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Abstract

:

Cracks in reinforced concrete are preferential ingress paths for aggressive substances such as chlorides. As soon as a critical amount of chlorides has reached the steel reinforcement, corrosion will occur. Therefore, crack healing is of utmost importance. However, manual crack repair is very labour intensive. Therefore, the potential of self-healing through the release of a water repellent agent from embedded capsules was compared with the effectiveness of applying this agent on the concrete surface before or after cracking and the effectiveness of injection of the agent into a crack. From the electrochemical corrosion measurements, it was shown that only uncracked samples were able to withstand 135 weekly cycles of exposure to a 33 g/L chloride solution without corrosion initiation of the reinforcement. While samples with manually injected and autonomously healed cracks resisted the exposure conditions for about 50 cycles or more, samples for which the water repellent agent was applied onto the surface after cracking resisted the exposure conditions for 5–42 cycles, while samples for which the agent was applied onto the surface before cracking showed an immediate corrosion initiation similar as was noted for the untreated cracks. From a visualization of the chloride ingress front and determination of the chloride content in the vicinity of the crack, it was noticed that none of the crack treatment techniques performed as well as the uncracked series. Visual inspection of the corroded rebars and determination of the corroded volume of the rebars through computed tomography and macro-cell corrosion current measurements proved again that the uncracked series outperformed the other series. While the corroded volume of the rebars from the uncracked series was almost zero, this value ranged from 15–95 mm3 for the rebars of the other series. However, the latter investigations also showed that release of the agent into the crack, whether this was done in a manual way or autonomously through release from embedded capsules, resulted in a delayed corrosion initiation and lower corrosion propagation rate compared to the application of a water repellent agent onto the surface. This is a beneficial outcome for the further implementation of self-healing approaches, more specifically though the release of encapsulated water repellent agent, in the market.
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1. Introduction


Although reinforced concrete is one of the most widely used construction materials, one of its most important drawbacks is its vulnerability to corrosion. Corrosion of reinforcement steel leads to the formation of corrosion products with an increased volume of about 6–10 times the original steel volume [1] causing concrete cracking and spalling. In addition, it leads to a reduction in rebar cross section due to metal dissolution causing an impairment of the structural safety. Multiple approaches have been suggested to mitigate corrosion of reinforcement steel, among which reducing the concrete permeability [2], making use of corrosion inhibitors mixed into the concrete or applied onto the steel or concrete surface [3,4,5,6,7], and using corrosion protective coatings or paints applied onto the steel bars or the concrete surface [8]. Some time ago, the use of self-healing coatings or self-healing concrete has also been suggested as method to prevent or delay reinforcement corrosion. In the study of Sharma et al. [9], a nano-modified epoxy coating with self-healing properties through the use of encapsulated tung oil was applied onto the rebars and resulted in a reduction in steel mass loss when the rebars were exposed to an accelerated impressed current corrosion test with a 3.5% NaCl solution. In the study of Dong et al. [10,11], two types of corrosion inhibitors were embedded inside ethyl cellulose microcapsules. In this way, they counteract the negative effect of these inhibitors prematurely binding with unhydrated cement [12]. By a reduction of the pH inside the concrete, the system is activated and it was shown by X-ray micro-computed tomography (X-ray μCT) that depassivation and cracking caused by corrosion was delayed. In the study of Xu et al. [13], self-healing properties were added to the concrete matrix through the use of ureolytic bacteria immobilized in porous ceramsite particles. In the latter study, deterioration of the reinforcement was caused by carbonation induced corrosion. It was shown that crack widths up to 450 μm could be sealed in 120 days and this caused a significant discrepancy for the corrosion currents deduced from the Tafel plots. Ersan et al. [14] suggested another microbiological pathway in order to prevent reinforcement corrosion. They suggested to make use of denitrifying bacteria, due to their enhanced CaCO3 precipitation and an additional corrosion inhibiting effect from the metabolic intermediate product of NO2−. Osman et al. [15] explored the impact of introducing different microbes, among which two types of bacteria and one of algae, on the possibility to heal concrete cracks and prevent reinforcement corrosion. Making use of an accelerated corrosion test in which the samples were exposed to a 3.5% NaCl solution while being exposed to a 1 mA/cm2 current density showed that corrosion inhibition was successful. In previous research performed by the authors of this manuscript [16,17,18], it was investigated whether the encapsulation of polyurethane based healing agents could help to cause crack healing and prevent corrosion in reinforced concrete. They noticed that the crack healing efficiency depended on the viscosity of the polyurethane based healing agent and that autonomous crack healing delayed the onset of corrosion, but was not able to show a behaviour similar as the one noticed for uncracked samples. In previous research performed by the authors [19], also the encapsulation of a water repellent agent (WRA) to reduce the risk of reinforcement corrosion was investigated. However, experiments in the latter study only lasted for 12 weeks and did not consider the long-term effect of the WRA. Dai et al. [20,21], on the other hand, did focus on the effectiveness of a silane-based WRA on the longer term. They had proven from their one year long test program that surface impregnation with silane is an effective measure to reduce water absorption, to create a chloride barrier and subsequently to suppress the initiation of steel reinforcement corrosion. In case cracks existed in the concrete surface before hydrophobic impregnation, the efficiency mainly depended on the penetration depth and better results were obtained when silane based creams and gels were used instead of silane liquids. However, when cracks were formed in the reinforced concrete after surface impregnation with silane, it seemed that chloride penetration could not be totally prevented.



In none of the before mentioned research studies, experiments running for more than one year have been performed to investigate the efficiency of the proposed self-healing approach on a long term. Moreover, while the efficiency of surface impregnation with silanes for cracked concrete has been investigated in a one year running test program, local release of silanes and, more specifically, the use of an encapsulated silane-based, liquid WRA to prevent the ingress of chloride ions and thus prevent reinforcement corrosion in cracked concrete, has never been tested in a long-term test program.



