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Abstract 4 

The current paper provides a comprehensive review of experimental studies on corrosion damaged reinforced 5 

concrete (RC) components, and the ability of current state-of-the-art numerical models to predict the residual 6 

capacity of these corroded RC components. The experimental studies on corroded RC components are classified 7 

into five different categories including: (i) beams in flexure, (ii) beams in shear, (iii) columns under pure axial 8 

compression, (iv) circular columns in flexure, and (v) rectangular columns in flexure. For each group, a summary 9 

of all the previous research are provided. Through the regression analyses, the experimental results of each 10 

abovementioned groups are used to examine the adverse effect of corrosion on ductility and, flexural, shear, and 11 

axial capacity loss of the corroded RC components. Finally, the observed results of the previous experimental 12 

studies are compared with the predicted values using the state-of-the-art numerical models currently available in 13 

the literature. The summarised experimental results show that corrosion has much more adverse impact on 14 

ductility of the RC columns than strength. However, the effect of corrosion on ductility and strength reduction of 15 

RC beams is the same. Moreover, results of cross-sectional moment-curvature analyses using the state-of-the-art 16 

corrosion damage models show a good correlation between the predicted residual flexural capacity and observed 17 

experimental results. Finally, the existing shortcomings in the literature and open issues to be addressed in the 18 

future research are discussed, and some recommendations are provided. 19 
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Introduction 22 

Bridges are recognised as the most important elements of any transport infrastructure network, which result in a 23 

severe corruption in functionality of the entire network if they are disabled. There is an enormous amount of 24 

ageing major bridges that are in service in earthquake prone regions (ASCE, 2013; Ghosh and Padgett, 2010). 25 

To advance a reliable solution, the safety, functionality and the service life of bridges must be estimated using a 26 

systematic mathematical approach.  27 

Ageing reinforced concrete (RC) bridges are susceptible to various environmental stressors including chloride-28 

induced corrosion and carbonation. Chloride-induced corrosion of reinforcing steel is a major environmental 29 

stressor affecting the performance of ageing RC bridges and structures in the UK, USA and other developed 30 

countries (Rao et al., 2016a; Chiu et al., 2015). Severe corrosion can result in catastrophic failure (Broomfield, 31 

2007). In the UK, corrosion damage to highway bridges is estimated to cost about £1 billion/year in England and 32 

Wales alone (Wallbank, 1989) (this is approximately 10% of the total bridges in the UK). In the US, the estimated 33 

cost to repair or replace corroded RC bridges is about $150 billion (Transportation Research Board, 1991).  34 

Over the past few decades several researchers have put a significant effort in studying the impact of corrosion on 35 

the nonlinear behaviour of corroded structural components (beams, slabs and columns) using accelerated 36 

corrosion procedure in the laboratory (Cairns and Zhao 1993; Rodriguez et al. 1996; Rodriguez et al. 1997; Razak 37 

and Choi 2001; Cairns et al. 2005; Rodriguez et al. 2005; Du et al 2007; Azad et al. 2007). The principal effects 38 

of corrosion on structural elements are: (i) loss of reinforcement cross section, (ii) changing the mechanical 39 

properties and ductility of reinforcement, (iii) reduced compressive strength of the cracked cover concrete, and 40 

(iv) reduction of bond strength at the reinforcement and concrete interface (Vu et al., 2016). The progressive 41 

expansion of rust at the reinforcement and concrete interface induces splitting stresses in concrete and eventually 42 

leads to cover cracking and spalling (Vidal et al., 2004). This will weaken the bond strength between steel and 43 

concrete, which will influence the bending stiffness and the shear capacity of the structural element (Rodriguez 44 

et al. 1996; Chung et al. 2008a; Yoon et al. 2000; Malumbela et al. 2009). Moreover, pitting corrosion causes 45 

localised cross section loss, which results in degradation of ductility and strength of the corroded reinforcing 46 

bars. Therefore, corrosion induced mechanical damage at material level (concrete, steel and bond strength) will 47 

lead to diminished structural performance of RC elements and will subsequently affect the global response of the 48 

structural system.  49 
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In recent years researchers have conducted several experimental studies exploring the impact of pitting corrosion 50 

on residual capacity, ductility loss, inelastic buckling, and low-cycle fatigue behaviour of corroded reinforcing 51 

bars (Palsson and Mirza 2002; Cairns et al. 2005; Almusallam 2001; Du et al. 2005a, b; Apostolopoulos et al. 52 

2006; Alexopoulos et al. 2007; Apostolopoulos and Michalopoulos 2007; Papadopoulos et al. 2007; 53 

Apostolopoulos and Papadopoulos 2007; Apostolopoulos and Pasialis 2008; Apostolopoulos and Koutsoukos 54 

2008; Apostolopoulos and Papadakis 2008; Apostolopoulos 2009; Lee and Cho 2009; Kashani et al., 2013a, 55 

2013b, 2015a, Fernandez et al., 2015).  56 

A significant number of studies have been dedicated to investigating the nonlinear behaviour of corrosion 57 

damaged RC beams and slabs under vertical loading (Rodriguez et al. 1997; Cairns and Zhao 1993; Rodriguez 58 

et al. 1996; Razak and Choi 2001; Cairns et al. 2005; Rodriguez et al. 2005; Du et al 2007; Azad et al. 2007). In 59 

recent years, several researchers have also employed nonlinear finite element analysis to study the adverse 60 

influence of corrosion on the structural response of RC beams (Coronelli and Gambarova 2004; El Maaddawy et 61 

al. 2005a; Kallias 2011). Most of the early numerical and experimental studies have been focused on the structural 62 

response of RC beams and slabs under monotonic loading. However, there is a large number of RC bridges and 63 

structures that are located in environmentally aggressive and high seismicity regions. Therefore, recently, 64 

researchers have started to investigate the influence of corrosion on the nonlinear behaviour of RC beams, 65 

columns, and frames under cyclic loading (Pantazopoulou et al. 2001; Aquino 2002; Tastani et al. 2004; Bousias 66 

et al. 2004; Belarbi and Bae 2007 Ou et al., 2011; Meda et al., 2014; Li et al., 2015; Liu et al., 2017).   67 

More recently, several researchers have studied the influence of corrosion on seismic performance, fragility and 68 

the life-cycle cost analysis of deteriorating structures and bridges (Stewart , 2004; Choe et al. 2008; Berto et al. 69 

2009; Ghosh and Padgett 2010; Choe et al. 2009; Akiyama et al. 2011; Simon et al. 2010; Akiyama and Frangopol 70 

2013; Alipour et al. 2011; Biondini et al. 2014 ,Ou et al. 2013, Guo et al., 2015a; Ni Choine et al., 2016; Rao et 71 

al., 2016b; Ghosh et al., 2016; Cui et al., 2018). The results of these studies showed that corrosion significantly 72 

affects the seismic vulnerability of RC structures and bridges. In these studies, fibre-based nonlinear finite 73 

element programmes (e.g. OpenSees (McKenna, 2011)), have been used for the analysis. 74 

