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Abstract: In this work, the bond degradation of non-uniformly corroded steel rebars embedded in concrete was studied. A total of 105 concrete specimens with accelerated corrosion of steel rebar were evaluated using the pull-out test. The influences of corrosion mode, corrosion level, orientation of the longitudinal rib, and the position of steel rebar on the bond degradation were analyzed. The cracking patterns of corrosion-induced cracks, bond failure modes, and bond stress-slip relations were discussed. The results showed that the orientation of longitudinal rib and the thickness of concrete cover play a vital role in determining the cracking patterns of corrosion-induced cracks. In comparison to the uniformly corroded specimens, the bond performance of specimens with non-uniform corrosion of steel rebar degraded more significantly, and this phenomenon became even more pronounced as the corrosion level increased. Moreover, the beneficial improvements caused by the expansive rust on the bond performance were greatly dependent on the degrees of concrete constraint and corrosion level.
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1. Introduction
[bookmark: OLE_LINK15]Reinforcement corrosion induced by chloride is one of the most common reasons accounting for the premature deterioration of reinforced concrete (RC) structures [1–3]. Upon propagation of reinforcement corrosion, the cross-sectional area of steel rebars embedded in concrete suffers a considerable reduction, and the generated expansive corrosion products could lead to concrete cover spalling [4–6]. As such, the bond performance of corroded steel rebar to surrounding concrete degrades significantly because of the weakening interface, resulting in undermined load-bearing capacity of RC components as a consequence [7–10]. 

To tackle this issue, extensive efforts have been dedicated to the bond performance evaluation of corroded steel rebar in concrete. In most existing laboratorial studies, three corrosion simulation techniques were adopted, including outdoor natural exposure [11–14], accelerated corrosion in artificial environments [15–19], and accelerated corrosion by the impressed current method [20–23]. In general, natural exposure is time-consuming and leads to large scattering and variation of test results; while accelerated corrosion in artificial environments is expensive, although the corrosion characteristics of steel rebar obtained by these two methods are generally satisfactory [16]. Nevertheless, owing to the short test duration and controllable corrosion level, the accelerated corrosion technique using impressed current method is most commonly adopted.

A vast number of studies on the bond behavior, flexural performance, and concrete cover cracking of corroded RC members have been carried out [17,18,24–35]. For the sake of simplicity, in the majority of the reported studies only the situation of uniform corrosion of steel rebar was involved, in which the corrosion process was assumed to occur evenly around the steel rebar in the circumferential direction and along the steel rebar in the longitudinal direction, resulting in an uniform expansion stress to the surrounding concrete. However, given the nature of chloride-induced pitting corrosion [36,37], this widely adopted assumption, in fact, is not very accurate when compared with the actual non-uniformly corroded status in in-service RC structures [38–40]. Particularly, at the early-stage corrosion, the non-uniform distribution of the corrosion products resulted from uneven protective concrete covers is much more common. The experimental results [7–9] and analytical studies [30,41–43] have repeatedly proved that the bond properties of non-uniformly corroded steel rebars to surrounding concrete are different from the uniformly corroded ones. However, unfortunately, being a lack of sufficient attention, not too much research has been specifically focused on this topic so far.

Moreover, regarding the steel rebars, an obvious improvement in bond performance is always obtained in comparison with plain round bars [44,45]. This is normally ascribed to the deformed ribs that increase the interfacial interlocking significantly [46]. Hence, substantial works have been conducted to analyze the influences of rib geometry including height, orientation, spacing, etc., on the bond behavior of corroded steel rebar to concrete [47,48]. Nevertheless, in most situations, the concerns are focused on the transverse ribs, while the longitudinal ribs (Fig. 1) are generally ignored. Thus, any further beneficial information in this respect is expected to provide a more complete understanding of the bond mechanism.

To this end, with the motivation to study the degradation of bond performance of steel rebar in concrete, an innovative approach was adopted in this study to generate non-uniform corrosion of steel rebar in circumferential direction, simulating the natural exposure scenarios. To highlight the potential effects of non-uniform corrosion on the degradation of bond response, five low designed corrosion levels representing the early-stage corrosion are finally used. After the accelerated corrosion, the bond performance of 105 specimens was evaluated using pull-out tests, in which the influences of corrosion mode, corrosion level, orientation of the longitudinal rib, and the position of steel rebar were analyzed. Moreover, to reveal the relations between the bond degradation and crack development, the cracking patterns of corrosion-induced cracks and the bond responses of different corroded specimens were emphatically discussed. Finally, it should be noted that as a preliminary study, the emphasis hereafter was concentrated on the local bond performance, and the stochastic variations in the longitudinal direction caused by the non-uniform corrosion along the steel rebar was not discussed.

2. Experimental program
[bookmark: _Toc1652_WPSOffice_Level1]2.1 Materials and specimen preparation
The mix proportion of the concrete was shown in Table 1. ASTM C150 Type Ⅰ equivalent ordinary Portland cement (OPC) was used as the binder. Natural river sand with the particle size smaller than 5 mm was used as the fine aggregate, and uncrushed gravel with the size ranging from 5 to 20 mm was used as the coarse aggregate. Deionized water was used as the mixing water. Besides, to initiate the reinforcement corrosion, small doses of 3.5% NaCl salts by cement mass was added during the concrete mixing. The average 28-day compressive strength of concrete on 150 mm cubes was 25.2 MPa, and the corresponding splitting tensile strength was 2.3 MPa.

