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Exploring the impact of chloride-induced corrosion on seismic
damage limit states and residual capacity of RC structures

Abstract

A nonlinear finite element (FE) framework for time-dependent capacity assessment of corroded
rectangular RC columns is developed. The proposed nonlinear FE model includes the impact of
corrosion on inelastic buckling and low-cycle fatigue degradation of longitudinal
reinforcement. The proposed nonlinear FE model is validated against a set of experimental data
and then extended to evaluate the impact of corrosion on damage limit states to be used in
seismic performance and evaluation of corroded structures. This is done through.a parametric
study on hypothetical RC columns, varied in axial force ratios, mass loss ratios, cover crack
widths, and confinement levels. Moreover, the application of the proposed model in seismic
collapse capacity assessment of corroded structures is shown through .nonlinear dynamic
analyses of prototype columns. Results show that, depending on the axial force ratio, corrosion
changes the failure mechanism of the columns. The results of this study suggest for seismic
fragility analysis of corroded structures the damage limit states' should be considered as time-

variant parameters.



Nomenclature

Teorr time to corrosion initiation of steel
bar

Cy initial chloride content

Cs,ax chloride content at depth 4x and
time ¢

Cerit critical chloride concentration
X depth of concrete cover
Ax depth of the convection zone

Dy e apparent coefficient of chloride
diffusion

erf(z) error function

K. environmental transfer variable
b, regression variable

Ther standard test temperature

Trear temperature of the structural

element or the ambient air

Pue average corrosion penetration
depth based on the uniform volumetrie
mass loss

P..(t) average corrosion penetration depth
based on the uniform volumetric mass loss
at time ¢ after corrosion. initiation

A(?) ageing parameter

a ageingexponent

to reference point of time
DRCM,0 chloride migration coefficient

w(t) percentage of mass loss of
vertical reinforcements

wie ()  percentage of mass loss of ties
D(?) residual bar diameter

Dy initial bar diameter

a pitting coefficient

icor(t) time-dependent corrosion current
density

icomo  corrosion current density at
corrosion initiation time 7o,

tor time to crack initiation

W..: total amount of critical rust
products

k rate of the production of corrosion
products
w crack width

A4s;  steelloss of the reinforcing bar
cross section

AAso /- steel cross section loss needed for
crackinitiation

wim  crack width limit

Apiim  additional corrosion penetration
corresponding to the limit crack width

po  corrosion penetration corresponding
to AAS()

ty  time of failure
0. compressive strength of concrete
oy, yield strength of steel hoops

oy (t) yield strength of hoops at time t
after corrosion initiation

ge, (t) ultimate strain of confined concrete
at time t after corrosion initiation

eqn (t) transverse steel strain at maximum
steel stress at time t after corrosion
Initiation

e, transverse steel strain at maximum
steel stress



Oc. (t) compressive strength of confined
concrete at time t after corrosion initiation

K. confined concrete increase factor

ps  volumetric ratio of the rectangular
steel hoops

ps (t)  volumetric ratio of the rectangular
steel hoops at time t after corrosion
initiation

Py perimeter of the uncorroded column
section

P perimeter of the corroded column
section

Npas Number of bars in column section
we  total crack width for a given
corrosion level

Vs ratio of the volumetric expansion of
the corrosion products with respect to the
uncorroded steel

Esre mnormalized hysteretic force error
Eenerqy normalized hysteretic energy error

F.u.  calculated lateral force at
corresponding peak displacements

Fneas measured lateral force at
corresponding peak displacements

Omeas measured area within the hysteresis
loops

Qcqc  calculated area within the hysteresis
loops

K conversion factor from pA/cm? to
mm/year

Er normalized capacity
E, normalized ductility factor

Ri,ss  capacity loss = (maximum lateral
force of uncorroded column-maximum
lateral force of corroded column) /
maximum lateral force of uncorroded
column

oss ductility loss = (ductility factor of
uncorroded column- ductility factor of
corroded column) / ductility factor of
uncorroded column



1. Introduction

Chloride induced corrosion of steel reinforcement in reinforced concrete (RC) bridges and
structures, is one of the most important engineering and economic challenges in developed
countries. Annually, corrosion of RC structures causes great cost for stakeholders and

decision makers around the world (Chiu et al., 2015; Rao et al., 2016a). Moreover, there is a

large number of existing RC structures in high seismicity regions around the world that are
constructed prior to modern seismic design codes, and suffer from material ageing (ASCE,
2013).

