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Abstract 35 

The study presented in this paper describes the coupled influence of corrosion and cross-sectional shape 36 

on failure mechanism of reinforced concrete (RC) bridge piers subject to static and dynamic earthquake 37 

loading. To this end, two RC columns varied in cross-sectional shape and corrosion degree are considered. 38 

An advanced nonlinear finite element model, which accounts for the impact of corrosion on inelastic 39 

buckling and low-cycle fatigue degradation of reinforcing bars is employed. The proposed numerical 40 

models are then subjected to a series of monotonic pushover and Incremental Dynamic Analyses (IDA). 41 

Using the analyses results, the failure mechanisms of the columns are compared at both material and 42 

component levels. Furthermore, using an existing model in the literature for uncorroded columns, a 43 

dimensionless corrosion dependent local damage index is developed to assess the seismic performance of 44 

the examined corroded RC columns. The proposed new damage index is validated against the nonlinear 45 

analyses results. It is concluded that the combined influence of corrosion damage and cross-sectional 46 

shape result in multiple failure mechanisms in corroded RC columns.  47 

Keywords: Corrosion; Reinforced Concrete; Bridge pier; Buckling; Incremental dynamic analysis; 48 

Damage index 49 
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1. Introduction 52 

In the last two decades, the concern of ageing and environmental deterioration of Reinforced Concrete 53 

(RC) infrastructure has increased significantly across the globe. In particular, RC bridges located in coastal 54 

environment and/or those exposed to de-icing salts are remarkably susceptible to degradation of their 55 

structural performance due to corrosion of reinforcing bars (Bertolini et al. 2004; Guo et al. 2015a). It is 56 

reported that significant percentage of RC bridges located in seismic zones of the United States are close 57 

to the end of their service life (Ghosh and Padgett 2010). The maintenance and rehabilitation of such 58 

structures need an effective tool to evaluate the time-dependent structural performance and quantify the 59 

extent of structural damage. Additionally, the aggressive agents coupled with earthquake loading result in 60 

undesired degradation mechanisms in corroded structures (Ghosh and Sood 2016). Therefore, seismic 61 

performance evaluation of corroded structures and bridges have received considerable attention in the 62 

recent years (Yuan et al. 2017; Ni Choine et al. 2016). 63 

A number of experimental and numerical studies have been conducted to investigate the influence of 64 

corrosion on structural performance of corroded structures (Meda et al. 2014; Guo et al. 2015b; Ma et al. 65 

2012; Alipour et al. 2011; Rao et al. 2016). The outcomes of these studies showed that corrosion affects 66 

the mechanical properties, low-cycle fatigue life, and inelastic buckling behaviour of reinforcing bars (Du 67 

et al. 2005a; Kashani et al. 2015a), and weakens the bond strength between steel and concrete interface 68 

(Fang et al. 2006). It has also been observed that the evolution of expansive corrosion products around the 69 

reinforcing bars results in detachment and delamination of concrete cover (Williamson and Clark 2000). 70 

As a result, corrosion decreases the load bearing capacity and ductility of the corroded RC components, 71 

and affects the failure mechanisms of RC components; detailed discussion is available in (Dizaj et al. 72 

2018a). Furthermore, Kashani et al. (2019) reports a recent state-of-the-art review of the residual capacity 73 

of corroded RC components, which discusses the impact of corrosion on structural performance of RC 74 

components in detail. 75 
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Numerous modelling techniques are available in the literature to account for the impact of corrosion on 76 

structural performance of corroded RC structures. Most of these models are simply based on the reduced 77 

cross-sectional area of corroded bars (Alipour et al. 2011; Rao et al. 2016). More recently, Kashani (2014) 78 

and Dizaj et al. (2018a) developed nonlinear finite element models to simulate the nonlinear behaviour of 79 

circular and rectangular RC columns considering the effect of corrosion on inelastic buckling and low-80 

cycle fatigue degradation of corroded bars.  81 

In seismic vulnerability analyses of structures, the structural damage is generally quantified using a 82 

specific damage index. Although there are variety of damage indices in the literature for pristine RC 83 

structures (Cosenza and Manfredi 2000; Mergos and Kappos 2010; Schneider et al. 2015), none of them 84 

account for the adverse influence of corrosion. Akiyama et al. (2011) investigated the coupled influence 85 

of seismic hazard and airborne chloride on seismic reliability of RC bridge piers. In this study, failure 86 

probability of corroded bridge piers is estimated considering the buckling of longitudinal reinforcements 87 

as the sole damage limit state. In another study, considering the spatial steel corrosion distribution, 88 

Thanapol et al. (2016) studied seismic reliability of RC structures in marine environments. However, the 89 

outcome of previous study conducted by Dizaj et al. (2018a, 2018b) showed that seismic fragility analysis 90 

of corroded RC structures requires time-dependent (i.e. corrosion-dependent) damage indices.  91 

