
 

 

 

A lumped plasticity model for corrosion damaged reinforced concrete columns 
 

Text written date: 04/12/2021 

Revised date: 29/10/2021 

Author 1 

● Hamed Roohbakhsh, PhD Candidate 

● Structural Engineering Research Center, International Institute of Earthquake Engineering 

and Seismology, Tehran, Iran  

● https://orcid.org/0000-0002-0000-3733 

Author 2 (corresponding author) 

● Afshin Kalantari, Associate Professor 

● Structural Engineering Research Center, International Institute of Earthquake Engineering 

and Seismology, Tehran, Iran  

Author 3 

● Mohammad M. Kashani, Associate Professor 

● University of Southampton, Southampton, UK  

● https://orcid.org/0000-0003-0008-0007 

Author 4 

● Akanshu Sharma, Junior-Professor 

● Institute of Construction Materials, University of Stuttgart, Stuttgart, Germany  

● https://orcid.org/0000-0001-5426-1829 

 

contact details of corresponding author: 

Associate Professor, Structural Engineering Research Centre, International Institute of 

Earthquake Engineering and Seismology, Tehran 19537-14453, Iran. Email: 

a.kalantari@iiees.ac.ir 

 

 

 



 

2 

 

  

Abstract  

 

Chloride-induced corrosion is one of the most important reasons for the strength degradation of 

reinforced concrete (RC) bridges. As the piers of RC bridges are important element to sustain 

lateral loads, corrosion of columns in pier may lead to significant degradation. So it is necessary 

to have an appropriate evaluation technique to assess the effect of corrosion on the RC columns 

behaviour. numerical modelling approaches which are based on the concentrated plastic hinge 

can predict structural behaviour rapidly and with acceptable accuracy which are highly regarded 

by engineers. In this study, a numerical approach is conducted to develop an empirical lumped 

plasticity model for corroded RC column elements. 13440 RC column specimens, including 

corroded and uncorroded, rectangular, and circular cross sections are analysed under monotonic 

and cyclic loading. Lumped plasticity model is extracted based on the regression of the cyclic and 

monotonic analysis results. Finally, calibrated model is verified through experimental and out-of-

parametric study models with high accuracy. The new developed plastic hinge model can be used 

to model and analyse corroded bridge columns rapidly. The result can be appropriate to be 

employed for modelling in the further assessment such as fragility analysis or rehabilitation. 
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List of notations  

ψ is the corrosion damage rate of longitudinal bars (mass loss ratio in percentage) 

υ is the axial load ratio (𝑃𝑃 𝐴𝐴𝑔𝑔𝑓𝑓𝑐𝑐′� ) 

𝑃𝑃 unfactored axial load, kN 

𝐴𝐴𝑔𝑔 is the cross section gross area, mm2 

d is the cross section effective depth, mm  

𝜌𝜌𝑣𝑣 is the longitudinal bar ratio  

𝑓𝑓𝑐𝑐′ is the concrete compressive strength, MPa 

𝑓𝑓𝑦𝑦 is the longitudinal reinforcement yield strength, MPa 

𝑓𝑓𝑦𝑦ℎ is the transvers reinforcement yield strength, MPa 

𝜌𝜌ℎ is the transvers bar volumetric ratio  

𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒  is the effective buckling length of longitudinal bars, mm 

𝑓𝑓𝑢𝑢 is the longitudinal reinforcement ultimate strength, MPa 

𝑀𝑀𝑦𝑦  is the yield moment in plastic hinge model, MPa 

𝜃𝜃𝑦𝑦    is the yield rotation in plastic hinge model 

𝑀𝑀𝑝𝑝  is the capping moment in plastic hinge model, MPa 

𝜃𝜃𝑝𝑝  is the capping rotation in plastic hinge model 

𝜃𝜃𝑝𝑝𝑝𝑝  is the post-capping rotation in plastic hinge model
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1. Introduction  1 

Corrosion of reinforcement in RC bridges is the most important durability problem which is not 2 

considered directly in the design procedure (Parke & Hewson, 2008). Several parameters such 3 

as temperature around RC bridge, clear cover thickness and humidity would affect the corrosion 4 

rate in the RC member (Tuutti, 1982). The chloride ion around RC bridge acts as a catalyst in the 5 

corrosion of reinforcement. This material doesn’t consume in corrosion process and usually leads 6 

to pitting corrosion. (The Institution of Structural Engineers, 2010). Corrosion in the RC member 7 

decreases the yield strength of reinforcing steel bars and bars cross section (Du et al., 2005). 8 

Previous studies have shown that corrosion in the RC member can affect mechanical behaviour 9 

of steel bars such as low-cyclic fatigue and inelastic buckling significantly (Kashani, et al., 2013; 10 

Kashani, et al., 2014; Ge, et al., 2020 (b); Ge, et al., 2020 (a)) Concrete cover cracking and 11 

spalling (Du, et al., 2005 (a)) and reduction in bonding strength between bars and concrete 12 

(Lundgren, 2007) are another result of corrosion in reinforced concrete structures. Due to 13 

mentioned corrosion effects, a significant strength degradation occurs in the RC structures as a 14 

result of corrosion (Ge, et al., 2020 (b); Ge, et al., 2020 (a); Roohbakhsh & Kalantari, 2018).  15 

RC bridges are important infrastructures which have significant role in in transportation. As shown 16 

in Figure 1, each RC bridge may have several piers and each of the piers contains one or more 17 

RC columns. Bridge piers have important role in association with all other bridge supports such 18 

as abutments to sustain seismic loads. Therefore, corrosion of columns of bridge piers can affect 19 

its resistance against lateral loads such as earthquake (Ge, et al., 2020 (a); Ge, et al., 2020 (b)). 20 

Recent experimental and numerical studies on the effect of corrosion on seismic performance 21 

and nonlinear behaviour of RC columns have shown that corrosion has significantly increased 22 

seismic vulnerability of such structural components (Cardone, et al., 2013; Afsar Dizaj, et al., 23 

2018; Chang, et al., 2020; Meda, et al., 2014; Yang, et al., 2016; Li, et al., 2020; Yang, et al., 24 

2020; Yu, et al., 2020). Numerous numerical modelling has been proposed by previous 25 

researchers in the literature to consider the effect of corrosion in RC members. However some of 26 

these finite element models are based on degradation of steel bars properties like cross section 27 

and yield strength (Alipour, et al., 2011; Rao, et al., 2017), while a few of recent studies have 28 

considered new modelling procedure to contribute almost all aspect of corrosion on the RC 29 
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member (Taucer, et al., 1991; Clough & Benuska, 1967; Takizawa, 1976). Unlike other studies, 30 

in such finite element modelling, the effect of corrosion on the low-cyclic fatigue and inelastic 31 

buckling of longitudinal bars have been considered.  32 

Nonlinear behaviour in FE modelling of RC members can be conducted in two ways. Distributed 33 

plasticity and lumped plasticity (Giberson, 1967). In the fibre based distributed plasticity, the RC 34 

section contains concrete cover, core and longitudinal bars are divided to small fibres and material 35 

properties are assigned to the pre-defined fibres. Unlike distributed plasticity models, in the 36 

lumped plasticity models, nonlinear behaviour of RC member is concentrated at the end of them 37 

(Banon, et al., 1981; Otani, 1974; Haselton & Center, 2008; Haselton, et al., 2016; Panagiotakos 38 

& Fardis, 2001). In this kind of modelling, predefined element nonlinear properties are imposed 39 

by a zero-length element as a concentrated plastic hinge. Lumped plasticity models are very 40 

efficient to assess seismic behaviour of RC element rapidly and with high accuracy. Several 41 

studies have been performed to define appropriate plastic hinge backbone curve parameters for 42 

RC columns based on regression of the results of previous experimental studies (Dai, et al., 2020; 43 

