fundamental aspects of durability of cement-based materials: A review[END_REF]), a reference value for empty pores.

Additionally, as also intuitive from the gray value images, aggregates and pores aggregates and cement are virtually indistinguishable from these X-ray images while quite distinct in the neutron ones. As drying progresses these two peaks move closer together because of the reduction in attenuation in the neutron images.

Analysis of the hydric behavior of the concrete sample

This section explores the temporal evolution of the vertical gradients of neutron attenuation induced by drying, followed by the estimation of the corresponding water content. These experimental values are then compared to their estimations based on analytical analysis.

Image segmentation and granulometry analysis

Moisture transport in concrete happens essentially in the cement paste porosity and in the macro-porosity, given that aggregates and sand grains are comparatively impermeable. In order to characterize fluid transport, the aggregates and the sand particles should not be considered in the analysis. The aggregates, larger and easily detectable in the images, were therefore isolated and removed from all ensuing analyses. This operation is relatively straightforward giving their distinct attenuation value in the neutron tomographies, much lower than that of the wet cement paste, which can be used to identify them (a process named segmentation). The choice of a threshold gray value isolating the aggregates can be a-priori user dependent but a number of strategies were here adopted to characterize the sensitivity of this measurement. Firstly, Otsu's method [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF] was adopted to choose a repeatable and user-independent value. Additionally, the sensitivity of all reported analyses to this choice was assessed by repeating all operations for two "extreme" minimum and maximum threshold values, as shown in Figure 6, and comparing the resulting fluctuations in the measures to the general trends of the process. An "Otsu" threshold was used as operator-independent guess of the threshold value. A sensitivity analysis of any the potential error induced by this segmentation step was performed by repeating all ensuing analysis for user-defined min and max threshold values.

To better assess the quality of this segmentation as well as to better understand the minimum grain size removed with this technique, a granulometric analysis was also performed. This consists in separating the segmented image into the individual grains (applying a morphological operation named "watershed" [START_REF] Beare | The watershed transform in itk-discussion and new developments[END_REF]) and measuring the grain volume which can then be converted into the diameter of a volume-equivalent sphere. The probability density function of these grain sizes is compared in Figure 7 against experimental sieving measurements provided in [START_REF] Vu | Caractérisation expérimentale du béton sous fort confinement : influences du degré de saturation et du rapport eau/ciment[END_REF] for a range of gray value thresholds. The numerical and adapted experimental results are essentially coherent, and the slight mismatch can be explained by multiple factors.

Firstly, aggregates are assumed to be perfect equivalent spheres in the image analysis, which ignores the complex morphology of the grains. In addition, this scattering could be linked to experimental mixture variability between the two experimental campaigns (this one and the one of [START_REF] Vu | Caractérisation expérimentale du béton sous fort confinement : influences du degré de saturation et du rapport eau/ciment[END_REF]). It is worth mentioning all fines having an average diameter lower than 800 µm (corresponding to 6 to 7 pixels) were not captured by segmentation due to resolution limitations. This information is key for the upcoming analytical analysis. 

Evolution of mixture attenuation

After registering all the neutron volumes and segmenting the reference neutron image, the average gray level attenuation of the remaining mortar along the height of the sample is calculated for each each volume.

In this operation, the gray value the "mortar" voxels (i.e., all the ones not removed by the procedure detailed in the previous section) of each horizontal slice were computed for all the tomographies along the process.

Additionally, only the 80% inner part of the sample was taken into consideration this analysis in order to omit any effect of the beam hardening artifact (originating from to the polychromaticity of the neutron beam and scattering) and lateral drying (due to the imperfectness of aluminum lateral sealing), as detailed in appendix A. At the beginning of the test, the gray value profiles indicate a mostly homogeneous water distribution along the sample, with local fluctuations below 5% (likely caused by variations in the initial saturation along the height of the sample). As the temperature in the sample increases, the drying process starts affecting predominantly the top of the sample. As the test progresses further, more of the sample undergoes water loss, and the gray value gradient is nearly linear along most of sample height. Eventually, the top 1.5 cm of the sample reaches an asymptotic value corresponding presumably to the hydric equilibrium for the applied boundary conditions.