Rectangular and circular cross sections are the typical cross-sectional shapes used in construction of RC 92 

structures and bridges. In the same condition of loading direction and flexural rigidity, differences in 93 

geometrical shape and arrangement of the reinforcing bars within these two cross-sectional shapes, result 94 

in a varied distribution of stresses and strains in longitudinal bars and concrete fibres. For example, the 95 

extreme tensile and compressive bars in the circular sections sustain greater strain in comparison to those 96 

of rectangular section. This will lead to its earlier yielding, fracture and/or fracture due to low-cycle fatigue 97 

failure in tension, and premature inelastic buckling followed by core concrete crushing under cyclic 98 

loading. Such differences in geometrical details of the sections may affect the failure mechanism of RC 99 

components, and hence seismic fragility of such structures will be affected. Furthermore, the previous 100 
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study by Dizaj et al. (2018a) shows that corrosion of reinforcing bars changes the failure mechanism of 101 

the RC columns. However, there is no study in the literature to investigate the combined influence of 102 

corrosion damage and cross-sectional shape on failure mechanism of RC columns under dynamic 103 

earthquake loading. 104 

Accordingly, the main contribution and novelty of the current study in comparison to preceding studies 105 

are: (i) constructing a dimensionless corrosion-dependent local damage index, which can be used in 106 

seismic fragility analysis of corroded RC structures, and (ii) investigation of the coupled influence of 107 

corrosion damage and cross-sectional shape on damage sequences and failure mechanisms of RC bridge 108 

piers. To this end, the dimensionless combined local damage index proposed by Mergos and Kappos 109 

(Mergos and Kappos 2013) is employed and modified to incorporate the influence of corrosion on damage 110 

estimation of corroded RC structures. The advantage of this damage index is accounting for multiple 111 

sources of damage including flexural deformation, shear deformation, and slippage of reinforcing bars at 112 

joint interfaces. The full description of the proposed damage index is presented in detail in the section 3 113 

of this paper. The adequacy of the proposed damage index in failure prediction of the corroded RC 114 

columns is demonstrated in section 6 of this paper. The analyses results show that the proposed damage 115 

index is a good quantitative measure to assess the vulnerability of corroded structures. It should be noted 116 

that, since the focus of this paper is to develop a damage index to account for various failure mechanisms; 117 

it is assumed that reinforcement are uniformly corroded within the cross section and over the column 118 

height. Considering unsymmetrical corrosion scenario due to two-dimensional chloride penetration is out 119 

of the scope of this paper. Currently, there is no experimental data to quantify the impact of two-120 

dimensional chloride penetration on unsymmetrical corrosion within the column cross section, which is 121 

an important area for future research. The influence of spatial variability of pitting corrosion over the 122 

whole length of structures is investigated in another study, and detailed discussion is available in Dizaj et 123 

al. (2018b). To this end, two identical RC columns varied in corrosion damage and cross-sectional shape 124 

(circular and rectangular section) are considered. The details of the columns are illustrated in section 2 of 125 
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this paper. The failure mechanisms of the considered columns are evaluated through a series of nonlinear 126 

static and dynamic analyses. Results show that the cross-sectional shape and corrosion damage result in 127 

multiple failure mechanism in the examined RC columns. For instance, it is found that the failure of 5% 128 

corroded circular column is governed by core concrete crushing followed by premature fracture of 129 

reinforcing bars due to fatigue failure, however, the failure of the corresponding rectangular column with 130 

the same corrosion damage is governed by core concrete crushing. 131 

2. Description of the finite element model of examined RC bridge piers  132 

2.1 Examined RC bridge piers 133 

 134 

To investigate the influence of cross-sectional shape on failure mechanism of corroded RC columns, a 135 

circular and rectangular cantilever RC columns are considered.  For circular column, column 415 from 136 

Lehman et al. (2004) is selected from the UW–PEER experimental test database (Berry et al. 2004), and 137 

used as a benchmark. A hypothetical rectangular column is chosen such that it has the same geometrical 138 

and material properties, and fundamental period as the circular column. Both of the examined columns 139 

are flexural dominant columns. The details of examined RC columns are shown in Fig. 1 and summarised 140 

in Table 1. It should be noted that in Table 1, the effective buckling length of the vertcal reinforicng bars 141 

(Leff) is calculated using the procedure proposed by Dhakal-Maekawa (Dhakal and Maekawa 2002; 142 

Kashani et al. 2016) (further details are available in Kashani et al. 2016, 2017, 2018), which has been 143 

validated against the observed experiemntal results. The mechanical properties of longitudinal and 144 

transeverse reinforcing bars are tabulated in Table 2. The compressive strength of concrete is 31 MPa. 145 

 146 

 147 

 148 

 149 

 150 
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 151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 

 161 

(a)                                                                       (b) 162 

Fig. 1.  Cross-sectional details of the considered RC columns: a) circular column and b) 163 

rectangular column 164 

Table 1. Details of the considered columns 165 

Cross-sectional 
shape 

L 
(mm) 

L/D Leff /d 
ρl 

(%) 

ρh 
(%) 

Nu/(fcAg) 
K 

(N/mm) 
T (sec) 

Circular 2438.4 4 10 1.49 0.7 0.07 39802 0.254 

Rectangular 2438.4 4.5 10 1.72 0.8 0.07 40784 0.257 

Column height (L), shear span to depth ratio (L/D), the ratio of effetive buckling length of longitudinal bar to its diameter (Leff 166 
/d), the longitudinal bars ratio (ρl), volumetric ratio of transvere reinforcements (ρs), axial force ratio (Nu/fcAg), un-cracked 167 
stiffness (K) and fundamental period of each column (T). 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 

 177 

                                           Table 2. Mechanical properties of reinforcing bars 178 

 Φ8 @ 100 mm 

16 Φ 20 mm 

540 mm 

540 mm 

22 Φ 15.87 mm 

 Φ6.4@ 31.75 mm 
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Bar type  Transverse 
bars  