According to the aforementioned studies, it is evident that a significant effort has been put to investigate and 75 

quantify the impact of material deterioration on structural and seismic performance of corroded RC components 76 

and bridges. Despite all these previous studies in investigating the impact of corrosion of reinforcement on 77 
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structural performance of RC structures and bridges, it is still an open issue, and requires a significant research 78 

in the future. This is due to the complexity in quantification of corrosion of reinforcing bars inside concrete, and 79 

random nature of corrosion, which result in significant uncertainties in numerical models and performance 80 

prediction.  81 

Currently, there is no concise paper available in the literature to review the state-of-the-art research and highlights 82 

the needs for future research. Accordingly, the aim of this paper is to provide a critical review of the previous 83 

experimental testing and the available state-of-the-art numerical models for structural performance evaluation of 84 

corroded RC components. To this end, the results of the previous experimental studies are used to investigate the 85 

effects of corrosion on strength and ductility loss, and failure mechanisms of corroded RC components. 86 

Furthermore, an exemplary comparison has been made between the observed experimental results and the current 87 

state-of-the-art numerical models for predicting the residual flexural strength of corroded RC components. 88 

Finally, the current shortcomings in the literature are identified, and some recommendations to address the open 89 

issues in future research are provided.  It should be noted that the details of all the experimental data and computed 90 

values are provided in two downloadable Excel files (Comp Vs Exp. xlsx and Exp data.xlsx) as the online 91 

supplementary. 92 

Experimental Investigation of Structural Performance of Corroded RC Beams 93 

Adverse effect of corrosion on structural performance of RC beams in flexure 94 

A summary of all the experimental studies on corroded Rectangular RC Beams in Flexure (RRBF) and their 95 

outcomes is provided in Table 1. In this table, ψl is the average percentage of mass loss of longitudinal 96 

reinforcements. Several researchers (Tables 1) conducted experimental testing to study the effect of corrosion on 97 

nonlinear flexural behaviour of RC beams. All these studies agree that corrosion of longitudinal reinforcements 98 

has a significant influence on the failure mode of RC beams. In this section, the key common findings of these 99 

experimental studies are provided. 100 

Using an accelerated corrosion procedure, Mangat and Elgarf (1999) carried out a set of experimental testing on 101 

corrosion damaged RC beams subjected to pure flexural loading. They investigated the influence of corrosion 102 

rate on the strength and ductility of the tested specimens, and found that 10% of mass loss of longitudinal 103 

reinforcement with corrosion rate of 2 mA/cm2 results in about 60% reduction in flexural capacity and 77% 104 

reduction in ductility. However, another corroded beam with 10% of mass loss of longitudinal reinforcement 105 
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with rate of 4 mA/cm2 resulted in about 70% reduction in flexural capacity and 77% reduction in ductility. This 106 

is because higher corrosion rate has more significant impact on degradation of concrete, and subsequently results 107 

in a more reduction in strength.  108 

Castel et al. (2000) conducted experimental testing on uncorroded and 14 years old corroded RC beams under 109 

flexural loading. They found that about 20% corrosion results in about 35% reduction in flexural stiffness and 110 

about 70% reduction in ductility of corroded RC beams. They found that the residual flexural strength of corroded 111 

RC beams is primarily a function of mass loss of tensile reinforcement, and is not significantly affected by loss 112 

of bond strength. 113 

El Maaddawy et al. (2005b) conducted a set of experimental testing on pristine and corroded RC beams. The 114 

tested specimens were corroded using accelerated corrosion procedure and a sustained load to represent the 115 

service load on the structure. The sustained load on the beam resulted in flexural cracks, which subsequently 116 

resulted in accelerating the corrosion-induced material degradation. They reported that the rate of corrosion-117 

induced concrete cover cracking increased by about 22% in the loaded beam in comparison to unloaded beam. 118 

They found that there is a linear relationship between cross sectional area loss of tensile reinforcement and 119 

residual flexural strength of corroded RC beams. However, corrosion had a more significant influence on ductility 120 

of corrosion damaged RC beams with mass loss ratios greater than 15%, where severe pitting in corroded 121 

reinforcement were formed.  122 

Torres-Acosta et al. (2006) identified that maximum pitting depth has the greatest impact on the load capacity, 123 

rather than the average corrosion penetration in relation to the reinforcement radius. They also reported that 124 

corrosion-induced concrete cracking is larger in dry environments, despite a wet setting accelerating pit creation 125 

on the reinforcement exterior. The experimental results showed that about 10% reduction in the average corrosion 126 

penetration over initial longitudinal reinforcement radius resulted in 60% reduction of the flexural strength of RC 127 

beam. 128 

Du et al. (2007) conducted experimental testing on corroded and uncorroded RC beams with various 129 

reinforcement details under pure flexural loading. They used accelerated corrosion procedure to corrode the 130 

specimens. The experimental testing included over-reinforced, balanced-reinforced, under-reinforced, and very 131 

under-reinforced RC beams. They reported that corrosion changes the failure mode of over-reinforced beams 132 

from brittle failure to a less brittle and even ductile failure mode, but reduces the ductility of under-reinforced 133 
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beams to fail in a less ductile or even a very brittle manner. They also found that corrosion mass loss more than 134 

10% results in premature fracture of tensile reinforcement in very under-reinforced beams, which results in severe 135 

reduction of ductility in these beams.  136 

Cairns et al. (2008) conducted a set of experimental testing on RC beams with high-ductility plain round bars, 137 

with about 4%-10% cross-sectional area loss of reinforcement (lightly corroded). They observed that corrosion 138 

changes the failure mechanism of RC beams from flexure to flexure followed by local bond-slip failure of 139 

reinforcement. They found that the flexural strength of corroded beams is higher than uncorroded specimens. 140 

This is primarily due to an increase in the anchorage strength, to be associated primarily with increased radial 141 

stresses on the reinforcement–concrete interface near the end supports.  142 

Azad et al. (2007) and (2010), conducted experimental testing on corroded and uncorroded RC beams under pure 143 

flexural loading with different cross-sectional sizes and bar diameters. They found that in lightly corroded RC 144 

beams (less than 10% of mass loss), the reduction of bar diameter is the most important factor affecting the 145 

residual flexural strength of corroded RC beams. However, as corrosion increases, the pitting corrosion effects, 146 

loss of bond strength and damage in concrete have significant contribution in residual flexural strength of 147 

corroded RC beams. Their research output showed that corrosion damaged beams experiences higher deflection 148 

in comparison to uncorrded beams, which is due to loss of flexural stiffness. They also reported that the 149 

percentage of mass loss of steel is smaller for larger diameter bars compared with that of smaller bar diameters.  150 