Finally, the aggregates do not appear entirely homogeneously distributed (as observed in Figure 5 for example), possibly because of segregation in the larger concrete block from which this sample was cored.

Regarding this segregation effect on the water content estimation, the image analysis approach we proposed removes the larger aggregates by segmentation and thus in first approximation eliminate their effect on the estimation on water saturation. However, regarding the segregation effect on the dynamics of the process, the big aggregates might had played a role in speeding the process due to their higher impact on the hydro-mechanical coupling in comparison to smaller aggregates. Indeed, bigger aggregates have larger interfacial transition zone (ITZ) and might be considered as bigger mechanical constraints which prevent local deformations and can lead to micro-cracks formation. Those mechanical implications (ITZ and micro-cracks) are preferential paths for the moisture transport. 

Grey value attenuation

Estimation of the capillary water fraction evolution

In the previous section, we analysed the evolving gray value profiles. While this is proportional to water content, the formulation and validation of behavioural laws require to estimate the corresponding variation of water content. To do so, it is important to understand how water loss is related to the atenuation of the mixture. Once the aggregates have been removed as detailed above, the attenuation of the remaining mortar

• The fine sand grains that remains in the material after the segmentation step detailed in section 3.2.1, having a diameter smaller than 800 µm, are assumed to be homogeneously distributed in the whole volume.

• The tomographic attenuation coefficient of the water remain constant throughout the experiment. Its gray value is here directly assessed from the images by locating and measuring water-filled macro pores at the beginning of the test. This operation is repeated in 40 separate areas, yielding an average µ w =51000 with a standard deviation σ w =2000.1 

• The volumetric strain of the sample is does not induce significant variation in density (which can otherwise be treated as in [START_REF] Stavropoulou | Dynamics of water absorption in callovo-oxfordian claystone revealed with multimodal x-ray and neutron tomography[END_REF] for instance). This assumption is supported by the lack of fractures when analyzing the residual of the x-ray fields across the test as well as by a digital volume correlation analysis, which suggests less than 0.28% volumetric strain (see appendix B).

• No chemical reaction during the test. Dehydration of the hydrated cement leading to the loss of chemically-bonded water can be neglected due the short-heating duration and the maximum temperature reached within the sample. This assumption is supported by the experimental observations of [START_REF] Wang | Multicomponent modelling of cement paste dehydration under different heating rates[END_REF] where water loss due to dehydration at very low heating rates (<1 K min -1 ) and for the very low equilibrium temperature was relatively low.

• Validity of the Beer-Lambert neutron attenuation law. Scattering can cause a slight deviation from this law in the presence of high water content and small sample/detector distance (e.g., [START_REF] Stavropoulou | Liquid water uptake in unconfined callovo oxfordian clay-rock studied with neutron and x-ray imaging[END_REF][START_REF] Kardjilov | Scattering corrections in neutron radiography using point scattered functions[END_REF]), neither of which was the case in this test. This implies that a linear proportionality can be assumed in first approximation between the reconstructed attenuation (gray) value and the water content.

Following these assumptions, the variation of the measured compound attenuation can be expressed as: where ∆µ cp can be measured by studying the evolution across time of a mortar voxel, and µ cw , µ a can be directly measured as detailed above. Assuming that ∆W a = -∆W cw it is possible to deduce ∆W cw , as reported in Figure 9.