Longitudinal 
bars  

Yield strain εy 0.0028 0.00236 

Yield stress (MPa) fy 497 497 

Elastic modulus (MPa) Es 210000 210000 

Strain at maximum stress εu 0.05660 0.13 

Maximum stress (MPa) fu 645 662 

Fracture strain εr 0.16 0.195 

 179 

To simulate the structural response of the RC columns, OpenSees (McKenna 2011),  the open source finite 180 

element software framework, is used. To this end, the previously developed modelling technique using 181 

nonlinear fibre beam-column element by Dizaj et al. (2018a) and Kashani et al. (2016) are employed here 182 

to simulate the nonlinear response of the examined RC columns.  183 

To simulate the nonlinear behaviour of the circular column, the nonlinear fibre beam-column element 184 

developed by Kashani et al. (2014, 2016) is used. The model comprises two force-based nonlinear fibre 185 

beam-columns elements, and each element consists of several fibre sections (known as integration points) 186 

along their length. In this model, the length of the first element is adjusted so that the integration length 187 

of first integration point (at the base of column) to be equal to the effective buckling length of the vertical 188 

reinforcement. This modelling technique  is verified against an extensive set of experimental test results 189 

(further details are available in (2014, 2016)). Both the numerical models account for the impact of 190 

corrosion on combined effects of inelastic buckling and low-cycle fatigue degradation of corroded 191 

reinforcing bars.  192 

2.2 Description of the uniaxial material models 193 

 194 

2.2.1 Reinforcing bars 195 

 196 

In this study the uniaxial hysteretic material model developed by Kashani et al. (2015b) is used to model 197 

the nonlinear stress-strain behaviour of corroded and uncorroded reinforcing bars. Using empirical 198 
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equations, this model accounts for the effects of corrosion on the mechanical properties of reinforcing bars 199 

in tension including yield strength, ultimate strength and fracture strain, as well as inelastic buckling in 200 

compression (Du et al. 2005a, 2005b). This model is also able to simulate the simultaneous effect of 201 

corrosion on pinching response of the corroded reinforcing bars due to inelastic buckling in compression 202 

and low-cycle fatigue degradation under cyclic loading. Fig. 2 compares the backbone curve of uncorroded 203 

and corroded reinforcing steel model (with 20% of mass loss) in tension and compression (including 204 

buckling effect). 205 

 206 

Fig. 2.  Considered material model envelop for steel reinforcements 207 

To capture the low-cycle fatigue degradation of reinforcing bars, the Fatigue material available in 208 

OpenSees is wrapped to the hysteretic material model. The uniaxial Fatigue model uses Coffin-Manson 209 

(1965) proposed relationship to account for the fatigue damage (Eq. (1)). 210 

(2 )p f fN                                                                                                                                               (1) 211 

Where εp is amplitude of plastic strain, 2Nf is number of half cycles to failure and εf and α are material 212 

constants. Based on the experimental and analytical study conducted by Kashani et al. (2015c), the 213 

material constants εf and α are calibrated and are chosen to be 0.192 and -0.602 respectively. These 214 
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coefficients will account for the influence of inelastic buckling on low-cycle fatigue life of reinforcing 215 

bars. Moreover, to account for the impact of corrosion on fatigue failure of reinforcements the fatigue 216 

material constants are modified using the analytical equations provided in (Kashani et al. 2015b). It should 217 

be noted that the strain localisation problem has been previously addressed in the proposed modelling 218 

technique. This has been elaborated in Kashani et al. (2016) and Dizaj et al. (2018a); where the numerical 219 

model of uncorroded and corroded bridge pier has been developed and verified against experimental data. 220 

Furthermore, the interaction between concrete cover and steel reinforcement has been taken into account 221 

in the phenomenological model of reinforcing bars. Further details are available in Kashani et al. (2016).  222 

2.2.2 Confined and unconfined concrete 223 

 224 

The nonlinear behaviour of confined and unconfined concrete in circular column is modelled using the 225 

uniaxial material Concrete04. To simulate the compressive stress-strain response, this constitutive 226 

material model employs the Popovics model (Popovics 1988) with linear loading and unloading 227 

degradation according to (Karsan and Jirsa 1969) and exponential decay for tensile strength. The influence 228 

of confinement on compressive strength of the confined core concrete is considered using the Mander et 229 

al. (1988) model. 230 

The numerical simulation and comparison with experimental data by Kashani et al. (2018) showed that 231 

Mander’s model (Mander et al. 1988) is not suitable for rectangular/square columns. Therefore, 232 

Concrete02 uniaxial material model, available in OpenSees, is employed to simulate the nonlinear 233 

behaviour of confined and unconfined concrete in the column with rectangular section. In compression, 234 

this model comprises a parabolic curve up to the peak and linear softening up to the residual strength 235 

which is 20% of the maximum compressive strength. In tension, this material model employs a bilinear 236 

curve, from zero to peak and from peak to zero. The effect of transverse reinforcements on stress-strain 237 

law of confined core concrete is modelled using the modified Kent-Park model (Scott et al. 1982). 238 
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In the proposed numerical model, the corrosion induced concrete cover cracking/spalling is considered 239 

through reduction of its compressive strength. Here, to account for the impact of corrosion on stress-strain 240 

behaviour of concrete cover, the compressive strength and its corresponding strain is reduced using the 241 

technique proposed in Coronelly and Gambarova (2004). The impact of corrosion on stress-strain 242 

behaviour of the confined core concrete is also considered using the approach proposed (Kashani 2014).  243 

This simplified approach has been validated against benchmark experimental data (Dizaj et al. 2018a).  244 

According to this approach, first the mechanical properties of confinement is modified using the following 245 

equations (Du et al. 2005a, 2005b): 246 

, (1 0.005 )yh corr h yhf f                                                                                                                               (2) 247 

