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Structural Performance of RC Beams under Simultaneous Loading and Reinforcement Corrosion

Yingang Du, Martin Cullen and Cankang Li
Abstract

The paper aims to investigate the structural performance of a concrete beam subjected to simultaneous loading and reinforcement corrosion. The beam specimens were subjected to an accelerated corrosion, while they sustained a constant point load and their self-weight, until they failed in load-bearing capacity. The experimental results indicate that, under the same service loads, the time-dependant deflection of a corroded beam increases more rapidly than those of a non-corroded beam, and is likely to reach the limit deflection for its serviceability prematurely. Both ultimate strength and maximum deflection of a concrete beam subjected to simultaneous loading and reinforcement corrosion decrease more than those of the beams tested under a separate loading and corrosion condition. Either a further development of corrosion or an occasional over-loading or both are likely to cause a beam under service loads to fail and even collapse suddenly without significant warning in term of its deflection. 
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Notations 

a is the width of loading distribution steel plate on beam top surface (mm), 

As is the average cross-sectional area of a corroded reinforcement (mm2), 

As,min is the minimum cross-sectional area of a corroded reinforcement (mm2), 

As0 is the original cross-sectional area of reinforcement before its corrosion (mm2), 

fu is the ultimate strength of a corroded reinforcement (N/mm2),

fu0 is the measured ultimate strength of a reinforcement before its corrosion (N/mm2), 

L is the beam span (mm), 

Pult is the measured ultimate force of tested beam when it failed in its loading capacity,  

Qcor is the amount of corrosion of reinforcement (%),  

w is the self-weight of concrete beam (kN/m), 

W0 is the weight of the non-corroded bar per unit length (g), 

Wc is the weight of the corroded bar per unit length (g), 

x is the average corrosion penetration of a corrosion reinforcement (mm),  

xmax is the maximum corrosion penetration of a corrosion reinforcement (mm), 

δf  is the measured deflection of a beam when it failed under loading and corrosion, 

δt the measured deflection of a beam when the corrosion of its reinforcement is initiated. 

η is the ratio of the maximum to the average corrosion penetrations of a corroded bar,

μ is the ductile factor,

W is the weight loss of non-corroded bars due to remove of base metal by acid solution (g). 
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1. Introduction

Corrosion of reinforcement is one of major causes for structural deterioration of reinforced concrete buildings and bridges. For the purpose of cost-effective decision-making in respect of their use and maintenance, mechanical performance, residual strength and service life of these structures with corroding reinforcements should be fully understood.

Over the past few decades, many experimental investigations have been carried out with a number of papers published [1-5]. Each was, of course, focused on a specific issue to address. On basis of their experimental results, however, they all have arrived to the same point. Namely  different techniques were used to address the structural effects of reinforcement corrosion on the performance of concrete beams. Tachibana et al [1] and Almusallam et al [2] reported that, when the amount of corrosion of a reinforcing bar in a concrete beam was less than a limiting value, no cracks occurred on concrete surface and both failure modes and ultimate strengths of corroded beams were similar to those of non-corroded beams. Of course, this limiting value varies with concrete property, bar diameter and the thickness of concrete cover. It was taken as 1.1% and 1.3% in Tachibana et al’s and Almusallam et al’s tested beams, respectively[1,2].  

Once the amount of corrosion exceeds a limiting value, however, cracks emerge on the concrete surface along the length of the longitudinal bars. The bond between a corroded bar and its surrounding concrete deteriorates and the effective cross-sectional area of a corroded bar decreases. As a result, both failure modes and ultimate strength of corroded beams are altered. For example, Tachibana et al [1], Almusallam et al [2], Rodriguez et al [3], Mangat and Elgarf [4], and Torres-Acosta et al [5] reported that, in contrast with the non-corroded beams that failed in flexure, their tested beams with corroded bars failed either in shear, or in shear-compression, or by bond ineffectiveness, which is less ductile than the anticipated flexural failure mode. While Tachibana et al [1] reported that about 6% corrosion decreased their beam strengths by 12%, Mangat and Elgarf [4] stated that only 4% corrosion reduced their beam strength by 16%. 

It is clear that all the above researchers agreed that corrosion did change beams’ failure modes and affect their strengths. With the regard to the magnitude of the reduction of beam strength due to corrosion, however, completely consistent results have not been achieved. In particular, all the above experimental investigations were carried out in such a way that the reinforcements in concrete beams were first corroded to an expected extent, before the concrete beams were loaded to failure to assess the variation of their mechanical behaviour due to corrosion [1-5]. In other words, these concrete beams were subjected to a separate loading test and reinforcement corrosion. This clearly does not reflect the real world of corroded structure in which corrosion of reinforcement occurs simultaneously with service loads that are being applied to the structure. 