∆µ cp = ∆W cw µ cw + ∆W a µ a (2) 
A further step can be made to deduce the actual water content (rather than its evolution) and thus the saturation of concrete starting from the knowledge of the initial or final saturation states. However, the initial state couldn't be assumed to be fully saturated despite the high water/cement ratio and the curing conditions, since, it was possible to observe how some of the larger pores were not saturated at the beginning of the test, thanks to the full-field measures reported (Figure 5). On the other hand, Figure 8 shows how, at the end of the test the topmost 1.5 cm of the sample approach an asymptotic value, which could be symptomatic of local hydric equilibrium. However, the latter cannot be precisely assigned to a saturation state. While these initial and final water content couldn't be conclusively assigned, the analysis of the absolute water content was therefore not reported here.

It can nonetheless be observed that the variation of the water content shown in Figure 9 reaches indicatively a 20% volume fraction difference between the initial saturation state and the equilibrium one. This water volumetric fraction loss was compared to the porosity fraction in the averaged mortar phase remaining after segmentation procedure. We assume that this porosity fraction φ m can be estimated by linear interpolation of two extreme porosities, the first being the one of cement paste (w/c=0.5), φ cp , and the second being the one of the full concrete mixture, φ c . φ m was estimated by the following equation:

φ m = φ cp -ξ f (φ cp -φ c ) (3) 
Where ξ f is the percentage of the sand grains that were not captured by the neutrons resolution (<800 µm).

Only 33% of the total sand and aggregates had a diameter below this value as seen in Figure 7. The numerical values of φ cp , φ c were reported respectively in [START_REF] Rougelot | Etude multi-échelles des couplages hydriques, mécaniques et chimiques dans les matériaux cimentaires[END_REF] and [START_REF] Vu | Caractérisation expérimentale du béton sous fort confinement : influences du degré de saturation et du rapport eau/ciment[END_REF]. All of this yield an averaged mortar porosity value of 27% which is in close agreement with the water volumetric fraction loss while keeping a margin for the non assigned initial and final saturation.

Cement paste drying

A second test was performed on cement paste at lower temperatures, inducing a slower moisture migration which in turn allowed for higher spatial resolutions, as detailed in sections 2.4. A similar analysis can also be performed on this sample, as reported in Figure 10, where the gradients of gray value attenuation over the height of the sample (normalised to their initial state) show the progressive drying from the top of the sample. Analogously to the concrete sample, the gray values have been averaged over 75% of the inner volume to exclude any beam hardening and lateral drying effects.

It can be observed how, in this test, no hydric equilibrium is reached even after 24 hours of testing. Unlike the concrete test, though, it was not possible to directly convert the reported evolution of the attenuation into accurate estimates of water content evolution, given the absence of clear water-filled pores to be used as reference for water attenuation. The reported gray value evolution profiles are nonetheless proportional to the evolution of water content, which can provide an interesting insight into the coupled hydro-mechanic processes, as detailed in the next section.
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Hydro-mechanics of cement paste

The loss of water in the porous network induces a drying shrinkage, which adds to the chemical shrinkage due to early-age behavior hydration. Unlike in the concrete sample analysed above, this leads to the cracking of the cement paste. These cracks play an important hydraulic role, given that they locally significantly increase the permeability, thus accelerating the drying process in their vicinity.

Cracking extraction for cement paste

To quantify the development of fractures, the 4D x-ray dataset was studied. The influence of water loss on x-ray is modest (hence the combined use of neutrons) while their higher resolution and density sensitivity make them the ideal probe for crack detection. The fractures are in this case very thin (mostly less than 200 µm, equivalent to 3 pixel width), consequently, merely applying a segmentation threshold near the air value is not sufficient to isolate them. To extract the fracture network, from each (aligned) volume was therefore subtracted the initial state of the sample. This volume of residual values isolates then the key processes detected by the x-ray: on the one hand the thin but sharp variations in gray value caused by the opening fractures and, on the other, the modest, but diffused density loss caused by the water evaporation.