[bookmark: _Hlk22974466]Table 1.  Mix proportion of the concrete (kg/m3)
	Cement
	Fine aggregate
	Coarse aggregate
	Water
	Water-to-cement ratio

	375
	750
	1125
	200
	0.53



The high-strength hot-rolled deformed steel bars with the yield strength of 535 MPa, as shown in Fig. 1, were used as reinforcements. For all specimens, the steel rebars were identical being 16 mm in diameter and 550 mm in length. Before casting, the rust and mill scale on the surface of rebars were removed, followed by the weight measurement using a scale with a measuring precision of 0.1 g.

	[image: ]     [image: ]

	Fig.1. Profile of the threaded reinforcement and the location of the PVC pipe.



The dimension of the specimen was 150 mm × 150 mm × 200 mm, as shown in Fig. 2. To prevent the yielding or rupture of the rebars during the pull-out test, the recommended bond length of 5 times the rebar diameter, i.e. 80 mm, was adopted [49]. As such, a polyvinyl chloride (PVC) pipe of 150 mm in length was used to detach the concrete and rebar. Moreover, to generate non-uniform reinforcement corrosion, the newly-designed corrosion acceleration method introduced by the authors was used [21,50]. In particular, an ASTM 304 stainless wire with a diameter of 0.8 mm was additionally used as the auxiliary electrode, and it was placed 8 mm away from the steel rebar. The mechanism of this method will be further elaborated later in Section 2.2. All the specimens were cast in the direction perpendicular to the rebar with a needle vibrator, and were then demolded after 24 h. After that, they were cured in an environmental chamber with a temperature of 20 ± 2 °C and relative humidity of 75 ± 5% until the 28-day strength was obtained.

	[image: ]

	Fig.2. Dimension of the specimens, (a) front view; (b) cross-section view. 


[bookmark: _Hlk10122727]
To investigate the influences of different corrosion modes, corrosion time, longitudinal rib angles, and positions of steel rebar on the bond performance, a total of 4 series (35 groups) of experiments were conducted, as summarized in Table 2. For each group, three replicates were prepared. To illustrate the position of steel rebar visually, a schematic diagram was displayed in Fig. 3, in which four typical cases were given correspondingly.

Table 2. Summary of the parameters considered in this study.
	Series
	Corrosion
mode*
	Rib angle
	Cover depth (mm)
	c/d
	Corrosion time (h)

	
	
	
	c1
	c2
	
	

	1
	U
	90°
	67
	67
	4.2
	24, 48, 96, 120


	
	N
	90°
	67
	67
	4.2
	

	2
	N
	0°
	30
	30
	1.9
	[bookmark: OLE_LINK39][bookmark: OLE_LINK38]12, 24, 48, 96

	
	
	45°
	30
	30
	1.9
	

	
	
	135°
	30
	30
	1.9
	

	3
	N
	0°
	30
	67
	1.9
	12, 24, 48, 96

	[bookmark: _Hlk12790535]
	
	90°
	30
	67
	1.9
	

	
	
	135°
	30
	67
	1.9
	

	4
	Corrosion-free
(control groups)
	90°
	67
	67
	4.2
	0

	
	
	90°
	30
	30
	1.9
	

	
	
	90°
	30
	67
	1.9
	


Note: for the corrosion mode*, “U” represents uniform corrosion, and “N” represents non-uniform corrosion.

In Series 1 (eight groups), the steel rebars were located in the center of the specimen, and the minimum thickness of concrete cover was 67 mm (cmin = c1 = c2). In this series, the influence of corrosion modes was studied that four groups of specimens were uniformly corroded with the outsourcing sponge while another four groups of specimens were non-uniformly corroded upon the auxiliary electrode. For all specimens, the longitudinal ribs of the steel rebars were uniformly placed horizontally (θ = 90°), and four respective corrosion time, 24 h, 48 h, 96 h, and 120 h, were selected to generate different corrosion levels.

In Series 2 (twelve groups) and Series 3 (twelve groups), the steel rebars were located in the corner (c1 = c2 = 30 mm) and middle bottom (c1 = 30 mm, c2 =67 mm), respectively. In these two series, the influences of longitudinal rib angles and positions were comprehensively compared, and the auxiliary electrode was used to realize the non-uniform reinforcement corrosion. The corrosion time was 12 h, 24 h, 48 h, and 96 h, respectively.

In Series 4, three groups of control specimens (corrosion-free) were designed corresponding to the aforementioned three different cases.
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Series 1: U67-Z90
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Series 2: N30-D45
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Series 3: N30-Z135
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Series 4: 30-Z

	(a)
	(b)

	Fig. 3. Schematic diagram of the position of steel rebars, (a) definition of the orientation of longitudinal rib, and (b) cross-section view of four typical positions in different series.



For the convenience of documenting specimens more clearly, the specimens were labeled as T-N/UC-Z/Dθ, in which T denotes the corrosion time (12 h, 24 h, 48 h, 96 h, or 120 h), N/U represents the corrosion mode (non-uniform or uniform corrosion), C refers to the minimum thickness of the concrete cover (30 mm or 67 mm), Z/D indicates the position of the steel rebar (middle or corner with respect to the side AB of the specimen shown in Fig. 3(a)), and θ is the longitudinal rib angle (0°, 45°, 90°, or 135°). For example, the nomenclature of 12-N30-Z135 represents the specimen shown in Fig. 3 (b-3) subjected to non-uniform corrosion for 12 hours.