In this study, the efficiency of four different concrete crack treatment techniques was compared. In all cases, crack healing was envisaged through the use of a WRA. Although from previous research silane based creams and gels seemed to outperform silane liquids [20], a liquid based WRA was chosen in this study as the low viscosity of this agent would improve the outflow from the capsules. While in two cases, the WRA was applied on the surface of the test specimen, for one series before and for the other series after crack formation, the two remaining crack treatment techniques consisted of local, manual or autonomous application of WRA into the crack. The efficiency of the four crack treatment techniques was compared against an untreated cracked test series and a series with uncracked samples. The macro-cell corrosion current was monitored during the 135 weeks cyclic exposure to a 33 g/L chloride solution. In addition, electrochemical measurements (corrosion potential (Ecorr), ohmic voltage drop (IR drop), Open Circuit Potential (OCP), and linear polarization resistance (LPR)) were performed during the exposure period on a regular basis. After exposure, the chloride content in the vicinity of the rebar was measured and the chloride ingress front was defined for all samples after splitting. Finally, the rebars were taken out of the samples for visual evaluation and to define the volume of corroded material through X-ray μCT scanning for comparison with the steel mass loss calculated from the macro-cell corrosion current measurements.




2. Materials


2.1. Healing Agent


The healing efficiency of a WRA was investigated within this study. The used WRA is a commercially available one-component agent Sikagard 705 L (Sika Belgium nv, Nazareth, Belgium). This WRA, based on reactive silanes, penetrates into the cementitious material and causes a water repellent effect reducing the absorption of harmful, in water dissolved substances such as chlorides from sources such as de-icing salts or from marine environments. This healing agent has a very low viscosity of ±8 mPaS at 25 °C and a density of 0.9 g/cm3.




2.2. Capsules


For some of the test series under investigation, encapsulation of the healing agent was performed by cylindrical borosilicate glass capsules with an internal diameter of 3.00 ± 0.05 mm and a wall thickness of 0.18 ± 0.03 mm. Capsules were cut from tubes to a length of 50 mm. After cutting to the desired length, one end of the capsules was sealed by means of a two-component polymethylmethacrylate (PMMA) glue. After injection of the healing agent into the capsules by means of a syringe with a needle, the other end was also sealed with PMMA.




2.3. Concrete


A fly ash containing concrete mixture with a water to binder ratio (W/B) of 0.41 and a fly ash to binder ratio (FA/B) of 0.15 was used. The mixture was designed to be a representative reference mixture for concrete in exposure class XS2, i.e., reinforced concrete which is submerged and susceptible to corrosion initiated by chloride ions. The concrete composition is shown in Table 1.



To prepare the concrete batches the following mix procedure was used. Sand, aggregates, cement (CEM I 52.5 N), and fly ash were brought together into the mixer and mixed for one minute. Subsequently, water was added while mixing was continued for another 2 min. Then, superplasticizer (MasterGlenium®51, Master Builders Solutions, Ham, Belgium) was added and the mixture was mixed for another two minutes. Immediately after mixing each batch, a slump test and a flow test were performed according to the prescriptions of the standards EN 12350-2 [22] and EN 12350-5 [23], respectively, to determine the workability of the mixture. Subsequently, the density of the fresh mixture was determined according to the standard EN 12350-7 [24]. Finally, next to the samples used for corrosion monitoring (see Section 3.1), three concrete cubes (150 mm × 150 mm × 150 mm) were produced for every batch of concrete to determine the compressive strength according to the standard EN 12390-1 [25]. The latter samples were stored in an air-conditioned room at a temperature of 20 °C and a relative humidity of more than 90% for a time frame of 24 h. After demoulding, the specimens were placed in the same air-conditioned room for 27 days. In total, two batches of concrete were made to prepare all samples. Table 2 gives an overview of the properties of each batch.





3. Methods


3.1. Preparation of Concrete Samples


Reinforced concrete beams with dimensions of 120 mm × 120 mm × 500 mm were made. As in a later stage a crack was created in the middle of the beams (see Section 3.2), a triangular plastic strip with a height of 3 mm was provided at the bottom of the moulds to create a notch. The steel reinforcement (BE500S) inside the beams consisted of two parts: two reinforcement cages, one at each side of the beams, and a central rebar, respectively serving as cathode and anode in the corrosion process. The reinforcement cages were made out of four longitudinal rebars (Ø 8 mm, length 160 mm) welded to five stirrups (Ø 6 mm, 80 mm × 80 mm). The intermediate distance between the stirrups amounted to 36 mm. The centrally located steel bar (Ø 10 mm) had a total length of 250 mm. Both ends of this rebar were coated with two layers of cement paste (water to cement ratio (W/C) of 0.4), to prevent crevice corrosion, and two layers of epoxy coating (SikaCor 277, Sika Belgium nv, Nazareth, Belgium). This way, only the central part of the rebar, with a length of 50 mm, was exposed to the surrounding concrete and could act as anode. The central rebar was accurately positioned by attaching it to the reinforcement cages with plastic straps. The anode and cathode were electrically separated from each other and were both electrically connected to the exterior using an insulated copper wire (red wire for anode and blue wire for cathode in Figure 1). To enable both reinforcement cages to act as a cathode, they were electrically connected to each other through insulated copper wires (green wire in Figure 1). The electrical connections between the steel reinforcement and the copper wires were made by point welding a copper screw to the reinforcement and connecting the copper wire to the screw by means of a cable shoe locked in between two brass nuts. Subsequently, all copper wire connections were coated with epoxy resin (SikaCor 277, Sika Belgium nv, Nazareth, Belgium) to avoid galvanic corrosion. Next to the steel reinforcement, four glass fibre reinforced polymer bars (AslanTM 100, Fortius, Diest, Belgium) were positioned inside the beams. These were needed as structural reinforcement to prevent brittle failure of the beams during crack creation. They had a diameter of 6 mm and a length of 460 mm. The glass fibre reinforcement bars were connected to the steel reinforcement cages with steel wires. An internal Mn/MnO2 reference electrode (ERE 20, Force Technology, Brondby, Denmark) was provided inside each concrete beam. The reference electrode was fixed at the central anodic rebar, close to the crack by means of straps. The sample configuration (Figure 1) is based on the configuration used by Hiemer at al. [26,27] and Keβler et al. [28] and was also used in previous research to evaluate the corrosion behaviour of concrete in which cracks were healed autonomously by encapsulated polyurethane [16].