Given the different properties of the two features, it is possible to isolate the latter effect by filtering the residual field with a 3D Gaussian kernel with a relatively large radius of 30 voxels. Subtracting then this filtered volume from the original residual field it is possible to remove the (modest but pervasive) water loss variations while leaving virtually untouched the sharper cracks which have been "smoothed" and thus mostly removed in the Gaussian filtered image. To further isolate the larger fractures and remove the less pervasive ones and any residual noise a "despeckle" filter can also be used. The use of this denoising filter did not have any effect on the morphological representation of large cracks but might have produced slight effects on the representation of the thinner ones, whose hydraulic effects can, in a first approximation, be 370 neglected. The full procedure is illustrated in (Figure 11). This process is induced by the lateral drying, leading to a non-homogeneous saturation state between the core and the surface of the sample, generating high differential strains between these two zones, and thus cracking. This fracture network becomes progressively more pervasive and interconnected along the test, while expanding both in terms of penetration depth and fracture width. 

Time

Cracking local effect on water content

Once the fracture network has been isolated it is possible to assess its effect on drying thanks to the complementary neutron dataset. In order to do this, the aforementioned 5D volume registration is pivotal to ensure that each voxel represents the same volume in space across time and modalities. Horizontal slices of the sample acquired as well as a "checkerboard" in Figure 13 visually confirm their correct alignment.

Once these volumes are aligned, and the fracture network is identified, it is relatively straightforward to study the effect of the cracks on water content by studying the evolving gray value in the neutron dataset in the vicinity of the cracks. Given the complex interplay between water content, thermal gradient, developing fracture opening and distance from the cracks, multiple aspects can be studied. Here we focus on two in particular: the effect along the thermal and the hydric gradients (thus along the sample height) and effect of the distance from the fracture.

From a technical standpoint, it is possible to identify the areas neighbouring a fracture by dilating the binary image of the cracks, for example using a cubic morphological structuring element (i.e., adding, for each voxel, a cube of a known size -4 pixels, 520 µm in this case-centred on that voxel). The distance from the fracture is then merely the number of dilation required to reach a given voxel. The voxels neighbouring a crack were here identified as "C" (the crack itself) and then progressively as "D1", "D2",..., "Dn", as

shown in Figure 15. The position in space of the voxel is of course always known, meaning that it is possible to quantify the effect that the fracture opening has on the neutron gray value (and thus water content) as a function of the position along the sample height, and repeat this operation for different distances from the fracture. This is for example reported in Figure 16 for four representative time steps. In this case each point in the curves represents the gray value normalised by their initial, reference value and averaged for all fractures across the entire diameter of the sample. In the first two time steps, the crack propagation only reaches the first centimeter. The curves of the different dilated volumes are mostly overlapping, indicating a very modest influence of the cracks. This area remains substantially unaffected also in the following steps simply because it approaches its hydrostatic equilibrium. Later in the test, nonetheless, the effect of fractures is far more marked in the middle and bottom of the sample, where the water content is relatively high and the drying process is slow due to the comparatively low temperature. This figure suggests that the drying process is significantly accelerated in the vicinity of the cracks and progressively reduces as we move away from the fracture.

To further study the extent of this effect, it is possible to explore the evolution of the gray value as a function of the distance from the fracture in different areas of the samples and as a function of time, as

shown in Figure 17. The cracks are confirmed to play a negligible role in the top part of the sample No gradients were measured in the top part of the sample due to the rapid occurrence of drying induced by the higher heat in this region and which might be antecedent to the development of the cracks. However, in the middle and bottom it is possible to observe that, once drying starts it starts predominantly near fracture and progressively propagates outwards as the overall drying progresses. This analysis also suggest that the effect of the fracture can go as far as 4 mm away from it (this well above the resolution of the neutron images).

These measures are also qualitatively confirmed in Figure 14, where it is apparent that three is a wide zone neighbouring the cracks (as detected by the x-ray images) where the local drying is accelerated (as highlighted by the reduced attenuation in the neutron volumes). 