Recently, Yoon et al [6], Ballim et al [7, 8] and Malumbela et al [9,10] reported the experimental results of reinforced concrete beams under simultaneous loading and reinforcement corrosion [6-10]. On the basis of the experimental results, it has been found that, under simultaneous loading and reinforcement corrosion, the longitudinal tensile strain, surfacing cracks and flexural deflection of a corroded beam increased more than those of a non-corroded one [9, 10]. Due to a simultaneous loading, there were faster initiation of the corrosion of reinforcements and a shift of failure mode of a concrete beam [6]. 

However, these investigations are mainly focused on the behaviour of concrete beam at its service stage on aspects of corrosion imitation, corrosion propagation, surface cracks and the time-dependant deflection, etc, instead of ultimate strength, ductility and failure modes of a concrete beam. In addition, the level of sustained loads that were applied on the beams with corroding reinforcements was only about 8% and 12% of beam ultimate capacity [9, 10], which seems too small compared with the level of service loads that are commonly applied on most concrete beams in actual structures. 

Hence, this paper presents an experimental investigation with an aim of studying the structural behaviour of reinforced concrete beam subjected to simultaneous loading and reinforcement corrosion. A particular attention will be paid to their ultimate strength, maximum deflection and failure modes at its ultimate limit state.     

2. Experimental work 

2.1 Beam specimen and materials  

Five reinforced concrete beams with the dimensions of 100 mm wide by 150 mm deep by 1300 mm long were manufactured for an anticipated flexural failure, prior to corrosion of their reinforcements, as shown in Figure 1. They were under - reinforced using two 8mm diameter rib bars (H8), two 6mm plain bars (R6) and 6mm links (R6) at space of 100mm. The measured yield and ultimate strengths of the H8 rib bars were 478 N/mm2 and 557 N/mm2, while those of the R6 plain bars were 286 N/mm2 and 335 N/mm2. All concrete beams were cast using the same batch of the concrete mix and had the same thickness of concrete cover of 20mm. The ratios of both water to cement (w/c) and fine to coarse aggregates of the concrete mix were 0.65 and 1.6, respectively. The Ordinary Portland Cement (OPC) and 10mm maximum size of aggregates were used for the concrete mix with the cement content of 270kg/m3. In addition, to improve the electrical conductivity of the concrete, 3.5% calcium chloride by mass of the cement was added to the concrete mix. The measured cubic strengths of the concrete were 25.6N/mm2 after 28 days cure in the water tank, 30.5 N/mm2 after a further 29 days natural exposure in the lab and 39.2 N/mm2 when beams failed after 60 days of simultaneous loading and corrosion. It is acknowledged that, as specified in the Table A.4 of BS EN 1992-1-1 [11], in a chloride environment or where corrosion is likely to occur, the water to cement ratio should be less than 0.45 with the cement content no less than 360kg/m3[11]. This is for the purpose of delaying the initiation of corrosion of reinforcement in the concrete that is assumed to be well placed and compacted in real engineering practice. Hence, the concrete mix used in the test would lead to a less durable concrete and is unlikely to be used in the chloride environment. In other words, the corrosion condition in the test was intentionally more onerous than those might occur under actual field conditions. 

The only variables included in this research are both location and length of the corrosion of the two H8 bottom tensile bars within the concrete beams, as described below.

2.2 Test programme and techniques 

Following the casting of the concrete, all the concrete beams were first cured in a water tank for 28 days and then exposed to air naturally in the lab for 29 days, before they were subjected to three points bending over a 1000mm span, as illustrated in Figure 1. In addition to the self-weight of concrete beam, a point load was applied at the mid-span of each beam and was progressively increased up to 15kN, 60% of their design ultimate load of 25kN, with an average rate of loading of 0.03KN/second, and then kept constant. The loading was implemented by using two screwed rods that stood on each side of a beam. Each rod had its one end fixed to the floor of the laboratory and the other end projected above the test beam, as shown in Figure 2. The point load was measured and monitored using a load cell that was positioned between a loading distribution steel beam linking the two rods and the top surface of each beam specimen. The load cell was connected to a data logger to record and monitor the applied load. The deflection of the beam was measured using a dial gauge that was located in the middle span of each beam with a distance of 100mm to the point load. 

While keeping the above point load at the constant level of 15kN, four out of five beams, except for the control beam CB5, were then subjected to corrosion of the parts of their H8 bottom tensile bars, simultaneously, for the remaining 50 to 60 days, as shown in Figure 3. Here, it should be pointed out that, owing to the electricity conductivity of the web concrete, some of the corrosion current that were directly imposed on to the bottom bars H8 also flowed to the some parts of the links R6 that were contacted to the bottom bars H8, and caused the links R6 to corrode as well. In fact, at the end of the tests when the links were removed from the tested beams, it was noted that the part of the links R6 within the wet concrete were corroded. However, the corrosion of some part of the links seems have little effect on the structural behaviour of concrete beams that were intentionally design for flexural failure and therefore was not considered within this paper.                 