In case beams were provided with self-healing properties, two layers of six capsules each, filled with WRA, were positioned at mid-span of the concrete beam. One layer of capsules was placed above the anodic rebar, while the other one was placed below the rebar, with a distance to the test surface (upper surface) of the beams of 14 mm and 44 mm, respectively. The capsules were glued on two thin nylon wires, assuring that the distance from the outer capsules to the sides of the moulds amounted to 10 mm and the distance between the capsules amounted to 20 mm. After preparation of the moulds, concrete was cast in two layers, each compacted by placing the moulds on a vibration table. After casting, samples were placed in an air-conditioned room (temperature 20 °C, relative humidity >90%). 24 h later, samples were demoulded and they were placed again in the aforementioned room until the age of 28 days. From 28 days onwards, the anodic and cathodic part of the steel reinforcement inside the concrete beams was connected with each other by means of the external copper wires.




3.2. Crack Creation


After a curing period of 28 days, all beams, except the beams from the uncracked test series (UNCR, see Section 3.3), were loaded in a three-point bending test to create a crack with a target width of about 500 µm. For every individual concrete beam, a three-point bending test frame was constructed (Figure 2A). This consisted of an UAP 200 profile with four through going threaded rods, creating two linear load positions made out of 30 mm square hollow profiles. The intermediate distance between the 30 mm square profiles amounted to 450 mm. In between the concrete beam and the UAP 200 profile, a steel roller with a diameter of 20 mm was positioned in order to obtain the three-point bending test configuration. Cracking was initiated by manually tightening the frames in which the beams were positioned while a portable microscope was used to investigate whether the intended crack width of 500 µm was already reached. Due to the presence of the triangular notch in the middle of the beams, it was expected that the crack would initiate from this position, and thus definitely cross the anodic steel reinforcement bar. However, it has to be mentioned that for some of the beams the formation of some additional cracks was noticed. These additional cracks were small transversal cracks, which were connected to the mean crack in or near the notch. After crack creation, all samples were stored in a climate room (temperature of 20 °C, relative humidity 60%). During the complete test campaign, the concrete beams remained loaded in these test frames to keep the crack open at the same crack width during testing.




3.3. Crack Healing


The efficiency of different healing mechanisms to prevent reinforcement corrosion was investigated in this study. The first method that was tested was manual crack healing by injection of the WRA into the crack by means of a syringe with a needle. In order to prevent leakage of the healing agent on the test surface, the zone around the crack was taped before injection of the healing agent. Another healing mechanism that was tested was spraying (two layers) of WRA on the entire test surface of the beams, either before or after crack creation. The last method that was tested was autonomous crack healing, making use of embedded capsules filled with WRA. For these samples, crack creation caused the embedded capsules to break, thus the WRA was autonomously released into the crack. Capsule breakage could be noticed by a popping sound during crack creation.



In Table 3, an overview is given of the different test series that were investigated in this study. For each test series, three replicates were prepared (except for the CR series, which consisted of four replicates).




3.4. Crack Width Measurement


The crack width of the concrete beams was measured microscopically using a stereomicroscope (Leica 8 APO with DFC 2956 camera). Five microscopic images were taken along the length of the crack. The crack width was then measured three times on each image using the software program ImageJ. For each beam, the average crack width was calculated, which then represented the crack width of each test sample. The crack width of all beams was measured three times, once before starting the wet-dry cycles, once after seven weeks of exposure and once when finishing the wet-dry cycles. While measuring the crack width, the samples always remained inside the three-point bending load frames.




3.5. Cyclic Exposure Regime


Before mounting the samples in the three-point bending test frame, all sides of the beams, except the test surface, being the upper surface containing the notch, and the bottom surface were covered with aluminium butyl tape. In this way, only the bottom and upper surface of the beams were directly exposed to the environment (a temperature of 20 °C and a relative humidity of 60%). By the use of this tape, a reservoir was made on top of the beams (cracked side). This reservoir was divided into three compartments by the use of two PVC plates (Figure 2B). The central compartment had dimensions of 100 mm × 120 mm and the dimensions of the two outer compartments amounted to 150 mm × 120 mm. All edges of the reservoirs were sealed with silicone, to ensure liquid tightness. The beams were subjected to a cyclic exposure of chloride solution (1 day wet and 6 days dry) for a period of 135 weeks. During the wet period, the central compartment (i.e., region of the beam above the anodic rebar) was filled up to a height of 20 mm with a NaCl solution with a concentration of 33 g/L in order to simulate a chloride containing environment in the cracked region of the prisms. The side compartments (i.e., regions of beam above the cathodic reinforcement cages) were filled up to a height of 20 mm with Ca(OH)2 solution with a concentration of 1.15 g/L, in order to obtain an even moisture distribution in the concrete beams and simultaneously prevent dissolution of Ca(OH)2 and depassivation of the cathodic reinforcement cages.




3.6. Corrosion Monitoring


Before onset of the cyclic exposure regime, the below discussed electrochemical parameters, were measured once before crack creation (uncracked state; week-1) and once after crack creation (cracked state; week 0). Subsequently, during the cyclic exposure, electrochemical measurements were performed at different time intervals. During the first 12 weeks of exposure, electrochemical corrosion measurements were performed on a weekly basis. From then onwards, until week 100 of the exposure period, electrochemical measurements were performed every 12–16 weeks. The last measurement, after a total of 135 exposure cycles, was performed with a time gap in between the last and the previous measurement of 36 weeks.



3.6.1. Measurement of the Macro-Cell Corrosion Current


The first characteristic that was measured was the macro-cell corrosion current (Imacro). This parameter was measured automatically using a multiplexer switch module (National Instruments; PXI-2527), to which the external connection wires of the anode and the cathode of every tested beam were constantly connected. With a 30 min time interval, a low resistance amperemeter (National Instruments; PXIe-4081) was automatically placed in the anode-cathode circuit to measure the macro-cell corrosion current. When connected to the current monitoring system, Imacro was measured approximately every hour (measurements of all beams took about 30 min and also a 30 min time interval was foreseen between two subsequent measurement rounds). Only to perform the other electrochemical measurements (see Section 3.6.2 and Figure 3), the anode and cathode were disconnected from the data acquisition system.