2.2 Accelerated corrosion method
After moist curing for 28 days, all specimens were first immersed into NaCl solution with a concentration of 3.5% for 72 hours, followed by an accelerated corrosion process using the impressed current method.

Two corrosion modes, i.e., non-uniform corrosion and uniform corrosion, as shown in Fig. 4, were adopted. In both corrosion systems, the steel rebars were connected to the anode of power supply, but the connections of the cathode were different. For the non-uniform corrosion, the stainless wire was used as the auxiliary electrode; while for the uniform corrosion, the bonding section of the specimen was wrapped by sponge and stainless steel wire mesh successively and then connected to the cathode.

	[image: ]

	Fig. 4. Accelerated corrosion mode: (a) Non-uniform corrosion, and (b) uniform corrosion.



To better illustrate the mechanism of the proposed approach to generate non-uniform corrosion of steel rebar using the impressed current method, the schematic diagram was exhibited in Fig. 5. It can be seen that when the diameter of the steel rebar is much larger than that of the stainless steel wire, the distances l0, l1, l2 …… ln between the stainless steel wire and the points D0, D1, D2 …… Dn on the surface of the steel rebar varies significantly. Under otherwise constant conditions, the resistance of concrete between the stainless steel wire and each point is greatly related to the electrode spacing. Hence, for each point, the current density on the surface of steel rebar is quite different from others, resulting in non-uniform reinforcement corrosion as a consequence.
	


	Fig. 5. The schematic diagram of the non-uniform corrosion approach [21,50].


Previous studies have shown that in the case of high corrosion current density (icorr = 350 μA/cm2, for example), the induced reinforcement corrosion is quite different from that exposed to natural environment [20,51], and little significant difference in the degradation of bond strength is observed when the current density is between 50 and 250 μA/cm2 [52]. Hence, in this study, the value of icorr = 200 μA/cm2 was adopted to generate the corrosion of steel rebar that is close to the actual situation, and the corrosion current Icorr was then calculated as,
	

	(1)


where d is the diameter of steel rebars, and lb is the bond length.

According to the Faraday’s law, the theoretical mass loss of the steel rebar Δmt in such a case can be obtained as follows,
	

	(2)


where MFe is the molecular weight of iron (MFe = 56 g/mol), t is the time of accelerated corrosion (s); ZFe is the ionic charge (ZFe = 2); F is the Faraday’s constant (F = 96485 C/mol). With this definition, the designed corrosion level ρd is given as,
	

	(3)


where mi is the initial mass of the rebar. However, to quantify the actual corrosion level ρa of the steel rebar accurately, the following equation is suggested,
	

	(4)


being mf the final mass of the steel rebar after removing the rust.

[bookmark: _Toc10320_WPSOffice_Level1]2.3 Recording of the corrosion-induced cracks
After the accelerated corrosion, all the specimens were dried at least one day before recording the corrosion-induced cracks. To map the cracks on the external section of the specimens, a plastic scale plate shown in Fig. 6 was used, and a crack visualizer with an accuracy of 0.001 mm was used to measure the crack width. It should be noted that since the crack width was not uniform along its propagation path, only the maximum width of each crack was used in the following discussions.
	[image: ]

	Fig. 6. The plastic scale plate used to record the corrosion-induced cracks.



2.4 Pull-out test
[bookmark: _Hlk16009009]The pull-out test was conducted by a universal testing machine, as shown in Fig. 7. During the monotonic loading with a constant speed of 0.2 mm/min, two linear variable differential transducers (LVDTs) were mounted to measure the slips of the steel rebar at both the free end and loaded end. Moreover, a strain gauge was attached to the surface of the steel rebar to simultaneously monitor the tensile deformation. The load and displacement data were recorded at a frequency of 10 Hz.

	[bookmark: _Hlk16009066][image: ]
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	Fig. 7. Set-up for pull-out test, (a) site picture, and (b) schematic diagram.



Assuming the bond stress is uniformly distributed along the steel-to-concrete interface, the average bond strength τa therefore was expressed as
	

	(5)


where F is the pull-out force. The actual slip of the steel rebar sa was determined as
	

	(6)


where sf and sl are the slips recorded at the free end and the loaded end, respectively; ε is the measured tensile strain of the steel rebar, and L is length between the beginning of the anchorage and the location of the LVDT at the loaded end, as shown in Fig. 7(b).

3. Experimental results
3.1 Cracking patterns of corrosion-induced cracks
It has been widely acknowledged that as the accumulation of corrosion products, increasing tensile stress around the steel rebar is generated and some microcracks may be formed when it exceeds the tensile strength of the concrete. Once the crack width expands to a critical value, the rust could permeate into the crack and further promote the cracking [53,54]. In this section, the typical cracking patterns of different specimens will be discussed according to the locations where the steel rebars were embedded.

3.1.1 The cases with steel rebar in the corner

The distributions of non-uniform corrosion-induced cracks of the specimens with steel rebar embedded in the corner (c1 = c2 = 30 mm) were shown in Fig. 8, in which three different angles of longitudinal rib, i.e. θ = 0°, 45°, and 135°, were compared, respectively. 
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	(a) non-uniformly corroded specimens N30-D0
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	(b) non-uniformly corroded specimens N30-D45
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	(c) non-uniformly corroded specimens N30-D135

	Fig. 8. Cracking patterns of the specimens with rebar in the corner (c1 = c2 = 30 mm).



