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Corrosion is the main cause of premature degradation of reinforced concrete structures. In particular, the mechanisms of chloride-induced corrosion in cracked structures are not fully elucidated. The aim of this study is to investigate by X-ray tomographic imaging the initiation and propagation of chloride-induced corrosion in cracked concrete. On reinforced prismatic cracked specimens exposed to seawater spray-drying cycles, the approach consists in characterizing in a nondestructive way the crack geometry, corroded steel volume and corrosion products migrating in the cementitious matrix and crack, as a function of time. Sub-volume scans and difference images allow a study of the first stage of chloride-induced corrosion in cracked concrete with respect to the number of spraying cycles, geometry and crack opening. The volume of steel consumed measured by 3D imaging is validated against destructive measurements, and it is shown that insights about the phenomenology of pitting (depth, displacement of corrosion products, densification, crack clogging...) can be obtained.

Introduction

Reinforcement corrosion of concrete is the first durability concern for most structures and its prediction is of major economic interest [START_REF] Angst | Challenges and opportunities in corrosion of steel in concrete[END_REF]. Usual conceptual models [START_REF] Tuutti | Corrosion of Steel in Concrete[END_REF] distinguish between an initiation phase, where agents (CO2, chlorides) inducing depassivation of steels are transported through the material, and a propagation phase, when corrosion evolves. Since most reinforced concrete structures are damaged to some degree, cracks act as a preferential pathway for carbon dioxide or chlorides, oxygen, and water. When cracks are present, reinforcement corrosion is therefore very quickly active compared to the expected lifetime of the structure (the initiation time is much shortened), but the role of cracks in the propagation phase is still debated. Some authors consider that cracking accelerates propagation [START_REF] Karin Pettersson | The Effect of Cracks on Reinforcement Corrosion in High-Performance Concrete in a Marine Environment[END_REF][START_REF] Scott | The influence of binder type, cracking and cover on corrosion rates of steel in chloride-contaminated concrete[END_REF][START_REF] Otieno | Corrosion in cracked and uncracked concreteinfluence of crack width, concrete quality and crack reopening[END_REF], others that propagation is independent from the cracking pattern [START_REF] Beeby | Cracking, Cover, and Corrostion of Reinforcement[END_REF][START_REF] Arya | Concrete Society, The relevance of cracking in concrete to corrosion of reinforcement[END_REF][START_REF] Bentur | Steel Corrosion in Concrete: Fundamentals and Civil Engineering Practice[END_REF][START_REF] Schiessl | Laboratory Studies and Calculations on the Influence of Crack Width on Chloride-Induced Corrosion of Steel in Concrete[END_REF][START_REF] François | Effect of microcracking and cracking on the development of corrosion in reinforced concrete members[END_REF][START_REF] François | Long term corrosion behavior of reinforced concrete structures in chloride environnement[END_REF]. In particular, the effect of the crack opening on the corrosion resistance is not fully understood. In practice, engineering criteria are used based on a maximum crack opening value combined with a classification of the exposure to aggressive agents. In the case of carbonation, it has been shown for samples exposed to rain/drying cycles [START_REF] Ghantous | Effect of crack openings on carbonation-induced corrosion[END_REF] that long-term corrosion was independent of the crack opening due to anodic control. Anodic sites at the crack tip were shown to rapidly revert to a passive state, probably due to the formation of a "plug" of dense corrosion products. Such limiting process has also to be demonstrated for chloride-induced corrosion in cracked concrete. Understanding of the corrosion mechanisms could benefit from advanced imaging techniques.

X-ray Computed Tomography (X-CT) is a common imaging method in material science [START_REF] Ketcham | Acquisition, optimization and interpretation of X-ray computed tomographic imagery: applications to the geosciences[END_REF][START_REF] Maire | Quantitative X-ray tomography[END_REF] based on the reconstruction of a 3D image of the X-ray attenuation coefficient, from a set of 2D projections.