Kashani, et al., 2016; Berry & Eberhard, 2008).  44 

Co-author of current research have several  published researches on the evaluation of corroded 45 

RC structures (Roohbakhsh & Kalantari, 2018; Kashani, et al., 2013; Kashani, et al., 2014; 46 

Kashani, et al., 2015; Sharma, et al., 2012). Current research has used the results of (Kashani, 47 

et al. 2013) during the modelling of the corroded sections. By reviewing the literature, it is evident 48 

that a few number of studies have been carried out to develop a lumped plasticity model for 49 

corroded RC columns. In one of the recent studies, a new phenomenological lumped plasticity 50 

model is developed for corroded rectangular RC columns (Dai, et al., 2020). The model is based 51 

on the regression of 103 results of previous experimental studies on rectangular corroded and 52 

uncorroded columns. This model can propose lumped plasticity model parameters of corroded 53 

columns in comparison with those for uncorroded ones. Compared to previous researches, the 54 

developed plastic hinge model for corroded RC columns in this research considering bar modeling 55 

details in the corroded section and employing a wide range of design parameters that made the 56 

final model more reliable and accurate. Also, developed model is presented for circular column 57 

cross section beside rectangular shape which both are common shapes of bridge columns  58 
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1.1 Research novelty and contribution 59 

In the category of distributed plasticity models, the fibre-based models are computationally more 60 

efficient and cheaper than continuum FE models. In distributed plasticity modelling, the 61 

nonlinearity of material is taken place at each section of element and the overall element 62 

behaviour is extracted by using section response at each integration point. (Taucer, et al., 1991) 63 

However, for rapid assessment and fragility analysis of a number of bridges or structures after an 64 

earthquake, fibre-based models can be very time consuming. Therefore, lumped plasticity models 65 

are more efficient for this kind of analysis. Generally, the accuracy of lumped plasticity model 66 

which is based on previous experimental results has complete dependency on the number of 67 

selected experiments and the range of basic design parameters. Due to lack of important data 68 

(i.e., corrosion rate of transvers bars, exact point of section yielding because the lack of 69 

longitudinal bars strain recording during the experiment), the accuracy of such of models can be 70 

doubtful. Therefore, in this study to overcome the lack of previous studies, a new approach to 71 

develop a plastic hinge model for corroded RC columns is presented. In this way, a verified FE 72 

procedure is considered to model RC columns from assumed simulation data in parametric study. 73 

The simulation data consists of 13440 RC corroded and uncorroded columns with a wide range 74 

of design parameters in rectangular and circular cross sections. 1920 of these models are 75 

uncorroded and the rest are corroded. Parameters of lumped plasticity model are investigated 76 

based on regression of the results of cyclic and monotonic analysis. Finally, the accuracy of 77 

calibrated models which are valid for corroded and uncorroded columns are investigated based 78 

on the experimental results and numerical models out of the assumed simulation data from 79 

parametric study. Results have shown that predicted model can be employed to represent the 80 

corroded RC columns nonlinear behaviour with high accuracy.  81 

 82 

2. Finite element modelling 83 

An accurate finite element model with distributed plasticity approach is used in this study to model 84 

corroded and uncorroded RC columns with circular and rectangular section shapes. The assumed 85 
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procedure for modelling in the level of element and section properties are explained in the 86 

following: 87 

Finite element modelling approach proposed by (Kashani, et al., 2016) is used here to model 88 

circular and rectangular columns. This model consists of two force-based nonlinear elements with 89 

fibre section distributed plasticity scheme. Each element is divided into several sections by 90 

implementing integration points. 91 

To decrease the effect of strain localization phenomenon because of post buckling behaviour of 92 

steel bars, RC column element is divided into two parts (Figure 2). The length of first part is 93 

assumed to be 2 effL in rectangular and 6 effL in circular cross section columns (Berry & Eberhard, 94 

2008). Based on research by (Coleman & Spacone, 2001) strain localization around plastic hinge 95 

region in elements with softening material behaviour such as RC columns may affect the result of 96 

column capacity curve completely. To overcome this issue, number and methods of integration 97 

points in both elements of RC column are justified. For the first element around the plastic hinge 98 

region, two integration points in rectangular cross section column and three integration points in 99 

circular cross section column are implemented. For the second element five integration points 100 

with Gauss-Lobatto method are considered.  101 

Slippage of longitudinal bars in RC columns play significant role in increasing maximum drift under 102 

monotonic or seismic loading and should be considered in the finite element modelling. Based on 103 

(Zhao & Sritharan, 2007), a zero-length element is implemented in the base of column model 104 

(Figure  2). Complete explanation about modelling and assigning material properties to the zero-105 

length element is available in (Ge, et al., 2020 (a); Ge, et al., 2020 (b)).  106 

Most of the previous studies have just considered the nonlinear behaviour of material in modelling 107 

of the corroded RC elements neglecting the important features of inelastic buckling or low cyclic 108 

fatigue. The effect of these phenomena can be significant when RC members are corroded.  In 109 

this study both parameters are contributed in modelling of corroded RC columns.  110 

 111 

 112 
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2.1 Steel reinforcement model  113 

The general behavior of corroded reinforcement steel material in tension is taken the same as 114 

uncorroded material. However, the yield strength or ultimate strain may change accordingly, so 115 

the common bilinear behavior of steel material proposed by (Menegotto, 1973; Balan, et al., 1998) 116 

is employed for the behavior of material under tension. To consider corrosion effect, yield strength 117 

and ultimate strain sustained by longitudinal bars are modified by (Du, et al., 2005 (b)) as follows: 118 

, 0(1 0.005 )y corr yσ ψ σ= −          119 

(1) 120 

, 0(1 0.035 )u corr uε ψ ε= −          121 

(2) 122 

Where ,y corrσ  and ,u corrε  represent yield stress and ultimate strain of corroded steel bars 123 

respectively.ψ  is longitudinal bar mass loss percentage, 0yσ  and 0uε  are yield strength and 124 

ultimate strain of uncorroded bars respectively.  125 

To consider the buckling behaviour of longitudinal bars in compression, the model presented by 126 

(Dhakal & Maekawa, 2002; Dhakal & Maekawa, 2002) is implemented. In this model the bar 127 

buckling behaviour in compression is justified by pλ coefficient: 128 

100
y eff

p

L
D

σ
λ  

=  
 

         129 

 (3) 130 

Where yσ  is yield strength of steel bars, D is bar diameter and effL is longitudinal bars effective 131 

buckling length. The effect of corrosion on the buckling behaviour of corroded steel bars under 132 

compression has been investigated by (Kashani, et al., 2014). In this method  is modified by 133 

the following equations:  134 

pλ
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,
, 100

y corr eff
p corr

corr

L
D

σ
λ

 
=  

 
         135 

(4) 136 

0 (1 0.01 )corrD D ψ= −           137 

(5) 138 

,

(1 0.005 )                                 5

(1 0.0065 )                                  5 < 10    

(1 0.0125 )                            10 <

eff
y

corr

eff
y corr y

corr

eff
y

corr

L
D

L
D

L
D

σ ψ

σ σ ψ

σ ψ


− ≤


= − ≤



−


    139 

(6) 140 

Where ψ  is longitudinal bars mass loss percentage and 0D is diameter of uncorroded bar. As 141 

mentioned previously, effL  is the effective buckling length of steel bars. It depends on different 142 

parameters such as diameter, stiffness and spacing of transvers bars. have conducted a research 143 

to investigate effL as a coefficient of transvers bars spacing. This method is used here to find 144 

effL .  145 

For modelling cyclic response of steel bars, Hysteretic material in Opensees (McKenna, 2011) 146 

platform is implemented. Pinching effect in the cyclic stress-strain behaviour of steel 147 

reinforcement play a significant role in generic degradation of RC members under cyclic loads. 148 