3.6.2. Electrochemical Corrosion Measurements


Due to the electrical separation of anode and cathode within the concrete beams, the electrochemical corrosion characteristics of both anodic and cathodic partial reactions could be measured. The electrochemical measurements were performed with a potentiostat (Gamry Interface 1000E) using the internal Mn/MnO2 reference electrode in the beams. Measurements started about 6 h after the solutions were removed from the beams (see Figure 3) and were always performed in the same sequence, as described below with a time period of about 16 h in between the Ecorr and IR drop measurements on the one hand and the OCP and LPR measurements on the other hand. During all measurements, the reference cable of the potentiostats was always connected to the internal reference electrode of the concrete beams and the floating ground cell was connected to a Faraday shield. The first measured characteristic was the Ecorr of the steel (anodic and cathodic part connected together). This parameter was measured by connecting the interconnected anode and cathode to the working electrode and working sense of the potentiostats. The initial setup for the IR drop measurement was similar as for the Ecorr measurement. About 40 s after the start of the measurement, the anode and cathode were disconnected, leaving the anode still connected to the working electrode. This generated a drop in the corrosion potential curve, defined as the IR drop. After this measurement, the anode and cathode were left disconnected, in order to depolarize, for a time period of about 16 h (see Figure 3). The open circuit potential of the anode (OCPA) and the cathode (OCPC) were determined by measuring the voltage difference between the internal reference electrode and respectively the anode and cathode. Finally, the linear polarization resistance of the anode and cathode, respectively RP,A and RP,C, were determined. This polarization ranged from −20 mV to +20 mV versus OCP, at a scan rate of 0.125 mV/s. To measure the cathodic polarization resistance, an inox mesh was used as counter electrode. This mesh was placed on the concrete surface, close to the crack mouth, inside a wet cloth in order to make good electrical contact. The linear polarization resistance was defined as the slope of the tangent of the obtained curve at current E = Ecorr.




3.6.3. Determination of the Mass and Volume Loss of the Anode


The steel mass loss caused by the macro-cell corrosion reaction can be calculated from the measured macro-cell corrosion current using Faraday’s law (Equation (1)) [18].


  m =   Q . M   F . z    



(1)




where m is the liberated mass of iron (g), Q is the total electric charge that passed through the iron (C, could be calculated by taking the integral of the measured current over time), M is the molar mass of iron (=55.845 g/mol), F is the Farday constant (=96,485 C/mol), and z is the valency number of ions (=2 for the oxidation reaction of iron).



The steel volume loss can subsequently be calculated taking into account the density of the reinforcement steel (0.00785 g/mm3).





3.7. Determination of the Chloride Profile


3.7.1. Chloride Concentration Determined by Potentiometric Titration


After the corrosion monitoring period, the chloride ingress in the cracked area of the concrete beams was determined by means of chloride profile grinding and subsequent potentiometric titration. This profile was defined for one sample per test series. Grinding was performed with a diamond coated drilling head having a diameter of 8 mm and being installed on a column drill. By the use of this setup, material was ground from the crack surface in a zone next to the anodic rebar and with dimensions of 10 mm × 30 mm (Figure 1). In each zone, 10 progressive layers with a thickness of 4 mm were ground parallel to the crack surface up to a total distance of 40 mm from the top surface of the sample.



After grinding and collecting the powders, the total chloride content of each layer was determined. First, powders were dried in an oven at 105 °C for at least seven days and then they were left to cool down to room temperature. After the acid-soluble extraction in a nitric acid (HNO3) solution, the potentiometric titration was carried out with a Metrohm 862 Compact Titrosampler automatic titrator.




3.7.2. Visual Evaluation by Spraying Silver Nitrate Solution


After obtaining the required powders, the beam ends, with a length of 50 mm, were sawn off to visualize the exact position of the longitudinal reinforcement (both the glass fiber reinforcement and the longitudinal steel reinforcement of the cathodic cages). Subsequently, a saw cut with a length of 150 mm was provided in longitudinal direction in between the anodic rebar and the longitudinal reinforcement for both remaining beam ends. This saw cut was made as close as possible to the visible longitudinal reinforcement to guarantee that the anodic rebar was not damaged. This procedure assured that the stirrups were cut through. On the remaining samples, a splitting test with a load plane perpendicular to the crack plane was performed to create a fracture plane orthogonal to the crack. The fracture plane of both sample halves was then sprayed with 0.1 M silver nitrate solution. The chloride penetration front could finally be measured from the visible white silver chloride precipitation (see Figure 4). The discoloration boundary, representing the front, was indicated with a marker about two hours after application of the spray. Afterwards, a ruler was placed on top of the split surface and the depth of the chloride front was measured from the exposure surface every 5 mm from the crack position towards both sample ends.





3.8. Visual Inspection of the (Corroded) Reinforcement Bars


3.8.1. Visual Inspection through Photography


Once the chloride ingress was visualized on both sample halves by spraying silver nitrate, the anodic rebar was taken out of the samples by crushing the remaining concrete around. Subsequently, these rebars were cleaned in a chemical cleaning solution (HCl:H2O = 1:1 + 3 g/L urotropine) [16] for 24 h in order to remove all corrosion products and residual concrete pieces left on the rebars. Subsequently, all rebars were visually inspected and photographs were taken to investigate possible pitting of the rebars due to chloride induced corrosion.




3.8.2. X-ray Computed Microtomography Acquisition, Analysis and Visualization


In this part of the study, the steel mass loss of the reinforcement bars due to corrosion was defined through the use of X-ray µCT measurements, as from previous studies [29,30] it was concluded that there is a good correlation between the steel mass loss defined by weighing and by X-ray µCT. X-ray µCT acquisitions of all anodic rebars were obtained before and after the corrosion tests (once before the anodic rebars were cast in the concrete beams and a second time about 2.5 years later, after the corrosion testing, when the anodic rebars were removed from the beams again) with the HECTOR device [31] of the Ghent University Center for Tomography (UGCT), resulting in a reference and corroded dataset, respectively. The HECTOR scanner is optimized for the use of high energies to generate the X-rays, which is necessary to penetrate steel or dense objects. In this case, the X-ray tube was operated at 200 keV and 45 W. A single millimeter of copper was used to filter the low-energy X-rays from the X-ray beam. Over the full sample rotation, 801 radiographs were made with an exposure of 2 s each. The magnification of the object was 4.13 times, resulting in a voxel size of 48.3 µm. The radiographs were reconstructed into a 3D dataset with Octopus Reconstruction software [32]. A total of 18 steel rebars (3 samples for each of the 6 test series) were submitted to X-ray µCT inspection for this study, resulting in 2 times (scanning before and after corrosion) 18 X-ray µCT volumes.