It is useful as a non-destructive material characterization technique and has indeed been used to study reinforcement corrosion as an observational tool at different scales [START_REF] Beck | Application of X-ray tomography for the verification of corrosion processes in chloride contaminated mortar[END_REF][START_REF] Neff | Morphology of corrosion products of steel in concrete under macro-cell and self-corrosion conditions[END_REF][START_REF] Jacot-Guillarmod | Degradation mechanisms of reinforcing iron rebars in monuments: the role of multiscale porosity in the formation of corrosion products investigated by X-ray tomography[END_REF][START_REF] Shi | Corrosion products and corrosion-induced cracks of low-alloy steel and low-carbon steel in concrete[END_REF][START_REF] Xi | Investigating the spatial development of corrosion of corner-located steel bar in concrete by X-ray computed tomography[END_REF], as a quantitative tool in accelerated corrosion setups [START_REF] Beck | Monitoring of corrosion processes in chloride contaminated mortar by electrochemical measurements and X-ray tomography[END_REF][START_REF] Ebell | Investigation of chloride-induced pitting corrosion of steel in concrete with innovative methods[END_REF][START_REF] Dong | Monitoring reinforcement corrosion and corrosion-induced cracking by X-ray microcomputed tomography method[END_REF], or to link corrosion with cracking of the concrete cover [START_REF] Šavija | Corrosion induced cover cracking studied by X-ray computed tomography, nanoindentation, and energy dispersive X-ray spectrometry (EDS)[END_REF][START_REF] Van Steen | Localisation and characterisation of corrosion damage in reinforced concrete by means of acoustic emission and X-ray computed tomography[END_REF]. When studying samples as a function of time by repeatedly scanning test articles at various evolution stages, "4D" imaging allows a direct quantification of corrosion kinetics, and to study its full 3D geometry as well as the migration of corrosion products. However, to the best of the author's knowledge, high-resolution imaging of the crack tip in natural corrosion setups has not yet been attempted, although it could provide information about the mechanisms at play. In the following, a protocol is proposed to carry out imaging of the first stages of corrosion at the crack tip, as a function of time, using X-CT in a setup that can be representative of conditions for a cracked structure exposed to chlorides. That includes saltwater spraying cycles, mechanically induced crack, macroscopic samples (from the point of view of the correct magnitude for the rebar cover thickness and realistic crack openings). The effect of several parameters of the protocol on the initial corrosion kinetics (sample size, drying duration, crack opening) is studied, and local phenomena presented.

Materials and methods

a. Sample preparation and saltwater spraying

The specimens tested were 4×4×16 cm and 7×7×28 cm prisms. A 6 mm "as-received" corrugated rebar was positioned in the middle of each specimen. All the specimens were prepared with a mortar mix containing six parts sand, two parts cement and one part water by weight. Ordinary Portland cement (CEM I 52.5) and siliceous sand (according to were used. The yield strength of the steel used was 500 MPa. Mortar was poured in prismatic molds in two layers, each of them being vibrated to eliminate air bubbles. After 24 h, the specimens were unmolded and then cured in leaktight containers at 100% relative humidity.

In order to reduce the number of X-ray CT scans to be carried out, a qualitative measurement of corrosion activity was used in most samples. For this purpose, a fraction of the samples was instrumented with a potential measurement (Figure 1 left): a potential difference involves two electrodes and an electrolyte (mortar in this case). In order to avoid introducing preferential paths for chlorides via cables, it is appropriate to keep the same length of reinforcement and to cut it to have two electrodes. An electrode of length 3 cm acts as cathode and the working electrode including the anode is about 122 cm. The choice of having such a short segment is to get as far away from the crack as possible and from chloride ingress from the outer surfaces. A rigid and waterproof adhesive is used as electric insulator to separate the two electrodes; thus the cementitious binder represents the electrolyte involved.