At material scale, corrosion changes mechanical characteristics and ductility of
reinforcing bars, reduces compressive strength of concrete cover due to cracking, and weaken

the bond strength at the interface of concrete and reinforcement (Vu et al., 2016). In recent

years, several studies have been conducted by other researchers to investigate the effects of

corrosion on structural performance of RC components experimentally (Guo et al.

2015a;Meda et al., 2014; Ou et al., 2012). Almost all of these earlier studies have confirmed

that corrosion affects the structural performance of the RC components significantly (i.e.
reducing the flexural capacity and ductility). For instance, Meda et al. (2014) reported that
the maximum strength and ultimate displacement capacity of a column with about 20% mass
loss are reduced by 26% and 50 % respectively, in comparison to pristine column.
Furthermore, conventional seismic design of RC structures does not account for
material ageing and time-dependent capacity of RC structures. However, corrosion results in
damage in concrete (cover and core confined concrete) and embedded reinforcing bars. The
simultaneous effects of seismic loads and progressive material ageing can lead to undesirable
failure mechanisms, and considerably affects structural performance under dynamic

earthquake loading (Camnasio, 2013; Titi, 2012). Therefore, to simulate the nonlinear

behaviour and predict the time-dependent damage limit states (these are extremely important



in seismic vulnerability analysis) of corroded RC structures under seismic loading, it is
necessary to consider the effects of material degradation due to corrosion. Therefore, there is
an urgent need for development of a framework to effectively model the time-dependent
capacity of existing corroded RC structures.

In previous studies (Alipour et al., 2010; Berto et al., 2009), several numerical models

have been proposed to consider the corrosion of reinforcements. All of these models are
simple models based on average reduced cross-sectional area of corroded reinforcing bars
and the impact of corrosion on inelastic buckling and low-cycle fatigue degradation are not
considered. However, experimental and computational studies on reinforcing bars conducted

by Kashani et al. (2013a, 2013b,2015) and Fernandez et al.(2015, 2016), and experimental

testing of corroded RC columns conducted by Ma et al. (2012) and Li et al.(2015) shows that
the impact of the corrosion damage on inelastic buckling and low-cycle fatigue degradation
of reinforcing bars is significant. Furthermore, other researchers attempted to develop

fragility curves for corroded bridges and structures (Ghosh & Padgett, 2010; Ni Choine et al.,

2016; Rao et al., 2016b). However, in all of these studies, the damage limit states used in

development of fragility curves for corroded RC structures were those suggested for

uncorroded RC structures. (FEMA, 1999). This is due to the significant paucity in the
literature to provide a quantitative methodology/technique to evaluate the damage limit states
for corroded RC components/structures.

Accordingly, in this study, a nonlinear finite element (FE) framework for time-
dependent capacity assessment of corroded rectangular RC columns is developed. The
framework consists of two parts. The first part uses a set of analytical models, available in the
literature, to simulate the corrosion initiation time, corrosion induced cover crack initiation
time, and time-dependent crack propagation. The second part develops an advanced nonlinear