Ou et al. (2012) conducted a number of cyclic tests on large scale cantilever beams. One of the specimens was 151 

used as an uncorroded control specimen and other four specimens were corroded with varied percentage of mass 152 

losses including 1.7%, 3.08%, 4.08% and 8.03%. The uncorroded beams and the beams with different corrosion 153 

durations including 12.5, 25, and 50 days (specimens with 1.7%, 3.08% and 4.08% mass loss respectively) were 154 

failed in the flexure. The flexural cracks initiated on the top and bottom faces of the beams, and as the drift 155 

increased, cracks propagated through the thickness of the section. The cover concrete spalled off at about 3% 156 

drift. The main reinforcement (longitudinal) started to show a significant inelastic buckling at 5% drift and 157 

subsequently resulted in crushing of core concrete which eventually led to beam failure. For the specimens with 158 

low level corrosion from 0% to 4.08% of mass loss, the maximum applied force reached at about 4% drift. The 159 

combined influence of core concrete crushing and buckling of longitudinal reinforcement resulted in a significant 160 

reduction in load capacity beyond the 4% drift. The fracture of reinforcement was not observed in the 161 
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experiments. However, as the level of corrosion increased to 8.03%, the mode of failure changed from flexural 162 

failure to flexural-shear failure. The envelope response of this specimen shows that the maximum strength was 163 

reached at 0.8% drift. Significant softening type behaviour observed once the third hoop fractured at about 2.5% 164 

drift. 165 

The results of various experiments performed by Zhu and François (2014, 2015) and Zhu et al. (2013) showed 166 

that about 1% loss in cross-sectional area of longitudinal reinforcement leads to about 1% decrease in relative 167 

yield strength and 0.85% reduction in ultimate capacity. However, this was found to be the result of the concrete 168 

crushing. The five beams for the experiments were cast in 1984; three of which were kept in a chloride 169 

environment, one in a chloride environment under applied loading and another one experienced corrosion 170 

simulation via notches.  171 

Yu et al. (2015) conducted a similar experiment to Zhu and François (2014, 2015), with the same dimensions, 172 

loading conditions and cover thickness as the 1984 samples. The control beam failed by compressive concrete 173 

crushing accompanied with the fracture of both rebar near the middle of the beam. This was after the formation 174 

of four cracks beginning at the tensile zone and extending to the compressive zone. On the other hand, the 175 

corroded RC beam also formed cracks from the tensile to compressive zone which rapidly increased in width 176 

until the beam failed via fracture of a single tensile bar, 75 mm away from the centre, which confirms corrosion 177 

does alter the failure mode. Yu et al. (2015) concluded that corrosion longitudinal reinforcement in RC beams 178 

has a significant impact on the ductile failure mode, but does not have a great impact on yield and ultimate 179 

strength of RC beams.  180 

Al-Saidy et al. (2016) conducted a set of experimental testing on corroded RC beams in flexure with and without 181 

any shear reinforcement (stirrups). They reported that corroded beams without shear reinforcement fail in a very 182 

brittle manner, with about 60% reduction in the maximum deflection. This was due to premature bond failure of 183 

the longitudinal reinforcement. The corroded beams with shear reinforcement had some reduction in flexural 184 

strength but failed in a more ductile manner. They reported that corroded beams with 5% and 7.5% of mass have 185 

about 1% and 25% reduction in the maximum deflections respectively.  186 

In order to draw a conclusion on the abovementioned experimental results, the ratio of residual ultimate bending 187 

moment strength and the ratio of residual ultimate deformation of each beam specimen is plotted against the 188 

corresponding percentage of mass loss, ψl (Fig. 1). The residual ultimate bending moment ratio is defined herein 189 
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as the ratio of bending moment strength of each tested corroded beam (Mu,corr) to its corresponding uncorroded 190 

beam (Mu,0). Similarly, the residual maximum deformation ratio is defined as the ratio of maximum deflection of 191 

each corroded beam to its corresponding uncorroded beam. 192 

Fig. 1 shows that both the residual ultimate moment ratio and residual maximum deformation ratio follow a linear 193 

trend, considering all the experimental results. However, the results are highly scattered due to considering 194 

various experiments with different scenarios. It worth noting that, the number of data points in Fig. 1(b) is less 195 

than that of Fig. 1(a) as in some studies the maximum deflections of the tested specimens have not reported.  196 

Adverse effect of corrosion on structural performance of RC beams in shear 197 

Table 2 summarises all the previous experimental studies on structural response of corroded Rectangular RC 198 

Beams in Shear (RRBS). In this table, ψt is the average percentage of mass loss of shear reinforcement (stirrups). 199 

Higgins and Farrow III (2006) conducted experimental testing on corroded RC beams with three types of cross-200 

sectional geometry, such as rectangular, Inverted-T, and T sections. They only corroded the shear reinforcement 201 

(stirrups) using accelerated corrosion technique. The longitudinal reinforcement was epoxy coated, and hence, 202 

remained uncorroded. For each group, a control specimen and three corrosion levels (corrosion at shear 203 

reinforcement only) including, light damage with about 12% of mass loss, moderate damage with about 20% of 204 

mass loss, and severe with about 40% of mass loss were considered. They reported that diagonal shear cracking 205 

of concrete normally arisen in beams at low amplitude loading. However, corroded stirrups could not sustain and 206 

constrain shear cracks. Therefore, RC beams with severe corrosion of shear reinforcement corrosion (often highly 207 

localised pitting corrosion) will fail in a very brittle manner following the initiation of diagonal shear cracks in 208 

concrete. 209 

Suffern et al. (2010) conducted experimental testing to investigate the nonlinear behaviour of disturbed regions 210 

with corroded stirrups in RC deep beams. They reported that corrosion rates up to about 20% results in 211 

approximately 53% reduction in shear strength of corroded deep beams. They also reported that increasing the 212 

shear span-to-depth ratio of beams results in further reduction in shear strength of corroded beams  213 

Xia et al. (2011) carried out experimental testing on uncorroded and corroded RC beams to investigate the shear 214 

behaviour of RC beams with corrosion damaged shear reinforcement. They found that corrosion changes the 215 

shear failure mechanism of corroded beams. The shear failure of uncorroded beams was initiated by concrete 216 

crushing in compression. However, shear failure of corroded beams initiated by fracture of shear reinforcement 217 
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(stirrups). Corrosion of shear reinforcement greater than 10% resulted in a significant reduction on in shear 218 

capacity of corroded RC beams.  219 

Alaskar (2013) tested seventeen RC beams considering different shear reinforcement types, corrosion mass loss 220 

ratios, and repair availability. The longitudinal reinforcement was epoxy coated to be prevented from corrosion, 221 

and only transverse reinforcement were corroded using accelerated corrosion technique. They reported that low 222 

level of corrosion (up to 8% of mass loss) results in an increase in shear capacity of corroded beams in comparison 223 

to uncorroded specimens. However, for mass loss ratios beyond 8% almost a linear reduction in shear strength 224 

of corroded beams observed (15.6% of mass loss resulted in 14.4% shear strength reduction).  225 

Khan et al. (2014) conducted experimental testing on two extremely corrosion damaged shear-critical deep 226 

beams. The beams were taken out from a twenty-six years old corroded beam subjected to long-term chloride 227 

environment by cutting into two short-span beams. Corroding the stirrups did not change the failure modes of 228 

corroded deep beams. However, it resulted in a reduction in both shear strength and ductility of the corroded deep 229 

beams. 230 

Wang et al. (2015) conducted an experimental investigation to investigate the influence of stirrup and inclined 231 

bar corrosion on the shear strength of corroded RC beams. They found that corrosion mass loss less than 10% in 232 

inclined bars and stirrups does not have a significant impact on the shear strength. However, higher corrosion 233 

rate results in damage in inclined bars and corroded stirrups, as well as degradation surrounding concrete section, 234 

which ultimately results in a significant reduction in the shear strength significantly, and changes the failure mode 235 

to a more brittle failure. 236 

El-Sayed et al. (2016) conducted experimental testing on slender RC beams (flexural beams) with and without 237 

corroded shear reinforcement to investigate the shear behaviour of these corroded beams. They reported that 238 

about 7% mass loss in shear reinforcement results in about 10% reduction in shear strength of corroded RC 239 

beams. They also found that corrosion changes the shear failure mechanism of RC beams, which is in good 240 

agreement with the outcomes of the research carried out by Xia et al. (2011). 241 