Cracking of the test pieces was carried out perpendicular to the casting direction at 28 days of age. The cracks mouths are therefore located on the "sides" of the samples relatively to the casting direction, since the effect of casting direction is not included in this study. This crack was located in the middle of the prisms for ordinary specimens and at the center of the anode section for instrumented specimens. The cracking protocol is based on a 3-point bending test using a universal testing machine [START_REF] Ghantous | Relation between crack opening and extent of the damage induced at the steel/mortar interface[END_REF]. This involves applying a number of load/unload cycles at increasing displacement levels and measuring the residual deformation at each unloading using an LVDT sensor glued around the loaded mid-section. The loading is stopped when the desired residual crack opening is obtained at zero stress, as shown on Figure 1 (right). The experimental plan is presented in Table 1. Considering the number of parameters to study and the post-processing involved, 11 samples were studied varying crack length, crack opening, instrumentation (continuous electrical potential measurement), and length of drying phase. After curing and being submitted to the cracking procedure the samples were exposed to a saltwater fog at ambient laboratory temperatures using a Ascott S450IP salt spray chamber with cracks mouths facing up, towards the saltwater spraying system. Different types of cycles with 6h hours spraying and varying in the drying phase duration were used. A particular drying scenario for sample 1 was used and is described below. To study of the effect of the number of cycles, X-ray tomography scans are carried out in less than one day following the spraying, during the drying phase.

b. Tomography and post-processing

X-ray Computed Tomography is well adapted to the non-destructive characterization of chlorideinduced reinforcement corrosion since absorption contrasts between mortar, steel, voids and corrosion products are very significant. Moreover, contrary to the thin corrosion layers from generalized corrosion, pitting is a truly 3D phenomenon. This makes easier its determination at the steel-mortar interface where a very steep X-ray absorption gradient can make segmentation difficult (the steel to mortar transition can be progressive and include imaging artefacts). An X-CT slice and optical microscope image of the same pit are compared on Figure 2, showing a typical correspondence between images of the X-ray absorption coefficient (gray levels) and the presence of corrosion products.

Figure 2 : Typical corrosion observed on a CT slice compared with a polished section of the pit observable at the same spatial location

CT scans were carried out on a General Electric (GE) Phoenix v/tome/x m device using a microfocus tube used at an accelerating voltage of 220 kV, and a 4000×4000 detector used in 2×2 binning mode. This detector is also equipped with a lateral shift actuator that allows to randomly move the detector in the transverse direction between each projection, effectively spreading and practically eliminating ring artefacts. An initial full scan allowed characterization of the crack at voxel size 31.5 µm and 64 µm for respectively the 4×4×16 cm and 7×7×28 cm prisms. The scanned area is the full section, on a length of 50.4 mm and 102.4 mm for both types of samples. Afterwards all scans were performed only on a sample subvolume centered on the rebar area at a higher resolution using Region-Of-Interest Computed Tomography (ROI-CT) [START_REF] Reimers | Region-of-interest (ROI) mode in industrial X-ray computed tomography[END_REF][START_REF] Martz | X-Ray imaging: Fundamentals, industrial techniques and applications[END_REF]. This method allows an increase in resolution on a central subvolume of the sample. Although incompletely scanned external areas of the sample are known to induce artefacts, available proprietary projection filtering allows a near perfect correction. These fast 30 minute scans with 1600 projections were carried out at voxel size 20 µm and 40 µm for the two types of samples (with tube current of 100 and 185 µA respectively). A 0.5 mm thick tin filter was used to limit beam hardening artefacts. The full acquisition parameter set was chosen to minimise scan time and allow frequent characterization of samples, that were housed vertically in a polymer sample holder allowing repeatable positioning, and the absence of salt contamination of the CT apparatus. The scanned area was a volume of 22×22×32 mm and 44×44×64 mm respectively for the two geometries, centred on the crack and rebar.