There are two key pinching parameters to consider cyclic behaviour in Hysteretic material. The 149 

pinching parameters for corroded steel bars and the calibrated values by (Kashani, et al., 2014), 150 

are used in this study. Further explanation about pinching behaviour of steel reinforcement is 151 

available in (Kashani, et al., 2015).  Strength loss due to Low-cyclic fatigue is another important 152 

phenomenon that should be considered in modelling of corroded steel bars. for this purpose, here, 153 
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uniaxial fatigue material is employed in Opensees (McKenna, 2011). Parameters in fatigue 154 

material are modified to consider corrosion effect based on (Kashani, et al., 2015).  155 

2.2 Concrete material model 156 

Concrete02 material model is implemented to model the unconfined concrete. By initiation of 157 

corrosion in steel bar, rust material as a result of corrosion accumulates around the steel bar. 158 

This phenomenon imposes extra tension stresses on the concrete in the surrounding of the steel 159 

bars and leads to cover cracks and spalling (Guo, 2011). Thus, it is necessary to consider 160 

corrosion effects on the concrete cover. (Coronelli & Gambarova, 2004) proposed the following 161 

equation to modify concrete cover compressive strength affected by corrosion. 162 

'

1

0

1
c

c

k

σσ ε
ε

=
+

        163 

(7) 164 

Where '
cσ and cσ  are compressive strength of corroded and uncorroded concrete cover 165 

respectively, k is a coefficient that depends on the type of bars and is suggested to be equal to 166 

0.1, 0ε is concrete cover strain corresponding to cσ and  is calculated by the following 167 

equations.  168 

0
1

0

corrP P
P

ε −
=         169 

(8) 170 

0corr bars crP P N W− =         171 

(9) 172 

2 ( 1)cr rustW Xπ υ= −                     173 

(10) 174 

1ε
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Where corrP  and 0P  are corroded and uncorroded section perimeter respectively,  barsN  is 175 

number of bars in the section, crW is crack width in the depth of X and rustυ is portion of corroded 176 

bar value to uncorroded value. 177 

Transvers bars produce appropriate confining for concrete core in the RC section. (Scott, 1982) 178 

presented following equation to increase the compressive strength of confined concrete with k 179 

coefficient: 180 

'1 s yh

c

f
k

f
ρ

= +                  181 

(11) 182 

Where yhf  is yield strength of transvers bars, sρ is volumetric ratio of transvers bars. In this study 183 

to consider corrosion effect on the confined concrete, a simple method is implemented. Based on 184 

this method, the volumetric ratio and yield strength of transvers bars are modified based on the 185 

following equations: 186 

, 0(1 0.005 )yh corr h yhf fψ= −                   187 

(12) 188 

0 (1 0.01 )t t hD D ψ= −                   189 

(13) 190 

Where ,yh corrf  and 0yhf  are yield strength of corroded and uncorroded transvers bars 191 

respectively, tD and 0tD are diameter of corroded and uncorroded transvers bars respectively 192 

and hψ is mass loss percentage of transvers bars.  193 

 194 

3. Verification of fibre-based finite element model 195 

To implement the mentioned FE model for further assessing, it is necessary to validate the model 196 

with experimental studies. Experimental studies by (Mo & Wang, 2000) (column C1-1) and (Meda, 197 
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et al., 2014) (corroded and uncorroded columns) are selected to control the mentioned FE model 198 

for rectangular RC columns. Details of the mentioned experimental studies are summarized in 199 

Table 1. Mo et al. used 400*400 mm2 section with the length to depth ratio of 3.5. 300*300 mm2 200 

sections were studied by (Meda, et al., 2014) with a value of 6 for length to depth ratio. As for the 201 

circular RC columns model, experimental studies by (Moyer & Kowalsky, 2003). (No. 1 column) 202 

and (Lehman, 2000) (column 415) are selected. They employed 457.2 mm section diameter with 203 

a length to depth ratio of 5.33 and 609.6 mm section diameter with a length to depth ratio of 4 204 

respectively. Details for these elements also are summarized in Table 1. The results of 205 

comparison between proposed model and experimental results are illustrated in Figure 3 for 206 

rectangular and circular columns.   207 

As observed, the results of cyclic behaviour of RC columns when modelled using the proposed 208 

fibre-based FE procedure, are close enough to those of experimental results. This consistency 209 

between results of two cases shows the capability of the FE model to be used for further assessing 210 

in the following. 211 

 212 

4. Column models of parametric study  213 

As mentioned previously, to have a reliable lumped plasticity model of RC columns under 214 

corrosion, it is important to consider appropriate specimens in the simulation data from parametric 215 

study. To achieve this, several design parameters are considered to vary in all models in the 216 

simulation data. Parameters include axial load ratio, concrete compressive strength, yield and 217 

ultimate strength of longitudinal and transvers bars, longitudinal bar ratio, section effective depth 218 

and volumetric ratio of transvers bars. Damage rate because of corrosion is considered as mass 219 

loss ratio of longitudinal bars. To assess the impact of each mentioned parameter on the final 220 

model, it is necessary to assume a credible and comprehensive range of each parameter.  221 

Detailed properties of such RC columns as RC bridge piers are presented in Table 2 and 222 

employed in the parametric study. Figure 2 demonstrates schematic view and section of RC 223 

columns with circular and rectangular cross sections. This shape could be related to a bridge pier 224 

which is presented in Figure 1.  225 
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4.1 Axial load ratio 226 

Minimum value that has been considered for axial load is '0.05 g cA f , where gA is section gross 227 

area and '
cf  is concrete compressive strength. Based on (ACI committee & International 228 

Organization for Standardization, , 2019), axial load of '0.3 g cA f  can be approximately 229 

corresponded to the beginning of compression control behaviour. Therefore, in current study to 230 

consider bending-compression behaviour, the maximum value of   is used for axial load.  231 

4.2 Longitudinal bar ratio 232 

As mentioned in ACI-318, longitudinal bar ratio in beam-column elements has a value between 233 

0.005 gA  to 0.08 gA . To consider splicing, the maximum value is limited to 0.04 gA . In current 234 

study to observe ACI limitation, a range between 0.01 to 0.03 of column gross section area is 235 

selected for longitudinal bar ratio.  236 

4.3 Longitudinal and transvers bar strength 237 

Three grade of steel bars including S340, S400 and S500 are used for longitudinal steel bars in 238 

the models with ultimate strength of 500, 600 and 650 MPa respectively. For transvers bars, two 239 

types of S340 and S400 grades are considered.  240 

4.4 Concrete compressive strength 241 

Based on (ACI committee & International Organization for Standardization, , 2019), minimum 242 

value of concrete compressive strength can be 2500 psi or 17 MPa. In current study a range of 243 

20 to 50 MPa is assumed for concrete compression strength.  244 

4.5 Volumetric ratio of transvers bars  245 

Range between 0.0015 through 0.009 is considered for volumetric ratio of transvers bars in this 246 

study which represent sections from low-confined through well-confined RC column 247 

configurations. 248 

4.6 Corrosion damage 249 

'0.3 g cA f
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In the current research, the damage of corrosion is presented as mass loss percentage of 250 

longitudinal steel bars. ( )tψ  is calculated based on the following equation: 251 

2

0

( )( ) (1 ( ) ) 100D tt
D

ψ = − ×                   252 

(14) 253 

Where ( )D t  is bar diameter after corrosion and 0D  is intact bar diameter. ( )D t  can be 254 

calculated by direct measurement of corroded bar diameter or based on the analytical equation 255 

which represents ( )D t  based on the corrosion rate. Corrosion rate also dependents on several 256 

parameters such as water to cement ratio and concrete cover thickness. More related information 257 

in this regard are presented in (Vu & Stewart, 2000). To consider different levels of corrosion 258 

damage, steel bar mass loss percentage varies between 0 to 24 percent. More details of the 259 

mentioned design parameters considered for circular and rectangular sections are available in 260 