FE model to predict the time-dependent residual capacity of corroded RC structures. The



proposed framework in this paper, relates the mass loss, as a measure of corrosion damage,
and corresponding cover crack width of corroded RC components at time ¢, to its residual
collapse capacity at time ¢. The proposed framework significantly improves the prior models,
as it is able to relate the observed visual damage (e.g. measured crack width in visual
inspection of an RC structure in the real world) to the residual capacity of the structure at the
time of inspection. The proposed nonlinear FE model is validated against a; set of

experimental data reported in (Meda et al., 2014). Following the validation of the FE model,

a parametric study is conducted for two types of prototype RC column details (low confined
and well confined) to evaluate and quantify the impact of corrosion on damage limit states.
The evaluation of the time-dependent damage limit ~“states for corroded RC
columns/components is another major advancement that this paper will make to the earlier
models. The result of parametric study shows that cotrosion has a more significant impact on
ductility loss (usss) of corroded RC columns than flexural capacity. For example, the analyses
results show that 15% mass loss corresponds tor1.5 mm crack width in concrete cover, which
results in approximately 25%-45% flexural capacity and 45-60% ductility loss of corroded
columns, depending on the axial force ratio. Finally, through incremental dynamic analyses,
the application of the proposed model in seismic collapse capacity assessment of corroded

structures is shown.

2...Overview of the framework for residual capacity assessment of corroded

RC structures

The main objectives of the study is to develop a FE framework (Fig. 1) to model the time-
dependent nonlinear behaviour of corroded RC components/structures, and to predict their
critical damage limits states for seismic vulnerability analysis. To this end, OpenSees

(McKenna, 2011), a fibre-based FE code is employed. Fig .1 shows that the framework

consists of two main parts. In part A, firstly nonlinear FE model of pristine and corroded



columns are developed and validated against experimental data available in the literature

(Meda et al., 2014). To account for the impact of corrosion on nonlinear behaviour of
corroded RC columns, the constitutive material models are modified. The methodology that
is used to modify the material models is discussed in detail in section 3 of this paper. The
details of model validation against experimental data are also available in section 3 of this
paper.

In part B of the framework, the proposed FE model of the corroded column is
employed in development of 3D time-dependent capacity surfaces and damage limit states of
corroded columns. To this end, after evaluation of exposure time and corrosion initiation time
(T.orr), at each time step, the material models are updated using percentage of mass loss at
time ¢, and then a nonlinear pushover analysis is performed. In section 4, the time-dependent
analyses and corrosion effects on critical damage limit states (flexural capacity, ductility and

failure modes) are discussed.
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2.1 Modelling time to corrosion initiation

Structures located in marine environments, or structures exposed to de-icing salts in winter

from adjacent roads, are vulnerable to chloride induced corrosion (Kashani, 2014). Chloride

ions can also be presented in buildings for particular industrial applications (Broomfield

2002). Corrosion starts when the chloride content at reinforcement level reaches a critical
threshold, which depends on several parameters including electrochemical potential of the

reinforcement, the presence of oxygen, and the conditions of saturation (Camnasio, 2013).

There are several models available in the literature for predicting the corrosion initiation time

due to chloride ions (Guo et al., 2015b;Shafei et al., 2012; Zhang et al., 2015). Shafei et al.,

(2012) estimated the diffusion coefficient considering the influence of ambient temperature,
relative humidity, carbonation process, concrete age and free chloride content. Other than
mentioned method, Zhang et al.(2015) considered the existence of initial defects occurring in
the formation of concrete mixture as another influence factor that affecting the whole
corrosion process. The fib model code (fib, 2006) proposes in particular, a full probabilistic
design approach for modelling of chloride induced corrosion service life of RC structures.
Since most observations. indicate that the transport of chlorides in concrete is diffusion

controlled (Tang et al;, 2015), in all of these models the rate of chloride ingress is modelled

using the Fick’s 2% jaw of diffusion (Poulsen & Mejlbro, 2010).

The time to corrosion initiation of embedded reinforcing bars inside concrete, 7.,

can be evaluated using the Eq. (1) (fib, 2006):

-2
- 2 c -C.
TCOW = (X Ax) l_erf—l( s ,Ax cm‘) (1)
4D C, 4 -Cy

app ,C

where D, c 1s the apparent coefficient of chloride diffusion, C..; is the critical chloride

concentration, Cy is the initial chloride content in the cement paste, X is the depth of concrete



cover, Ax is the depth of the convection zone, Cj,a, is the chloride content at depth Ax, and
erf(z) is the error function.