The 3D datasets were subsequently analysed to quantify the volume of steel that had corroded from the rebar. The reference and corroded datasets for each individual rebar needed to be processed through image registration to overcome differences in scanning positions. This was performed with the Dataviewer software (Bruker). After registration, differential imaging was applied [33] in which the corroded dataset (Figure 5A) is subtracted from the reference dataset (Figure 5B).



To quantify the differences in the X-ray µCT volume, the differential images (Figure 5C) were subsequently loaded into Avizo software (Thermofisher Scientific, Waltham, MA, USA) and the bright areas (i.e., the differences in the X-ray µCT volumes) were segmented (Figure 5D). Slight misregistration of the images resulted in oversegmentation along the rebars’ edges, which could be removed from the segmented data by an ‘opening’ binary operation (Figure 5E). The resulting segmented volume represents the total corroded volume, which was then quantified by the amount of segmented pixels and the voxel size. The 3D renders (Figure 5F) were also made with the Avizo software package.





3.9. Statistical Analysis


For each of the experiments, an ANOVA-test was performed to define whether or not the means of various groups were equal. First, homogeneity of variances was verified by means of a Levene’s test (p = 0.01). When equal variances were assumed, an S-N-K test (p = 0.05) was performed. For data with non-homogeneous variances, a Dunnett’s T3 test (p = 0.05) was used.





4. Results and Discussion


4.1. Crack Widths


Figure 6 shows that the initial crack width, measured before onset of the corrosion measurements, varied between 440 and 480 µm. It is noticed that the variation in crack width among the different test series remained limited which is of importance for this study. When the crack width measurements were repeated after 7 weeks, the obtained crack width still varied around the same mean value as the initial one with for some test series a somewhat decreased and for others a somewhat increased width. However, when the crack widths were measured once more at the moment the corrosion measurements were finished, it could be clearly seen that for all of the series the crack width did decrease and that final crack widths varied around 300 µm, but still remained similar for the different test series.




4.2. Corrosion Monitoring


4.2.1. Measurement of the Macro-Cell Corrosion Current


As the current measured by the data acquisition system could be directly related to the rate of the macro-cell corrosion reaction, this value results in a direct quantification of the corrosion rate. Figure 7 shows that, for the uncracked samples, a nearly zero macro-cell corrosion current was measured for the whole exposure period, indicating that corrosion was not initiated in uncracked concrete. The presence of a crack led to a completely different corrosion behaviour compared to the uncracked series. From the moment that the chloride solution was poured onto the cracked samples, an immediate increase of the macro-cell corrosion current varying around 100 µA was noticed. This immediate rise in macro-cell corrosion current is a clear sign that corrosion initiates from the first exposure cycle onwards. After the first wetting cycle the macro-cell corrosion current decreased again during the dry cycle, and periodically increased every wet cycle. Next to this periodic increase and decrease, related to the wetting and drying cycles, the macro-cell corrosion current also showed a generally decreasing trend over time, evolving towards values ranging between 5 and 25 µA after 135 exposure cycles. This overall decrease in current can possibly be explained by the fact that corrosion products, precipitated near the location of the anode coinciding with the crack location, cause clogging of the crack as was also noted by Marcotte and Hansson [34]. These corrosion products may block the penetration of additional chlorides at that location, resulting in a decreasing current. Another possible cause for the decrease in current may be the increase in concrete resistivity over time. Similar as for the samples with untreated cracks, the samples for which a WRA was applied onto the surface before crack creation, showed an almost immediate increase in macro-cell corrosion current. While for one out of the three samples an increase was seen from the first exposure cycle onwards, a delay of four and six weeks was seen for the two other samples. The value of the macro-cell corrosion current immediately after initiation varied between 80 and 100 μA and the current tended towards 1 to 5 μA after 135 exposure cycles, showing a slightly reduced corrosion propagation compared to the samples with untreated cracks. The application of WRA onto the surface caused a very small delay in the onset of corrosion and slightly reduced the corrosion propagation, however, in general it could be stated that the application of a WRA on the surface before crack formation does not seem to be effective in order to completely prevent corrosion. This finding is in accordance with the results published by Dai et al. [20,21], where it was also clearly noticed that surface impregnation before crack creation seemed less effective to prevent reinforcement corrosion. Similar as reported by Dai et al. [20,21], also in this study, the efficiency improves when the WRA is applied onto the surface after crack creation. While for one out of the three samples a steep rise in macro-cell corrosion current is still seen in the first weeks of exposure to the chloride solution, week 5 to be exact, for the two remaining samples of that series corrosion initiation was only noticed after 26 and 42 weeks of cyclic chloride exposure. It was also noticed a slower corrosion propagation compared to the samples with untreated cracks, as the macro-cell corrosion current after initiation only varied between 25 and 70 μA, to evolve towards values ranging between 5 and 15 μA. An even further improvement of the situation is seen when the WRA is released inside the crack rather than being applied on the surface. It can be noticed that for the samples where the WRA was manually injected into the crack, up until 19 weeks of exposure, no signs of active corrosion were noticed. At week 19, for one sample, a sudden increase in the macro-cell corrosion was recorded; however, this value later decreased again towards zero to show a clear steep rise in current towards a value of 20 μA only after 64 weeks of chloride exposure. At that time also for the second sample of that test series, a macro-cell corrosion current of about 20 µA was measured starting from week 56 onwards. Autonomous release of the WRA from embedded capsules does seem to result in a similar efficiency as manual injection of the WRA into the crack. For the first 39–64 weeks of cyclic chloride exposure no signs of active corrosion could be noticed but after some time the WRA seems to partially lose its efficiency, similar as noticed for the manually injected cracks, and a steep rise in the macro-cell corrosion current was noticed. However, although corrosion initiated, the measured macro-cell corrosion current remained limited and values no higher than 20–30 μA were recorded, showing a reduced corrosion rate during propagation.




