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Abstract

:

The evaluation of half-cell potential measurements in reinforced concrete (RC) members can be a key issue for civil engineers. The primary reason for this is that the interpretation of half-cell potential measurements based on the available standards provides information related only to the possibility of corrosion in concrete, but it does not provide a clear perception of the influence of corrosion on the capacity of the RC members. The objective of this study is two-fold: (1) to explore the influence of corrosion level on the flexural capacity of RC members; and (2) to provide engineers with a better understanding of the correlation between half-cell potential measurements and flexural capacity of RC members. To establish this, twelve RC beams were cast and then exposed to accelerated corrosion utilizing an impressed current. After that, half-cell potential tests were performed on the entire surface of the beams. Next, a four-point loading test was performed on the beams to determine their flexural behavior. The analysis of measurements showed that there is a high positive correlation between the half-cell potential measurements and the flexural capacity of the tested beams which demonstrates the potential of half-cell measurements to predict the capacity degradation level of the RC beams due to corrosion.
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1. Introduction


Degradation of structures due to corrosion of embedded steel is considered one of the major durability problems faced by the construction industry [1,2,3,4,5]. The rate of steel corrosion is increased by the ingression of either chloride ion (    Cl  −   ) or CO2 into concrete, reducing the alkaline hydrated cement products that passivate (i.e., shield) the embedded steel. Corrosion causes a reduction in the cross-section of embedded steel, thereby reducing its flexural and tensile strength capacities [6,7]. This could cause the development of many cracks on the concrete that, in turn, reduce the load capacity of the structure.



The NACE (2013) impact study reported that the estimated cumulative cost of corrosion was approximately 4% of the global gross domestic product. Further, it reported that the utilization of corrosion prevention practices may yield a reduction in the cost by 15–35% [8]. The deteriorated structures due to corrosion may require a higher cost for rehabilitation than the cost of initial construction [9,10,11]. Moreover, the corrosion of embedded steel could increase the risk of failure due to the presence of external forces such as earthquakes. Therefore, an early detection and assessment of reinforced concrete (RC) corrosion are necessary to accelerate corrective measures [12,13]. This assessment should provide information regarding the remaining service life, level of damage, and required repairs [14,15].



The half-cell potential method is a commonly applied technique for detecting corrosion in RC members [16,17]. This technique is performed and interpreted based on ASTM C876 standards [18]. It measures the value of potential on the surface of concrete members where the positive pole of the high-impedance volumeter is electrically attached to the reinforcing steel and the other pole is attached to a reference electrode. The measured potential is then translated into the risk of corrosion of embedded steel inside the RC members [1,19]. Table 1 shows the criteria followed to interpret the potential values for corrosion detection. For example, when the potential value is less than −200 mV, the reinforced steel is categorized to have a low risk of corrosion (i.e., less than 10% risk level).



Few studies have considered the half-cell potential test as an indicator of corrosion in embedded reinforcing bars. Jung et al. [11] and Gonzalez et al. [20] performed an experimental study to evaluate the structural performance of corrosion-damaged RC beams. In their study, it was concluded that corrosion adversely affects the ultimate load and energy dissipation capacity of RC members and they suggested further experimentation for evaluating the performance of structures with corrosion-damaged members. Naish et al. [21] and Pradhan and Bhattacharjee [22] tried to link the potential and resistivity measurements to the corrosion of RC members. According to these studies, a strong correlation between the half-cell potential measurements and the corrosion level was observed; however, they did not link the half-cell potential measurements to the performance degradation level of corrosion-damaged members. Adriman et al. [19] showed, using a case study, that a half-cell potential test augmented with computational approaches is a promising method to improve the diagnosis of corrosion in RC members. Thus, Adriman et al. [19] demonstrated that half-cell potential measurements can be used beyond the qualitative corrosion risk assessment established by the ASTM C876 [18] (see Table 1).



In this study, the objective is to quantify the impact of corrosion on the flexural behavior of RC beams and link it to half-cell potential measurements. This link will help to expand the usability of half-cell potential measurements to quantitatively predict the degree of degradation of corrosion-damaged members. In addition, the effectiveness of half-cell potential measurements as corrosion indicators will be investigated through this established link.




2. Experimentation


Figure 1 illustrates the process followed to prepare the control beams and corroded beams used to establish the link between the flexural behavior of corrosion-damaged beams and half-cell potential measurements. As shown in Figure 1, first, the concrete mixture and reinforced cage were designed, based on the ACI-211 guidelines [23] and ACI 318 standards [24], respectively. After that, the mixture was prepared, tested for workability and strength (i.e., slump and cube test, respectively), and cast into forms. To induce corrosion, an electrically impressed current was used. After prespecified durations, half-cell potential tests were performed on the entire surface of the beams. Then, a four-point loading test was conducted to estimate the impact of corrosion on the flexural behavior of RC beams. Finally, the link was established by a comparison between the strength-deformation properties of corroded beams, obtained from the four-point loading test, and the half-cell potential measurements. The following is a detailed description of each step illustrated in Figure 1.