From the comparison, it can be seen that the majority of cracks (about 80% of the total amount) are generally initiated within the area of β = −45° ~ 135°, regardless of the orientation of the longitudinal rib. This is mainly attributed to the relative thinner concrete cover in these directions, leading to easier access of corrosive ions to the surface of steel rebar and result in more serious reinforcement corrosion consequently.
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	(a) non-uniformly corroded specimens N30-D0
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	(b) non-uniformly corroded specimens N30-D45
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	(c) non-uniformly corroded specimens N30-D135

	Fig. 9. Crack widths of the specimens with rebar in the corner (c1 = c2 = 30 mm).



To better quantify the development of these cracks, the maximum crack widths associated with the propagation directions were plotted in Fig. 9. From the illustration, it is clear that as the corrosion level increases, apart from the amount of cracks, the crack widths also increase significantly. In the case of low corrosion level (ρd = 0.08%, T = 12 h), the average maximum crack widths of non-uniformly corroded specimens 12-N30-D0, 12-N30-D45, and 12-N30-D135 were 0.037 mm, 0.031 mm and 0.035 mm, respectively; but when exposed to a severer corrosion (ρd = 0.64%, T = 96 h), they were extended up to 0.093 mm, 0.102 mm, and 0.103 mm, correspondingly. From this point of view, the variety of the angle of the longitudinal rib seems to have no obvious effect on the overall development of corrosion-induced cracks. However, regarding the propagation direction of the cracks, the divergences emerged. More specifically, for the specimens 12-N30-D0, the average width of the cracks in the direction of β = 0° was 0.051 mm, while in the direction of β = 90° was 0.027 mm (about 52.9% of the value in the orthogonal direction); for the specimens 12-N30-D45 and 12-N30-D135, the respective values were 0.065 mm/0.037mm and 0 mm (crack free)/0.058 mm, correspondingly. As the corrosion level increased, more pronounced divergences were generally observed. This can be mainly attributed to the incremental differences between the inadequate constraint of concrete cover and the increasing expansive force induced by the continued accumulation of the rust.

Besides, it was also interesting to observe that due to the rotation of steel bars by 45° or 135°, new main cracks were formed on the surface of concrete in these two directions. For example, the average maximum crack widths of the specimens N30-D45 in the direction of β = 45° were 0.069 mm (T = 12 h) and 0.101 mm (T = 96 h), which was comparable to or even bigger than the values in the directions with thinnest concrete cover (θ = 0° and 90°). Because of this, the cruciform cracking pattern of the specimens N30-D0 was found to transform into a diagonal cracking pattern, as shown in Fig. 9. This observation indicated that the orientation of longitudinal rib also plays a vital role in determining the formation of the main cracks, especially in the case of inadequate constraint provided by the concrete cover.

3.1.2 The cases with steel rebar in the middle bottom

Likewise, the distributions of non-uniform corrosion-induced cracks of the specimens with steel rebar embedded in the middle bottom (c1 = 30 mm, c2 = 67 mm) were shown in Fig. 10, in which three different angles of longitudinal rib, i.e. θ = 0°, 90°, and 135°, were analyzed, respectively. The crack maps showed that compared with the cases documented in section 3.1.1, only about 65% of the total amount of the cracks are initiated within the vulnerable area of β = −90° ~ 90° in such cases, but a much more distinct development of the main crack (in terms of the maximum crack width) in the direction of β = 90° is generally observed.
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	(a) non-uniformly corroded specimens N30-Z0
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	(b) non-uniformly corroded specimens N30-Z90

	[image: ]
	[image: ]
	[image: ]

	[image: ]
	[image: ]
	[image: ]

	(c) non-uniformly corroded specimens N30-Z135

	Fig. 10. Cracking patterns of the specimens with rebar in the middle bottom (c1 = 30 mm, c2 = 67 mm).



From polar diagrams of the maximum crack widths against the propagation directions shown in Fig. 11, it can be seen that as the corrosion level increases, the amount and the width of cracks increase obviously. When subjected to a low level of corrosion (ρd = 0.08%, T = 12 h), the average maximum crack widths of the specimens 12-N30-Z0, 12-N30-Z90, and 12-N30-Z135 were 0.029 mm, 0.030 mm and 0.036 mm, respectively, which were then extended to 0.102 mm, 0.144 mm, and 0.144 mm under a severer corrosion (ρd = 0.64%, T = 96 h). Similarly, regarding the propagation direction of the cracks, the divergences were also quite apparent, or even bigger. For the specimens 96-N30-Z0, the average width of the cracks in the direction of β = 0° (with thinnest concrete cover) was 0.270 mm, but in the direction of β = 90° was 0.060 mm (about 22.2% of the value in the orthogonal direction); for the specimens 96-N30-Z90 and 96-N30-Z135, the values were 0.272 mm/ 0.100mm and 0.178 mm/0.122 mm, correspondingly. Hence, due to the dominated effect of thinnest concrete cover on the development of cracks, the cracking pattern was mostly the T-shape in such cases, although a few cracks were also observed to propagate in the directions of β = 135° and 315°, as shown in Fig. 11 (c).
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	(a) non-uniformly corroded specimens N30-Z0
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	(b) non-uniformly corroded specimens N30-Z90
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	(c) non-uniformly corroded specimens N30-Z135

	Fig. 11. Crack widths of the specimens with rebar in the middle bottom (c1 = 30 mm, c2 = 67 mm).