 El-Sayed (2017) presented procedures for assessment of the shear capacity of RC beams with corroded shear 242 

reinforcement. They incorporated their procedure into the current shear design and assessment methods of RC 243 

beams, which can be used in the assessment of corroded beams. Their methodology has been validated against 244 

experimental results reported by Suffern et al. (2010), El-Sayed et al. (2016), and Khan et al. (2016).  245 
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Fig. 2 shows the influence of corrosion on shear strength and ductility of the experimentally tested RC beams. In 246 

this figure, Vu,corr  is the shear strength capacity of the corroded RC beams and Vu,0 denotes the corresponding 247 

value of uncorroded RC beams. Fig. 2 shows thatthe trend of residual shear strength and ductility of RC beams 248 

with increasing level of stirrups corrosion, is different with those of Fig 1. . Moreover, comparison of Fig. 2 and 249 

Fig. 1 shows that corrosion has a more significant adverse influence on flexural behaviour of corroded beams 250 

than shear (both strength and ductility).   251 

Experimental Investigation of Structural Performance of Corroded RC Columns 252 

The most common collapse mechanism of RC bridge piers, which is observed in the past earthquakes (e.g. Kobe 253 

1998 and Chile 2010), is buckling of the vertical reinforcement together with crushing of core confined concrete 254 

and/or fracture of vertical bars. This is due to the lack of confining reinforcement in older RC columns. This 255 

problem is more critical in corrosion damaged bridge piers, where corrosion has a significant adverse influence 256 

on the stress-strain behaviour of reinforcing bars. Therefore, in this section a critical review of the experimental 257 

studies on nonlinear behaviour of corroded RC columns subject to pure axial, and combined axial and lateral 258 

loading is provided. It should be noted that despite the numerous experimental studies of corroded beams, there 259 

is very little experimental studies conducted on investigation of the effects of corrosion on nonlinear behaviour 260 

of RC columns.  261 

Adverse effect of corrosion on Axial Force capacity of RC Columns (AFRCC) 262 

Lee et al. (2000), and Bae et al (2005) conducted experimental studies on short columns to investigate the 263 

effectiveness of strengthening using CFRP sheets. They reported that corrosion has a significant impact on the 264 

axial load-displacement behaviour of RC columns in compression. The test results show that the corrosion 265 

significantly reduces the ductility and crushing strain of concrete in compression and to a lesser extent reduces 266 

the compressive strength. Lee et al. (2000) reported that the ductility ratio of the uncorroded specimen was 9.9 267 

whereas the ductility of corroded column was 2.7. They also took physical cross sections through the thickness 268 

of the unrepaired corroded column to explore the internal damage due to corrosion. The cross-section cuts showed 269 

that corrosion resulted in radial cracks in the cover concrete aligned with the vertical reinforcement. Moreover, 270 

they observed that a single crack had formed a continuous ring around the spiral reinforcement which resulted in 271 

complete delamination of the cover concrete. This is a very important observation that explains the significant 272 

influence of corrosion on the crushing strain of RC columns.  273 
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It is recognised that the compressive behaviour of confined concrete depends on mechanical properties of 274 

transverse reinforcement including yield strength and fracture strain and volumetric ratio of tie reinforcement 275 

(Park et al. 1982; Mander et al. 1988a,b; Penelis and Kappos 1997). Since tie reinforcement is the outmost 276 

reinforcement to be exposed to chloride attack its corrosion starts prior to the corrosion initiation of the vertical 277 

reinforcing bars. Therefore, the volumetric ratio of confinement reinforcement, fracture strain and yield strength 278 

are reduced. Therefore, the tie reinforcement fractures much earlier than the uncorroded columns under 279 

compression.  280 

Vu et al (2017) conducted a set of experimental testing to investigate the nonlinear behaviour of confined concrete 281 

with corroded transverse reinforcement (confinement reinforcement). They considered various corrosion-induced 282 

mass loos ratios of transverse reinforcement, arrangement and configuration of confinement reinforcement and 283 

cross-sectional shape of confined concrete. The experimental results showed that as mass loss ratio of confining 284 

reinforcement increases both capacity and ductility of the corrosion damaged confined concrete significantly 285 

decreases, and the post-peak softening branch of the stress-strain curve becomes much steeper. In other words, 286 

corrosion changes the failure mode of confined concrete from ductile to brittle. The experimental results also 287 

show that the effect of corrosion is less significant for mass loss ratios less than 10%. Finally, they developed an 288 

empirical uniaxial constitutive model for corrosion damaged confined concrete using the experimental data. Their 289 

proposed model incorporates the effect of corrosion into the model for uncorroded confined concrete developed 290 

by Mander et al. (1988b). Their model is in good agreement with the experimental results for both square and 291 

circular specimens with various mass loss ratios and confinement reinforcement subject to compression axial 292 

loading.  293 

To date, Vu et al (2017) study is the only experimental testing on corroded confined concrete and their constitutive 294 

model is the only available model for the corroded confined concrete. However, there is no experimental data 295 

available on the nonlinear behaviour of corroded confined concrete under cyclic loading.  296 

Table 3 summarises the experimental studies carried out on corroded RC columns subjected to pure axial 297 

compression loading. 298 

Adverse effect of corrosion on nonlinear Flexural behaviour of Circular RC Columns (FCRCC) 299 

In highway bridges, piers are normally located in central reserve, thus the piers end regions can experience higher 300 

rates of corrosion due to the splashing of de-icing salt from the adjacent road/or downfall of water carrying 301 
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chloride ions from above (due to failure of expansion joints on the deck). This is very critical for bridges in 302 

seismic zones, where the lower region of bridge piers (or both ends in integral bridge piers) is exactly where 303 

plastic hinge is formed during earthquake excitation. Therefore, in all of the experimental testing of corroded 304 

bridge piers, researchers tested cantilever columns, and corrode either the entire column or only the lower region.   305 

Aquino and Hawkins (2007) conducted a set of experimental tests on six RC columns. One column was used as 306 

the control uncorroded specimen, one column was used as a control corroded specimen without strengthening 307 

and the other four columns were strengthened using CPRP sheets. The columns were corroded using an 308 

accelerated corrosion procedure. In this experiment, only 1200mm immediately above the base was corroded. In 309 

these columns a heavy accumulation of rust product on the surface of the concrete and a uniform staining of the 310 

corrosion along the length of longitudinal reinforcement is observed. Of these three columns (1, 3 and 5), Column 311 

1 presented the most severe cracking and rust accumulation on the surface of concrete (Aquino and Hawkins, 312 

2007). The observed damage in the uncorroded specimen was mainly due to the opening of a large crack at the 313 

connection between the column and the base due to slippage of the bars in the base. A few small flexural 314 

horizontal cracks were observed in the column along with major cracks running parallel to the longitudinal 315 

reinforcement, which appeared close to the maximum load and opened significantly when this load was attained. 316 