In order to attain desirable corrosion levels in a reasonable time, an artificial conditioning was applied to accelerate the corrosion of reinforcement in the beam specimens. As shown in Figure 3, a direct current from the positive terminal of a power supply was impressed on the H8 reinforcing bars, which in turn flowed to the stainless steel plate through both the concrete and the conductive foam containing sodium solution. The applied current eventually reached the negative terminals of the power supply. The intensity of the direct current used in the test was 0.25mA/cm2 during the first two weeks of the conditioning and then increased to 0.50mA/cm2 for the remaining six weeks to obtain the expected level of the corrosion within the limited period of the time. Such change of current intensity might alter properties of corrosion products and affect beam performance. Actually the corrosion rate of steel bars in practical concrete structures varies significantly with the service conditions, such as temperature, humidity and use of de-icing salt, etc.  Within this reported tests, however, such change of current intensity were applied to all the corroded beams and therefore have little impact on the relevant observation and conclusions that would be obtained. 

In the developed corrosion circuit, the H8 reinforcing bars in a concrete beam therefore acted as anode, the stainless steel plate that surrounded the corroding H8 reinforcing bars served as cathode. The conductive foam is placed between the stainless steel plate and the concrete to ensure good connectivity for the flow of corrosion current. For each beam, a separate power supplier was employed to maintain an independent flow of the direct current to its reinforcements  and monitor the corrosion of reinforcements in the beam. 

To ensure uniform moisture condition of different beams and to improve the electrical conductivity of the concrete, both an immersed pump and a plastic water pipe were used to spray 3.5% sodium solution continuously on to the relevant parts of the concrete beam for 24 hours. Following this initial ‘wet’ phase, the power suppliers were immediately switched on to impress a current on to the H8 reinforcing bars in concrete beams that were under a cycle of ‘wet’ and ‘dry’ conditioning for the remaining 50 to 60 days. This cycle of wet and dry conditions was established by having 2 hours of sodium solution spraying and the remaining 22 hours of indoor natural exposure of the concrete beam every day. A timer was used to control the turn on and turn off of water-spraying while the current was kept at a constant level. It should be noted that during the wet/dry cycling, the intensity of the current that flowed to the bottom bars H8 varied with the moisture content and therefore electricity conductivity of the concrete. In this test, the benchmark of the intensity of the current was set up when the concrete was wet and then kept the current switched on throughout the period of one cycle of the test, even the intensity of the current decreased as the concrete was becoming drier.
With a regard to ductile failure and possible collapse of a structure under earthquake or terrorist attack, the criteria for the failure of a beam at its ultimate limit state was take either as the fracture of any of its tensile steel bars or the more than 50% reduction of its post-peak load in this paper. Accordingly, after the above 50 to 60 days simultaneous actions of loading and corrosion, the corroded beams CB1, CB2 and CB3 failed with one of their tensile bars fractured and residual loading capacity decreased sharply. For both the corroded beam CB4 and the control beam CB5, however, they were further loaded, immediately after their sustained loads of 15kN was removed and the corrosion current cut off, to failure using Mand Testing Rig under displacement control to measure their ultimate strength and maximum deflections. 
Throughout the conditioning process of the concrete beams, both corrosion current that flowed to the reinforcements within each beam and the point load that stayed on each beam were fully under control. An adjustment, where necessary, was made every day by turning the screws for the level of loading to keep the load of 15kN constant. Similarly, the power supply providing the impressed current was monitored to maintain the same benchmark of the intensity of the current throughout the testing process. In addition, the time of appearance and position of the first visible cracks on the specimen’s surface were observed and recorded carefully by temporarily removing the stainless steel plate at predicted times and then re-attaching it to the beam surface after observation. After corrosion cracks occurred, their widths were measured with the aid of a graduated magnifier. Furthermore, in order to give an alternative measure of corrosion crack width, the surface tensile strains that run crossing the longitudinal corroding bar on the beam side surface was measure by Demec gauge (50mm gauge length) from a pair of Demec buttons that were fixed on the beam surface prior to its conditioning. It should be pointed out that due to the difficulty accessing the bottom surface of the concrete beams under simultaneous loading and corrosion, the obtained results on their cracking were limited and therefore not reported in detail in this paper.  
2.3 Amount of reinforcement corrosion  
The amount of corrosion of reinforcing bars was calculated on the basis of its weight loss. At the end of the test, both corroded bars and non-corroded bars were removed from the tested beams CB1 to CB5. They were cleaned using a steel wire brush, labelled by a tape, weighted by a scale, and then immersed into 3.5% hydrochloric acid solution for 90 minutes to remove the corrosion products. Since the acid solution not only dissolves the corrosion products but also removes slight metal substratum from the reinforcing bars, non-corroded bar specimens were also put into the acid solution together with the corroded ones. After a 90 minutes immersion in the acid solution, the bar specimens were taken away from the acid solution, washed in tap water to remove the acid and then dried in the natural environment. Once dried the bar specimens were weighed again to a precision of 0.01g on a balance and the amount of corrosion of reinforcement was determined using the Equation 1. 
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Where, Qcorr is the amount of corrosion of reinforcement (%), W0 is the weight of the non-corroded bar per unit length (g), Wc is the weight of the corroded bar per unit length (g), W is the weight loss of non-corroded bars due to remove of base metal by acid solution (g). 