, (1 0.01 )s corr h s                                                                                                                                     (3) 248 

where fyh,corr, fyh, ρs,corr, ρs and ψh are yield strength of corroded hoops, yield strength of sound hoops, 249 

volumetric ratio of corroded hoops, volumetric ratio of sound hoops and mass loss percentage of hoops, 250 

respectively. Then, using the modified Kent and Park model (Scott et al. 1982) the compressive strength 251 

of unconfined concrete (fc) in rectangular column is multiplied by Kc factor according to Eq (4): 252 

 1 yh s
c

c

f
K

f


                                                                                                                                             (4) 253 

As mentioned above, for circular column, Mander’s model (Mander et al. 1988) is used to modify the 254 

compressive strength of confined core concrete instead of Eq (4). Fig. 3 compares the compressive stress-255 

strain behaviour of confined concrete for uncorroded and corroded (with 20% of mass loss) rectangular 256 

columns. The ultimate compressive strain of confined core concrete is calculated based on the approach 257 

proposed by Priestley and Paulay (1992).   Here, using a simple procedure, th effects of corrosion on 258 

ultimate compressive strain of confined core concrete is considered. Further details are provided below 259 

the Eq (9).  260 
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 261 

Fig. 3.  Considered envelop for compressive behaviour of confined core concrete 262 

 2.2.3 Bar-Slip model 263 

 264 

The slippage of reinforcing bars at joint interfaces (column footing, beam-column connection, etc.) of RC 265 

components due to strain penetration results in fixed-end rotation which is one of the primary sources of 266 

damage in RC structures (Mergos and Kappos 2015). To accurately model the lateral stiffness of RC 267 

structures, the fixed-end rotations should be considered in numerical model. In the present study, the 268 

stress-slip constitutive material model developed by Zhao and Sritharan (2007) is assigned to a zero-length 269 

section element at the base of the columns. It should be noted that since the anchorage zone in column 270 

base is in an enough depth to be survive from aggressive agents, it is assumed that reinforcing bars are not 271 

corroded at below the foundation and hence, uncorroded bar-slip model is used in all the analyses. Further 272 

details are available in (2018a). 273 

3. Description of the proposed local damage indices  274 

The vulnerability of structures against seismic loading is generally assessed in terms of a seismic damage 275 

limit state. The damage limit state should be linked to a physical definition, which is normally in a form 276 

of a damage index between zero and unity, representing from no damage to collapse. A wide range of 277 
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local and global damage indices are proposed by different researchers (Rodriguez 2015; Kappos 1997). 278 

Most of the previously proposed damage indices are based on the flexural damage, while contribution of 279 

other sources of damage like shear deformation and slippage of longitudinal reinforcements are ignored 280 

(Mergos and Kappos 2013). 281 

Mergos and Kappos (2013) developed a combined local damage index for seismic assessment of RC 282 

structures, which incorporates the contribution of all deformation mechanisms including flexural, shear, 283 

and slippage of reinforcements. This damage index is described in the Eqs. (5-8): 284 

     1 1 . 1 . 1tot fl sh slD D D                                                                                                                (5)                  285 

max 0

0

fl

fl
u

D


 
 

 
   

                                                                                                                                           (6) 286 

max 0

0

sh

sh
u

D


 
 

 
   

                                                                                                                                            (7) 287 

,max ,0

, ,0

sl

sl sl
sl

sl u sl

D


 
 

 
    

                                                                                                                                         (8) 288 

where, λtot is the total damage index, and Dfl, Dsh and Dsl are the contribution of flexural, shear damage 289 

and reinforcement slippage damage, respectively; λfl, λsh and λsl are exponents representing the rate of 290 

flexural damage, shear damage and bond slip damage progression, respectively. Furthermore, φmax, γmax 291 

and θmax are maximum curvature, maximum shear strain and maximum fixed-end rotation caused by 292 

slippage of reinforcement, respectively; φ0, γ0 and θsl,0 are associated threshold values of flexural damage, 293 

shear damage and bond-slip damage, respectively. φu, γu and θs,u are the ultimate values of deformation 294 

capacities based on the monotonic pushover analysis (Mergos and Kappos 2013). Based on the 295 

experimental calibrations conducted by Mergos and Kappos (2013), the values of λfl, λsh and λsl are 296 

proposed to be 1.35, 0.8 and 0.95, respectively. Moreover, for simplification, the values of φ0, γ0 and θsl,0 297 

are assumed to be zero (Mergos and Kappos 2013). The advantage of this damage index is that once each 298 
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of damage indices reaches to the unity, immediately total damage index become 1, indicating the failure 299 

of structure. Further details about this damage index is available in (Mergos and Kappos 2013). 300 

In this paper the efficiency of this damage index in seismic performance assessment of examined corroded 301 

RC bridge piers is evaluated through a series of Incremental Dynamic Analyses (IDAs). To this end, Φu, 302 

γu and θs,u are modified to account for the impact of corrosion on various failure modes of corroded 303 

columns. Further details are provided in the next section. 304 

3.1 Influence of corrosion on ultimate deformation capacities  305 

 306 

Seismic vulnerability analysis of corroded RC structures has received a considerable attention during the 307 

past decade (Ghosh and Padgett 2010; Ghosh and Sood 2016). In most of the previous studies, the level 308 

of damage is quantified using the global time-invariant damage limit states like drift ratio (Guo et al. 2015; 309 

Alipour et al. 2011). However, recent study conducted by Dizaj et al. (2018a), demonstrated that time-310 

invariant damage limit states are not suitable for corroded structures, and do not realistically represent the 311 

onset of failure of corroded structures (Dizaj et al. 2018a).  It should be noted that corrosion is a time-312 

variant phenomenon, and therefore, damage limit states that accounts for corrosion are time-variant limit 313 

states. The considered damage limit states are: (i) Associated drift with yielding of longitudinal bars, (ii) 314 