3.1.3 The cases with steel rebar in the center

At last, to investigate the effects of the corrosion mode on the cracking pattern, the respective distributions of non-uniform and uniform corrosion-induced cracks of the specimens with steel rebar embedded in the center (c1 = 67 mm, c2 = 67 mm) were plotted in Fig. 12, in which the angle of the longitudinal rib was uniformly specified as θ = 90°.
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	(a) non-uniformly corroded specimens N67-Z90
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	(b) uniformly corroded specimens U67-Z90

	Fig. 12. Cracking patterns of the specimens with steel rebar embedded in the center (c1 = c2 = 67 mm).



It can be seen that owing to the equal effective concrete constraint in all directions, the cracking pattern of the specimens was mostly characterized by some random radial cracks that are gradually developed outwards. Due to the adequate constraint provided by the concrete cover (c/d = 4.19), all the specimens were found to be crack free on the surface of concrete when they were corroded for 24 h. As the corrosion time prolonged, the average maximum crack widths of non-uniformly corroded specimens 48-N67-Z90 (ρd = 0.32%, T = 48 h) and 120-N67-Z90 (ρd = 0.80%, T = 120 h) were extended to 0.090 mm and 0.140 mm, respectively; while for the uniformly corroded specimens 48-U67-Z90 and 120-U67-Z90, the values were 0.027 mm and 0.106 mm correspondingly.

Furthermore, concerning the propagation direction of the cracks, a more obvious divergence can be found upon the quantitative analyses of the maximum crack widths, as shown in Fig. 13. For the non-uniformly corroded specimens N67-Z90, a cruciform cracking pattern was generally observed, although the microcracks were randomly distributed. The average widths of the cracks in the directions of β = 0°/180° were 0.104 mm (ρd = 0.32%, T = 48 h) and 0.057 mm (ρd = 0.80%, T = 120 h), and the values in the directions of β = 90°/270° were 0.145 mm (ρd = 0.32%, T = 48 h) and 0.200 (ρd = 0.80%, T = 120 h). While for the uniformly corroded specimens U67-Z90, the macrocracks were found to be parallel to the orientation of the longitudinal rib. The average widths of the cracks in the directions of β = 0°/180° were 0.010 mm (ρd = 0.32%, T = 48 h) and 0.057 mm (ρd = 0.80%, T = 120 h), and the values in the directions of β = 90°/270° were 0.028 mm (ρd = 0.32%, T = 48 h) and 0.116 (ρd = 0.80%, T = 120 h), almost double times of the values in the orthogonal direction. This uneven development of the cracks again indicated that the formation of the main cracks is closely related to the orientation of longitudinal rib.
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	(a) non-uniformly corroded specimens N67-Z90
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	(b) uniformly corroded specimens U67-Z90

	Fig. 13. Crack widths of the specimens with steel rebar embedded in the center (c1 = c2 = 67 mm).



3.2 Bond performance of corroded steel rebar to concrete
Given the reinforcement corrosion, the interfacial bonding between the corroded steel rebar and surrounding concrete is expected to be quite different from the non-corroded one. In this section, the bond degradation of corroded specimens will be analyzed comprehensively, in terms of the failure modes and the bond stress-slip relationships.

3.2.1 Failure modes

Owing to the differences in effective concrete cover and corrosion situations, the corroded specimens failed in three modes, namely, splitting failure, pull-out failure, and an intermediate failure mode, as shown in Fig. 14.

For the splitting failure, the most common failure mode in the test, as documented in Table A1 of the Appendix, it occurred mainly due to the inadequate constraint provided by the thin concrete cover (cmin = 30 mm). In most instances, it was observed to fail in a sudden with a dramatic reduction of bond resistance when the load-induced radial macrocracks rapidly reached the outer surface of concrete. For the pull-out failure, it was observed to occur in the cases that the specimens, for example, 96-U67-Z90, were subjected to severe corrosion accompanied by adequate concrete constraint. It was characterized by an initial controllable opening of the corrosion-induced macrocracks on the surface of the specimen, followed by a gradual slide of steel rebar during the pull-out test without any concrete splitting. Finally, for the failure mode in between the former two modes, a mixed observation that the steel rebar was pulled out along with some underdeveloped cracks emerged on the surface of concrete can be captured.
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	Fig.14. Failure modes of the specimens: (a) splitting failure, (b) pull-out failure, and (c) the intermediate failure mode characterized by the pull-out of steel rebar with some cracks on the surface of concrete.



3.2.2 Bond responses

3.2.2.1 The cases of uncorroded specimens

As aforementioned in section 2.1, three groups of corrosion-free specimens with steel rebar embedded in the corner (30-D), middle bottom (30-Z), and center (67-Z), respectively, were also prepared for the pull-out test. The bond stress-slip relationships of these control specimens were plotted in Fig. 15. 