(Table 2). 261 

4.7 Effect of cross section dimension  262 

To consider the effect of cross section dimension on the lamped plasticity model, several sections 263 

with different dimensions consist of circular and rectangular shapes are defined in the simulation 264 

data from parametric study. In this way, sections width with a range between 250mm through 265 

1500mm are considered for circular and rectangular columns. Final lumped plasticity model 266 

revealed that effective depth (d) of column section has significant impact on the force-based 267 

parameters (i.e. moment) of plastic hinge model. Further information about consideration of 268 

section dimension and fitting procedure are presented in section 8. 269 

 270 

5. Properties of the selected hysteretic deterioration model  271 

There are several verified hysteretic lumped plasticity models in the literature (Wang, et al., 2001; 272 

Song & Pincheira, 2000; Kunnath, et al., 1990; Ramberg & Osgood, 1943). Among them, a few 273 

consider important phenomena such as strength and stiffness deterioration comprehensively. 274 

(Ibarra, et al., 2005) presented a simple hysteretic model that consider stiffness and strength 275 
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deterioration properly under cyclic loads such as earthquake.  Ibarra’s hysteretic model is 276 

developed for systems with different behaviour such as peak-oriented, bilinear and pinching. This 277 

model has been utilized by other researchers in the last years. Figure 4 illustrates Ibarra’s model 278 

which can be summarized in two major parts: a) a trilinear backbone model that shows basic key 279 

points of strength and deformation of the system and, b) several equations that present hysteretic 280 

deterioration between key points. Recently several researchers tried to present a refinement to 281 

the Ibarra’s original model. (Lignos, 2008) presented a modification on the original model that is 282 

named as modified Ibarra Krawinkler model. modifications that have been considered in the 283 

modified Ibarra Krawinkler model can be summarized in the following steps: 284 

1) in the backbone curve, the value of ductility ratio c

y

δ
δ

 
 
 

is changed by deformation of the 285 

system in the strength capacity pδ , 2) in the backbone curve, instead of strain hardening 286 

coefficient in the original model, a ratio of minimum strength capacity to yield strength c

y

F
F

 
 
 

is 287 

used.,3) in the backbone curve, post capping coefficient ( cα ) in the original model is changed by 288 

post capping deformation ( pcδ ), 4) original Ibarra’s model in cyclic deterioration phase is refined 289 

to be capable for systems with asymmetric behaviour in negative and positive branch, and 5) 290 

definition of energy dissipation capacity in modified Ibarra Krawinkler model ( tE ) is changed to 291 

be based on pδ rather than . 292 

(Lignos, 2008) calibrated his model for 200 RC components based on peak-oriented method and 293 

presented ModlMKPeakOriented material in the Opensees platform (McKenna, 2011) as a result. 294 

In the current study, modified Ibarra-Krawinkler model with peak oriented method is employed to 295 

present hysteretic model of corroded RC columns. Based on the illustration of (Figure 5) 23 key 296 

parameters are required to produce lumped plasticity model. These parameters can be classified 297 

in two major categories of monotonic parameters and cyclic deterioration parameters. Detailed 298 

description of parameters is available in (Tables 3 and 4) 299 

 300 

yδ
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6. Procedure to calibrate the model 301 

 6.1 Monotonic parameters  302 

As mentioned previously, modified Ibarra-Krawinkler model (Lignos, 2008) with peak-oriented 303 

method is selected to produce calibrated lumped plasticity model of corroded RC columns. 304 

Modified Ibarra-Krawinkler (Lignos, 2008) model is a monotonic trilinear backbone curve with 305 

consideration of cyclic deterioration in the system. As recommended by researchers (Lignos, 306 

2008) and (Dai, et al., 2020), it’s appropriate to calibrate modified Ibarra-Krawinkler model for a 307 

system by contributing results of both cyclic and monotonic analysis. In the previous research on 308 

the calibration of RC model which are based on experimental analysis results (Haselton, et al., 309 

2016) and (Dai, et al., 2020), because of lack of monotonic experimental analysis results, 310 

monotonic parameters have been defined based on cyclic results by self-judgment.  311 

Figure 6 illustrates results of monotonic and cyclic analysis of the No. 411 rectangular column 312 

from assumed simulation data. This column is without corrosion and its details are summarized 313 

in Table 5. The figure at first glance shows significant differences between cyclic and monotonic 314 

curves in deterioration part. The figure proves the effect of cyclic deterioration which is not 315 

accessible with monotonic analysis result alone. Hence, cyclic deterioration and monotonic results 316 

must be contributed to calibrate the final model. based on procedure presented by (Haselton, et 317 

al., 2008), the five important parameters including yield moment and rotation ( yM and yθ ), 318 

hardening stiffness ( sK ), capping rotation ( capθ ), and post capping stiffness ( ) should be 319 

calibrated by contributing monotonic analysis result.  320 

The yield point of RC column model is a point on the monotonic or cyclic curve behaviour which 321 

corresponds to the yielding of steel bars in tension or when concrete strain reaches to 0.002 322 

(Applied Technology Council, 2017). By defining the yield moment and rotation, elastic stiffness (323 

0K ) could be resulted. As illustrated on Figure 6, the yield point (point No. 1) is approximately at 324 

the location where the slope of tangent line changes significantly. This method has been 325 

introduced by (Haselton, et al., 2008) for calibration models based on experimental cyclic results 326 

without any information about yielding point of longitudinal bars.  327 

cK
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Capping point is a point in the cyclic behaviour curve which is followed by negative tangent slope 328 

(point No. 2 in Figure 6). In other words, the capping point is followed by significant strength 329 

deterioration in the system cyclic curve which is called in-cycle deterioration (Haselton, et al., 330 

2008).  331 

Hardening stiffness is an important parameter which is used to define plastic hinge model 332 

behaviour after yield point. As mentioned previously, the final plastic hinge model can be used to 333 

assess the RC structure rapidly with high accuracy. Hardening stiffness is usually defined as a 334 

portion of elastic stiffness. In current study the actual value of hardening stiffness is taken as the 335 

slope of connecting line between yield point and capping point.   336 

(Haselton, et al., 2016) have suggested that negative stiffness of post capping line could be 337 

defined by visual fitting a tangent line based on the observed significant cyclic deterioration. 338 

(Fardis & Biskinis, 2003) and (Panagiotakos & Fardis, 2001) recommended that post-capping 339 

point is a location in which %20 strength loss occurs from capping in the monotonic or cyclic 340 

analysis results and expressing that the post-capping stiffness could be defined based on the 341 

coordinate of the post-capping and capping point. In current study post-capping stiffness is 342 

defined based on negative tangent slope after capping point and a location in which %20 strength 343 

loss (point No. 3 in Figure 6) is occurred.   344 

6.1 Cyclic parameters  345 

Cyclic deterioration parameters including λ  and C (four different values for each parameter which 346 

are mentioned in Table 3) could be calibrated by visual fitting of observed deterioration in cyclic 347 

analysis result. (Haselton, 2006) emphasized that for RC columns failing in flexure a value of 1.0 348 

and for columns failing in flexure and shear a value of 1.2 is ideal for all sC , cC , AC and kC349 

parameters. For consistency a value of C=1.0 is considered for all columns in the current study. 350 

This assumption has also been considered by (Haselton, 2006).  sλ , cλ , Aλ and kλ are other 351 

important parameters to simulate cyclic deterioration. Based on previous research suggestions 352 

and (Lignos & Krawinkler, 2011) and (Dai, et al., 2020), these four parameters could be 353 

considered as constant value of λ . To calibrate λ value for each model in the simulation data 354 

from parametric study, the following procedure is implemented:  355 
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a) the RC column is modelled by imposing concentrated plastic hinge data (monotonic data that 356 

have been defined previously)  357 

b) Cyclic deterioration parameter (λ ), has been considered as a value of 0.05 in the modelling 358 

c) Cyclic analysis is performed using the model and moment-rotation result is extracted.  359 

d) The cyclic moment-rotation analysis result of concentrated plasticity modelling is compared 360 

with moment-rotation results of the model with a distributed plasticity. If the results in 361 

deterioration part match each other, the appropriate (λ ) is reported. Otherwise (λ ) value is 362 

increased 0.25 and the procedure is repeated from step (b). (note: (Lignos, 2008) reported that (363 