The reconstruction of the scans was performed using GE proprietary software. The final volume is a 1100×1100×1200 voxel, 16 bit grey level image. Reconstruction parameters are the same for all scanned samples, involving software beam hardening correction, sample movement and illumination correction, a Region-Of-Interest filter to eliminate CT artifacts due to using ROI-CT, and a 3×3 median filter of projections. Post-processing was carried out mostly using VG Studio MAX software (Volume Graphics). It consists in extracting the crack and applying different operations on the reconstructed volume so that intact steel, corroded steel and corrosion products can be qualitatively and quantitatively analysed. The extraction and measurement of the crack opening is performed after a manual segmentation in VG Studio MAX. Once an approximate segmentation of the crack is obtained, a 10 pixel dilated region around this segmented area is extracted to use as input for an in-house Python script. The crack opening is then measured automatically with subpixel accuracy by detecting the position of the grey level transitions (after interpolation) between mortar and air at the crack surfaces. An average crack opening at the crack mouth (to be compared to the targeted surface opening) is evaluated. A crack opening value is also provided at the rebar by averaging the crack opening measurements in a radius of 5 mm around the rebar. The corroded steel volumes are measured by an analysis of difference images obtained by subtraction between the current image and the initial image before corrosion initiation (Figure 3). In order to perform this subtraction, the coordinate systems of both images are matched by using a least-squares fit of the surfaces of manually selected image features in both images (typically three air bubbles evenly distributed in the volume). On these difference images, positive gray-level values indicate local increase of the X-ray absorption coefficient (displaced corrosion products) and negative gray-level values indicate corroded steel. A voxel thick error area is sometimes observed on the subtraction at the steel-mortar interface that results partly from subpixel error in positioning along some vector in this plane but also to slight reconstruction differences. However, the consumed steel region is easily segmented by thresholding and its volume and surface determined, as used in the following parts. Although uncertainties of image-based measurements are difficult to estimate, a sensitivity analysis was performed on 27 different workflows on the same image (choice of registration features, thresholding, segmentation correction). This was done on a very small pit (initial detection on sample 5, visible on Figure 3). The corroded steel volume was evaluated at 0.131 mm 3 with a standard deviation of 0.018 mm 3 , providing an order of magnitude of the measurement uncertainties.

Results

a. Corrosion initiation

The point of this protocol is to take advantage of these non-destructive measurements to examine the kinetics of corrosion during the drying phase after initiation up until no change in corroded volume is detected, and then attempt to restart corrosion. The total corroded steel volume measured by X-ray Computed Tomography is shown in Figure 4. In practice, a 4×4×16 sample (sample n°1) with a surface crack opening of 307 µm was submitted to spray/drying cycles with 3.9 days drying time (average), with frequent CT scans until corrosion was detected. Corrosion initiation was detected right after cycle 5. The spraying cycles were then stopped and the drying conditions maintained until stabilisation of the corroded steel volume. 8 scans were carried out over a period of 55 days. Consumed steel volumes were observed to stabilize approximately 45 to 55 days after initiation (or 65-75 days after first exposure to chlorides)

After stabilization of steel mass loss, the sample was placed at 100% Relative Humidity to test the effect of an increase on moisture content at the crack tip for a period of 40 days. This high humidity phase quickly triggered a restart of the pitting process (that could point to a previous limitation, by drying, of the corrosion process), until reaching a new stable state. Interestingly, two additional spray/drying cycles with chlorides did not induce additional corrosion which demonstrates the principle of crack clogging even in a relatively small sample with a large crack.

Although the exact mechanism can hardly be determined by a single test, imaging reveals (Figure 5) that further development of corrosion results, to a large extent, in products densifying in defects at the steel-mortar interface that were initially filled with solution and/or highly porous products. After a fast phase of growth of products at the surface of these bubbles (see also Figure 2), products do not expand far away into the crack but tend to form a highly packed plug. This "inward" densification into the cavities (filling of the bubbles due to growth of solid products at their surface) is clearly visible, and may play a role in hindering water/chloride/oxygen transport to the steelmortar interface. This test illustrates the possibilities of X-CT sample monitoring to illustrate the effects of these macrodefects at the steel-concrete interface as hypothesized in [START_REF] Angst | The effect of the steel-concrete interface on chloride-induced corrosion initiation in concrete: a critical review by RILEM TC 262-SCI[END_REF]. 

weeks of drying and c) 6 weeks. It shows growth and densification of corrosion products in an air bubble at the crack/steel/mortar intersection (crack filled with corrosion products visible on the left) b. Corrosion propagation

As described previously, the experimental plan main objective is to examine the effect of testing parameters on the corrosion evolution. Examined parameters are the crack opening (100 µm, 300 µm and 500 µm, here), the sample geometry (small samples allow for greater resolution in the X-CT scans), and drying phase duration. The potential measurements are used to avoid performing CT scans before initiation. However, two samples (2 and 4) were simple symmetrical beams with no reference electrode to verify the absence of effect of this cathode change on the overall corrosion behaviour.