From the comparisons, it can be seen that the ultimate bond strengths of these three groups of specimens were almost equal; but the corresponding peak slips varied greatly, which increased obviously as the concrete constraint increased and resulted in a more ductile bond response. This phenomenon can be mainly attributed to the fact that all these corrosion-free specimens were failed in the pull-out failure model, albeit some cracks were observed on the concrete surface, as documented in Table A1. It implies that in such cases, the confinement provided by the concrete cover is able to mitigate the development of load-induced cracks. Similar observations can be found in [55]. With the increase of the concrete cover, this trend becomes more pronounced and many microcracks rather than macrocracks formed, leading to a bigger capability of absorbing dissipated energy during the debonding process. From the illustration, it is also indicated that compared with the bond strength, the ductility of the bond behavior seems to be more sensitive to the degree of concrete constraint.

	

	


	

	

	Fig.15. Bond responses of uncorroded specimens with steel rebar in the position of (a) the corner, (b) the middle bottom, and (c) the center.



3.2.2.2 The cases of corroded specimens with steel rebar in the corner

The bond stress-slip relationships of non-uniformly corroded specimens with steel rebar in the corner (c1 = c2 = 30 mm) were shown in Fig. 16, and for comparison, the medial curve (not the average value of three curves) of the control specimens was also included.

The obvious divergences of the curves indicated that the bond response was greatly affected by the orientation of longitudinal rib. When subjected to low reinforcement corrosion (ρd = 0.08%, T = 12 h), compared with the control specimens, only a small degradation (about 5.7%) in bond strength was observed for the specimens 12-N30-D0; while for the specimens 12-N30-D45 and 12-N30-D135, a significant reduction (about 22.4%) was observed. The phenomenon was not quite consistent with reported studies that some enhancements could be obtained in the case of minor reinforcement corrosion. This was mainly attributed to the inadequate concrete constraint that the improvements caused by the expansive rust were counteracted by the formation of cracks in various magnitudes.

With further corrosion, a more significant reduction in bond strength was generally observed. For the specimens 96-N30-D0, 96-N30-D45, and 96-N30-D135, the reductions were 31.3%, 35.7%, and 42.2%, respectively, when compared to the control specimens. The results indicated that in the case of inadequate constraint of steel rebar in the corner, the most severe degradation is obtained when the orientation of longitudinal rib θ = 135°, followed by θ = 45° and θ = 0° in sequence.
	

	


	

	


	Fig.16. Bond responses of corroded specimens with steel rebar in the corner.



3.2.2.3 The cases of corroded specimens with steel rebar in the middle bottom

As shown in Fig. 17, the bond stress-slip relationships of non-uniformly corroded specimens with steel rebar in the middle bottom (c1 = 30 mm, c2 = 67 mm) were compared in this section.

From the comparisons, it can be seen that after a short time of accelerated corrosion (ρd = 0.08%, T = 12 h), the respective bond strength of the specimens 12-N30-Z0, 12-N30-Z90, and 12-N30-Z135 generally exhibited a minor improvement when compared to the control specimens. The observation suggested that the steel rebars embedded in the middle bottom subject to a stronger constraint than those in the corner, although the minimum concrete cover (cmin = 30 mm) is identical. Hence, because of this, the beneficial effect of the expansive rust in improving the bond performance at the beginning of reinforcement corrosion can be reflected to some degree.
	

	


	

	


	Fig.17. Bond responses of corroded specimens with steel rebar in the middle bottom.



With the further development of reinforcement corrosion, the bond degradation became more and more pronounced as expected. Compared to the corrosion-free specimen 30-Z-1, the respective reduction of the bond strength reached up to 35.9%, 30.5%, and 31.4% for the specimens 96-N30-Z0, 96-N30-Z90, and 96-N30-Z135. This phenomenon can be probably attributed to two reasons. First of all, the concrete constraint in the directions of β = 90°/270° was much greater than that in the orthogonal direction of β = 0° (c2/c1 = 2.23), and secondly, as already evidenced in section 3.1, the main cracks were prone to be initiated in the direction that is parallel to the orientation of longitudinal rib. Hence, it is reasonable that the most severe bond degradation was observed for the specimens with longitudinal rib orientated in the direction of θ = 0°.

3.2.2.4 The cases of corroded specimens with steel rebar in the center

In Fig. 18, the bond stress-slip relationships of corroded specimens with steel rebar in the center (c1 = 67 mm, c2 = 67 mm) were analyzed, in which two corrosion modes, i.e., non-uniform corrosion and uniform corrosion, were compared. The average bond stress-slip curve of the control specimens was also included.

From the illustration, obvious improvements in bond performance resulted from the corrosion of reinforcement can be observed when compared to the uncorroded specimens 67-Z. Given the high ratio between the concrete cover and rebar diameter (c/d = 4.19), the steel rebar is well-confined. Hence, in such case, the confinement caused by the expansive rust increased greatly, and as a consequence, the bond strengths of non-uniformly corroded specimens 24-N67-Z90 and uniformly corroded specimens 24-U67-Z90 were improved as much as 33.0% and 43.6%, respectively. Because of higher capability in controlling the opening of cracks, as shown in Fig. 18 (d), the improvements are much higher than those of the cases in which the steel rebars were embedded in the corner or middle bottom, whose confinement were weakened considerably. It was not until the corrosion time prolong to 96 h that the beneficial improvement provided by the expansive rust were approximately counteracted by its adverse effects.