λ ) value for RC beam-column elements usually has a value between 0 and 4) 364 

Figure  7 illustrates a procedure to find appropriate (λ ) value for the No. 411 rectangular RC 365 

column. This column is without corrosion and its details are summarized in Table 5. Generally, 366 

the mentioned procedure for calibrating cyclic deterioration parameter in uncorroded column 367 

sample is the same as corroded one. For briefing the values of (λ ) lower than 2 are eliminated 368 

in Figure  7. It is evident that, in this model by increasing (λ ) value, deterioration part of cyclic 369 

curve could be calibrated better with the main model and the value of 3.75 is the best choice for 370 

matching with reference model.  371 

 372 

7. Calibration results 373 

After identification and calibration of parameters that are necessary to define the lumped plasticity 374 

model, it is important to know about the effect of first design parameters on hysteretic behaviour 375 

of corroded RC columns. This may guide the researcher to find a better final empirical model that 376 

reflects the effect of design parameters properly. Therefore, in this way the relation of key 377 

parameters such as yield moment and rotation ( yM and yθ ), capping moment and rotation ( pM378 

and pθ ) and post-capping rotation ( pcθ ) to the design parameters are assessed. To summarize, 379 

just the relation of axial load ratio, longitudinal bar ratio and concrete compressive strength to the 380 

mentioned parameters are presented here. The results are presented in Figures 7 through 9. In 381 

these illustrations, calibration results are presented as height of bar charts. As the goal of current 382 
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study is to develop an appropriate lumped plasticity model for corroded RC columns, corrosion 383 

damage is mentioned on each Figure to illustrate simultaneous effect. As discussed previously, 384 

13440 circular and rectangular RC columns are modelled in the current study. Because of large 385 

number of models, each bar chart in the following figures is representative of average of results 386 

for a special category. (i.e., in Figure 8 (a), there are 7 categories of corrosion damage and 4 387 

categories of axial load ratio that ensemble 28 categories in total. This means each bar chart 388 

value in this Figure is an average of 480 sample results). In Figure 8, the simultaneous effect of 389 

corrosion damage and axial load ratio on the calibrated parameters are presented. As it is clear, 390 

by increasing corrosion, all calibrated value of moment and rotation decrease significantly. This 391 

Figure also indicates that increasing axial load ratio may reduce values of capping and post-392 

capping rotation.  393 

Figure 9 illustrates the effect of longitudinal bar ratio on the calibrated parameters. Based on the 394 

Figure, low reinforced RC columns, have a lower value of yield and capping moment and yield 395 

rotation than highly reinforced columns. It also could be extracted from Figure 9 that the effect of 396 

longitudinal bar rotation on the capping and post-capping rotation is less tangible when RC 397 

column is highly corroded.  398 

Concrete compressive strength is another important design parameter which was investigated in 399 

this study. As illustrated in Figure 10, RC columns with larger concrete compressive strength have 400 

lower value of yield, capping and post-capping rotation. It should be noted that in highly corroded 401 

elements this reduction is more intangible.  402 

 403 

8. Regression procedure and results  404 

8.1 Monotonic behaviour parameters  405 

In the current study a regression procedure has been conducted to develop appropriate empirical 406 

relations for parameters of lumped plasticity model in corroded RC columns. This regression 407 

procedure has been performed on the calibrated parameters to find the best prediction based on 408 

the design parameters. The final empirical prediction will be capable to produce lumped plasticity 409 

model. As mentioned in the previous parts, design parameters such as axial load ratio (ν ), 410 
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longitudinal bar ratio ( vρ ), longitudinal bar yield and ultimate strength ( yf and uf ), concrete 411 

compressive strength ( '
cf ), transvers bars yield and ultimate strength ( yhf and uhf ), transverse 412 

bars volumetric ratio ( hρ ), section effective depth (d) and corrosion damage level (mass loss ratio 413 

of longitudinal bar) are considered as the main variables. To find empirical relation to express 414 

lumped plasticity model of corroded RC columns, it is necessary to define the best prediction for 415 

lumped plasticity parameters such as yield moment and rotation ( yM and yθ ), capping moment 416 

and rotation ( pM and pθ ) and post-capping rotation ( pcθ ). Cyclic deterioration parameter is also 417 

required to be estimated to find deterioration segment behaviour.  418 

A multivariable equation is considered as objective function to find empirical prediction. This 419 

function is assumed as linear form with or without interaction between variables. These two types 420 

of equations can be presented as: 421 

0 1 1 ..... n ny x x εα α α += + + +                422 

(15) 423 

0 1 1 2 ..... n m ny x x x x εα α α += + + +                  424 

(16) 425 

Where (y) is the prediction of calibrated parameter, x1 to xn are design parameters and 𝜀𝜀 is random 426 

error. To find the most accurate value of (0 through n)α  coefficients in the above functions, a try and 427 

error procedure is conducted. Stepwise regression method with linear initial terms and interaction 428 

upper bond terms is implemented for regression procedure. In the stepwise method, unnecessary 429 

parameters in prediction are trimmed automatically (Chatterjee & Hadi, 2015). The elimination is 430 

based on p-value parameter as each quantity with higher p-value are less important ones and 431 

trimmed.  432 

As discussed in section 4 previously, cross section dimension is a design parameter that has 433 

been considered in simulation data from parametric study. This parameter has significant impact 434 

on the force-based parameters of plastic hinge model which are obvious in the above empirical 435 

equations. Figures 11 and 12 show dependency between force-based (moment) quantity of 436 
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plastic hinge model for rectangular and circular cross sections respectively. As it is obvious, the 437 

yield and capping moment have a parabolic dependency with effective depth of column. By fitting 438 

a parabolic function, a coefficient is resulted for moment quantity of plastic hinge model. these 439 

coefficient functions are presented in the following: 440 

Rectangular cross section: 2& (15.9 6.7 1)y pM M d d∝ − +                441 

(17) 442 

Circular cross section: 2& (5.2 2.5 0.5)y pM M d d∝ − +                 443 

(18) 444 

In this study, two types of cross section shape are considered and the final empirical equations 445 

are presented for circular and rectangular cross section shapes as following: 446 

Circular columns: 447 

1
0.0042 ( 0.17)

21130 168.4 1491 20.3 36181
y h yh

y v

c

f f

f

ρψ υ
θ ρ= − + + − + −                 448 

(19) 449 

2(5.2 47.8 12.9 1510.7 52.7 12.32.5 0.5)( )y v y cM d f fd ψ υ ρ= − − + + +− +                          450 

(20) 451 

0.175 0.0004
coth(0.15( 10)) 0.069 0.005 0.053 0.005

47047

0.002 0.169
0.053) 0.074   (

h yh

p v y h yh v y

c c

h yh

c c

f
f f f

f f

f
f f

ρ
θ ψ ρ ρ ρ

υ υ

ρ
υ υ

= + − + + + + − − −

− − +

+   
   
   

                   452 

(21) 453 

2(5.2 33.7 10 1239 58.9 11.92.5 0.5)( )p v y cM d f fd ψ υ ρ= − − + + +− +            454 

(22) 455 
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{ }coth(0.15( 10))

  