In this study, the procedure outlined in fib (fib, 2006) is used for calculation of the
apparent diffusion coefficient (Eq. (2)).
Dapp,C = keDRCM ,0 ktA (t) (2)

where, K, is the environmental transfer variable as described in Eq.(3):

K, =exp [be — —%)] 3)
ref

real

b, is the regression variable with mean and standard deviation values of 4800K and 700K
respectively, T, is the standard test temperature that can be‘taken-as 293K, T,.y is the
temperature of the structural element or the ambient air /that can be determined using the
available data from the nearest weather station, K, is/the transfer variable equal to 1 and A(¢)

is the ageing parameter as described in Eq. (4):
Ly\a
A40=C)) (4)

where, a is the ageing exponent to be taken as 0.3 and ¢, s the reference point of time that can
be taken as 0.0767 years. (#) = 28 days). The fib (2006) recommended values of mean and
standard deviation for the parameters involved in the diffusion process are tabulated in Table

1.

Table 1. Parameters of the random variables involved in the diffusion process



Random Variable  Distribution type H o
X (mm) Normal 40 8
a Beta 0.3 0.12
Ax (mm) Constant 0 -
Cs, Ax Normal 3 0.3 u
Drgno Normal 15.8x10"12 0-2u
(m“/s)
Cerit Beta 0.6 0.15
Cy Uniform 0 -

Once T, is estimated, the time-dependent percentage of mass loss of the corroded

reinforcement at time ¢ after corrosion initiation, y(¢), can be evaluated using Eq. (5).

wt)=|1 (D )] 100 (5)

0

D(t)=D,-aP,, () (0)

where D(?) is the residual bar diameter at time ¢ after Corrosion initiation, Dy is the initial bar
diameter, and « is the ratio of the maximum pitting depth to the average reduced area known
as the pitting coefficient. The value of o is 2 for uniform corrosion and varied from 4 to 8 for

pitting corrosion (Vidal et al., 2004). The P,,.(?) is average corrosion penetration depth based

on the uniform volumetric mass loss at time ¢ after corrosion initiation which can be

calculated as follows:

P.(t)=Kk j; i) (t)dt (7
where, iz,,(t) is the corrosion current density at time # after corrosion initiation in pA/cm®and
k=0.0116 is the conversion factor from pA/cm” to mm/year. The time dependent corrosion

current density can be estimated using Egs. (8-9) (Vu & Stewart, 2000):

icon’ (t) = 085 icorrO(t _Tcorr )_0.29 (8)
; _37.8(1-w je)™
corr0 X

©)



where, i.o 1 the corrosion current density at corrosion initiation time 7¢,, w/c is the water

cement ratio of concrete and X is the thickness of concrete cover.

2.2 Modelling time to corrosion induced cover cracking

Once the concentrated chloride ions break down the passive film around the reinforcement,
corrosion starts in the presence of moisture and oxygen. This process, results in formation of
expansive corrosion products (rust) around the reinforcement. The volume of corrosion
products is about four to six times larger than that of normal steel (Liu, 1996). This volume
increase induces internal tensile stresses in the concrete cover, and when these stresses
exceed the tensile strength of the concrete, the concrete cover is damaged by cracking,
delamination and spalling. Different models have been propesed-to predict the time to crack
initiation, which can be divided into the four main groups such as (i) empirical models

(Aligizaki, 1999;Webster & Clark, 2000), (if) analytical models (Chernin et al., 2010; El

