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Relation between crack opening and extent of the damage induced at the steel/mortar interface
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Introduction

The corrosion of rebars is the main pathology affecting reinforced concrete structures and is therefore a determining factor for their durability. Such structures are subject to unavoidable cracks, which may be due to physical factors (restrained shrinkage, wetting/drying cycles, etc.) and mechanical circumstances (various applied loads and differential settlement). These cracks create pathways for atmospheric carbon dioxide, oxygen, water and chlorides to reach the steel/concrete interface, facilitating the initiation of steel corrosion in affected structures [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] Tuutti | Corrosion of Steel in Concrete[END_REF][START_REF] François | Effect of microcraking and cracking on the development of corrosion in reinforced concrete members[END_REF][START_REF] Arya | Influence of crack frequency on reinforcement corrosion in concrete[END_REF][START_REF] Berke | Corrosion of steel in cracked concrete[END_REF][START_REF] Mohammed | Effect of crack width and bar types on corrosion of steel in concrete[END_REF]. Some structural design codes and recommendations [START_REF]EN 1992-1-1, Eurocode 2: Design of concrete structures -Part 1-1 : General rules and rules for buildings[END_REF][START_REF]Control of Cracking in Concrete Structures Reported[END_REF][START_REF] New | Concrete structures standard, part 1-The design of concrete structures[END_REF] impose limits on the crack openings according to the type of concrete and to the exposure class of the structure so as not to affect the structure durability. However, other studies show that the corrosion process is not controlled by the crack widths in the range usually found with reinforcement stresses at service load [START_REF] Darwin | Debate: crack width, cover, and corrosion[END_REF][START_REF] Oesterle | The role of concrete cover in crack control criteria and corrosion protection[END_REF]. Actually, according to the American Code Institute committee 318 [START_REF]ACI Committee 318, Building Code Requirements for Structural Concrete (ACI 318-08[END_REF], surface crack widths in the range usually found with reinforcement stresses at service load levels are not detrimental for structure sustainability. It was also noted in ACI 318-08 [START_REF]ACI Committee 318, Building Code Requirements for Structural Concrete (ACI 318-08[END_REF] that enhancing the concrete cover quality was more important for corrosion protection than controlling the crack width. Additionally, corrosion has been proved to start and develop along the steel/concrete interface zone damaged by the creation of cracks [START_REF] François | Effect of damage in reinforced concrete on carbonation or chloride penetration[END_REF][START_REF] Tremper | The corrosion of reinforcing steel in cracked concrete[END_REF][START_REF] Vesikari | Corrosion of reinforcing steels at cracks in concrete[END_REF][START_REF] Ghantous | Effect of crack openings on carbonation-induced corrosion[END_REF][START_REF] François | Study of the impact of localised cracks on the corrosion mechanism[END_REF]. Several studies [START_REF] Tuutti | Corrosion of Steel in Concrete[END_REF][START_REF] Tremper | The corrosion of reinforcing steel in cracked concrete[END_REF][START_REF] Ghantous | Effect of crack openings on carbonation-induced corrosion[END_REF][START_REF] Millard | Modelling the effects of steel corrosion in concrete, induced by carbon dioxide penetration[END_REF] prove that carbonation-induced corrosion may lead to corrosion products that seal the cracks and limit the access of oxygen and water to the rebar, thus slowing down the propagation of corrosion. Therefore, and according to the literature, the size of the interface area damaged by loading may influence corrosion propagation more than the value of the crack widths. Consequently, a logical question arises: ''Does the size of the mechanically damaged interface increase sharply beyond a given crack width?"

The objective of this paper is to answer this question and determine whether a relationship exists between the value of the crack opening and the size of the corresponding load induced damage at the interface.

The evolution of the crack width was therefore followed from the outer surface of the specimen to the rebar. Additionally, the length of the damaged steel/mortar interface was quantified for different crack openings. The experimental program is presented in the next section and the results obtained are discussed afterwards.