Moreover, the comparisons between the non-uniformly corroded specimens and uniformly corroded specimens broadly indicated that regardless of the corrosion levels, more severe degradation of bond performance is always obtained in the case of non-uniform corrosion. This difference was mainly due to the stress concentration induced by non-uniformly accumulated rust around the steel rebar, which weakens the interfacial bonding greatly [41,50]. Hence, in practice, the test results of bond degradation caused by uniform reinforcement corrosion are not preferable in designing RC structures more safely, especially for those frequently exposed to harsh environments. 
	

	


	

	


	[bookmark: OLE_LINK30][bookmark: OLE_LINK31]Fig.18. Bond responses of corroded specimens with steel rebar in the center.



4. Conclusions
In this study, a total of 105 specimens were tested to evaluate the degradation of bond performance induced by non-uniform corrosion of reinforcing bars in concrete. Based on the test results, the following conclusions can be drawn:

(1) Due to the stress concentration within the interface, the bond performance of non-uniformly corroded specimens generally degrade much more conspicuously in comparison with the case of uniform corrosion, which becomes also more pronounced as the corrosion level increases.

(2) Concerning the crucial role of the degree of concrete constraint in determining the cracking patterns, the beneficial improvements of expansive rust in bond performance at the early stage of reinforcement corrosion may be counteracted by the cracks formation in various magnitudes.

(3) The development of the corrosion-induced cracks is affected by the longitudinal rib. In most cases, the main cracks are prone to propagate along the direction of the longitudinal rib, regardless of the corrosion mode and the degree of concrete constraint.

(4) The influence of the orientation of longitudinal rib on the bond strength is greatly dependent on the position of steel rebar. For the cases with steel rebars embedded in the middle bottom, the bond strength of specimens with rib angle θ = 0° degrades most significantly, while for the cases with steel rebars embedded in the corner, the specimens with rib angle θ = 135° show the largest degradation.
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Table A1. Summary of the test results
	Specimen
	Actual corrosion level#
(%)
	Ultimate bond strength
(MPa)
	Failure mode⁑