0.282 1
0.084 0.008 0.064 0.274 0.002

6959

0.007 0.064 0.090

pc

v y

v y h yh h yh

c c

v y h yh

f
f f f

f f

f f

ψθ
ρ

ρ ρ ρ
υ υ

ρ ρ

+= − + + + + − + +

− +

−
 
 
                  456 

(23) 457 

Rectangular columns: 458 

1
0.0022 ( 0.18)   

11516 141.3 1246 12.3 14257
y h yh

y v

c

f f

f

ρψ υ
θ ρ= − + + − + −             459 

(24) 460 

2(15.9 12.5 7.4 886.2 23.6 6.8   6.7 1)( )y v y cM d f fd ψ υ ρ= − − + + +− +            461 

(25) 462 

{ }

0.05 0.05

0.05 0.05

coth(0.05 1) 1.16 2.61 0.21 1.18 -5.93 - 2.11 9.69

1.47 1.82 1.02 1

c c
p v v

y y

c

y

f f

f f

f

f

θ ψ ρ υ ρ υ

υ υ

= + − + − + + +

− + −

   
   
                             463 

(26) 464 

2(15.9 31.1 9.7 711.4 28.3 6.5   6.7 1)( )p v y cM d f fd ψ υ ρ= − + + +− +            465 

(27) 466 

{ }
{ }

0.05
2 0.051 0.03 8.1 0.96

949 302070 827590 987

0.03 1 8.25 0.92 

v y h
pc v y h

v y h h

f
f

f

ρυ ρθ ψ υ ρ ρ

ρ ρ ρ

 
= + − − + − − − 

 
+ + +

                                467 

 (28) 468 

As it is clear in the predicted equations for capping and post-capping rotation in circular columns 469 

and also capping rotation of rectangular columns, there is a term of hyperbolic cotangent of 470 

corrosion damage parameter. This selection is because of special dependency of the mentioned 471 

calibrated parameters on the corrosion damage level. As an example, capping rotation is plotted 472 

for all circular columns in Figure 13 and corrosion level of columns are separated by different 473 
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colours. As it observed, by increasing corrosion level, capping rotation decreases with very close 474 

behaviour to the tangent function.    475 

To assess the accuracy of predicted empirical equations, the calculated values by the derived 476 

equations are compared with the responses obtained from calibration. The results of compression 477 

are illustrated in Figures 14 and 15 for rectangular and circular columns respectively. yθ , yM , pθ478 

, pM and pcθ are predicted parameters which are presented in the mentioned Figures. Statistical 479 

parameters such as mean ( µ ), median, standard deviation (σ ) and R-squared factor ( 2R ) also 480 

could present the accuracy of the predicted functions. In this way the ratio of calibrated to 481 

predicted responses are calculated and their associated statistical responses are summarized in 482 

the Table 6 483 

8.2 Cyclic deterioration parameters  484 

As described in the previous sections, to consider cyclic deterioration in lumped plasticity model, 485 

(λ ) parameter is calibrated based on cyclic analysis results. Linear regression procedure with 486 

stepwise scheme is also implemented on the calibrated results of (λ ) parameter and an empirical 487 

equation are presented with acceptable accuracy for this parameter. The empirical functions are 488 

reported for circular and rectangular cross sections separately in following functions. 489 

0.28 0.12coth( 0.1) 0.004 20.8 49.86   c
rec v h

f
λ ψ ρ ρ

υ
= + + + − +                 490 

(29) 491 

0.188 (0.132 0.028 ) 0.293 0.265   cir v y v y h yhf f fλ ψ ρ ρ ρ= − + − + +                492 

(30) 493 

As it is obvious, cyclic deterioration parameter in RC columns with rectangular section is 494 

depended on corrosion intensity, concrete compressive strength, axial load ratio and longitudinal 495 

and transvers bar ratio. While in circular columns it depends on corrosion damage ratio, 496 

longitudinal and transvers bars ratio and yield strength. The R-squared factor for rectangular and 497 

circular columns for above empirical equations are obtained 53 and 45 respectively. 498 
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 499 

9. Verifying the accuracy of empirical model 500 

To verify the developed empirical models, it is necessary to evaluate the cyclic behaviour by 501 

simulating models that have not been in the assumed simulation data from parametric study. In 502 

this way, several RC rectangular and circular columns with and without corrosion effects are 503 

simulated using empirical equations. These columns could be classified in two main parts, 504 

numerical models which are out of assumed simulation data for model calibration and previous 505 

experimental models which are available in the literature. This procedure is discussed in two parts 506 

in the following: 507 

9.1 Verification with the numerical models out of assumed simulation data  508 

6 rectangular and 5 circular columns are considered for validation in this part. Details of these 509 

columns are somehow selected which are not similar to assumed columns in the simulation data 510 

from parametric study. Columns details are collected in the Table 7. They are modelled using 511 

empirical equations to define lumped plasticity parameters of a concentrated plastic hinge. 512 

Modified Ibarra-Krawinkler model with peak oriented method (Lignos, 2008) is used in Opensees 513 

(McKenna, 2011) platform for modelling the plastic hinge behaviour. Symmetric cyclic loading 514 

protocol of (ACI Committee, 2005) demonstrated in Figure 16 is implemented here. Figures 17 515 

and 18 show hysteretic behaviour resulted from current proposed model and the fibre based 516 

element with distributed plasticity. 517 

As it is obvious in Figures 16 and 17, the results of hysteretic behaviour of RC columns simulated 518 

using the proposed models are close to those responses of the fibre-based elements with 519 

distributed plasticity. This shows the accuracy of empirical model to simulate cyclic behaviour of 520 

RC corroded and uncorroded columns.  521 

9.2 Validation with experimental studies 522 

To validate the proposed plastic hinge model for corroded and uncorroded RC columns model, 523 

previous experimental studies available in the literature that have been presented in third section, 524 

are used here. Details for these elements also are summarized in Table 1. The results of 525 
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comparison between proposed plastic hinge model and experimental results are illustrated in 526 

Figure 19 for rectangular and circular columns.   527 

As observed, the results of cyclic behaviour of RC columns when modelled using the proposed 528 

equations are close enough to those of experimental results. This consistency between results of 529 

the two cases shows the capability of the new model to simulate the corroded and uncorroded 530 

elements with an acceptable accuracy. 531 

9.3 Validation with a bridge experimental model 532 

To examine the developed plastic hinge model in a real RC structure, the hinge model is 533 

implemented in Johnson’s bridge experimental study (Johnson, 2006). This bridge is designed by 534 

utilizing NCHRP (12-49) (Mayes & Friedland, 2002) and model with a quarter scale that made it 535 

capable for shake table test. The bridge prototype consists of two spans and three piers. Each 536 

pier consists of two circular columns. Piers have different heights that making the whole bridge 537 

asymmetric. Bridge girders are post-tensioned RC box and connections between cap-beams and 538 

deck are in monolithic form. Bridge model has no abutments in sideways. Total length of bridge 539 

is 20.5m and each span has 9.14m length. Clear lengths of columns are 2.44m, 1.83m and 1.52m 540 

for middle and sides bents respectively. Bridge deck consists of three box RC girder with 0.76m 541 

width and 0.38m depth. Longitudinal and transvers bar ratio of columns are 1.56 and 0.9 percent 542 

respectively. Total length and depth of cap-beams are 2.49m and 0.38m respectively. 543 

Superstructure of the bridge is loaded by different blocks with weights of 107kN, 87kN and 22.7kN. 544 

Compressive strength of confined concrete used in this bridge is 40.7MPa. Average value of yield 545 

and ultimate strength of all reinforcement are 462MPa and 552MPa respectively. More details of 546 

bridge description and so section dimension are presented in Figure 20. 547 

A 3D model of mentioned bridge is implemented in Opensees platform. This model is such that 548 

all nonlinearities of bridge behaviour are concentrated in columns. This assumption is not 549 

incoherent with this fact that deck and cap-beams are stiff enough in comparison with columns. 550 