This is the typical failure mode of columns with insufficient lap splice lengths which does not allow the full 317 

strength and straining capacity of the reinforcing steel to be developed. However, the only corroded column 318 

without any strengthening tested in this study showed a different failure mode. Failure during the cyclic loading 319 

was due to buckling of the vertical reinforcement in compression. It was observed that most of the tie 320 

reinforcement (hoops) had fractured due to pitting corrosion and they had experienced a significant loss of cross-321 

sectional area during the corrosion process. The fracture of the tie reinforcement resulted in a significant loss of 322 

confinement and subsequently premature buckling of the corroded vertical reinforcement in compression 323 

(Aquino and Hawkins, 2007).  324 

Ma et al. (2012) carried out a series of experimental testing on thirteen columns with varied corrosion levels and 325 

axial force ratios. They also used an accelerated corrosion procedure to corrode the test specimens. Each specimen 326 

consisted of a 260mm diameter and 1000 mm long column cast into a 1300 mm×360 mm×400 mm base. The 327 

effective length of the columns was and the span to depth ratio were 820 mm and 3.15, respectively. The clear 328 

cover to the spirals was 30 mm. Six 16mm diameter reinforcing bars were used as vertical reinforcement and 329 
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8mm diameter reinforcing bars at 100mm spacing were used as the tie reinforcement (Ma et al. 2012). Eight out 330 

of thirteen columns had axial force ratios (P/Ag fc, where P is the axial force, Ag is the gross cross-sectional area 331 

of the columns, and fc is the compressive strength of concrete) between 0.15 and 0.4 and five of them had axial 332 

force ratios between 0.60 and 0.90 which are rather high compared to normal bridge columns. Therefore, only 333 

the results of eight columns with axial force ratios below 0.5 are discussed in this section. In the three control 334 

specimens (with different axial force ratios), the first flexural crack formed perpendicular to the column axis in 335 

the bottom of column where the plastic hinge region occurred. These cracks propagated and with the increasing 336 

lateral load diagonal cracks appeared. In the last cycle, the core concrete crushed indicating the failure of these 337 

specimens (Ma et al. 2012). The five corroded columns C9–15, C4–25, C9–25, C9–40 and C14–32, showed a 338 

flexural failure mechanism similar to the uncorroded specimens. However, the failure of these corroded 339 

specimens was very brittle. The crack spacing of corroded specimens at failure was greater than for the 340 

corresponding control specimens. As the displacement demand increased, cover concrete was spalled at the 341 

bottom of the column (plastic hinge region) which was then followed by severe buckling of the longitudinal bars 342 

and crushing of the core concrete. As expected the energy dissipation capacity and ductility of specimens 343 

decreased with increasing reinforcement corrosion and axial load ratio. Columns C0–25, C4–25 and C9–25 had 344 

the same axial load ratio, however a smaller hysteretic area was observed in severely corroded specimen C9–25. 345 

Specimen C9–15, C9–25 and C9–40 had almost the same corrosion level, but severe degradation in the hysteretic 346 

responses was observed with increasing the axial force ratio. Comparing the axial force and corrosion level, it 347 

was found that the corrosion level is the governing factor that affects the hysteretic behaviour. For example, 348 

specimen C14–32 which was subjected to slightly lower axial load than specimen C4-25, but which had more 349 

severe corrosion damage, showed very poor energy dissipation capacity and failed in a brittle manner. This was 350 

mainly due to the inelastic buckling of main bars (vertical reinforcement), which caused spalling concrete cover 351 

and crushing of core concrete. 352 

Yuan et al. (2017) conducted experimental tests on eight circular RC columns with varied corrosion rates under 353 

combined repeated axial loading and cyclic lateral loading. In their experimental program column C0 was 354 

uncorroded, the three columns C5-L0, C5-L40 and C5-L60 were with target corrosion rate of 5%, and four others, 355 

C10-L0, C10-L40, C10-L60 and CG10 were with target corrosion rate of 10%. Using an electrochemical system, 356 

they implemented accelerated corrosion procedure to accelerate the corrosion rate of embedded reinforcing bars. 357 

Results showed that corrosion has a significant adverse impact on capacity of the columns.  Moreover, they found 358 
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that vertical axial loading has no significant impact on yield strength and ultimate capacity of the tested 359 

specimens. Based on their finite element analysis, the yield strength and ultimate displacement of corrosion 360 

damaged columns were declined by 35% and 34%, respectively. A summary of the abovementioned experiments 361 

is presented in Table 4. 362 

Fig. 3 shows the impact of corrosion on nonlinear flexural behaviour of all the experimentally tested circular RC 363 

columns in the literature. As it is shown in Fig. 3(a), there is no correlation the corrosion and residual ductility 364 

and strength of corroded beams using the available data (R2=-0.42). This is because there are only 11 data points 365 

for flexural capacity of corroded circular RC columns varied in corrosion and axial force in the literature, and 366 

hence, data points are highly scattered. Therefore, more experimental research is required on circular columns to 367 

draw a solid conclusion. However, based on the available data and fitted curve, the flexural capacity of corroded 368 

circular columns shows a slight reduction in comparison with that of uncorroded column. This is because the 369 

tested specimens are not corroded enough and their average percentage of mass loss is up to 16%.  370 

Fig. 3(b) shows the influence of corrosion on residual displacement capacity of circular RC columns which is 371 

defined here as the ratio between maximum tip displacement of each corroded specimen (Δu,corr) to its 372 

corresponding uncorroded specimen (Δu,0). Similar to Fig. 3(a), the fitted line in Fig. 3(b) does not show any 373 

correlation between corrosion and residual displacement of corroded circular columns (R2=-0.33).  374 

Adverse effect of corrosion on nonlinear Flexural behaviour of Rectangular RC Columns (FRRCC) 375 

Lee et al. (2003) conducted experimental testing on six rectangular RC columns with 300mm × 300mm in cross 376 

section and 1100 mm in height. They also used accelerated corrosion procedure to produce various corrosion 377 

levels. The columns tested under simultaneous axial and lateral cyclic loading. They found that corrosion results 378 

in a severe decrease in mechanical properties of reinforcing bars and spalling of concrete cover, which caused a 379 

significant reduction in confinement of core concrete. In their experiment, the failure of uncorroded specimen 380 

initiated by bond failure and slippage of vertical bars. However, corrosion changed this failure mode to buckling 381 

of vertical reinforcement and fracture of hoops (confinement reinforcement). 382 

Meda et al. (2014) conducted experimental testing on corroded and uncorroded rectangular columns under cyclic 383 

loading. They used accelerated corrosion procedure to corrode the columns. The columns were tested under axial 384 

(400 kN) and lateral cyclic loading with about 20% corrosion mass loss of vertical reinforcements. It should be 385 

noted that Meda et al. (2014), just corroded the vertical reinforcing bars, and the transverse reinforcements were 386 
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protected from corrosion. They reported that corrosion has a significant impact on the nonlinear response of 387 

rectangular RC columns subjected to cyclic loading. They observed corrosion results in about 30% reduction in 388 

the ultimate strength and about 50% reduction in the ductility, as well as significant cyclic degradation (loss of 389 

stiffness) in the last cycles. 390 

Guo et al. (2015b) conducted a set of experimental testing on corroded and uncorroded cantilever rectangular RC 391 

bridge piers. The test specimens were corroded using accelerated corrosion procedure, and tested under combined 392 

axial and lateral cyclic loading. They found that corrosion mass loss greater than 10% results in severe 393 

degradation in nonlinear cyclic behaviour of RC bridge piers. They reported that heavily corroded column with 394 

average mass loss of 15.24% shows the smallest hysteretic responses, greatest cyclic degradation of stiffness and 395 

strength, and subsequently a significant reduction in ductility and energy dissipation capacity. 396 