Maaddawy & Soudki, 2007;), (iii) numerical models (Chernin & Val, 2011;Thoft-

Christensen, 2005) and (iv) fracture mechanics based models (Williamson & Clark, 2000). In

this research, the time to corrosion induced crack is modelled by a thick-wall cylinder model
developed by Liu and Weyers (1998). This model considers that the corrosion products at
initial cracking of the concrete will occupy three volumes. This includes the porous zone, the
expansion of-the concrete due to rust pressure, and the space of the corroded steel. Further

details ‘of the Liu and Weyers model are available in (Liu & Weyers, 1998). Using this

model, the time to crack initiation is defined in Eq. (10):

f, == (10)
2k,

where, W, is the corresponding total amount of critical rust products to fill the mentioned

volumes, £, is the rate of the production of corrosion products given by the empirical Eq. (11)



suggested by Val (2007):

k, =9.8><10‘5HD81—5“’7”‘@) (11)

Further details and derivation of Egs. (10) and (11) are available in (Val, 2007).

2.3 Modelling corrosion induced crack propagation

In general, crack width of concrete cover determines ongoing deterioration of an RC.member.
In addition, the end of service life of RC structures is normally defined as excessive eracking,
i.e. when the width of a crack due to corrosion, w, exceeds a limit value, wy, (€.g. Wim =

0.5mm for serviceability limit state (Kashani, 2014)). To estimate the crack width due to

corrosion, the following empirical Eq. (12), proposed by Vidal et al. (2004) is used :

w =K (A, -M,,) (12)

where A4, is the loss of the reinforcing bar-eross section in mm?®, A4 is the steel cross
section loss needed for crack initiation.in mm?”, and K = 0.0575 is an empirical coefficient.
The additional corrosion penetration, Apj,, corresponding to the limit crack width, wy, can
be estimated as follows (Val, 2007):

D,-2p D,-2p ?

(13)

where ,py is the corrosion penetration corresponding to A4, . Given Apyim, the time of failure,

tr, can be easily evaluated as follow:

f _ Aplim + 01 16l‘con'0(
! 0.116i

t +T )
cr corr (14)

corr

It should be noted that there is currently no recommendation in the literature regarding to the

value of Apj, in terms of the residual capacity of the corroded RC component. This is



discussed in detail in section 4 of this paper.

3. Proposed finite element model of RC columns using nonlinear fibre beam-

column element

In this research the nonlinear FE modelling technique using fibre beam-column element
developed by Kashani et al. (2016a, 2016b) is employed. This modelling technique was
calibrated and validated for circular RC columns bridge piers. Here, this model is extended to
be used to simulate the nonlinear behaviour of rectangular RC columns. Therefore, it requires
to be validated against experimental data of uncorroded and corroded rectangular RC
columns.

As it is reported by other researchers (Coleman & Spacone, 2001; Pugh et al., 2015),

in modelling nonlinear behaviour of RC structures,.the softening type behaviour of RC
components affects the simulation results due to strain localisation in critical section. To
avoid strain localisation in the analyses, the regularisation technique suggested by Coleman
and Spacone (2001) and Pugh et al(2015) to predict the nonlinear response of RC shear
walls, which has successfully been employed by Kashani (2014) in RC bridge piers is used.
In this technique, to avoidstrain localisation due to the post buckling response of reinforcing
bars, the integration length of the critical section is considered to be equal to the buckling
length. Using this approach the fracture energy under the post buckling response of the
material model-for reinforcing steel remains unchanged. Therefore, two force-based elements
are used to model the RC column. The length of first element is considered to be twice of the
buckling length of the vertical bars, 2L.; (Where L.y is the buckling length) together with
Newton-Cotes integration scheme with two integration points. For the second element, the
Gauss-Lobatto integration scheme with 5 integration points is used. To model the strain
penetration and slippage of reinforcements anchored to the foundation, a zero length section

element is used (Berry & Eberhard, 2004). However, because reinforcement are anchored




well below the foundations, it is unlikely that they are corroded in that depth. Therefore, the
uncorroded bond-slip model is used. Other researchers (Kallias and Imran 2010) reported that
bond-slip degradation of corroded RC beams does not have any impact on residual capacity
of these beams. Therefore, this aspect has not been considered here. However, bond-slip
degradation is very important at the RC joints in frame structures (Lowes et al., 2005; Lowes
et al.,2003). It should be noted that other researchers (Jeon et al., 2015) have used springs to
model shear failure in RC columns. However, there is no stable fibre element formulation to
model axial-flexure-shear interaction in RC components with and without the effect of
corrosion. Therefore, in this study we focused on flexural failure only. The proposed fibre

model is shown in Fig.2.
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Fig. 2. The proposed nonlinear fibre beam-column model