Nonlinearity of columns are concentrated in plastic hinges at their connection region to footing 551 

and cap-beams. Plastic hinge properties are extracted from the developed model in this study 552 

based on columns design parameters which are summarized in Table 8. Superimposed loads are 553 
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assigned to ten nodes above the deck exactly in the centre of mass of blocks. These nodes are 554 

connected by rigid link to the bridge deck. FE model configuration are presented in Figure 20 (b). 555 

Northridge 1994 earthquake motion (shortened and modified based on soil type) has been 556 

selected in Johnson’s study. As emphasized by (Zadeh & Saiidi, 2007), because of interaction 557 

between bridge piers and shake table, the recorded shake table motion during the test was 558 

incoherent with input motion. So it is recommended to use shake table recorded displacement 559 

during the test as input excitation in Opensees. (Zadeh & Saiidi, 2007) declared that displacement 560 

input in time history analysis, results high inherent damping in the structures. So in current study 561 

damping ratio of %2 is used in finite element modelling. Figure 21 presents measured 562 

displacement of three shake tables during test #16 which are used in current study as input 563 

excitation. (Johnson, 2006) implemented several shake table tests on the mentioned experimental 564 

bridge. Tests are divided in two parts, low amplitudes and high amplitudes. In high amplitudes 565 

part, eleven motions are imposed to the model in two days (test #12 through #22). In current study 566 

to consider residual damages because of previous tests, all motions of high amplitude part are 567 

imposed to the FE model and a rest time of 25s is considered between them. As reported by 568 

(Johnson, 2006) residual damages during low amplitude motions are infinitesimal, they are 569 

neglected in FE modelling in current study.  570 

Static analysis and dynamic time history analysis of FE bridge model are compared with 571 

experimental results. (Johnson, 2006) reported first four time periods and corresponding 572 

frequencies of the bridge experimental model by utilizing free vibration testing. These values are 573 

compared with achieved values of FE model in current study (Table 9). As it is obvious the 574 

calculated time periods of FE model are close enough to the results of experimental study. To 575 

examine the dynamic behaviour of FE bridge model, shake table test #16 is selected from 576 

(Johnson, 2006). in this one directional shake table test, all piers are accelerated in transvers 577 

direction. As mentioned previously, shake tables displacement are used as input motion in FE 578 

model. by employing time history analysis on the FE model of bridge, drift of all piers are recorded. 579 

These results are compared with experimental results by (Johnson, 2006) in Figures  21 through 580 

23. 581 
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As it is obvious, based on results presented in Figure 22 through 24, calculated dynamic time 582 

history analysis are close enough to experimental results. i.e. in the test #16 maximum calculated 583 

absolute value of drift for bent 3 (which is the shortest pier) is 0.026 and this value is 0.03 for 584 

experimental study.  For middle bent (the highest pier) these values are 0.025 and 0.04 for 585 

experimental and current study calculated results respectively.  586 

 587 

10. Summary and conclusion  588 

An empirical plastic hinge model for corroded RC columns is developed in this study. The model 589 

requires section property, material property and corrosion mass loss data to propose the 590 

characteristic of the plastic hinge during hysteretic excitation. The procedure of development of 591 

the model is summarized in the following steps:  592 

a) 13440 RC column models with circular and rectangular cross sections are considered in the 593 

simulation data from parametric study. These numerical samples with a wide range of design 594 

parameters such as axial load ratio, rebars properties, concrete properties and a wide range of 595 

corrosion from uncorroded to %24 mass loss of longitudinal bars.  596 

b) finite element model has been implemented with distributed plasticity scheme for each sample 597 

by taking into account the important degradation characteristic such as buckling of longitudinal 598 

bars and low cyclic fatigue.  599 

c) key parameters of trilinear lumped plasticity model such as yield moment and rotation, capping 600 

moment and rotation and also cyclic deterioration parameter are calibrated by using the hysteretic 601 

and monotonic analyses results.  602 

d) stepwise regression method with linear initial terms and interaction upper bonds terms is 603 

conducted to find an appropriate empirical prediction of lumped plasticity calibrated parameters. 604 

Finally, the empirical equations are presented as a function of RC columns design parameters 605 

and corrosion damage rate.  606 

e) the accuracy of empirical model is validated by using numerical models which are not in the 607 

simulation data and also experimental models which are available in the literature. Also an 608 
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experimental bridge model is selected for validation of empirical developed model. Comparison 609 

between results of empirical model and model in validation procedure has shown very close 610 

consistency. 611 

According to the result of this study, final conclusion could be presented in the following steps: 612 

- Aging RC columns which are exposed to chloride-induced corrosion are more vulnerable 613 
in the cyclic loading such as earthquake. The predicted empirical equation which is 614 
presented in this study, could evaluate the effect of corrosion on the hysteretic behaviour 615 
of corroded RC columns with high efficiency. 616 

- The analytical results of cyclic and monotonic analyses in this study proved that corrosion 617 
can affect key parameters of lumped plasticity model significantly. i.e., corrosion reduces 618 
capping and post-capping rotation. This reduction is more tangible in the higher level of 619 
axial load ratio. Such as mentioned examples, the effect of corrosion on the parameters 620 
of lumped plasticity model are evaluated by considering all important design parameters.  621 

- numerical modeling approaches which are based on the concentrated plastic hinge can 622 
predict structural behavior requiring less analysis cost with acceptable accuracy. So this 623 
method is highly regarded by engineers. Most of RC bridges in areas prone to corrosion 624 
suffer severe damage in piers and other parts. After estimating the corrosion damage 625 
level in the corroded columns, the newly developed plastic hinge model may be employed 626 
to model and assess the bridge corroded columns performance with an acceptable 627 
accuracy and analysis cost. The result of such method can be appropriate for further 628 
assessment studies such as fragility analysis.  629 
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Tables  804 

Table 1. Details of considered column elements for verifying the mentioned FE model  805 

  ψ  ν  
vρ  '

cf  yf  hρ  uf  yhf  
 Mo et. al. 0 0.113 0.0214 24.9 497 0.011 592 459.5 

(Meda, et al., 2014) (UC) 0 0.22 0.0089 20 520 0.0045 620 520 
(Meda, et al., 2014) (C) 20 0.22 0.0089 20 520 0.0045 620 520 

(Moyer & Kowalsky, 2003) 
(#1) 

0 0.041 0.0198 32.7 565.4 0.0092 696.4 434.4 

(Lehman, 2000) (415) 0 0.072 0.0149 31 462 0.007 630 606.8 
 806 

 807 

Table 2. Details of RC columns in the simulation data from parametric study  808 

axial load ratio (N/Agfc) 0.05 0.1 0.2 0.3    

longitudinal reinforcement ratio (%) 1 1.5 2 2.5 3   

concrete strength (Mpa) 20 30 40 50    

reinforcement Properties 
Ultimate (MPa) 500 600 650     

Yield (MPa) 340 400 500     

transverse reinforcement ratio (%) 0.16 0.3 0.6 0.9    

corrosion (%) 0 4 8 12 16 20 24 
 809 

Table 3. Monotonic parameters in the modified Ibarra-Krawinkler model (Lignos, 2008) 810 

Monotonic parameters  
Parame
ter  Description Parame

ter  Description 

0K  elastic stiffness pcθ +  post-capping rotation for positive loading 
direction 

sα
+  strain hardening ratio for positive 

loading direction pcθ −  
 
post-capping rotation for negative loading 
direction  
 

sα
−  strain hardening ratio for negative 

loading direction uθ
+  ultimate rotation capacity for positive 

loading direction 

yM +  effective yield strength for positive 
loading direction uθ

−  
 
ultimate rotation capacity for negative 
loading direction 
 

yM −  effective yield strength for negative 
loading direction r+  residual strength ratio for positive loading 

direction 

pθ
+  pre-capping rotation for positive 

loading direction r−  residual strength ratio for negative loading 
direction 

pθ −  pre-capping rotation for negative 
loading direction   

 811 

 812 
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Table 4. Cyclic parameters in the modified Ibarra-Krawinkler model (Lignos, 2008) 813 