All the previous experimental studies on flexural behaviour of corroded rectangular RC columns are summarised 397 

in Table 5. Fig. 4 summarises the influence of corrosion on flexural behaviour of rectangular RC columns. 398 

Comparing Fig. 4(a) with Fig. 4(b), ductility reduction of corroded rectangular columns is slightly more than 399 

their flexural capacity loss. The other interesting finding is that the fitted line equation for flexural strength loss 400 

of rectangular RC columns (Fig. 4(a)) is same to that of rectangular RC beams (Fig. 1(a)).  401 

Numerical Modelling of Corroded RC Components 402 

Modelling nonlinear flexural behaviour  403 

In the recent few years, a significant number of researchers have employed analytical and nonlinear finite element 404 

analysis approaches (Coronelli and Gambarova 2004, El Maaddawy et al. 2005b, Kallias 2011, for structural 405 

performance evaluation of corroded RC components. Azam (2010) and Alaskar (2013) have used modified 406 

compression field theory (MCFT) to estimate the shear strength of uncorroded and corroded RC beams. More 407 

recently, Di Carlo et al. (2017a,b) have employed 3D continuum finite element modelling approaches for 408 

nonlinear structural and seismic performance assessment of corroded RC bridge piers subject to cyclic loading. 409 

Considering its capability in nonlinear bond-slip modelling, the 3D finite element modelling approach is widely 410 

used in the literature to develop the bond strength deterioration models (Lundgren et al. (2012), Kallias A.M and 411 

Rafiq M.I 2013). 412 

All of these numerical models have been validated against some benchmark experimental test data.  413 
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Although all the aforementioned numerical models can simulate the nonlinear behaviour of RC components with 414 

relatively good accuracy, they are computationally very expensive. Therefore, it is not possible to easily 415 

implement these models in nonlinear dynamic analyses and seismic fragility assessment of bridge systems. 416 

Accordingly, researchers in earthquake engineering community have employed force-based fibre beam-column 417 

element (Spacone et al. 1996a and 1996b, Taucer et al. 1991) for seismic fragility assessment of corroded RC 418 

bridges. A force-based fibre beam-column element is a line element in which the moment-curvature response at 419 

integration points is determined from the assigned fibre sections for each integration point. Currently, forced-420 

based fibre elements are the most advanced 1D models available in the literature for nonlinear analysis of RC 421 

components. In the force-based elements, moment is considered to be distributed along the entire length of the 422 

column.  The curvatures at each section (integration point) are accordingly estimated for the given moment at 423 

that section. Weighting the integration of the sections’ response, finally, the column response is obtained. (Taucer 424 

et al. 1991). Using a fibre section technique, the cross section of the member is discretised into several concrete 425 

and steel fibres. The material nonlinearity is considered through uniaxial constitutive material models for 426 

reinforcing steel and concrete (confined and unconfined concrete cover), and hence, the accuracy of the model is 427 

highly dependent on the accuracy of the material models. Therefore, several researchers have put significant 428 

effort to implement corrosion damaged material models in nonlinear fibre beam-column elements. Kashani et al. 429 

(2015b) proposed a phenomenological hysteretic material model for uncorroded and corroded reinforcing bars. 430 

This model simulates the influence of corrosion on low-cycle fatigue and inelastic buckling behaviour of 431 

reinforcing steel bars. Rao et al. (2016a) proposed a simplified nonlinear analytical model to simulate corrosion-432 

induced degradation of RC bridge pier. The main focus of this models is on average cross-sectional area reduction 433 

of reinforcing bars due to corrosion and other deteriorating mechanisms are disregarded. 434 

 Dizaj et al. (2018a) developed a modelling technique using force-based fibre beam-column element for nonlinear 435 

seismic performance evaluation of corroded RC bridge piers, which is currently the most advanced model 436 

available in the literature. This model is validated against a benchmark experimental testing conducted by Meda 437 

et al. (2014), then implemented in vulnerability assessment of corrosion damaged RC frames (Dizaj et al., 2018b).  438 

Although fibre beam-column element models are very efficient in simulation nonlinear flexural response of RC 439 

components, they do not account for nonlinear shear deformation and axial-shear-flexure interaction. Therefore, 440 

in shear critical RC components, fibre beam-column elements are not very accurate. Some researchers have used 441 
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uncoupled nonlinear shear springs to account for shear deformation in uncorroded RC components, but these 442 

springs do not account for axial-shear-flexure interaction (Jeon et al., 2015). However, there has not been any 443 

significant research conducted on modelling axial-shear-flexure interaction in corroded RC components. This is 444 

an important area for future studies (further discussion is available in section 5 of this paper).          445 

Comparison of the state-of-the-art numerical models with available experimental data  446 

As discussed in previous section, the nonlinear moment-curvature response of RC sections (accounting for axial-447 

flexure interaction) is extremely important for structural assessment of corroded RC bridge piers and beams. 448 

Furthermore, moment-curvature response of cross section is the basis of nonlinear fibre beam-column element 449 

model implementation for seismic performance assessment of uncorroded and corroded RC bridges. In this 450 

section, a comparison has been made between the predicted residual bending moment capacity of corroded beams 451 

and columns using the state-of-the-art models in the literature and the available experimental results. 452 

The detailed derivation of theoretical axial force-moment-curvature relationship of corroded RC sections is 453 

discussed in Kashani et al. (2017). The main assumptions in this method are: (i) plane sections remain plane and 454 

(ii) shear stress/deformation in the beam is small, and hence, there is no shear-flexure (Euler-Bernoulli beam 455 

theory). This technique accounts for inelastic buckling of the compression reinforcing bars (Kashani, 2014). The 456 

slenderness ratio, Leff/D, used in the buckling model was taken as the ratio of effective buckling length (Leff) to 457 

diameter of vertical reinforcement (D). In this study, the Leff is taken from the experimental results. In the absence 458 

of experimental data, the procedure developed by Dhakal and Maekawa (2002) can be used to calculate the Leff. 459 

The constitutive material models that are used here are the ones that originally developed by Kashani (2014), and 460 

later validated by Dizaj et al. (2018a). These models account for the adverse impact of corrosion on nonlinear 461 

stress-strain behaviour of reinforcing bars (strength and ductility), inelastic buckling of longitudinal 462 

reinforcement in compression (vertical bars in columns), cracked concrete cover, and core confined concrete (due 463 

to corrosion of confinement reinforcement). The detailed discussion of the material models is available in 464 

(Kashani et al., 2016). 465 

Using the numerical modelling technique developed by Kashani et al. (2017), the bending moment capacity of 466 

all the corroded and uncorroded rectangular columns (with various axial force) and flexural beams are computed 467 

and plotted against their corresponding experimental values (reported in Tables 1 and 5) in Fig. 5. In this figure, 468 