4.2.2. Electrochemical Corrosion Measurements


In case of active corrosion, the OCP value of the anode is expected to be more negative than the corrosion potential, due to the loss of electrons as a result of the anodic reaction. Since the corrosion potential is the potential at equilibrium between the anodic and cathodic reaction, the OCP value of the cathode should, contrary to the anode, be less negative than the corrosion potential. The difference between the two OCP values is defined as the driving potential (ΔE). A higher driving potential indicates a more active corrosion state of the rebar.



Both the corrosion potential and the driving potential are represented in Figure 8 (represented driving potential is corrected by the mean driving potential measured for the uncracked series). Similar findings as stated based on the macro-cell corrosion current measurements could be made. Only the uncracked samples showed no state of active corrosion during the whole exposure period. While the untreated cracked samples showed an immediate drop in the corrosion potential and increase in the driving potential and thus an immediate onset of corrosion, each of the crack treatment techniques caused a delay of the corrosion onset. However, when the WRA was applied onto the concrete surface before crack creation, this delay was marginal. When the WRA was applied onto the surface after crack creation for two out of the three samples, a clear delay in corrosion onset was noticed. However, a further improvement in efficiency was seen when the agent was released inside the crack. Samples for which the healing agent was manually injected into the crack or released via embedded capsules only showed a drop in the corrosion potential, which was accompanied by an increase in the driving potential, after about 50 weeks. While for the series WRA_MAN, WRA_SURF_AFTER, and WRA_CAPS, the corrosion and driving potential remain at a similar level after the sudden decrease and respective increase, it is clear that for the WRA_SURF_BEFORE series, the corrosion potential increases again over time and the driving potential gradually decreases again, showing that the corrosion rate decreases over time for this crack treatment technique, although it could not prevent almost immediate corrosion initiation. This decrease in corrosion rate over time was also noticed from the measured macro-cell corrosion current.



Comparable to the cracked series, for the test series where the WRA was applied onto the surface before crack creation, the value of the anodic polarization resistance already dropped below 2.7 kΩ from week 2 onwards. This finding confirms the active corrosion state of the rebars for this test series. When the surface was impregnated after the cracks were created, good sealing performances were obtained for two out of the three specimens for the first 28 weeks of exposure. However, for the third sample, a drop in anodic polarization resistance was seen already at week 8. A possible cause for this may be the incomplete penetration of WRA in the crack. For the two other samples, this drop was noticed after 28 and 44 weeks of exposure. Crack sealing by encapsulation of WRA resulted in an even higher initial polarization resistance of the anode compared to the value measured for the anode of the uncracked beams. For the uncracked series, an increase of 10 to 15 kΩ was found before the start of the wet/dry cycles, while for the test series with encapsulated WRA this increase amounted to 15 to 25 kΩ. Thus, an even better resistance against corrosion occurred with this healing mechanism. In addition, all three beams of the WRA_CAPS test series also showed a slightly increasing anodic polarisation resistance. However, between week 28 and week 56, a sudden drop in anodic polarization resistance occurred. This shows that although the WRA seemed initially very efficient to prevent reinforcement corrosion, the efficiency of this agent seems to disappear after about 30 weeks. The same conclusions could be drawn in case the WRA is injected manually into the crack.



When considering the evolution of the cathodic polarization resistance, little difference is seen between the test series as all cathodic cages in every series are exposed to the same conditions. When comparing the graphs for all test series in Figure 9, no significant differences were found in the mean cathodic polarization resistance. For all series, the same general increasing trend was noticed. Starting from values between 0.5 kΩ and 0.65 kΩ, a small rise could be noticed after week 0 to values ranging from 0.75 kΩ to 1 kΩ. This rise was followed by a small drop at week 1, after which a general increasing trend was noticed during the continuation of the experiment evolving for all test series towards values of about 5 to 6 kΩ.





4.3. Chloride Ingress Profile


When drafting the fitted chloride ingress profiles for the zone under investigation, extending until a depth of 40 mm underneath the exposure surface (Figure 10), the first conclusion which can be drawn is that the samples containing encapsulated WRA behaved the worst. This series even showed to perform worse than the series with untreated cracks. Samples in which WRA was applied onto the surface, before or after crack formation, showed a somewhat improved performance compared to the samples with untreated cracks. Cracked samples where the WRA was manually injected into the crack performed even better as they evolved towards the lowest amount of chlorides at a depth of 40 mm. However, none of the crack treatment techniques could significantly reduce ingress of chlorides through the cracks.



As chloride contents and profiles were only defined after samples were exposed to 135 weekly cycles of chloride ingress, when the efficacy of the WRA was mainly lost, for none of the crack treatment techniques a real benefit could be seen compared to the series with untreated cracks. These findings are in agreement with previously published findings about the long term performance of silane-based WRA. Dai et al. [20,21] also reported that silane-based WRA seems to lose its effectiveness on the long term, as it could be destroyed by UV radiation, physical absorption etc. They stated that larger penetration depths could help to delay this effect, which corresponds with our finding that injection or release into the crack outperforms surface impregnation. In addition, they also stated that silane based creams and gels seem to behave superior compared to silane liquids as used in this study. However, in combination with the capsule-based self-healing approach in this study we are in favour of the silane liquid because of its low viscosity and subsequent easy release from the capsules.



As was seen from the previous measurements, for all series, except the uncracked series, corrosion was initiated as the chloride content at the position of the anodic rebar reached values above the critical chloride content. For the uncracked series, the chloride content remained below this limit at the position of the anode, which is in accordance with previous measurements that showed that for this series no onset of corrosion took place.