Associated drift with spalling of concrete cover, and (iii) Associated drift with crushing of concrete core. 315 

All of this three criterions are mass loss dependent, and mass loss is a function of time. Therefore the 316 

considered damage limit states are indirectly time-dependent. The proposed time-dependent damage limit 317 

states have been described in detail in Dizaj et al. (2018b). 318 

In this study the local damage index proposed in (Mergos and Kappos 2013) is modified to account for 319 

the influence of corrosion. To generate the data for modification of the uncorroded local damage indices, 320 

nonlinear finite element analysis is employed as follows. 321 

3.1.1 Influence of corrosion on flexural damage index, φu 322 

 323 
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The curvature capacity φu, is considered as the minimum of the corresponding curvature to the three 324 

different damage criterions including: (i) core concrete crushing; (ii) fracture of tensile reinforcing bars 325 

and (iii) 20% maximum moment capacity loss. The corrosion-damaged core concrete crushing strain, εcu 326 

which is corresponding to fracture of first spiral/hoop reinforcement described in Eq. (9) (Priestley and 327 

Paulay 1992): 328 

     , , ,

,

0.004 1.4 s corr yh corr uh corr
cu

cc corr

f

f

 


 
   

  
                                                                                                  (9) 329 

where ρs,corr, fyh,corr, εuh,corr are volumetric ratio, yield strength and strain corresponding to ultimate stress 330 

of corroded transverse reinforcements and fcc,corr is compressive strength of core concrete considering the 331 

impact of corrosion on confinement. All the parameters are a function of percentage of mass loss and 332 

modified according to the approach presented in (Dizaj et al. 2018a). Fracture strain of corroded tensile 333 

reinforcing bars, εu, is obtained using the empirical Eq. (10), which is proposed by Du et al. (2015b) and 334 

validated in modelling corroded RC columns by Dizaj et al. (2018a). 335 

 1 0.035u ul                                                                                                                                      (10) 336 

where ψ is the percentage mass loss, and εul is the fracture strain of uncorroded reinforcement.  337 

3.1.2 Influence of corrosion on shear damage index, γu 338 

 339 

The shear strain corresponding to onset of shear failure, γu, is calculated using the Eq. (11) (Mergos and 340 

Kappos 2013): 341 

1 2 3. . .u st st                                                                                                                                                        (11)            342 

where λ1, λ2 and λ3 are empirical modification factors according to (Mergos and Kappos 2013) and γst is 343 

modified shear deformation corresponding to the onset of yielding of shear reinforcement, γtruss. Due to 344 

the significant paucity in literature, to investigate the impact of corrosion on shear strength of corrosion-345 
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damaged concrete and shear/transverse reinforcement, a simplified methodology is adopted to account for 346 

the corrosion of shear reinforcement. In this study, Eqs. (12-13) are used to calculate λ3:    347 

 3 0.31 17.8.min ,0.08                                                                                                                   (12) 348 

, .

. .
h corr yh

c

A f

b s f                                                                                                                                             (13) 349 

where, Ah,corr is the cross-sectional area of the corroded transverse reinforcements running parallel to the 350 

applied shear force according to Eq.(14), b is column width/diameter and s is spacing of the hoops/spirals.  351 

 , 1 0.01h corr hA A                                                                                                                                (14) 352 

In Eq. (14), Ah is the cross-sectional area of uncorroded stirrups. Mergoes and Kappos (2013), proposed 353 

the Eq. (15) to calculate γst: 354 

. .st truss                                                                                                                                                (15) 355 

where γtruss is calculated from Eq. (13): 356 

1

st
truss cr

V

GA
                                                                                                                                         (16) 357 

where Vst is shear strength of transverse reinforcements and GA1 is the post yield stiffness of V-γ skeleton 358 

curve proposed in (Mergos and Kappos 2012). Due to lack of studies about the effect of corrosion on shear 359 

strength of RC structures in the literature, Vst and GA1 are calculated based on the reduced spiral/hoop bar 360 

diameter. It should be noted that the focus of this study is on flexural columns, and therefore, shear 361 

deformations are within the elastic region. 362 

3.1.3 Influence of corrosion on slippage damage index, θs,u 363 

 364 

A zero-length section element in conjunction with a constitutive stress-slip law is used to account for the 365 

fixed-end rotation at joint interface. The ultimate fixed-end rotation capacity, θs,u, is calculated using the 366 

Eq. (17): 367 
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   ,
u

s u
c

S

d x
 


                                                                                                                                         (17) 368 

where, d is the effective depth measured from centre of tensile reinforcement to the outmost compressive 369 

side of the section, xc is the depth of the neutral axis and Su is the ultimate slip which is assumed to be 30 370 

Sy (Zhao and Sritharan 2007), where Sy is the yielding slip of reinforcing bars which is calculated using 371 

the relationship proposed in (Zhao and Sritharan 2007). 372 

 373 

4. Monotonic and cyclic pushover analyses 374 

Other than uncorroded columns, to evaluate the impact of corrosion on deformation capacities, three 375 

different levels of corrosion including 5% (lightly corroded structure), 10% (moderately corroded 376 

structure) and 20% (heavily corroded structure) mass losses are considered for each column type. The 377 

corrosion of tie reinforcement, however, is generally higher than the main vertical reinforcement as they 378 

are closer to the surface. The considered corrosion level of ties for abovementioned corroded structures 379 

are 12%, 24% and 42%, respectively. The corrosion of tie reinforcement is calculated using the 380 

methodology that was used in Dizaj et al. (2018a). 381 

Fig. 4 shows the pushover analyses results of the examined RC columns. For each level of corrosion, the 382 

capacity curve of circular column is compared with that of rectangular column. Moreover, damage limit 383 

states are also mapped on each curve. Here, the spalling of the concrete cover is assumed to occur when 384 

the compressive strain of extreme fibre exceeds 0.004 (Priestley and Paulay 1992). For corroded columns, 385 

the spalling strain is a function of corrosion and is modified using the approach proposed in (Coronelli 386 

and Gambarova 2004). 387 
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 388 