Experimental program

Materials and specimen preparation

The specimens tested were prisms of dimensions 70 Â 70 Â 280 mm. For each specimen, a 6 mm deformed rebar was positioned in the middle of the cross section. The composition of the mortar mixture used for the specimens is shown in Table 1. The yield strength of the steel used was 500 MPa. Mortar was poured into the mold in two layers, each of which was normally vibrated in order to eliminate air voids. After 24 h, the specimens were unmolded and then cured for 28 days immersed in water (with calcium hydroxide). The specimens tested in this study were made from 4 consecutive batches of 60 l each.

Cracking of the prismatic specimens and crack opening control

Cracking protocol

In this study, several crack openings needed to be created in order to determine the effect of the crack opening on the length of the load-induced damage zone at the steel/mortar interface. For that, it was crucial to find a cracking protocol that allowed one crack to be obtained per specimen, with a controllable width in order to avoid possible overlapping of the mechanically damaged interface areas. Several cracking protocols exist in the literature but they were not all suitable for this study. For example, cracking by compression [START_REF] Zhong | Influence of damage degree on self-healing of concrete[END_REF] and freezing/thawing cracking methods [START_REF] Jacobsen | Effect of cracking and healing on chloride transport in OPC conrete[END_REF] generate diffuse cracks. The tensile test performed by imposing direct traction on a steel bar embedded in concrete [START_REF] Alahmad | Traitement des fissurations dans les ouvrages hydrauliques[END_REF] leads to a transversal crack on the whole diameter of the specimen, which is not representative of cracks observed on structures. The expansive core method is used to crack ring shaped mortar specimens [START_REF] Dang | Effects of pre-cracks on both initiation and propagation of re-bar corrosion in pure carbon dioxide[END_REF]. However, this protocol may lead to cracks that are close together, and this may induce an overlap in the lengths of damaged steel/mortar interface. Consequently, it was chosen to crack specimens using three point bending in this study because this allows the crack opening to be controlled.

Thus, after curing, prismatic specimens were cracked using three point bending test equipment. The load direction was perpendicular to the casting direction in order to apply the same mechanical load to the upper and lower surfaces of the specimen with respect to casting direction, as shown in Fig. 1.

By performing loading\unloading cycles and by increasing the maximum applied load from one cycle to another, the residual crack opening (that is to say after unloading) was increased. Therefore, the crack opening could be controlled and a range of values could be obtained (Fig. 2). For this study, three residual crack-opening values, 100 mm, 300 mm and 500 mm were realized on 145 specimens.

Crack opening profile measurements

The LVDT measured the crack opening at one point of the specimen (Fig. 1). Digital image correlation (DIC) was used to obtain the crack opening profile over the entire sample height and to study its evolution with respect to loading/unloading cycles. The set-up of the digital image correlation equipment is illustrated in Fig. 3 (a) and consisted of a CMOS camera equipped with a 35 mm objective and a LED ring lighting apparatus positioned around the center of the specimen, parallel to its surface during the three point bending test. The distance between the specimen surface and the camera determined the area monitored, which was approximately 150  230 mm 2 (height  width) in this study. A reproducible speckle pattern was created using a toothbrush and black ink in order to increase the local contrast and therefore the accuracy of DIC measurements (Fig. 3 (b)). It is known that the size of the speckles in a given speckle pattern is an important parameter in the correlation process [START_REF] Lecompte | Quality assessment of speckle patterns for digital image correlation[END_REF][START_REF] Sutton | Determination of displacements using an improved digital correlation method[END_REF] and should not be bigger than the correlation window (20  20 pixels in this study). The size of the speckles obtained varied between 261 and 750 lm and each covered a few pixels. In this study, the pixel corresponded to approximately 120 lm on the physical sample. The grid of reference points chosen comprised 120  40 points and is shown in Fig. 3 (c).

Camera images were recorded every 1.5 s until the end of the three point bending. Each captured image corresponded to a different loading step. The load applied and the displacements measured by the LVDT were recorded at a frequency of 20 Hz.