Mu,comp is the computational ultimate moment of the tested specimens and Mu,exp is that of their corresponding 469 
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experimental values. As it is shown in Fig. 5, there is a good correlation between the predicted and experimental 470 

values of bending moment capacity. This confirms that the developed numerical model is able to precisely predict 471 

the residual capacity of corroded RC components. A quantitative comparison between the computed values and 472 

experimental data have been prepared in a set of tables and attached as downloadable supplementary material 473 

(Comp Vs Exp.xlsx). 474 

Outstanding Issues and Needs for Future Research 475 

There is a large amount of experimental data available in the literature on large-scale testing of corroded RC 476 

beams in flexure and/or shear under monotonic and cyclic static loading. In comparison to corroded RC beams, 477 

there is very little experimental data available in the literature on large-scale testing of corroded RC columns 478 

(rectangular and circular) under axial and static lateral loading (monotonic and cyclic).  All the previous 479 

experimental testing of corroded RC columns has been conducted on flexural govern columns, and there has been 480 

no experimental testing on shear critical columns. In general, there is a need for further experimental testing on 481 

RC columns with different geometry, reinforcing details, axial force ratios, and shear span to depth ratio. In terms 482 

of modelling, there is a large number of numerical models in the literature using 2D and 3D continuum finite 483 

element and nonlinear fibre element technique using beam-column models. The existing models can predict the 484 

residual capacity and simulate the nonlinear behaviour of RC elements under flexural loading very well 485 

(including modelling axial-flexure interaction). However, modelling axial-shear-flexure interaction is a major 486 

challenge in fibre element technique, as the nonlinear beam-columns elements employ Euler-Bernoulli beam 487 

theory and do not account for axial-shear-flexure interaction. This is in addition to the significant paucity in the 488 

literature on the impact of corrosion on shear critical columns. Moreover, there is only one experimental testing 489 

available in the literature on corroded RC columns under dynamic earthquake loading (Yuan et al., 2018). There 490 

is a need for some benchmark shaking table experimental tests on corroded RC columns with different 491 

reinforcement details and ground motion types. Furthermore, recent advances in X-Ray Computing Tomography 492 

(CT) scanning facilities, allow researchers to scan corroded RC elements using X-Ray CT scanner prior to 493 

structural testing (Lim et al., 2017). The advancement in CT scan technology and computing power allows more 494 

sophisticated 3D multi-scale multi-physics nonlinear finite element modelling of corroded RC elements (Michel 495 

et al., 2015). The advantage of multi-scale multi-physics is that researchers can model the whole process of 496 

corrosion induced progressive damage in structural integrity as well as residual capacity of corroded RC elements. 497 
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Another advantage of multi-scale modelling is that multiple failure modes can be automatically captured (e.g. 498 

axial-shear-flexure). However, there is a need for significant experimental and computational research to validate 499 

and calibrate the new multi-scale multi-physics models. However, these models are computationally very 500 

expensive, and therefore, the major challenge in future will be implementing these models in the analysis of 501 

whole bridge structures under various loading scenarios (traffic, trains, earthquakes etc.).       502 

Conclusions 503 

An extensive review of all the experimental research on corroded RC components including (i) beams in flexure, 504 

(ii) beams in shear, (iii) columns under pure axial compressive loading, (iv) circular columns in flexure, and (v) 505 

rectangular columns in flexure is conducted. Furthermore, a crucial review of the current state-of-the-art 506 

numerical models in the literature is conducted, and an exemplary comparison has been made between these 507 

models and experimental testing of corroded RC beams in flexure. The main findings of this state-of-the-art 508 

review paper can be summarised as follows: 509 

(1) Regression analyses of all the experimental studies on corroded RC beams show that both the flexural 510 

strength and ductility loss follow a similar linear trend, with ductility loss being more critical than strength 511 

loss.  512 

(2) Corrosion has less adverse impact on residual shear strength of corroded RC beams in comparison with 513 

residual flexural strength. Moreover, the trend of shear strength loss of corrosion damaged RC beams with 514 

increasing level of corrosion is different with that of flexural behaviour. 515 

(3) As corrosion level increases, the ductility and compressive strength of confined concrete decreases. This 516 

results in a significant reduction in axial compressive capacity of RC columns in seismic regions. 517 

(4) Experimental results show that flexural strength reduction of corroded rectangular RC columns is generally 518 

more than corroded circular RC columns. However, the number of available experimental tests in the 519 

literature is not sufficient to draw a solid conclusion, and therefore, there is need for further research in the 520 

future. 521 

(5) While the flexural behaviour of rectangular corroded RC columns follows a linear trend, there is not any 522 

solid evidence to show this trend for circular columns. This confirms that there is a need for further 523 

experimental researches on corrosion damaged circular columns.  524 
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(6) Exemplary comparisons between the computational residual capacity of corroded RC beams and columns 525 

with their corresponding experimental values, confirms that the currently available models in the literature 526 

can accurately anticipate the residual capacity of corrosion damaged RC beams and columns in flexure. 527 
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                                         (a)                                                                (b) 809 

Fig. 1 Impact of corrosion on residual capacity of RC beams in flexure: (a) bending moment capacity, 810 

and (b) maximum deflection capacity 811 

     812 
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Fig. 2 Impact of corrosion on residual capacity of RC beams in shear: (a) shear capacity, and (b) 814 

maximum deflection capacity 815 

        816 
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Fig. 3 Impact of corrosion on residual flexural capacity of circular RC columns: (a) ultimate bending 818 

moment capacity, and (b) maximum tip displacement capacity 819 
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Fig. 4 Impact of corrosion on residual flexural capacity of rectangular RC columns: (a) ultimate bending 822 

moment capacity, and (b) maximum tip displacement capacity 823 
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Fig. 5 Computational bending moment capacity of RC specimens versus corresponding experimental 826 

values: (a) rectangular columns and (b) flexural beams 827 
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Table 1.  Summary of previous experimental studies on flexural behaviour of corrosion damaged RC beams 839 

Reference 
No. of 

Specimens 

ψl 

(%) 
Summary 

Mangat & 
Elgarf (1999) 

13 Up to 10% 

The flexural strength of beams reduced with increasing levels of 
corrosion, primarily due to the breakdown of bond at the steel/concrete 

interface. Flexural strength reduced more for beams corroded by the 
higher rate of 4 mA.cm-2 than the beams corroded at 2mA.cm-2. 

Deflection was not significantly affected by corrosion rate. 

El Maaddawy et 
al. (2005b) 

9 Up to 32% 
The reduction of load-carrying capacity was almost proportional to the 

reduction in the steel cross-sectional area due to corrosion. 

Torres-Acosta et 
al. (2006) 

9 Up to 16% 
Increased corrosion lead to a decrease in ultimate moment capacity and 

maximum midspan displacement. Cracks developed more rapidly in dry, 
rather than humid, environments. 

Du et al. (2007) 18 Up to 14% 
Corrosion caused over-reinforced beams to fail in a less brittle manner 

and under-reinforced beams to fail in a less ductile manner. 

Azad et al. 
(2007) 

28 Up to 31% 

Increasing corrosion activity index, IcorrT, was the key measure of metal 
loss and flexural strength loss. Beams with low values of IcorrT could still 

be predicted just by calculating cross-sectional area loss of the tensile 
reinforcement. 

Cairns et al. 
(2008) 

14 Up to 6% 
Strength appeared to increase as corrosion increased. This is believed to 

be due to the increase in anchorage capacity. 