(a)                                                                         (b) 389 

 390 

(c)                                                                         (d)                             391 

Fig. 4.  Results of pushover analysis: (a) uncorroded; (b) 5% corroded; (c) 10% corroded and (d) 392 

20% corroded columns 393 

As it is shown in Fig. 4, in all the cases, the failure of the columns is mainly dominated by core concrete 394 

crushing. However, in circular column, the core concrete crushing happens in a slightly less drift 395 

percentage comparing to rectangular column. This is because, in empirical Eq. (9) which is used to 396 
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determine the crushing strain of the core concrete, all the parameters are almost identical for both circular 397 

and rectangular sections, except the ultimate compressive strain of core concrete (fcc,corr) which is a greater 398 

value in circular section.  399 

As shown in Fig. 4, it is evident that as the level of corrosion increases, the flexural capacity of the columns 400 

and corresponding drift of each damage limit state decreases significantly. For example, while the 401 

corresponding drift of core crushing is approximately 5% in uncororded circular column (Fig. 4(a)), it is 402 

declined to approximately 1% in 20% corroded circular column (Fig. 4(d)).  403 

Fig. 4(d) shows that the severe corrosion at 20% mass loss, changes the nonlinear behaviour of columns, 404 

where cover spalling takes place prior to yielding of the first vertical bar. This confirms that corrosion 405 

affects the damage limit states and structural behaviour of RC structures. Hence, to accurately assess the 406 

seismic performance of corroded RC structures the damage limit states should be considered as a function 407 

of corrosion damage. 408 

For each column, deformation capacities and associated drifts to the damage limit states are extracted from 409 

the pushover analyses and tabulated in Table 3.  410 

  Table 3. Deformation capacities and associated drifts of damage limit states 411 

Section shape 
ψ 

(%) 

φu 

(1/m) 

θsl,u 

(rad) 
γu 

Drift 

ratio at 

bar 

yielding 

Drift 

ratio at 

cover 

spalling 

Drift ratio 

at core 

concrete 

crushing 

Circular 

0 0.220 0.036 0.038 0.005 0.013 0.048 

5 0.135 0.036 0.032 0.005 0.008 0.030 

10 0.062 0.036 0.028 0.005 0.006 0.017 

20 0.033 0.036 0.022 0.004 0.003 0.011 

 Rectangular 

0 0.24 0.051 0.035 0.007 0.019 0.058 

5 0.155 0.051 0.030 0.007 0.010 0.037 

10 0.070 0.051 0.026 0.006 0.007 0.021 

20 0.039 0.051 0.021 0.006 0.004 0.013 

 412 
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Using the experimental loading history of Lehman’s column 415 specimen (Lehman et al., 2004), an 413 

exemplary cyclic pushover analysis carried out on each corroded and uncorroded circular column to 414 

investigate the impact of corrosion on variation of the different damage mechanisms (flexure, shear and 415 

slip) and total damage index. Fig. 5 shows the evolution of the proposed damage index for individual 416 

damage mechanisms. Fig. 5 indicates that as corrosion level increases the column fails at lower cycle 417 

numbers. 418 

 419 

Fig. 5. Total damage index evolution of circular column in cyclic analysis 420 

5. Incremental Dynamic Analysis (IDA) 421 

In this part, the coupled influence of cross-sectional shape and corrosion damage on failure mechanism of 422 

the considered RC columns is investigated through IDA. To this end, 44 far-field ground motions (22 423 

pairs) which are listed in FEMA P695 (2009) are selected. All the selected ground motion records are 424 

scaled to their corresponding spectral acceleration at fundamental period of the structure, Sa(T1). Then 425 

using the increased Sa(T1), a series of time-history analyses repeated until the structure fails. Finally, for 426 

each ground motion, the maximum absolute drift ratio (ratio of tip displacement to the column height) is 427 

plotted versus the multiples of Sa(T1) to establish the IDA curves. It should be noted that, the uncertainties 428 
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in corrosion phenomenon has already been investigated in Dizaj et al. (2018b). However, based on the 429 

results of numerical simulations reported in Dizaj et al (2018b), the uncertainties associated with 430 

earthquake ground motions are much more critical than corrosion.  431 

 432 

5.1 Discussion of the IDA results 433 

 434 

Fig. 6 shows exemplary IDA results for each uncorroded columns. Based on the median (50% fractile) 435 

IDA curves in Fig. 6, the uncorroded rectangular column fails in a lower drift ratio in comparison with the 436 

corresponding circular column. 437 

  438 

 (a) (b) 439 

Fig. 6.  IDA results: (a) uncorroded circular column; (b) uncorroded rectangular column 440 

 Fig. 7 compares the median IDA curves of circular columns with those of rectangular columns. Based on 441 

the Fig. 7, the corroded columns fail in a less drift ratio in comparison with the uncorroded columns. For 442 

example, while uncorroded rectangular column fails in approximately 0.08 drift ratio (Fig. 6(b)), its 443 

corresponding 10% corroded column fails in about 0.03 drift ratio. Moreover, it can be clearly seen that 444 

for uncorroded and 5% corroded cases while the rectangular column collapses in approximately 0.05 and 445 
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0.075 drift ratio, respectively, their corresponding circular columns exhibit a more ductile behaviour and 446 

fail in approximately 0.065 and 0.115 drift ratio, respectively. However, for higher levels of corrosion, 447 

both of the columns show similar behaviour and fail at the same drift ratio. For example, both 20% 448 

corroded columns fail in approximately drift ratio of 0.02. However, the summarised IDA curves are not 449 

a sufficient tool to make accurate judgments about the mechanism of failure as they just display the global 450 

behaviour of the considered structures. To investigate the behaviour of the columns further at the material 451 

level, material responses at the critical section (base) of the columns are recorded.  452 