Captured images were subsequently processed by the ''CMV" DIC code developed by Bornert et al. [START_REF] Bornert | Multiscale full-field strain measurements for micromechanical investigations of the hydromechanical behaviour of clayey rocks[END_REF] to measure the 2D displacement field at the reference points chosen on the specimen surface (Fig. 4 (b)). The crack opening was equal to the difference of the displacements between two close points chosen at the same height (blue crosses in Fig. 4 (a)) on either side of the crack: the displacement values at these manually selected locations were linearly interpolated from the nearest neighbor points of the DIC grid. The cracks obtained by the three point bending were monitored by the DIC on two specimens only.

Evolution of the crack opening deep in the specimen

The crack openings were determined deep within the specimen using the industrial 3D micro Computed Tomography (CT) scanner at BAM (Federal Institute for Materials Research and Testing in Berlin). This scanner is equipped with a 225 kV micro focus X-ray tube and a flat panel detector with 2048 Â 2048 pixels.

Table 1

Formulations of cementitious materials used for the prismatic specimens. 

Measuring the steel/mortar interface damage

The experimental procedure proposed by Ghantous et al. [START_REF] Ghantous | Effect of accelerated carbonation conditions on the characterization of load-induced damage in reinforced concrete members[END_REF] was used to assess the load-induced damage length. In this protocol, the specimens are preconditioned at 25 °C ± 2 °C and 55% ± 5% RH for one month. Then, they are exposed to accelerated carbonation at 3% CO 2 -55% RH -25 °C for 30 days, at the end of which time the carbonated specimens are split in two, rebars are extracted and a dilute solution of phenolphthalein is sprayed on the fresh mortar surface to allow the length of the carbonated interface to be measured. This is representative of the damaged length (Fig. 6). In the present work, the length of the damaged interface was quantified on the upper and lower steel/mortar interfaces with respect to the casting direction (Fig. 7).

The carbonation of cracked specimens took place inside a climatic chamber where the temperature and the relative humidity were continuously controlled. The standard deviations in the temperature and in the relative humidity inside the chamber were 0.5 °C and 0.2% respectively. The standard deviation detected in the CO 2 pressure value was equal to 0.05% for an operating range from 0 to 100%.

Results

Punctual crack opening values

Fig. 8 shows the reloading force over the cracking force versus the residual crack opening. The cracking force, Fcracking, is the load at which the crack appears while the reloading force, Freload, corresponds to the maximum load applied in the cycle that gives the desired residual crack opening (as indicated in Fig. 2). After testing 145 specimens, it was clear that the residual crack openings had a tendency to increase with the reload ratio despite significant scatter, as shown in Fig. 8. This observed scatter may have been due to a possible difference in the properties of the specimens, which were prepared from 4 consecutive batches. It may also be partly attributable to some variability in the rebar position (± 1 mm from one specimen to another). Additionally, the loading was applied manually during the three point bending and this fact may also have contributed to the observed scatter.

Nevertheless, the scatter observed on the residual crack opening remained limited.

3.2.

Crack opening profile obtained by the DIC over the entire height of the outer surface of the specimen Fig. 9 presents the evolution of the residual crack openings over the entire height of two prismatic specimens (70 Â 70 Â 280 mm) with respect to different loading steps. An increase in the crack width with respect to loading is notable over the entire height of the specimen. The evolution of the crack width with the loading is not the same in both specimens. This is in agreement with the variability detected in Fig. 8. Moreover, it is clearly visible that, once the crack appears, it spreads over 90% of the specimen height with a larger crack width in the region subjected to the higher tensile stress. The crack opening on the outer surface of the specimen at the steel rebar position (3.5 cm height) has an average value of 44% ± 5% of the biggest crack width measured on the lower part of the specimen having 32 mm concrete cover (around 0.5 cm height) as shown in Fig. 10.