Zhang et al. 
(2009) 

Castel et al. 
(2000) 

3 Up to 18% 

Deflection was found to be more sensitive to pitting attacks rather than 
the ultimate load due to the influence of the tension steel-concrete bond 
reduction. Ultimate load capacity decreased with increasing rebar mass 
loss. 

Azad et al. 
(2010) 

42 Up to 26% 
For lower values of IcorrT (mA.days.cm-2), the residual flexural strength of 
beams was able to be predicted fairly accurately by considering only the 
area loss of the tension reinforcement. 

Ou & Chen 
(2014) 

7 Up to 35% 
Beams were able to maintain a satisfactory ductile flexural behaviour with 
plastic rotation capacities larger than 3%, up to 6% mass loss. 

Zhu & François 
(2015) 

2 Up to 43% 
Loss of one percent of the cross-section of the tensile bar corresponded to 
approximately one percent reduction in the yield capacity of the corroded 
beams. 

Yu et al. (2015) 3 Up to 11% 
The control beam failed by crushing of the compressive concrete followed 
by tensile rebar rupture, whereas corroded beams failed by cover spalling 
and failure of a tensile bar. 

Al-Saidy et al. 
(2016) 

6 Up to 7% 
Corroded beams experienced similar moment capacity losses, however, 
beams without stirrups experienced much larger decreasing in mid-span 
displacement. 

The detailed data is available in the online supplementary table provided with the paper. 840 
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Table 2.  Summary of previous experimental studies on nonlinear behaviour of corrosion damaged RC beams in 851 
shear 852 

Reference 
No. of 

Specimens 

ψt 

(%) 
Summary 

Rodriquez et 
al. (1997) 

30 
Up to 
22% 

Beams with different tensile and compressive reinforcement were tested. 
Some beams with only bottom reinforcement corrosion were tested. More 
highly corroded beams failed by shear or loss of bond compared to low 
corrosion beams which failed via ductile means such as bending.  

Higgins & 
Farrow III 

(2006) 
8 

Up to 
34% 

Maximum shear decreases with increasing stirrup spacing and rebar mass 
loss, as does maximum displacement. More localised concrete cover damage 
for wider spaced stirrups. 

Suffern et al. 
(2010) 

12 
Up to 
19% 

Shear strength decreased with increasing corrosion. Increased corrosion leads 
to large crack widths. Shear strength reduced for beams with smaller span-to-
depth ratios. 

Xia et al. 
(2011) 

18 
Up to 
54% 

Average and maximum crack widths can be used as an indicator of how much 
corrosion the beams have experienced. The mode of failure changed from 
concrete crushing to stirrup failure with increasing corrosion. 

Alaskar 
(2013) 

12 
Up to 
16% 

Shear strength was shown to decrease with increasing corrosion except for 
smooth stirrups with corrosion levels below 8%. 

Zhu et al. 
(2013) 

4 
Up to 
67% 

Loss of one percent of the cross-section of the tensile bar corresponded to 
approximately one percent reduction in the yield capacity of the corroded 
beams. 

Khan et al. 
(2014) 

3 
Up to 
51% 

The mechanical behaviour of deep beams was studied. The corrosion was 
natural. Corrosion was found to have no effect on the failure mechanism of 
these deep beams. 

Wang (2015) 14 
Up to 
68% 

Corrosion of less than 10% was found to do not have s significant effect on 
the deterioration of shear strength. Corrosion was not found to effect failure 
mode but did reduce the number of cracks at failure and encourage early 
stirrup rupture. 

El-Sayed et 
al. (2016) 

9 
Up to 
18% 

Three tests with variable stirrup spacing, 100mm, 150mm, and 200mm. Three 
beams per test were set up with corrosion levels approximately 0%, 10%, and 
20%. Shear compression was more common in low corroded specimens 
whereas stirrup rupture more common in high.  

Ye et al. 
(2018) 

13 
Up to 
27% 

Increased corrosion lead to rapid decrease in shear strength and ductility. 
Failure mode shifted from bending to shear with increasing corrosion. 

The detailed data is available in the online downloadable supplementary file (Exp data.xlsx) provided with the paper. 853 
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Table 3. Summary of experimental researches on corrosion damaged columns under pure compression loading 856 

Reference 

No. of 

Specimens 

ψt 

(%) 

Summary 

Bae et al. 
(2005) 

3 Up to 49% 

Circular columns were tested. Axial strain 
reduced with increasing corrosion. 
Compression strength wasn’t affected until 
very high corrosion levels occurred. 

Vu et al. 
(2017) 

24 Up to 25% 

Square columns were tested. As the corrosion 
level increased, both ductility and strength of 
the corroded confined concrete severely 
decrease. 

Vu et al. 
(2017) 

12 Up to 33% 

Circular columns were tested. Similar 
volumetric ratios of transverse reinforcement 
and corrosion levels gave rise to comparable 
results, regardless of the columns shape. 

The detailed data is available in the online downloadable supplementary file (Exp data.xlsx) provided with the paper. 857 

 858 

Table 4. Summary of experimental studies on flexural behaviour of circular corroded RC columns  859 

Reference 
No. of 

Specimens 

ψl 

(%) 
Summary 

Aquino & 
Hawkins 
(2007) 

2 Up to 4% 

A corrosion level of 4% resulted in a 76% 
reduction in maximum displacement, as well 
as a 19% reduction in flexural strength. The 
axial load was zero. 

Ma et al. 
(2011) 

13 Up to 15% 

Higher axial loads lead to more brittle failures. 
Larger corrosion levels and axial force 
resulted in worse seismic behaviour, stiffness, 
ductility, and energy dissipation. 

The detailed data is available in the online downloadable supplementary file (Exp data.xlsx) provided with the paper. 860 

 861 

 862 

Table 5. Summary of experimental researches on flexural behaviour of corrosion damaged rectangular RC 863 
columns 864 

The detailed data is available in the online downloadable supplementary file (Exp data.xlsx) provided with the paper. 865 

Reference 
No. of 

Specimens 
Summary 

Lee et al. 
(2003) 

4 
Increased corrosion leads to a decline in strength and deformability due to the loss in 
rebar cross-sectional area, loss of bond between the steel and concrete, and decline in 

restraining effect due to the spalling of concrete cover. 
Li et al. 
(2009) 

4 
Corrosion reduced flexural strength, more so for the higher axial loads. Ductility and 

displacement showed no strong trend for the four specimens. 

Meda et al. 
(2014) 

2 
Corrosion resulted in a large decrease in ductility and flexural strength, as well as a 

decrease in My/Mu. 

Guo et al. 
(2015b) 

4 
Higher corrosion levels lead to worse seismic behaviour, poorer strength and stiffness, 

decreased ductility and displacement, and lower energy dissipation capacity. 

Yang et al. 
(2016) 

5 
Columns with equal axial force and increasing corrosion were tested. Increased 

corrosion resulted in decreased flexural strength, deflection, and ductility. Flexural 
strength was not affected much until the maximum corrosion reached 10%. 

Li et al. 
(2018) 

6 
Flexural strength, ductility, and maximum displacement decreased with increasing 

corrosion. Flexural strength and displacement were affected more with a larger axial 
force, whereas, the opposite occurred for ductility. 