It should be pointed out that the amount of corrosion of reinforcement determined using its weight loss represents an average loss of steel cross-sectional area, which is about 1 to 5 times less than those determined using its minimum residual cross–section area [12]. However, the measurement on the real residual cross section area is difficult to achieve. Therefore, the weight loss is commonly used in engineering practice and in this test to measure the amount of corrosion of reinforcement     

3. Results and Discussions

The main experimental results in terms of load – dependant and time-dependant deflections of the concrete beams under the simultaneous loadings and reinforcement corrosion are shown in Figures 4 to 6, respectively. Here, Figure 4 and 5 includes the deflections of the concrete beams under the initial loading of up to 15kN alone, under simultaneous loading of 15kN and reinforcement corrosion, and the increased deflection of the beams CB4 and CB5 under the further loading of up to 20 kN and 25kN using Mand Testing Rig. Figure 6 includes the deflections of the beams under simultaneous load and reinforcement corrosion only. The ultimate strengths and maximum deflections of all the concrete beams are summarised in the Tables 1 to 3. 
3.1 Structural performance of concrete beam under loading and corrosion

As shown in Figures 4 and 5, the structural performance of reinforced concrete beams under simultaneous loading and reinforcement corrosion can be divided into three different stages, i.e., stage A for initial loading, stage B for time-dependant deflection and stage C for final failure. Practically the stages A, B and C can represent the following different stages, respectively, of a reinforced concrete structure in its whole life:

· The construction process of the concrete structure for the stage A when self-weight and service actions were gradually imposed on to the structure, but at this moment the corrosion of steel bars in the concrete has not initiated; 

· The service period of a structure for the stage B when the actions on the structure has become sustained, but simultaneously the corrosion of steel bars in the concrete is developing and causing the structure to deteriorate;  

· The end of the service life of a structure for the stage C when a structure  fails due to an excessive amount of corrosion of its reinforcements or an occasional over-loading or both. 

Figures 4 and 5 show that, initially, the deflection of each beam almost linearly increased with its point load. When the point loads reached between 5.0 kN and 7.0 kN, beam deflections were increased to between 0.28 mm to 0.51 mm and the first set of flexural cracks occurred in beam middle span. As the point load continued to increase, these first sets of cracks propagated and some new cracks developed nearby. When the point load was increased to the designated level of 15 kN, the development of the flexural cracks on beam surface tended to stabilise and the deflections of the five beams increased to between 1.46 and 2.03 mm with an average value of 1.70 mm, as shown in Figure 4 and 5. Afterwards, the point load on each beam was maintained as a constant. During the 24 hours of the initial ‘wet’ phase by spraying sodium water on the parts of concrete beams, the average deflection of the five beams under both the sustained load of the 15 kN and their self weight increased from 1.70mm to 2.72mm.  This was still well below the limit deflection of 4.0 mm in term of L/250 specified in the BS EN 1992-1-1 for a concrete beam at its serviceability limit state [11]. It should be pointed out that the above loading procedure significantly reflects the reality of concrete structures. Generally concrete structures first have to be constructed and then put into use with their self-weight and service loads imposed and with some flexural cracks possibly developed, before the corrosion of their  reinforcements initiated.      

After the direct current was switched on, the corrosion of reinforcements in the beams CB1 to CB4 was initiated. Some rust stains and corrosion cracks appeared on the bottom and/or side surfaces of the concrete beams about one to three days later, as observed using a mirror when the cathode stainless steel plate was temporarily removed from the beam surface for about 5 minutes at some predicted times. They occurred along the length of the longitudinal reinforcements of concrete beams, crossed with the previously formed flexural cracks, and continuously developed as corrosion time increased. The defections of the beam under the sustained loading and reinforcement corrosion continued to increase with the increase of corrosion time, as shown in Figure 5. In addition, the corrosion of reinforcement caused the deflections of corroded beams CB1 to CB4 to increase much more than those of the control beam CB5 that deflected only due to concrete creep and shrinkage over the subsequent 50 days, as shown in Figure 6. 
In particular, for the control beam CB5 with its initial deflection of 2.82mm when the corrosion of the beams CB1 to CB4 initiated, its total deflection over 50 days was 4.02mm, just about the limiting deflection of 4.0mm. However, for the corroded beams CB1 and CB3 with their initial deflections of 2.67mm and 2.79mm, it only took just 20 days and 26 days, respectively, to exceed the limit deflection of 4.0mm. For the corroded beams CB2 and CB4 with their initial deflections of 1.95mm and 2.27mm, respectively, they also would have reached the limiting deflection after 33 days and 29 days, respectively, of corrosion, if they had the same initial deflection of 2.82mm as the concrete beam. This can become obvious if the time-dependant deflections of the beams CB2 and CB4 in Figures 5 had been lifted up for the differences of 0.87mm and 0.55mm, respectively, between their initial deflections and those of the control beam CB5. In other words, due to the reduction of effective cross-sectional area of corroded tensile bars and the variation of bond strength between the corroded bars and the concrete, the deflection of concrete beam with corroding reinforcements very likely exceeds their limiting deflection prematurely. 
Hence, in addition to the rusts stains and corrosion cracks, which stay on beam surfaces and damage structural aesthetics, the deflection of a corroded beam is likely to exceed its limiting deflection and therefore may no longer satisfy the requirements of its serviceability limit state.