Crack opening values deep in the specimen obtained by the X-ray CT measurements

The evolution of the residual crack width at different depths in the specimens is given in Fig. 11. Its evolution with respect to the maximal residual crack width value is shown in Fig. 12. It can be noted that the crack opening decreases with the specimen height but, for a given specimen height, the crack opening values are close to each other even at the level of the rebar position.

In addition, the DIC tendency curve shown in Fig. 10 is drawn in Fig. 12. It can be seen that this tendency curve describes the crack evolution very well on the entire height of the specimen independently of the depth. Therefore, it can be deduced that surface measurements of the crack width can be sufficient to deduce its value inside the specimen, especially near the rebar.

For a specimen showing 100 lm residual crack opening, the crack openings at the rebar position (specimen height = 30 mm approximately) range between 0.25 and 0.4 of the maximum residual crack opening with an average of 0.3 ± 0.06, while the average residual crack openings at the rebar position for specimens showing 300 and 500 lm residual crack openings are 0.36 ± 0.11 and 0.37 ± 0.02 respectively. No difference can be noted between the three residual crack openings and thus the residual crack opening at the rebar position is 35 ± 7% of the maximum residual crack opening. This value is in agreement with the one obtained from the DIC test (44% ± 5%) and not far from the one that could be obtained by applying Thales' theorem (43%).

Quantification of the load-induced steel/mortar interface damage

Fig. 13 shows the lengths of carbonated steel/mortar interfaces measured on 72 prismatic specimens (70 Â 70 Â 280 mm) with respect to the residual crack openings after 30 days of accelerated carbonation (at 3% CO2, 55% RH and 25 °C). As explained previously, in these carbonation conditions, the measured carbonated length is representative of the length of the damaged steel/mortar interface.

A significant de-cohesion between the steel and the surrounding mortar is notable over several centimeters on either side of the crack, independently of the residual crack opening. The length of the damaged interface increases with the increase in the resid- ual crack opening. It is obvious that no sharp variation in the length of the damaged interface exists when the crack openings increase from 100 to 500 mm. Consequently, once a crack appears, even with a small residual crack opening (<100 mm), damage will be present along the steel mortar interface on either side of the crack. Indeed, as described in ( [START_REF] François | A finite macro-element for corroded reinforced concrete[END_REF][START_REF] François | Corrosion and Its Consequences for Reinforced Concrete Structures[END_REF]), before the crack appearance, the cementitious materials bond perfectly to the rebar and the strain deformations of both steel and concrete are similar. In this configuration (non-cracked specimens), the tensile strength is transmitted from the concrete to the rebar due to the perfect bonding. In contrary, after the crack appearance, the mechanism of stress transmission change completely. In a cracked section, tensile stresses are mainly concentrated on the rebar. Then, the strain deformation in the rebar in the cracked area is bigger than the one in the concrete due to the loss of steel/concrete interface bond induced by the mechanical crack. Far from the cracked area, where the bond between the steel and the concrete is not impacted, the concrete transfer a part of the tensile load to the rebar then the strain deformation of rebar and concrete are similar. This mechanism describing the stress transmission is independent from the geometry of the specimen and from the crack opening and it explain why the damage is not sharply increasing with the crack width increase from 100 to 500 lm. This observation is also proven in previous study [START_REF] Ghantous | Effect of accelerated carbonation conditions on the characterization of load-induced damage in reinforced concrete members[END_REF], where 3 different geometrical dimension specimens were tested and it has been shown that the length of the damaged interface remain always limited to several centimeters around the crack independently from its opening (<500 lm).
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Fig. 13 (c) shows that, for the same residual crack opening, the carbonation length along the steel/mortar interface is higher on its lower side than on its upper side, despite both sides being exposed to the same mechanical loading during the three point bending (Fig. 1). In fact, the casting direction leads to a poorer quality of the lower part of the steel/mortar interface than of the upper part [START_REF] Kenny | Statistical relationship between mix properties and the interfacial transition zone around embedded rebar[END_REF][START_REF] Soylev | Quality of steel-concrete interface and corrosion of reinforcing steel[END_REF][START_REF] Mohammed | Chloride-Induced Corrosion of Steel Bars in Concrete with Presence of Gap at Steel-Concrete Interface[END_REF][START_REF] Nelson | Chloride Induced Corrosion of Reinforcement Steel in Concrete, Threshold Values and Ion Distributions at the Concrete-Steel Interface Department of Civil and Environmental Engineering Chloride Induced Corrosion of Reinforcement Steel in Concrete[END_REF]. This may enable the load-induced micro-cracks to propagate for a greater length along the lower interface of the rebar than along its upper interface. It is also visible that the lengths of the damaged steel/mortar interfaces measured on the upper part of rebars intercepting 300 mm and 500 mm residual crack openings correspond to those measured on the lower part of rebars intercepting 100 and 300 mm residual crack openings respectively (blue lines in Fig. 13 (c)). Thus, for a thin crack opening, the length of the damaged steel/mortar interface along the lower part of the rebar could be equivalent to the one encountered along the upper part of a rebar intercepting a larger crack. Since the steel/mortar interface quality has been proved to be a determining factor for corrosion propagation, it can thus be deduced that corrosion risks cannot be limited by simply imposing a threshold on crack openings.