	Group
	No.
	ρa
	ρa,m
	τu
	τu,m
	ητ*
	

	30-D
	1
	0
	0
	13.31
	13.98
	
	PO/S

	
	2
	0
	
	14.70
	
	
	PO/S

	
	3
	0
	
	13.93
	
	
	PO/S

	30-Z
	1
	0
	0
	13.86
	13.90
	
	PO/S

	
	2
	0
	
	13.75
	
	
	PO/S

	
	3
	0
	
	14.10
	
	
	PO/S

	67-Z
	1
	0
	0
	15.02
	14.16
	
	PO/S

	
	2
	0
	
	13.57
	
	
	PO/S

	
	3
	0
	
	13.89
	
	
	PO/S

	12-N30-D0
	1
	0.06
	0.05
	13.5
	13.18
	0.97
	S

	
	2
	0.03
	
	12.64
	
	0.9
	PO

	
	3
	0.07
	
	13.4
	
	0.96
	S

	24-N30-D0
	1
	0.12
	0.14
	11.41
	11.52
	0.82
	S

	
	2
	0.09
	
	11.38
	
	0.81
	S

	
	3
	0.22
	
	11.76
	
	0.84
	S

	48-N30-D0
	1
	0.30
	0.30
	10.25
	10.27
	0.73
	S

	
	2
	0.26
	
	10.44
	
	0.75
	PO

	
	3
	0.35
	
	10.11
	
	0.72
	PO

	96-N30-D0
	1
	0.59
	0.58
	9.99
	9.62
	0.72
	S

	
	2
	0.7
	
	8.41
	
	0.6
	S

	
	3
	0.45
	
	10.46
	
	0.75
	S

	12-N30-D45
	1
	0.12
	0.07
	10.04
	10.84
	0.72
	PO

	
	2
	0.03
	
	11.69
	
	0.84
	PO

	
	3
	0.05
	
	10.8
	
	0.77
	S

	24-N30-D45
	1
	0.12
	0.13
	9.97
	10.12
	0.71
	S

	
	2
	0.07
	
	10.94
	
	0.78
	S

	
	3
	0.2
	
	9.46
	
	0.68
	S

	48-N30-D45
	1
	0.25
	0.26
	9.19
	9.64
	0.66
	PO

	
	2
	0.18
	
	10.01
	
	0.72
	PO

	
	3
	0.34
	
	9.73
	
	0.7
	PO

	96-N30-D45
	1
	0.65
	0.69
	8.96
	9.01
	0.64
	S

	
	2
	0.69
	
	9.20
	
	0.66
	S

	
	3
	0.73
	
	8.87
	
	0.63
	S

	12-N30-D135
	1
	0.03
	0.04
	10.32
	10.72
	0.74
	S

	
	2
	0.06
	
	10.48
	
	0.75
	S

	
	3
	0.02
	
	11.37
	
	0.81
	S

	24-N30-D135
	1
	0.11
	0.11
	9.23
	9.73
	0.66
	S

	
	2
	0.08
	
	10.12
	
	0.72
	S

	
	3
	0.14
	
	9.83
	
	0.7
	S

	48-N30-D135
	1
	0.29
	0.31
	9.17
	9.04
	0.66
	S

	
	2
	0.37
	
	8.66
	
	0.62
	S

	
	3
	0.27
	
	9.28
	
	0.66
	S

	96-N30-D135
	1
	0.77
	0.69
	7.11
	8.08
	0.51
	S

	
	2
	0.71
	
	8.69
	
	0.62
	S

	
	3
	0.58
	
	8.43
	
	0.6
	S

	12-N30-Z0
	1
	0.04
	0.04
	14.11
	14.13
	1.02
	S

	
	2
	0.05
	
	14.28
	
	1.03
	S

	
	3
	0.04
	
	14.01
	
	1.01
	PO

	24-N30-Z0
	1
	0.12
	0.13
	12.21
	12.24
	0.88
	S

	
	2
	0.17
	
	12.82
	
	0.92
	S

	
	3
	0.09
	
	11.7
	
	0.84
	S

	48-N30-Z0
	1
	0.41
	0.35
	11.21
	11.80
	0.81
	S

	
	2
	0.27
	
	12.03
	
	0.87
	S

	
	3
	0.36
	
	12.17
	
	0.88
	S

	96-N30-Z0
	1
	0.59
	0.60
	8.89
	9.64
	0.64
	S

	
	2
	0.66
	
	9.94
	
	0.72
	S

	
	3
	0.55
	
	10.1
	
	0.73
	S

	12-N30-Z90
	1
	0.09
	0.06
	13.87
	13.92
	1.00
	S

	
	2
	0.02
	
	12.89
	
	0.93
	S

	
	3
	0.06
	
	15
	
	1.08
	PO

	24-N30-Z90
	1
	0.07
	0.11
	12.86
	13.34
	0.93
	S

	
	2
	0.12
	
	13.24
	
	0.95
	S

	
	3
	0.15
	
	13.91
	
	1.00
	S

	48-N30-Z90
	1
	0.29
	0.30
	12.51
	12.11
	0.90
	S

	
	2
	0.22
	
	12.02
	
	0.86
	S

	
	3
	0.39
	
	11.79
	
	0.85
	S

	96-N30-Z90
	1
	0.60
	0.62
	9.87
	9.66
	0.71
	S

	
	2
	0.62
	
	9.08
	
	0.65
	PO

	
	3
	0.66
	
	10.03
	
	0.72
	S

	12-N30-Z135
	1
	0.05
	0.05
	14.19
	14.00
	1.02
	PO

	
	2
	0.06
	
	14.61
	
	1.05
	S

	
	3
	0.05
	
	13.19
	
	0.95
	S

	24-N30-Z135
	1
	0.14
	0.15
	13.36
	13.09
	0.96
	S

	
	2
	0.13
	
	13.13
	
	0.94
	S

	
	3
	0.17
	
	12.77
	
	0.92
	S

	48-N30-Z135
	1
	0.27
	0.30
	12.39
	12.29
	0.89
	S

	
	2
	0.24
	
	12.6
	
	0.91
	S

	
	3
	0.38
	
	11.87
	
	0.85
	S

	96-N30-Z135
	1
	0.75
	0.64
	8.98
	9.53
	0.65
	S

	
	2
	0.61
	
	10.18
	
	0.73
	S

	
	3
	0.55
	
	9.42
	
	0.68
	S

	24-N67-Z90
	1
	0.14
	0.12
	18.91
	18.86
	1.33
	S

	
	2
	0.11
	
	19.24
	
	1.36
	S

	
	3
	0.12
	
	18.43
	
	1.30
	S

	48-N67-Z90
	1
	0.42
	0.30
	16.56
	17.19
	1.17
	S

	
	2
	0.22
	
	18.33
	
	1.29
	S

	
	3
	0.26
	
	16.67
	
	1.18
	S

	96-N67-Z90
	1
	0.53
	0.60
	15.24
	15.24
	1.07
	PO

	
	2
	0.60
	
	15.74
	
	1.11
	S

	
	3
	0.66
	
	14.74
	
	1.04
	PO

	120-N67-Z90
	1
	0.85
	0.82
	9.87
	9.84
	0.70
	PO

	
	2
	0.78
	
	9.80
	
	0.69
	PO

	
	3
	/
	
	/
	
	/
	/

	24-U67-Z90
	1
	0.08
	0.11
	22.00
	20.36
	1.55
	S

	
	2
	0.11
	
	19.53
	
	1.38
	S

	
	3
	0.14
	
	19.55
	
	1.38
	S

	48-U67-Z90
	1
	0.22
	0.22
	17.50
	17.53
	1.23
	S

	
	2
	0.19
	
	17.61
	
	1.24
	S

	
	3
	0.26
	
	17.47
	
	1.23
	S

	96-U67-Z90
	1
	0.54
	0.52
	15.58
	16.33
	1.10
	PO

	
	2
	0.59
	
	16.79
	
	1.18
	S

	
	3
	0.43
	
	16.63
	
	1.17
	PO

	120-U67-Z90
	1
	0.76
	0.66
	14.26
	14.43
	1.01
	PO

	
	2
	0.69
	
	15.14
	
	1.07
	PO

	
	3
	0.54
	
	13.88
	
	0.98
	PO


Note: 1. for the actual corrosion level#, due to the stochastic nature of corrosion, the measured values of specimens in one group are not identical, albeit they are quite close to the theoretical designed level.
2. the symbol ητ* denotes the ratio between the ultimate bond strength of the corroded specimen and that of corresponding corrosion-free specimen with the same position (i.e., corner, middle bottom, or center).
3. for the failure mode⁑, “PO” represents the pull-out failure, “S” represents the splitting failure, and “PO/S” represents a failure mode in between the above two modes, mainly characterized by the pull-out of steel rebar but also accompanied with some cracks on the surface of concrete.
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