After about 50 days of simultaneous loading and reinforcement corrosion, the beams CB1, CB2 and CB3 with 14%, 19% and 16% corrosion of their tensile bars suddenly became unstable with their residual load-bearing capacity decreased sharply and deflections out of control, as shown in Figures 4 and 5. A careful observation showed that one of their two tensile bars fractured during the test procedure and therefore they were deemed to fail at their ultimate limit state. 
For the beam CB4 with 27% of corrosion of its tensile bars occurring at its asymmetrical half length, however, its residual capacity was still strong enough to sustain the sustained load of 15 kN without significant increase of its deflection over the extra 12 days testing, as shown in Figures 5. Therefore, both the corroded beam CB4 and the control beam CB5 were further loaded, immediately after their sustained load of 15kN was removed and the corrosion current cut off, to failure using Mand Testing Rig under displacement control to measure their ultimate strength and maximum deflections. The corroded beam CB4, however, failed with much smaller ultimate load of 19.9 kN and deflection of 26.2 mm than those of 25.6 kN and 69.3mm, respectively, of the control beam CB5 during the subsequent loading tests, as shown in Figures 4. 

3.2 Failure modes of beam under simultaneous loading and reinforcement corrosion 
Experimental results indicate that, in additional to an earlier premature failure at serviceability limit state due to an excessive deflection, the simultaneous loading and reinforcement corrosion also cause the beams CB1 to CB4 to fail in a less ductile and even brittle ways at their ultimate limit state with a fracture of their tensile bars.

As shown in Figure 5, for the control beam CB5 under the sustained load only, following both initial loading and subsequent time-dependant deflection, it still performed well with a deflection close to the limiting deflection almost at the end of the test. Its ultimate loads of 25.5kN and maximum deflection of 70 mm were reached only by employing a further loading process. The control beam (CB5) failed in very ductile manner, as anticipated, not only with wider flexural cracks but also with a substantial deflection. This allows the beam either to accommodate possible over-loading without collapse or to give its users and owners an obvious warnings before its collapse at the end of its service life. 

In contrast, under simultaneous loading and reinforcement corrosion, the corroded beams CB1 to CB3 failed without significantly observable deflections, as shown in Figures 4 and 5. For the beam CB4, although its deflection was larger than those of the beams CB1 to CB3, it still failed much less ductile than the control beam CB5 with a small deflection and a sharp reduction of its residual strength. Once their ultimate strengths decreased to below the value of the sustained loads of 15kN, they suddenly collapsed with a fracture of their corroded tensile bars, as typically shown in Figure 7. The anticipated ductile flexure failure of an under-reinforced beam was replaced by a brittle failure. This is due to the reduction of ductility of corroded reinforcement and non-uniform corrosion along the length of a corroded bar [13, 14, 15]. This raises a serious concern about the safety and reliability of real structures with corroding reinforcements. In practice, the engineering structures, such as bridges and buildings, with corroding reinforcements are still being used and playing an important role in our society and in our transportation system. Except for the rusts and cracks on structural surface, it is almost impossible for us to observe the development of structural deflection under simultaneous service loads and reinforcement corrosion without special devices. A sudden collapse of this type of corroded structure is very likely to happen without any significant signs of warnings, once its ultimate strength decreases below the effects of service loads, as observed in this test. This would cause a loss of life and property. Hence, all corroded structures that are still being used in our society should undergo regular inspections and assessment of residual strength thereby well managed to avoid catastrophic accidents.       

3.3 Ultimate strength of RC beam under simultaneous loading and corrosion 

Both the measured amount of corrosion of reinforcement and ultimate loads of all the tested beams were summarised in Table 1. Accordingly, their ultimate bending strengths were determined using the Equation 2, as follows below, and included in Table 1.
Mult = 0.125wL2+Pult(L-a)/4







(2)
Where, w was taken as 0.375kN/m for beam self-weight. L was equal to 1.0m for beam span. a was taken as 50mm for the width of loading distribution steel plate on beam top surface. Pult was the measured ultimate loads of tested beam, i.e., the peak loads in Figure 4. 

Table 1 shows that, for the consistent geometrical dimensions, reinforcing bars and applied loads, the ultimate strengths of corroded beams CB1 to CB4 were always smaller than those of the control beam CB5. In other words, corrosion of reinforcement does decrease the ultimate strength of a concrete beam, which is consistent with what has been reported by previous researchers [1 to 5]. 