Conclusion

This paper studied the drying behavior of cement-based materials as revealed by a 5D dataset combining simultaneous in-situ neutron and x-ray tomography of samples heated up to moderate temperatures. In this case neutron tomography was employed to study the dynamics of moisture removal, while the x-ray tomography complemented this information by providing insight on the mechanical processes, and notably on crack initiation and propagation.

The evolving moisture content profiles were quantified for a concrete sample heated up to 140 • C. By the end of the test, the top 1.5 cm showed an asymptotic neutron attenuation profile which can be interpreted as a sign of hydric equilibrium. A transition was proposed to move from the measured attenuation fields to water content fields. The analysis has shown that the hydric equilibrium was reached when 20% volumetric fraction of capillary water was lost, a result coherent with the corresponding analytical analysis. The unique insight provided by spatio-temporal evolution of these moisture content curves across the test is expected to be pivotal for the calibration, validation and improvement of existing thermo-hydric numerical models.

In the cement paste sample, an extensive 3D cracking process was observed and its initiation and propagation were quantified thanks to the 4D x-ray dataset. A multi-modal registration was then employed to align the x-ray and neutron volumes in a coherent coordinate system. This unique spatio-temporal 5D data set allowed an unprecedented quantification of the local effect that cracking has on the drying process. It was observed for example that the crack-induced local drying was particularly pronounced in the slower drying areas (zones of lower temperature), with effects going as far as 4 mm from the crack tips. This information is also of great importance for the improvement and validation of the currently suggested hydro-mechanical coupled models that include the cracking/damage effect on the hydric behavior.
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tration is highlighted in Figure A.20b, which also shows the absence of fractures at the adopted resolution. where I is the identity matrix and ∇u is the gradient of the displacement vector.

In the small strain framework, the strain tensor writes: = 1 2 F + F T ) -I (A.4)

Figure 1 :

 1 Figure 1: Vertical and horizontal slices of the 3D reconstructions of the neutron and x-ray tomographies of the concrete sample, highlighting the high complementary of the micro-structural information obtained with these techniques. The neutron attenuation field (the average attenuation of the materials contained in a voxel µn) on the left of the partially saturated concrete sample highlights aggregates and pores from the cement paste which is further differentiated in dry and wet. Nonetheless pores and aggregates have comparable attenuation in the neutron tomography whereas they have significantly different x-ray attenuations µx, as shown on the right. Their rigorous coupling is made possible by their multi-modal registration (detailed in section 3.1).

Figure 2 :

 2 Figure 2: The designed heating setup: (a) Disassembled setup highlighting the positions of the sample wrapped with aluminum tape for moisture isolation and rockwool for heat isolation, the exhaust output and the infrared radiator (b) schematic view.

  2). Analogously, in the temperature history in Figure3(b) shows the thermocouple temperature measurement on the top surface of the cement paste sample. Tomography stamps were also added to this plot to indicate instances at which some of the relevant simultaneous neutron and x-ray N/X tomographies were acquired. are marked in blue, and the red annotations mark the tomographies where the hydro-mechanical analysis were performed.

  (a) Concrete sample (b) Cement paste sample

Figure 3 :

 3 Figure 3: Measured temperature on the top surface of the tested sample

Figure 5 :

 5 Figure 5: Evolution of neutron attenuation field µn and x-ray attenuation field µx throughout the drying experiment which was captured statistically thanks to joint histograms.

Figure 6 :

 6 Figure 6: Schematic of the segmentation procedure used to remove the aggregates and sand grains from the moisture analysis.