2.1. Material


The concrete mix was designed following the ACI-211 guidelines [23], with a water-to-cement ratio of 0.47. The RC beams were prepared using ordinary Portland cement (Type I) with coarse limestone aggregates of 12.5 mm, in addition to a mixture of silica sands and crushed fine limestone (20% silica and 80% fine aggregate). The ASTM standard technique C136 was used to determine the fineness modulus of fine limestone. Following the ASTM C127 method, the saturated surface dry (SSD) bulk specific gravity (BSG) and absorption of coarse limestone aggregate were 2.56 and 1.34%, respectively. Moreover, according to ASTM C128, the bulk specific gravity (SSD) and absorption of fine limestone aggregate were 2.52 and 3.41%, respectively. For silica sand, the corresponding percentages were 2.59 and 0.73%. Further, as per ASTM C29, the unit weight for coarse aggregate was 1362 kg/m3. The beam reinforcements were constructed using two distinct grades of steel reinforcement: G40 and G60. The mechanical characteristics of the steel reinforcements are listed in Table 2.




2.2. Test Specimens


Twelve reinforced concrete beams with dimensions 150 × 100 × 1000 mm were tested. All rebars were 12 mm in diameter and embedded at 35 cm cover thickness from the surface. Stirrups with a spacing of 50 mm were provided along the length of the beam. Internally dimensioned wooden molds were constructed and used to cast the test specimens. Before concrete casting, the steel reinforcement was assembled and placed within the molds in the shape of a cage. Three beams and three cylinders (100 × 200 mm) were cast in each batch to be tested for compressive strength, which was determined to be around 41.6 MPa. A tilting drum mixer with a batch volume of approximately a quarter m3 was used. The slump was tested (per ASTM-C143) and determined to be about 50 mm. Three layers of fresh concrete were poured into the wooden molds. Each layer was vibrated on a compacting table. After 24 h, the beam specimens were demolded and cured for 28 days with wet burlap. Figure 2 shows the above steps.




2.3. Corrosion Process


The electrically impressed DC was used to accelerate the corrosion process on the RC beams. The accelerated corrosion process was achieved by applying DC (direct current) to both the longitudinal steel bars and stirrups, which serve as anodes within each beam through metallic wires put before casting. The cathode was constructed using a steel plate with a dimension of (800 × 300 × 10 mm) that was linked to the cathode wire. The specimens were subjected to a 200 μA/cm2 current density. To create an aggressive environment, samples were put in a tank containing a solution of NaCl at a concentration of 2%, as illustrated in Figure 3.




2.4. Half-Cell Potential Test


Nondestructive tests were used to analyze the physical qualities of concrete, such as discontinuities and changes in the composition of concrete and corrosion level, without causing any damage to the tested specimens. Here, the half-cell potential test was performed on the cast RC beams. Each beam was split into ten sections. The half-cell potential equipment was used to collect three readings at each test location per the ASTM C876 [18] requirements. The measurement was performed using a silver/silver chloride reference electrode. Before the test, the beam was moistened with water to enhance the moisture content of the concrete. Then, a saturated sponge with alcohol was put on the concrete surface, followed by the reference electrode. The other end of the voltmeter was then linked to the steel rebar (see Figure 4).




2.5. Flexural Behavior


Flexural testing was performed on the beams under four-point loading across a span of 0.9 m in a simple support arrangement. Between the two loading points, the spacing was 300 mm. The beam was supported by a special sort of support made of hardened steel to guarantee that no deformation occurred that might impact the test findings. All beams were loaded with two-point loads utilizing 400 kN hydraulic testing equipment at a loading rate of 0.3 kN/s. Supports were designed to function as a hinge on one end and a roller on the other. The vertical deflection at the mid-span was determined using a linear variable displacement transducer (LVDT). The load-deflection curves were constructed using the data obtained from the load cell and LVDT. The test setup is illustrated in Figure 5.





3. Experimental Results and Discussion


This section presents and discusses the experimental results of the performed experiments. An evaluation of half-cell potential measurements was performed by comparison with the flexural capacity of the corrosion-damaged RC beams.



In the tests, all the beams (i.e., uncorroded and corroded) initially developed flexural cracks in the high moment zone region (see Figure 6), which subsequently expanded into the compression zone and propagated across the shear span as the load increased. Before collapsing, the cracks expanded deep into the compression zone. As shown in Figure 6, the crack patterns for both the control beams and corroded beams were very similar and exhibited a ductile failure (i.e., flexural failure).



The load and vertical deflection of the beams were recorded and plotted for each specimen during the test. These curves were then investigated based on their initial stiffness, maximum displacement, maximum load, and toughness.