Table 1 also indicates that the reduction of ultimate strength of corroded beams varied not only with the amount of corrosion, but also with the location where the corrosion of reinforcing bars occurred. For the beams CB1  and CB2 with 14% and 19% of corrosion taking place within their mid-span and for the beam CB3 with 16% corrosion nearby its mid–span (300mm), their ultimate strengths decreased by about 41%, i.e., from 6.13 kNm to 3.61 kNm. However, for the beam CB4 with 27% of corrosion happening asymmetrically over its half length of 650mm but without anchorage failure, its ultimate strength was reduced only by 22%, i.e., from 6.13 kNm to 4.77 kNm. 

The reason for this is due to the fact that both bending moment of a beam under applied loads and the residual cross–sectional area of its corroded reinforcing bars did not uniformly distribute along the length/span of the beam, as schematically demonstrated in Figure 8. The amount of corrosion determined by weight loss was only an average reduction of the bar area along its length, some actual loss of the tensile bar area might be less than this average, but others might be more. For the beams CB1, CB2 and CB3, since the corrosion of their tensile bars took place only within or nearby their mid-spans, the smallest residual section of their tensile bars likely coincided with the position of their maximum bending moment. As a result, a large reduction of their ultimate strength was induced. For the beam CB4, however, since the corrosion of its tensile bar occurred asymmetrically along its half length, its smallest residual section was possibly far away from the maximum bending moment, which misleads in a small reduction of its strength. Therefore, for a unit amount of corrosion, the ultimate strength of the beams CB1, CB2 and CB3 decreased much more than those of the beam CB4. This is also consistent with what was reported by previous researchers with the regard to the magnitude of the reduction of beam strength due to corrosion [1 to 5].

To make the bending moment of a concrete beam under applied loads consistent with the smallest residual section of its corroded bars, the ultimate strength of the beam CB4 was re-estimated, as follows below, using the bending moment at a quarter of its span from its right support:  

Mult =3wL2/32+PultL/8







(3)

As a result, the re-determined ultimate strength of the beam CB4 is 2.52 kNm, as added in the Table 1 using an additional column of CB4-A. In other words, 27% corrosion decreased the flexural strength of the beam CB4 at its weakest section by 59%, from 6.13 kNm to 2.52 kNm, which is reasonably consistent with the reductions of the beams CB1, CB2 and CB3, with the regard to the magnitude of the reduction of beam strength due to corrosion.

The above discussion indicates that the residual life and ultimate strength of a corroded structure depend not only on the amount of corrosion or the time of its corrosion that has elapsed, but also on the distribution of its internal forces under applied loads and the locations where the corrosion of reinforcements takes place. Hence, in engineering practice, before any meaningful inspection of an actual deteriorated structure, a preliminary desk study should be conducted to fully understand its structural behaviour and internal forces distributions under applied loads. A special concern should be paid to the case where corrosion has occurred in relation to where the maximum effects of design actions would take place. 

On the basis of the BS EN 1992-1-1 but with the partial safety factors for the materials and actions taken as 1.0, the ultimate strength of the tested beam was calculated by using the average and minimum cross-sectional areas of corroded bar, respectively, and summarised in Table 1 . Here, the ultimate strength, average and minimum cross-sectional areas of the corroded H8 bars were determined using the following equations [13]. 

fu = fu0 (1.0-0.005Qcor) 






(4)
As = As0 (1.0 - 0.01Qcor) =π(d – 2x)2/4




(5)

As, min= As0 (1.0 - 0.01ηQcor) = π(d – 2xmax)2/4

 

(6)

η  = xmax/x                                                                                                       (7)

Where, fu is the ultimate strength of a corroded reinforcement (N/mm2). fu0 was taken as 557 N/mm2 for the measured ultimate strength of a reinforcement before its corrosion. As is the average cross-sectional area of a corroded reinforcement (mm2). As,min is the minimum cross-sectional area of a corroded reinforcement (mm2). As0 was equal to 100.5 mm2 for the original cross-sectional area of reinforcement H8 before its corrosion. η was taken as 2.0 for the ratio of the maximum to the average corrosion penetrations of a corroded bar[12]. xmax and x are the maximum and average corrosion penetrations, respectively, of a corrosion reinforcement (mm). Qcor is the amount of corrosion of reinforcement (%).  
Table 1 shows that, for the control beam CB5 with non-corroded reinforcements, its ultimate strength was accurately enough estimated using the BS EN 1992-1-1. For the corroded beams CB1, CB2, CB3 and CB4-A, however, their calculated strengths using the average cross-sectional area of their corroded bars were much larger than those measured in the tests. The measured strengths of the beams CB1, CB2, CB3 and CB4-A were 3.61 kNm and 2.52 kNm, but their calculated strengths using the average cross – sectional area As,ave were 4.98 kNm, 4.64 kNm, 4.85 kNm and 4.02 kNm, receptively. In other words, even the reduction of bar strength due to corrosion has been taken into account, the use of the average cross-sectional area of a corroded bar would over-estimate the actual strength of a corroded beam.      