Cyclic parameters  
Parame
ter  Description Parame

ter  Description 

sλ  Cyclic deterioration parameter for 
strength deterioration cC  rate of post-capping strength deterioration 

cλ  Cyclic deterioration parameter for 
post-capping strength deterioration AC  

 
rate of accelerated reloading deterioration 
 

Aλ  
Cyclic deterioration parameter for 
accelerated reloading stiffness 
deterioration 

kC  rate of unloading stiffness deterioration 

kλ  Cyclic deterioration parameter for 
unloading stiffness deterioration D+  rate of cyclic deterioration in the positive 

loading direction 

sC  rate of strength deterioration D−  rate of cyclic deterioration in the negative 
loading direction 

 814 

 815 

Table 5. Details of No. 411 column which used for calibrating λ   816 

 ψ  ν  
vρ  '

cf  yf  hρ  uf  yhf  
Column #411 0 0.1 0.025 40 340 0.006 500 340 

 817 

 818 

Table 6. Statistical specifications of parameters for circular and rectangular models 819 

  mean Median Standard deviation R-squared factor 

R
ec

ta
ng

ul
ar

 
co

lu
m

ns
 

yθ  1.009 1.013 0.108 88 

yM  1.001 0.997 0.097 94 

pθ  1.012 1.007 0.165 85 

pM  1.020 0.992 0.202 91 

pcθ  1.034 1.011 0.241 80 

C
irc

ul
ar

 
co

lu
m

ns
 

yθ  1.004 0.997 0.063 95 

yM  1.002 0.997 0.095 93 

pθ  1.023 1.019 0.149 86 

pM  1.004 0.997 0.085 93 

pcθ  1.039 1.049 0.170 84 
 820 

 821 

 822 

 823 
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Table 7. Details of considered column elements for verifying the proposed hinge models  824 

  ψ  ν  
vρ  '

cf  yf  hρ  uf  yhf  

R
ec

ta
ng

ul
ar

 R1 0 0.07 0.022 45 480 0.006 635 400 
R2 6 0.07 0.022 45 480 0.006 635 380 
R3 15 0.05 0.021 42 450 0.006 610 400 
R4 22 0.06 0.020 43 460 0.007 620 400 
R5 3 0.15 0.029 55 320 0.009 480 400 
R6 8 0.10 0.03 48 490 0.01 640 550 

C
irc

ul
ar

 C1 0 0.20 0.020 20 460 0.003 620 400 
C2 6 0.05 0.025 32 340 0.003 500 400 
C3 11 0.05 0.012 30 470 0.007 610 400 
C4 18 0.05 0.018 33 500 0.007 650 400 
C5 22 0.05 0.020 37 340 0.005 500 340 

 825 

 826 

Table 8. column of Johnson’s bridge model properties and corresponding plastic hinge model 827 

details (Johnson, 2006) 828 

Design parameters  
ψ  ν  

vρ  '
cf  yf  hρ  uf  yhf  

0 0.08 0.0156 40.7 462 0.009 552 462 

Plastic hinge 
properties 

yθ  yM (kN-
m) 

pθ  pM (kN-
m) 

pcθ  λ    

0.0079 184.9 0.038 188.8 0.0477 3.01   
 829 

 830 

Table 9. comparison between calculated and experimental modal properties  831 

  1st 
mode 

2nd 
mode 

3rd 
mode  

4th 
mode 

Time period (s)  Johnson’s Study (Johnson, 2006) 0.44 0.37 0.30 0.20 
Current study FE model 0.48 0.43 0.35 0.23 

Frequencies (Hz) Johnson’s Study (Johnson, 2006) 2.29 2.73 3.37 4.88 
Current study FE model 2.08 2.33 2.86 4.35 

 832 

 833 

 834 

 835 

 836 

 837 

 838 
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Figure captions  839 

Figure 1. An example of bridge pier which is mentioned in this study, Ehsan intersection bridge, 840 
Shiraz 841 

Figure 2. Finite element model and fibre section schematics for circular and rectangular RC 842 
columns 843 

Figure 3. Comparison between results of presented FE model and experimental studies (a) (Mo 844 

& Wang, 2000) (C1-1), (b) (Meda, et al., 2014) (uncorroded), (c) (Meda, et al., 2014) (corroded), 845 

(d) (Moyer & Kowalsky, 2003) (No. 1 column), (e) (Lehman, 2000) (column 415)  846 

Figure 4. Ibarra’s lumped plasticity model (Ibarra, et al., 2005) 847 

Figure 5. Basic parameters of modified Ibarra-Krawinkler model (Lignos, 2008) 848 

Figure 6. Cyclic and monotonic result of No. 411 column analysis 849 

Figure 7. Calibration procedure ofλ for No. 411 rectangular RC column, (a) λ =2.00, (b) λ =2.25, 850 

(c) λ =2.5, (d) λ =2.75, (e) λ =3, (f) λ =3.25, (g) λ =3.50, (h) λ =3.75 851 

Figure 8. Effect of corrosion and axial load on the calibrated parameters, (a) Yield rotation, (b) 852 

Yield moment, (c) Capping rotation, (d) Capping moment, (e) Post-capping rotation 853 

Figure 9: Effect of corrosion and longitudinal bar ratio on the calibrated parameters, (a) Yield 854 

rotation, (b) Yield moment, (c) Capping rotation, (d) Capping moment, (e) Post-capping rotation 855 

Figure 10: Effect of corrosion and Concrete compressive strength on the calibrated parameters, 856 

(a) Yield rotation, (b) Yield moment, (c) Capping rotation, (d) Capping moment, (e) Post-capping 857 

rotation 858 

Figure 11. dependency between moment and rectangular cross sections, (a) Yield moment, (b) 859 

Capping moment 860 

Figure 12. dependency between moment and circular cross sections, (a) Yield moment, (b) 861 

Capping moment 862 

Figure 13. Capping rotation for all circular columns 863 
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Figure 14. Comparison between predicted and true responses for rectangular columns, (a) yield 864 

rotation, (b) yield moment, (c) capping rotation, (d) capping moment, (e) post-capping rotation 865 

Figure 15. Comparison between predicted and true responses for circular columns, (a) yield 866 

rotation, (b) yield moment, (c) capping rotation, (d) capping moment, (e) post-capping rotation 867 

Figure 16. ACI-374 cyclic load pattern (ACI Committee, 2005) 868 

Figure 17. Results of proposed model and finite element fiber model (rectangular), (a) R1, (b)R2 869 

(c)R3, (d)R4, (e)R5, (f)R6 870 

Figure 18. Comparison between results of predicted model and finite element fiber model 871 

(circular), (a) C1, (b) C2, (c) C3, (d) C4, (e) C5 872 

Figure 19. Comparison between results of predicted model and experimental studies, (a) (Mo & 873 

Wang, 2000) (C1-1), (b)  (Meda, et al., 2014) (uncorroded), (c) (Meda, et al., 2014) (corroded), 874 

(d) (Moyer & Kowalsky, 2003) (No. 1 column), (e) (Lehman, 2000) (column 415) 875 

Figure 20. Bridge model descriptions (Johnson, 2006), (a) 3D prototype, (b) Opensees FE 876 

prototype model (c) longitudinal side view, (d) transvers side view, (e) columns section properties, 877 

(f) detail of bridge foundation  878 

Figure 21. measured displacement of shake table (test #16) (Johnson, 2006) 879 

Figure 22. comparison between calculated and experimental time history results (test #14) 880 

Figure 23. comparison between calculated and experimental time history results (test #16) 881 

Figure 24. comparison between calculated and experimental time history results (test #18) 882 
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