The initiation cycle is defined by the sudden drop in the potential of the working electrode (or the first scan with corrosion detection) as shown on Figure 6. This number of cycles to initiation was found to be highly variable although low for short, large cracks (Table 2 -3 to 8 cycles), and quickly increasing for 300 µm cracks on larger beams (26 to 113 cycles). The potential drops were found to be in good correspondence with the first detected pitting using X-CT with sudden drops of -210 mV to -300 mV. The number of cycles to initiation were between 3 and 8 for 4×4×16 cm prisms with 300 µm cracks and 7×7×28 cm prisms with 500 µm cracks, and much higher for 7×7×28 cm prisms with 300 µm cracks (26 and 112 cycles). A crack mouth opening of approximately 100 µm and a cover of around 30 mm seemed to be a limit under which corrosion is not induced for the maximal number of daily cycles considered here (129). The volume-to-surface ratio of the pits (V/S) is an indicator of the geometry of the anodic region and its evolution, equivalent to an average corrosion depth. It can also be considered a 3D replacement for the "pitting factor", since the pit depth is rather ill-defined on a 3D geometrical model of the corrosion areas. It can be strictly increasing (pointing to an "in-depth" development of pits) or stable (surface development of corrosion with the creation of new anodic regions). This last behaviour is observed: after a number of cycles during which this ratio is increasing, V/S stabilises at approximately 0.1 mm for small beams (4×4×16) and 0.2 for 7×7×28, which is the main qualitative difference between these sample geometries. This can be attributable to differences in the state of the steel-mortar interface (either initial or due to different damage patterns caused by the cracking procedure). The cracks in small samples are observed to be more ramified than larger samples for a similar crack opening at the rebar (as observed on the X-CTs); with open secondary cracks. A larger damaged area could therefore be expected for these thinner covers. This surface growth is observable on Figure 8, along with expansion of corrosion products, filling the cracks and the macroporosity close to the steel-mortar interface.

The quantitative character of the method was validated using gravimetric measurements. Corrosion products of three samples were removed by chemical attack (Sb2O3 + SnCl2 + HCl solution) with application following the ISO 8407 standard. The initial mass (before casting) and final mass (after chemical attack) provide the steel mass loss due to corrosion. On samples 1, 2 and 4, X-CT yields a relative difference of -11%, -1.6% and +6.7% with these measurements. This difference gets a positive contribution from residual corrosion products after desquamation, and a contribution of unknown sign from segmentation errors, due to either the finite resolution, noise, imperfect subtraction, etc. The overall difference is mostly decreasing with the size of the corroded zone, pointing to the finite X-CT resolution as the main error driver, for small pit depths.

The initiation of new pits, as can be observed on multiple slices (Figure 2, Figure 5 and Figure 8), occurs preferentially near macroscopic weak points of the steel-mortar interface, air bubbles. These are not necessarily at the exact crack location [START_REF] Rossi | The influence of defects at the steel/concrete interface for pitting corrosion initiation studied through X-ray Computed Tomography and image analysis[END_REF] but still in the region affected by decohesion of the steel/concrete interface (with length estimated to be around 50 mm in [START_REF] Ghantous | Effect of crack openings on carbonation-induced corrosion[END_REF]). These are preferentially on the crack mouth side, as confirmed by visual examination of all CT scans. No effect of the casting direction is clearly evidenced. This point is however in agreement with multiple results in the literature about the large effect of the steel-mortar interface quality on corrosion [START_REF] Castel | Influence of steel-concrete interface quality on reinforcement corrosion induced by chlorides[END_REF][START_REF] Söylev | Corrosion of Reinforcement in Relation to Presence of Defects at the Interface between Steel and Concrete[END_REF]. It is attributed to the lower stability of passive films and the chloride accumulation in these cavities [START_REF] Shi | Influence of defects at the steel-mortar interface on the corrosion behavior of steel[END_REF]. The importance of the moisture state of these macrodefects is also clearly evidenced on a large body 