Taking the ratio of the maximum to the average corrosion penetrations of the corroded bar as η=2.0[12], the ultimate strengths of all the tested beams were re-estimated using the minimum cross-sectional areas As,min and summarised in the Table 1. It is clear that the calculated strengths using the minimum section agree reasonably well with those measured in the tests. For the beams CB1, CB2, CB3 and CB4-A, their calculated strengths using the minimum section As,min  were 4.21 kNm, 3.61 kNm, 4.00 kNm and 2.60 kNm, receptively, which agree reasonably well with their measured strengths of 3.65 kNm and 2.52 kNm.  
Here, it should be pointed out that, for the reported test in this paper, the number of the reinforcements that had been corroded in the tested beams was limited. They also had been substantially stretched or even fractured at the end of the test. Therefore the further direct measurement of the cross-sectional area, surface attack penetrations and ultimate strength of corroded reinforcements that were removed from the tested beams were not carried out. Instead, they were calculated using the Equations 4 to 7 that were developed on the basis of significant numbers of reinforcements corroded under the similar conditioning of accelerated corrosion using the similar testing techniques.
Table 1 also indicates that, in addition to both amount of corrosion and position of the corroded reinforcements, the length of corroded reinforcements also affects the residual strength of corroded beams.  Generally, for the same position of either within the mid-span or from the centre of the  concrete beams, as shown in Figure 3, the shorter the corroded reinforcements, the greater the reduction of beam ultimate strength. For the beam CB1 with a length of 150 mm of corroded bars within its mid-span, the ratio of its strength reduction to amount of corrosion is 2.91, which is larger than those of the beam CB2 with 500mm long corroded bars. This also is true for the beams CB3 and CB4-A, which have the ratios of 2.60 and 2.19, respectively, for the lengths of 300mm and 650mm of the corroded reinforcements. Figure 3 also clearly shows that, under the simultaneous loading and reinforcement corrosion, the beams CB1 and CB3 with the short lengths of 150mm and 300mm of corroded bars failed much earlier than the beams CB2 and CB4-A with the long lengths of 500mm and 650mm, respectively. This may be attributed to the fact that, for a shorter reinforcement, its corrosion would take place much more locally with a deeper that those of a longer one. Of course, such perception needs to be verified using measurement in late experiments.     

As a brief summary, the ultimate strength of a concrete beam decreases as a result of reinforcement corrosion. The magnitude of the reduction of beam strength depends on the amount of reinforcement corrosion, the position where the corrosion of reinforcements takes place, the length of corroded reinforcement and the distribution of bending moment of the beam under applied loads. To estimate the ultimate strength of a corroded beam, the minimum, instead of the average, cross –sectional area of a corroded bar should be used to take into account of the non-uniform residual cross section of a corroded bar along its corrosion length. The reduction of the strength of a corroded bar also has to be included in the calculation. 
3.4 Ductile behaviour of RC beam under simultaneous loading and corrosion

The deflections of all tested beams at the different stages of simultaneous loading and reinforcement corrosion were summarised in Table 2. It should be pointed that the beam CB4-A in Table 1 was not included the Table 2, since it just stands for the beam CB4 for the calculation of its ultimate bending strength using its bending moment at one quarter, in stead of mid-span, as for the beams CB1 to CB3.  
It is clear that, during the initially increasing loading and afterward 24 hours sustained loading at 15kN, the deflections of all the tested beams were in the ranges from 1.46 mm to 2.03 mm and from 1.95 mm to 2.85 mm with the average values of 1.70 mm and 2.51mm, respectively. No significant and consistent difference can be identified among the tested beam before the corrosion of reinforcement was initiated regarding their measured deflection.   

After 50 to 60 days of simultaneous loading and reinforcement corrosion, the beams CB1 to CB3 failed with a maximum deflection ranging only from 8.93mm to 9.81 mm, which was much smaller than those of 69.3 mm of the control beam CB5. For the beam CB4 that had undergone a period of simultaneous loading and corrosion before subjected to a further loading to failure, its maximum deflection reached 29.2 mm, which is still much smaller than those of the control beam CB5. In other words, under simultaneous loading and reinforcement corrosion, the deflection capacity of corroded beams decreased substantially. It should be pointed out that both creep and shrinkage of beam concrete also affect beam deflection. Since the concrete mix, curing age, and loading level of the corroded beams CB1 to CB4 are the same as those of control beam CB5, their effects on beam behaviour become less significant, compared with those by corrosion, and therefore has been ignored in this paper.       
Taking the deflection δt of a beam before the initiation of reinforcement corrosion as a benchmark, the ductile factor of the tested beams was defined using the equation (8) and summarised in the Table 2. 

μ   =  δf/δt









(8)

Where, μ is the ductile factor, δf and δt are the measured deflections of a concrete beam when it failed and when the corrosion of its reinforcement was initiated. 