 453 

Fig. 7.  Comparing median IDA results of circular columns with those of rectangular columns 454 

Fig. 8 shows the dispersion of normalised core concrete strain (εc/ εcu) of each column against its 455 

corresponding drift ratio. The normalised core concrete strain is the ratio of maximum absolute value of 456 

compressive core concrete strain at each imposed intensity level of each earthquake excitation εc, to its 457 

ultimate value εcu. 458 

From the Fig. 8, it can be clearly seen that as the level of corrosion increases, the onset of core concrete 459 

crushing occurs at lower drift ratios. For example, the onset of core concrete crushing of the uncorroded 460 

circular column is corresponding to drift ratio of 0.065 (Fig. 8(a)), but it is reduced to less than 0.02 for 461 

20% corroded column (Fig .8(d)). Moreover, Fig. 8(a) indicates that the normalised concrete strains of 462 
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uncorroded circular column is more scattered in comparison with those of uncorroded rectangular column. 463 

For example, beyond 0.08 drift ratio there are rare points for rectangular column. This is related to the 464 

influence of cross section geometry. In rectangular columns, once the outmost fibres of core concrete 465 

crushes in compression, the whole row of fibres in the section is crushed. Consequently, it fails rapidly 466 

and cannot experience higher drifts. This is confirmed by Fig. 6(b), where the uncorroded rectangular 467 

column is failed at approximately 0.08 drift ratio. However, the circular section can tolerate higher drift 468 

ratios because the compressive part of the section is crushing more gradually after the crushing of outmost 469 

fibres of concrete core. Furthermore, this also affects the inelastic buckling behaviour of bars in 470 

compression as well. The vertical bars in circular column buckle gradually. However, all the vertical bars 471 

on the compression side of the rectangular column buckle together. This buckling mechanism results in 472 

premature core concrete crushing in compression, and hence, brittle failure.  However, Fig. 8(d) shows 473 

that beyond the 0.03 drift ratio the 20% corroded columns are collapsed while we don’t see any points in 474 

this region, which is comparable with their median IDA curve presented in Fig. 5. 475 

 476 

(a)                                                                       (b) 477 
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   478 

(c)                                                                     (d) 479 

Fig. 8.  Dispersion of the normalised core concrete strain versus drift ratio: (a) uncorroded; (b) 480 

5% corroded; (c) 10% corroded and (d) 20% corroded columns 481 

Fig. 9 displays the normalised strain ratios (εs/ εu) of the extreme longitudinal reinforcement versus its 482 

corresponding drift ratio. The normalised strain ratio of longitudinal reinforcing bars is the ratio of 483 

maximum value of tensile reinforcement strain at each applied intensity level of each earthquake ground 484 

motion record εs, to its ultimate corroded strain value εu. It is apparent from the Fig. 9(a) that up to 0.12 485 

drift ratio, longitudinal bars are not fractured in neither of the uncorroded columns. This confirms that the 486 

failure of the uncorroded columns is governed by core concrete crushing. However, Fig 9(a) shows that 487 

the outmost tensile reinforcement in circular section undergoes higher strains than that of rectangular 488 

column. This is related to arrangement of the reinforcing bars in circular section, where there is one bar in 489 

outmost tension side of the column. 490 

 491 



 

25 
 

   492 

  (a)                                                                        (b) 493 

   494 

(c)                                                                        (d) 495 

Fig. 9.  Dispersion of the normalised reinforcement strain versus drift ratio: (a) uncorroded; (b) 496 

5% corroded; (c) 10% corroded and (d) 20% corroded columns 497 

As illustrated in Fig. 9, it can be concluded that in any of the corroded columns vertical bars have not 498 

reached to the fracture strains.  499 
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Other than crushing of core concrete and fracture of tensile reinforcement, low-cycle fatigue degradation 500 

of vertical reinforcement is also recognised as one of the important sources of failure of RC structures 501 

(Kashani et al. 2015b). In Fig. 10, the maximum value of fatigue damage index at each IDA scale factor 502 

is plotted against its corresponding drift ratio. Comparing Fig. 10 with Fig. 9, it can be concluded that in 503 

both uncorroded and 5% corroded circular columns, the low-cycle fatigue failure is preceding to fracture 504 

of reinforcement. This is while except for a couple of cases, the vertical bars of the rectangular column do 505 

not experience the fatigue failure. This is because in circular section the fatigue damage is accumulated in 506 

bars at near the top of the section. Moreover, comparing Fig. 10 with Fig .8, while in uncorroded circular 507 

column the onset of fatigue failure occurs prior to the onset of core concrete crushing, in most of the cases 508 

in 5% corroded circular column these two are happening simultaneously.  However, as can be seen in 509 

Figs. 10 (c) and 8(d), as the corrosion level increases both the columns are demolished before low-cycle 510 

fatigue happens. These is because, in the higher levels of corrosion (10% and 20%), the quick fracture of 511 

confinement results in quick failure of the columns due to the core concrete crushing.  512 