Figure 7 :

 7 Figure 7: Particle size distribution procedure: (Left) Vertical slice of a labelled aggregate volume, (Right) Equivalent-sphere particle size distribution: threshold sensitivity analysis and comparison with experimental sieving measurements

Figure 8 :

 8 Figure 8: Gray value attenuation gradient evolution along the sample height

Figure 9 :

 9 Figure 9: Capillary water volume fraction evolution along the sample height

Figure 10 :

 10 Figure 10: Variation of the gray value gradients with respect to the initial hydric state.

Figure 11 :

 11 Figure 11: The cracking extraction procedure

Figure 12 :

 12 Figure 12: Cracks initiation and propagation in time extracted from x-ray tomography: (left) 007, (middle) 012, (right) 017

Figure 13 :

 13 Figure 13: Horizontal slices through registered tomographies in both modalities: (left) neutron, (middle) x-ray and (right) "checkerboard".

Figure 14 :

 14 Figure 14: 3D visualisation of cracks and neutron images after multimodal registration : normalized neutron volume (left), 3D denoised x-ray cracks (middle) and combined images (right).

Figure 15 :

 15 Figure 15: Crack dilation procedure

Figure 16 :Figure 17 :

 1617 Figure 16: Cracking local effect on the normalized hydric behavior over the height of the sample: Dn being the dilated mask of the cracks x times, C being the cracks, tc being the instance at which the cracks have initiated.

  (a) Before registration (b) After registration

Figure A. 20 :F 1 )

 201 Figure A.20: Residual fields of the (095 -009) x-ray tomography (a) before registration and (b) after registration

  

Table 1 :

 1 Composition of the concrete used for sample 2

		Quantities [Kg/m 3 ]
	Water	174
	Cement (CEM I B 52.5)	348
	Sand (1.8 mm)	826
	Gravel (0.5/8 mm)	991

This is to be compared to the one of air which averages µa=8700 and has a standard deviation σa=500.

The raw data-sets of the cement and concrete samples heated up to moderate temperature are respectively available at: http://doi.ill.fr/...../ILL-DATA.UGA-48 -the analyzed experiment is in folders 01-pate-MT and 02pate-MT-morning. http://doi.ill.fr/...../ILL-DATA.UGA-60 -the analyzed experiment is in folder 05-B2-200deg-XN.

Supplementary videos showing water content evolution and the cracking propagation can be found in the online version of this article and at https://www.youtube.com/watch?v=D5__7OieEd4 and https: //www.youtube.com/watch?v=kgqPe-tXmA4. 

Single mode and multi-modal registrations

In the two experimental campaigns, two sets of "5D" tomographies (3D+time+x-ray/neutron) have been acquired. While pixels of an individual tomography are naturally "aligned", having a coherent coordinate system, the same voxel can come to represents slightly different areas of the sample even within the same modality along time. For example, thermal expansion and system vibrations can slightly affect the position of the sample along time. Additionally, while the acquisition system is calibrated to measure and compensate for the relative position of the object between modalities, a misalignment of few tens of microns is to be expected, for example because of the relative displacement between the detectors induced by thermal expansion. It follows that to have each voxel represent the same sub-volume of the sample across time and to have a 1:1 sub-pixel correspondence between modalities, it is essential to align (register) all these 3D volumes. A cumulative misalignment would in fact be detrimental to some of the analyses presented below, which rely on the comparison between a given state and its previous configuration and across modalities to quantify the local processes. voxels is the combination of the attenuation of three "species":

• air, in the micro-porosity,

• capillary water (cw), both free and adsorbed water in the micro-porosity,

• dry hydrated mortar (dhm), comprising solid gel, unhydrated cement and chemically-bonded water Specifically, for voxels representing mortar, the attenuation coefficient is the summation of the individual contributions of the species composing it, weighted by their volumetric fraction, which can be expressed as:

Where µ i and W i are respectively the attenuation coefficient and the volumetric fraction of the specie i.

To then transition from these attenuation values to an estimate of water content number of hypotheses are made here: It should be noted that the "holes" correspond to the removed aggregates. The volumetric strain is defined as: vol = tr( ) (A.5) which in the case of the 095 and 009 volumes is equal to vol| 095x-009x = 0.283% and in case of 010 and 009 volumes is equal to vol| 010x-009x = 0.004%.