Conclusion

In some structural design codes and recommendations, a threshold is defined for crack opening near the rebar. It is recommended that this value should not be exceeded in order to limit the corrosion process. However, recent research shows that other parameters, such as steel/mortar interface quality, may control the corrosion process more than the crack width does. This study has thus aimed to detect a relation between the crack width and the corresponding size of the load-induced damage at the interface.

Three residual surface crack openings (100, 300 and 500 mm) were produced on reinforced mortar specimens by applying increasingly high loads. The crack opening evolution from the outer surface of the specimen to the rebar position was determined using X-ray CT and its evolution on the outer surface of the specimen was recorded by the DIC. On the other hand, the damage induced by the crack along the steel/mortar interface was quantified on several specimens having different residual crack openings.

For this configuration of specimens (concrete cover of 3 cm with 6 mm deformed rebar positioned in the middle of the specimen), the results indicate that the crack opening is 44 ± 5% smaller near the rebar compared with its maximum value. Additionally, it was observed that, at the rebar height, the crack width measured on the outer surface of the specimen was representative of that at the intersection with the rebar.

It was also observed that the length of damaged steel/mortar interface increased with the residual crack opening. However, there was no notable sharp modification in the size of the damaged interface when the residual crack opening increasing from 100 to 500 mm. Once a crack appears, the steel/mortar interface surrounding this crack will be damaged, independently of its opening. In addition, the length of the mechanically damaged interface on the lower part of a rebar intercepting a thin crack (100 mm) was observed to be equivalent to the length of the damaged interface measured on the upper part of a rebar intercepting a crack with a higher residual width (300 mm). On the basis of all these observations, it was deduced that defining a threshold for the crack opening in order to limit the corrosion risk was not justified, and thus 
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 12 Fig. 1. Three-point bending test on 70 Â 70 Â 280 mm specimen.
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 5 Fig.5. CT -3D visualization of a cracked prismatic mortar specimen.
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 6 Fig. 6. Alteration length of the steel/mortar interface for cracked carbonated specimens with a residual crack opening of 0.5 mm.
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 9 Fig. 9. Crack-opening profile over the entire height of two specimens (DIC measurements).
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 10 Fig. 10. Evolution of the crack opening over the entire height of the specimen with respect to the maximum crack opening (DIC measurements).
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 11 Fig.11. Evolution of the residual crack opening vs. the height of the specimen for different depths (X-ray CT measurements).
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 12 Fig.[START_REF]ACI Committee 318, Building Code Requirements for Structural Concrete (ACI 318-08[END_REF]. Evolution of the crack opening on the entire height of the specimen with respect to the maximum crack opening at different depths.
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crack opening alone could not be used as an indicator of corrosion risk and structure sustainability.
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