4.4. Chloride Ingress Front


After being exposed to 135 cycles of chloride ingress, samples of all series were split so the chloride ingress front on a plane perpendicular to the crack plane could be visualised (Figure 11). Knowing that the middle compartment in which the chloride solution was poured had a width of 100 mm with the crack being positioned in the middle of that compartment, it makes sense that for most series the ingress took place in a zone of about 50 mm at both sides of the crack. For the uncracked series, a more uniform ingress front was noticed due to the absence of a crack for this series. For all split surfaces belonging to the uncracked series, the penetration depth remained below 20 mm as in this case ingress only occurred via the undamaged matrix. On the contrary, for the cracked series, the maximum penetration depth is noticed at the crack position and penetration depths up to 70 mm are seen. For these samples, chlorides entered the crack from the first exposure cycle onwards and this caused the chlorides to penetrate into the matrix from both the exposure surface and from the crack faces as could be seen from the ingress front. In case WRA was manually injected into the crack before exposure to chloride ingress, the ingress front seemed to be significantly reduced compared to the cracked series. The ingress depth remained below 40 mm and also the horizontal ingress from the crack faces is lower compared to the cracked series. However, similar as for the cracked series, preferential ingress at the crack position is noticed, showing that the WRA was not able to resist chloride ingress for 135 exposure cycles. If a WRA is used to cover the complete area of the sample surface that is exposed to chlorides before creation of the crack, it could be noticed that for the outer sides of the compartments ingress remains limited, but as the agent was applied before crack creation, it seems that upon exposure, chlorides immediately enter the crack until the crack tip and start to move from the crack faces onwards in horizontal direction. As for this series, no WRA was available inside the crack, the chlorides could easily move until the crack tip and again rather high penetration depths, in this case reaching until 50 mm, are noticed. When the WRA is applied onto the surface after crack creation, the situation seems to improve and an ingress front comparable to the one seen for the manually injected cracks is noticed. Again, it is clear that the agent is not able to resist the chloride ingress for 135 cycles and preferential ingress via the crack is seen but the situation is improved compared to the series were the WRA is applied before crack creation and definitely compared to the series where cracks are left untreated. In case the WRA is released from the embedded capsules at the moment of crack formation, preferential ingress via the crack is largely reduced. Although the penetration depth is still highest at the crack location (where depths ranging from 20 to 30 mm are measured), compared to the other cracked series, a more uniform ingress front is noted again, showing that the released WRA was at least partially able to resist the chlorides to enter the matrix.




4.5. Visual Inspection Reinforcement Bars


Both sides of the anode were photographed after rebars were taken out of the samples. It could be clearly seen from Figure 12 that apart from the rebars embedded in the uncracked samples, all rebars showed signs of pitting corrosion. To improve the visibility pits are indicated by means of oval markings. When comparing the rebars which were embedded in samples with treated cracks (WRA_MAN, WRA_SURF_BEFORE, WRA_SURF_AFTER and WRA_CAPS) in comparison to the rebars from the untreated cracked series, a decreased number of pits could be noticed. From all crack treatment techniques, manual injection of WRA into the crack seemed to result in the lowest number of pits. Additionally, release of the WRA from embedded capsules seemed to result in a decreased number of pits in comparison with the situation where the agent was applied onto the surface of the sample (regardless of whether the agent was applied before or after crack creation). This finding corresponds with the conclusions drawn based on the monitored macro-cell corrosion current. It was seen that the series WRA_MAN and WRA_CAPS only showed an increase in corrosion current after about 40 weeks or later and thus these series delayed the onset of corrosion most which also resulted in a decreased number of pits compared to the other test series.




4.6. Inspection of Reinforcement Bars through X-ray μCT


From the 3D renders shown in Figure 13, it can be concluded that from all scanned rebars only the rebars taken out of the uncracked samples did not show reinforcement corrosion. Although only one half of the rebars is visualized in Figure 13, it is quite clear that all cracked samples, whether the crack was sealed or not, did show reinforcement corrosion after exposure to 135 cycles of chloride ingress. It is clear that pitting corrosion was concentrated at the position where the crack crossed the rebar and a small zone around as detachment between the rebar and the concrete matrix probably occurred in the zone around the crack causing chlorides to penetrate also in between. In order to allow for a more quantitative evaluation of the test results, the corroded volume was calculated by comparison of the scanned rebars before (reference image) and after (corroded image) cyclic exposure to the chloride solution. As explained before, the steel mass and volume loss was also calculated from the macro-cell corrosion current measurements. Both volume loss estimations are shown in Figure 14.



From these volume loss measurements, it is confirmed again that, apart from the uncracked test series, all test series did show reinforcement corrosion. Some rebars bended while taking them out of the concrete samples which made the comparison of the X-ray µCT scan before and after corrosion impossible. Therefore, no sound statistical investigation could be performed and no firm conclusions could be drawn. However, based on the data available and the comparison of the calculated volume loss of the X-ray μCT scans and the macro-cell corrosion current, untreated cracked samples tend to show the highest volume in corroded material. When cracks were treated with WRA, the amount of corroded material somewhat decreased and this decrease seemed to be most pronounced when the agent was foreseen inside the crack itself, with a slightly better performance when being injected manually compared to the situation where the agent was released from the capsules.





5. Conclusions and Future Recommendations


As the risk of chloride-induced corrosion is much higher when cracks are present in reinforced concrete, appropriate crack repair is required. In this study, four different crack repair techniques among which manual crack injection, surface application before crack creation, surface application after crack creation, and autonomous crack repair were compared. In all of the cases, a silane-based WRA was used as healing agent. From this study, the following conclusions could be drawn.



	
It was clear that only the uncracked test series was able to completely prevent the occurrence of rebar corrosion after 135 weekly cycles of chloride exposure.



	
In case untreated cracked samples were submitted to a cyclic chloride exposure, all samples showed immediate initiation of corrosion.



	
When the WRA was applied onto the surface before crack creation, a small delay in corrosion onset was seen; however, after 4–6 weeks, the first signs of corrosion became visible and when considering the corrosion propagation, not that much improvement compared to the untreated samples was noticed.



	
When the WRA was applied on the surface after crack formation, one sample already showed signs of corrosion after 5 weeks, but the two other samples were able to resist corrosion for 26–42 weeks.