The finding of this part suggests that while according to the previous studies (Kashani et al. 2015a) 513 

corrosion declines the fatigue life of the corroded bare bars, but the extra corrosion of embedded 514 

reinforcing bars may not lead in fatigue failure due to the premature collapse of the component.   515 

   516 
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  (a)                                                                        (b) 517 

   518 

(c)                                                                             (d) 519 

Fig. 10.  Dispersion of the fatigue index versus drift ratio: (a) uncorroded; (b) 5% corroded; (c) 520 

10% corroded and (d) 20% corroded columns 521 

6. Validating the efficiency of proposed local damage indices 522 

The aim of this section is to investigate the adequacy of the proposed modified local damage indices on 523 

failure assessment of the corroded RC structures subjected to earthquake loading. To this end, the total 524 

damage index (λtot) is calculated using the Eq. (5) for each incremented time history analysis.  Fig. 11 525 

shows each calculated value of λtot for circular and rectangular columns against their corresponding 526 

maximum absolute value of drift ratios. 527 

 528 
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  529 

(a)                                                                           (b) 530 

  531 

                              (c)                                                                            (d) 532 

Fig. 11.  Distribution of total damage index against the corresponding drift ratio: (a) uncorroded; 533 

(b) 5% corroded; (c) 10% corroded and (d) 20% corroded columns 534 

Comparing Fig. 11 with Fig. 8, shows that in all the considered cases the onset of core concrete crushing 535 

is predicted well with the proposed damage index. For example, comparing Fig. 11(d) with Fig. 8(d), the 536 

onset of λtot=1 in 20% corroded rectangular column is corresponding to approximately 0.018 drift ratio 537 

which is almost identical to that of core concrete crushing for the same column. Regarding the failure of 538 
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all the considered columns with different levels of corrosion is dominated by core concrete crushing, it 539 

can be concluded that the failure of the columns is predicted well using the proposed damage index. 540 

In order to show the effectiveness of proposed local damage indices in failure prediction of columns, the 541 

median of drift ratios corresponding to median of the λtot=1 points are obtained for each level of corrosion 542 

from Fig. 11. Then, in Fig. 12, they are shown by vertical lines and compared with the median IDA curves.  543 

Fig. 12(a) and Fig. 12(b) show that the failure of uncorroded and 5% corroded rectangular columns are 544 

predicted precisely by the proposed damage index. Similarly, Fig. 12(c) and Fig. 12(d) indicate that the 545 

onset of failure in 10% and 20% corroded is also relatively well anticipated with the proposed damage 546 

index. However, based on the Fig. 12(a), the failure of the ucorroded circular column is estimated 547 

somewhat conservatively by the proposed damage index. This is because, as described earlier in this paper, 548 

the ultimate curvature, φu, is corresponding to the onset of core concrete crushing. This means that the 549 

total damage index reaches to the unity once the outmost fibres of core concrete crushes. However, as 550 

discussed in part 5.1 of this paper, due to the influence of cross section geometry, the circular column can 551 

tolerate higher deformation even after crushing of extreme fibres of core concrete. On the other hand, the 552 

shear deformation is considered to be in elastic region. In addition, the axial-flexure-shear interaction of 553 

uncorroded and corroded columns is not accounted in this model. This might be sorted out using shell or 554 

brick element modelling technique (Belletti and Vecchi, 2018; Di Carlo et al., 2017), and therefore, is an 555 

area for future research.  556 

In summary, the proposed damage index shows a promising alternative to the conventional time-invariant 557 

damage limit states for seismic fragility analysis of corroded structures. However, there is need for further 558 

experimental and parametric study using numerical models to improve this damage index to account for 559 

the axial-shear-flexure interaction. Nevertheless, this paper creates and avenue for other researchers to 560 

continue this work in the future research. 561 

 562 
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  563 

(a)                                                                      (b) 564 

 565 

                                        (c)                                                                        (d) 566 

Fig. 12. Prediction of failure of median IDA curves using the proposed damage index:  (a) 567 

uncorroded; (b) 5% corroded; (c) 10% corroded and (d) 20% corroded columns 568 

7. Conclusions 569 

In this research, the combined influence of cross-sectional shape and corrosion damage on failure 570 

mechanism of two identical RC columns, including a circular and a rectangular section, is investigated. 571 

Furthermore, the corrosion damaged limit states are considered by proposing a dimensionless combined 572 
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local damage index. The nonlinear behaviour of the columns is simulated using an advanced nonlinear 573 

finite element modelling technique. Through a series of monotonic pushover and IDAs, the failure modes 574 

of the columns are studied at both global and material scales. 575 

The main findings of the study can be summarised as follow: 576 

 The severe corrosion changes the ductile behaviour of the columns, where the cover spalling 577 

occurs prior to yielding of the vertical bars. 578 

 For lower corrosion levels, while the rectangular column collapses in a specified drift ratio and 579 

could not meet higher deformations, the circular column exhibits more ductile behaviour and fails 580 

gradually. This is attributed to the different pattern of core concrete crushing in circular section 581 

and rectangular section.  582 

 While for lower corrosion levels, the failure mechanism of the circular column is core concrete 583 

crushing combined with fatigue failure of the reinforcements, for the higher corrosion levels its 584 

failure is dominated by core concrete crushing. However, for the different levels of corrosion, the 585 

failure of rectangular column is governed mainly by core concrete crushing. 586 

 The proposed damage index accurately anticipates the failure of the rectangular columns with 587 

different levels of corrosion. It also relatively well predicts the failure of the 10% and 20% 588 

corroded circular columns. However, for the uncorroded and 5% corroded circular columns, the 589 

predicted failure point is somewhat earlier than their actual failure point.  590 

 591 

 592 

 593 

 594 

 595 
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