3.1. Flexural Behavior


The mechanical response of the beams was determined using load-deflection curves and their related properties, including maximum displacement, maximum load, initial stiffness, and toughness. The load-deflection curves and the average features of the curves of six of the twelve tested corroded beams and their corresponding uncorroded RC beam (i.e., control beams) are illustrated in Figure 7 and Table 3, respectively. As shown in Figure 7, the curves exhibited linear behavior during the first phase of loading before showing a nonlinear behavior. All the corroded beams were found to have a lower ultimate capacity than the control beams. The average load capacity of all corroded beams was computed to be 84% of the control beams. In addition, the average ductility of corroded beams was estimated to be 114.4% of the average ductility of the corresponding control beams. All corroded RC beams had a greater stiffness than uncorroded beams; the corroded beams retained 111% of their original stiffness. These observations are similar to the results observed in [11,20] where it was concluded that corrosion adversely affects the flexural capacity of RC beams.




3.2. Analysis of Half-Cell Potential Measurements


Figure 8 illustrates the half-cell potential values for one of the tested RC beams before and after corrosion exposure. Before corrosion, all beams had values less than −200 mV, indicating a low possibility of corrosion (see Table 1). However, after corrosion, the half-cell potential measurements increased drastically, exceeding −350 mV, indicating the presence of considerable corrosion. The other tested RC beams showed similar behavior to the one in Figure 8.




3.3. Correlation between Half-Cell Potential Measurements and Four-Point Loading Test


Performing a correlation study between the half-cell potential measurements and the four-point loading test resulted in a negative correlation between the half-cell potential measurements and the ultimate load capacity of corroded RC beams and a positive correlation between the half-cell potential measurements and the ductility of half-cell potential measurements. A Pearson’s correlation coefficient of −0.93 indicated a high correlation between the half-cell potential measurements and flexural capacity of RC beams, while a Pearson’s correlation coefficient of 0.74 between the half-cell potential measurements and ductility of the beams implied a high-to-moderate correlation between the results.





4. Conclusions and Recommendations for Future Research


In this study, the effect of corrosion of embedded steel on the flexural behavior of RC beams and the level of correlation between half-cell potential measurements and the flexural behavior of RC beams were investigated. The following results can be drawn from the experimental investigation:




	
The objective of this study was to provide a better understanding of the strength-deformation behavior of corroded members. Based on the test results, it was observed that the failure patterns of the corroded beams were generally similar to the control beams. However, it was observed that the ultimate capacity of the RC beams decreased, while the stiffness and ductility increased with the duration of accelerated corrosion.



	
The ductility increased with increasing half-cell potential, while the flexural capacity decreased with increasing half-cell potential. The increase in ductility was 114.4% of residual deflection and the decrease in flexural capacity was 16% lower than that of control beams at the maximum half-cell potential.



	
We observed a relatively strong correlation between the average potential difference and the degradation in the flexural capacity of the beams (Pearson’s correlation = 0.93. Thus, the potential difference can be used as an indicator of the degradation level in RC members.



	
To propose a practical procedure for evaluating the flexural capacity of corroded members using half-cell potential measurements, further experimental research on corroded members, together with analytical analysis such as finite element analysis, should be performed. This practical procedure may aspire to derive a degradation factor formula that uses half-cell potential measurements to predict the capacity of corrosion-damaged members.
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Figure 1. Schematic flow chart used for the evaluation of half-cell potential measurement. 
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Figure 2. Steps for preparation of test specimens. (a) A typical steel reinforcement. (b) Steel reinforcement cage inside the wooden mold. (c) Mixing of concrete ingredients. (d) Casted specimens. 
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Figure 3. The accelerated corrosion process. (a) Three days of accelerated corrosion. (b) Eight days of accelerated corrosion. 
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Figure 4. Connected wire with rebar. (a) Before casting. (b) After casting. 
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Figure 5. The test set-up used. 
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Figure 6. Crack patterns of the uncorroded and corroded beam. 
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Figure 7. Load–deflection curves for the RC beams. 
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Figure 8. Half-cell potential measurements of the corroded beams after 8 days of corrosion and the corresponding uncorroded one. 
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Table 1. Corrosion activity according to half-cell values (ASTM C876).
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	Half-Cell Potential Values
	Probability of Corrosion





	less negative than −200 mV
	10% probability of corrosion



	between −200 mV and −350 mV
	Approximately 50%



	more negative than −350 mV
	90% probability of corrosion
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Table 2. Mechanical properties of steel reinforcement.
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	Size
	Grade
	Yield Strength, Fy (MPa)
	Ultimate Strength, Fu (MPa)
	Elongation %





	6 mm
	G40
	290
	353
	14



	10 mm
	G60
	441.8
	657
	12.9



	12 mm
	G60
	435.5
	631
	14.7



	14 mm
	G60
	463
	640
	16
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Table 3. The average mechanical characteristics for control and corroded beams.
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	Case
	Beam Designation
	Ultimate

Load

(kN)
	Max

Deflection

(mm)
	Toughness

(J)
	Stiffness

(MN/m)





	1
	Control beam
	86.2
	13.9
	877.5
	13.75



	2
	Corroded beams
	72.7

(84%) *
	15.80

(114%) *
	928.0

(106%) *
	15.21

(111%) *







* Residual properties.
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