Table 2 shows that the ductile factors of the corroded beams CB1 to CB4 were in the range from 3.19 to 11.66, which are much smaller than those of 23.10 for the control beam CB1. 
Table 2 also indicates that, different from beam strength that depends on both minimum residual sectional area and therefore the amount of corrosion of reinforcement, beam ductility seems less relevant to the amount of corrosion, but more related to the localization of corrosion along the length of reinforcement [14] and therefore the length of corroded reinforcements. For the beams CB1 and CB3 with the short lengths of 150 mm and 300mm, their ductile factors were 3.45 and 3.52, respectively, which were obviously smaller than those of 4.58 and 12.85 for the beams CB2 and CB4 with the lengths of corroded reinforcements of 500mm and 650 mm. In other words, beam ductility varies with the length of corroded reinforcements. A short length of a corroded reinforcement more likely causes corrosion to occur locally and therefore decreases the deformation capacity of both corroded reinforcement and therefore concrete beams.              
Hence, due to simultaneous loading and reinforcement corrosion, the deflection capacity and ductile behaviour of a concrete beam reduce significantly. This was caused by the reduction of ductility of corroded reinforcement that had the different residual sections along its length and therefore local fracture of the bar at its weakest section, as discussed before [14]. 

3.5 Effect of simultaneous actions of loading and corrosion on beam behaviour 

Du at el carried out an experimental investigation on several types of under-reinforced concrete beams that had the same type of the concrete mix as those used for the beams CB1 to CB5, but with different dimensions of 150x200x2100mm and different reinforcements[15]. Similar to those for the beams CB1, CB2 and CB3, only 300 mm long bottom tensile bars within the mid-span of these concrete beams were artificially corroded. Instead of the simultaneous loading and reinforcement corrosion, as described above for the beams CB1, CB2 and CB3, however, Du at el’s previously tested beams were first corroded to the expected levels without loading, except for their self-weight, and then subjected to an increasing loading until their failure to check the variation of their structural performance due to reinforcement corrosion.

The main experimental results from the two sets of the tests are summarised in Table 3. The beam CB4 was not included in Table 3, since the corrosion of its tensile bars occurred asymmetrically over its half length of 650mm, instead of its mid-span, which is significantly different from the beams to be compared. 
Although the variables, such as concrete strength, corrosion current, etc. that were used in the two types of the tests were different, the comparison will only be made on the difference between corroded beam and the control beam only. Hence, by dividing the difference of both measured strengths and deflections between the control and corroded beams with those of the control beam, the percentage reduction of beam strengths and maximum deflection under the two sets of the tests is shown in Figure 9 

Figure 9 shows that both ultimate strength and maximum deflection of a concrete beam decrease as a result of the corrosion of its tensile bars. In addition, for the same amount of corrosion, the maximum deflection of a concrete beam decreases more rapidly than its ultimate strength. In particular, both ultimate strength and maximum deflection of the beams CB1, CB2 and CB3 under simultaneous loading and reinforcement corrosion reduce much more rapidly than those of the previously tested beams under separate loading and reinforcement corrosion. For example, 10% corrosion decreases the ultimate strength and maximum deflection of the beam tested under a separate loading and corrosion by 10% and 23%, respectively. It, however, reduces those of the beam tested under simultaneous loading and corrosion by 26% and 52%, respectively. 

In other words, a simultaneous action of both loading and corrosion impairs both residual strength and ductile behaviours of corroded structures more significantly than the case where corrosion and loading occur separately. This may due a localised corrosion much more easily developed along the length of reinforcement under tension stress. Hence, care should be taken when interpreting the results of structural elements that were corroded without applied loads into the real structures.

4. Conclusions 

 From the above experimental results, the following conclusions can be drawn:

a. Due to the corrosion of tensile bars, the time-dependant deflection of a corroded beam under service loads increase more rapidly than those of a non-corroded beam.   

b. In addition to rusts stains and surface cracks that influence structural aesthetes, corrosion of tensile bars also likely causes a concrete beam under service loads to reach at its limiting deflection much earlier than a non-corroded beam. This would cause the beam to no longer satisfy the requirements for sits serviceability limit state. 

c. Under simultaneous loading and reinforcement corrosion, a concrete beam would fail and collapse without significant warning of signs, except for the rusts stains and surface cracks. An anticipated ductile failure can be replaced by a less ductile or even brittle failure. 

d. The ultimate strength and maximum deflection of a concrete beam tested under simultaneous loading and reinforcement corrosion decrease much rapidly than those tested under a separate loading and corrosion.  

e. Under simultaneous loading and reinforcement corrosion, ductility of a concrete beam decreases more rapidly than its ultimate strength.

f. The ultimate strength of a corroded beam under simultaneous loading and reinforcement corrosion depends not only on amount of corrosion, but also on the location where the corrosion occurs and the length of corroded reinforcement. An attention should be paid to the case where the corrosion of tensile bar takes place locally within the mid-span of a beam or the ends of a column.
g. The deformation capacity of a corroded beam under simultaneous loading and reinforcement corrosion depends mainly varies with the location where the corrosion occurs and the length of corroded reinforcement, but not as closely as its ultimate strength to the amount of corrosion. 
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