	
A real improvement in terms of delay of corrosion initiation and corrosion propagation was noticed when the healing agent was injected into the crack. When the agent was manually injected some signs of corrosion were seen after 19 weeks; however, only after 64 weeks a clear onset of corrosion occurred. When the agent was released through embedded capsules, clear signs of corrosion onset were noticed after 39–64 weeks. Moreover, for both of the latter test series, the measured macro-cell corrosion current was clearly lower compared to the other series, which was a proof that the corrosion propagated slower.






As a general conclusion, it could be stated that this long-term test campaign clearly proved that the protective effect of a silane-based WRA decreases over time, but that local release of this agent into a crack, regardless of whether the agent is released manually or autonomously, seems effective to prevent ingress of chloride ions and thus to prevent reinforcement corrosion for a timeframe of up to 30 weeks.



In this study, liquid silane was used as healing agent, as the low viscosity of this agent would favour the release from the capsules. For silane based creams and gels, it would be less effective to obtain a proper release of the agent from the capsules, although it was seen from previous research that the latter agents seem better to keep their long-term effectiveness. As vascular-based self-healing concrete allows to stimulate the flow of the healing agent into the crack through the application of pressure at the inlet of the vascular network, it is recommended that, in the future, the effectiveness of silane based creams or gels in combination with a vascular-based self-healing approach are investigated in order to prevent reinforcement corrosion in cracked concrete.
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Figure 1. Schematic representation of the reinforcement scheme in the concrete samples with indication of the capsule positions for the samples with self-healing properties (dimensions in mm). The red, blue, and green lines represent the insulated copper wires which were used to make the electrical connections to the exterior and between the anode and cathode. 
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Figure 2. Concrete beam mounted in the three-point bending test frame (A), reservoirs on (uncracked) beam for the weekly exposure to NaCl exposure in the middle compartment and Ca(OH)2 solution in the outer compartments (B). 






Figure 2. Concrete beam mounted in the three-point bending test frame (A), reservoirs on (uncracked) beam for the weekly exposure to NaCl exposure in the middle compartment and Ca(OH)2 solution in the outer compartments (B).



[image: Processes 09 02101 g002]







[image: Processes 09 02101 g003 550] 





Figure 3. Detailed overview of the cyclic chloride exposure (dark grey represents wet cycle and light grey represents dry cycle) and the electrochemical corrosion measurements (hatched zone refers to time window when anode and cathode were left disconnected, star refers to the time window of the Ecorr and IR drop measurements and circle refers to the time window of the OCP and LPR measurements). 
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Figure 4. Visualization of the chloride ingress front on both surfaces obtained after splitting open of the beams. 
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Figure 5. An overview of the image processing with (A) the reconstructed corroded image, (B) the reference image, (C) the differential image originating from subtracting the corroded image from the reference image, (D) the segmented image in which the bright grey values of C were withheld, and (E) the segmented image after an ‘opening’ operation. (F) The segmented dataset (from (E), dark grey) is rendered together with the original corroded dataset (from (A), light grey). The rebar diameter amounts to 10 mm. 
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Figure 6. Mean crack width measured for each of the test series at different time periods. 
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Figure 7. Macro-cell corrosion current measured for each of the different test series (result for one sample of the WRA_MAN series is missing as the internal electrical connection with the anode was damaged during concrete casting, different shades of the colours are used to represent the repetitions per test series). 
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Figure 8. Evolution of the corrosion potential and driving potential over time (result for one sample of the WRA_MAN series is missing as the internal electrical connection with the anode was damaged during concrete casting, different shades of the colours are used to represent the repetitions per test series). 
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Figure 9. Evolution of the polarization resistance of the anode and cathode and the concrete resistance (polarization resistance anode for one sample of the WRA_MAN series is missing as the internal electrical connection with the anode was damaged during concrete casting, different shades of the colours are used to represent the repetitions per test series). 
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Figure 10. Chloride ingress values and fitted profiles (with Fick’s second law of diffusion) obtained after titration of the ground powders. 
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Figure 11. Visualization of the chloride ingress front for each of the different test series (different shades of the colours are used to represent the repetitions per test series). 
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Figure 12. Photograph of each side of the anode after 135 cycles of chloride exposure (oval markings indicate the positions of the pits). 
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Figure 13. 3D render of the middle part of the anode showing the corroded zones at one side of the reinforcement bar (dark area) (* indicates that the X-ray µCT analysis was not successful for this rebar as some bars bended while taking them out of the concrete samples). 
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Figure 14. Average corroded volume of rebar calculated from the X-ray µCT -scans (A) and the macro-cell corrosion current measurements (B) for each of the test series (for the series WRA_MAN and WRA_SURF_AFTER only one, respectively, two out of the three rebars could be investigated with X-ray μCT and when considering the corrosion current measurements the WRA_MAN series consisted of only two replicates, error bars represent the standard error). 
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Table 1. Concrete composition.






Table 1. Concrete composition.





	Component
	Amount





	Sand 0/4 (natural river sand)
	696 kg/m3



	Aggregates 2/8 (rounded gravel)
	502 kg/m3



	Aggregates 8/16 (rounded gravel)
	654 kg/m3



	Cement
	317.6 kg/m3



	Fly ash
	56 kg/m3



	Water
	153 kg/m3



	Superplasticizer
	3 mL/kg binder
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Table 2. Properties of concrete batches.






Table 2. Properties of concrete batches.





	Property
	Batch 1
	Batch 2





	Slump class
	S3
	S3



	Flow class

Density [kg/m3]
	F3

2371 ± 6.6
	F3

2363 ± 10.7



	Compressive strength [N/mm2]
	61.3 ± 0.6
	63.4 ± 3.6
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Table 3. Overview of test series.






Table 3. Overview of test series.











	Series Code
	Cracked
	Healed
	Further Details





	UNCR
	
	
	Uncracked beams



	CR
	√
	
	Cracked beams of which the crack was left untreated



	WRA_MAN
	√
	√
	Cracked beams of which the crack was manually injected with WRA



	WRA_SURF_BEFORE
	√
	√
	Cracked beams of which the test surface was sprayed with WRA before cracking



	WRA_SURF_AFTER
	√
	√
	Cracked beams of which the test surface was sprayed with WRA after cracking



	WRA_CAPS
	√
	√
	Cracked beams with embedded capsules filled with WRA
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