Conclusions

In order to gain new insight into the mechanisms of corrosion in concrete, non-destructive imaging techniques such as X-ray Computed Tomography can provide 3D information. In the present work, it was used to follow the advancement of chloride-induced corrosion in cracked reinforced mortar beams exposed to cyclic spray/drying cycles. It has been shown that:

-Firstly, the technique is simple and well adapted to perform quantitative measurements of the steel mass losses and geometrical features of the anodic regions, using in particular Region-Of-Interest CT to increase resolution in the rebar neighbourhood. -The crack width mostly appears to influence the number of cycles to initiation. Although several options and choices have to be made (crack opening, sample size, electrical measurements, duration of drying), the final corrosion evolution as a function of the number of cycles since initiation is weakly dependant on these parameters. The number of spraydrying cycles is the main driving parameter that was evidenced. -Most tests carried out show preferential pitting near air bubbles, which is in accordance with some published work emphasizing the effect of the quality of the steel-mortar interface on the corrosion resistance. The greater interface damage and numerous pathways to the interface via secondary cracks on the smaller beams resulted in a larger surface of the rebar affected by corrosion. -Finally, the complete halt of corrosion due to a limitation of the anodic process (or anodic/ohmic control, see [START_REF] Angst | Chloride induced reinforcement corrosion: Rate limiting step of early pitting corrosion[END_REF]), even upon additional spraying cycles, was evidenced. It may be attributed to the clogging of the crack and cavities by corrosion products, which were shown to greatly increase in density (more than they spatially expand) limiting the ingress of chlorides and moisture to the reinforcement.

Figure 1 :

 1 Figure 1 : Schematic of a 4×4×16 instrumented sample and radiograph with crack opening on the top side (left), examples of load-crack opening displacement curves with a target of 300 µm residual crack opening (right), for two sample geometries

  Figure 3 : a) Initial slice of sample 5's rebar in the crack plane, b) image after corrosion initiation, c) thresholding (in red) of the lower absorption area (corroded steel) in the difference image

Figure 4 :Figure 5 :

 45 Figure 4 : Volume of steel corroded as a function of time for the drying/re-spraying test

Figure 6 :

 6 Figure 6 : Potential difference evolution as a function of time for sample 5.

Figure 7 a

 7 Figure 7 a) and b)show the cumulated volume loss of steel and volume-to-surface ratio of pitting areas as calculated from the segmented X-CT scans, as a function of the number of cycles since corrosion initiation. An interesting result is that although the times to initiation vary largely for the samples studied, corrosion kinetics show similar evolutions over the first 30 cycles with experimental dispersions up to a factor of two approximately. Although a slowdown of corrosion can be observed for some of these tests, no complete halt was evidenced for these durations.

Figure 8 :

 8 Figure 8 : Corrosion product expansion through the crack and densification observed on difference images in a plane close to the crack, after daily spraying cycles 6, 8, 11, 33 for sample 2, and 3D image of the consumed steel volume at cycle 33

Table 1 :

 1 Summary of the studied samples

	1	4×4×16	307	180	-	-
	2	4×4×16	318	190	2.1	-
	3	4×4×16	329	200	2.1	Yes
	4	4×4×16	310	187	6.6	-
	5	4×4×16	340	201	6.6	Yes
	6	7×7×28	512	270	1.0	Yes
	7	7×7×28	578	290	1.0	Yes
	8	7×7×28	320	170	1.0	Yes
	9	7×7×28	315	180	1.0	Yes
	10	7×7×28	104	96	1.0	Yes
	11	7×7×28	104	70	1.0	Yes
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of literature [START_REF] Angst | The effect of the steel-concrete interface on chloride-induced corrosion initiation in concrete: a critical review by RILEM TC 262-SCI[END_REF]. In our case these are likely to be connected to the main crack and at least partially 270 saturated even for relatively short spray/drying cycles.