3.1 Description of uniaxial material models

3.1.1 Unconfined and confined concrete models

The uniaxial material model, Concrete02 (Yassin, 1994), available in OpenSees is used to




simulate the behaviour of unconfined concrete. This material model employs a parabolic
curve in pre-peak stress—strain response in compression, and employs a linear softening curve
in post-peak response to a residual compressive strength, which is 20% of maximum strength.
The stress—strain response in tension is a bilinear curve to a residual tensile strength of zero.
To simulate the corrosion induced cracking and spalling of concrete cover due to
accumulation of expansive rust products, the following approach suggested by Coronelli and
Gambarova (2004) is used:

' o
O, =———— (15)

£
1+K,
800
where, ¢'. is the residual compressive strength of cracked concrete cover, o. is the
compressive strength of the sound cover concrete, K;/is the bar roughness and diameter

which can be taken as K = 0.1, ¢ is strain corresponding to the peak compressive stress o,;

and ¢; is average tensile strain of the cracked concrete which is calculated using the following

equations:

(Pon-B)
€ = Po (16)
})corr P _nba)s (17)
Wcr = 2”(1/mst —])Pave (18)

where; Py is the perimeter of the uncorroded column section, P, is the perimeter of the
corroded column section, 7,4 is the number of bars in column section, w,, is the total crack
width for a given corrosion level Pge. Vs 1s ratio of the volumetric expansion of the
corrosion products with respect to the uncorroded steel (the suggested value is v, = 2).

According to modified Kent and Park model (Scott et al., 1982), to consider confinement

effect, compressive strength of core concrete and its corresponding strain are increased by

factor of K.. This factor is calculated as follows:



psth

K =1+ (19)

where, oy, is yield strength of steel hoops and p; is the volumetric ratio of the rectangular
steel hoops to the volume of concrete core measured to the outside of the peripheral hoop.

Previous research by Kashani et al. 2016b revealed that Mander’s model works perfectly fine
for circular cross sections, but significantly over estimate the confinement level for
rectangular/square cross sections. The parametric studies conducted by Pugh et al. (2015)
and Salami (2017) showed that, the simple Eq. (19) works much better for rectangular and

square cross sections.

When corrosion of tie reinforcements starts, cross sectional area, yield strength and fracture

strain of ties decreases over time. So, to take into account the effects of corrosion, oy, and p;

should be substituted by o, (f) and p,(¢), respectively:

0,,(t) =[1-0.0059,, ()] 0, (20)
p, ) =[1-001y,,()]p,
@)

where, g, (), ps(f) and y(?) are yield strength, volumetric ratio of the rectangular steel ties,
and time-dependent percentage of mass loss of the corroded ties at time ¢ after corrosion
initiation, respectively. Using Eqs. (20) and (21), the confinement factor, K, is modified.

The compression strain of confined concrete at fracture of first horizontal tie

reinforcement, ¢.,, 1S modified as follows to account corrosion effects (Priestley & Paulay,

1992).

p. ()0, (1)e,, () (22)

£ (t)=0.004+1.4
cu O_cc(t)

where, o, is time-dependent compressive strength of confined concrete and g,(7) is time-

dependent transverse steel strain at maximum steel stress. According to Du et al. (2005a,



2005b), &,4(?) can be obtained as follows:
£, (1) =[1-0.05y,,(1)]e,,
(23)

where ¢, 1s strain at maximum stress of uncorroded transverse steel.

3.1.2 Reinforcing steel model

The uniaxial material model developed by Kashani et al. (2015a) is used. to model the
nonlinear stress-strain behaviour of reinforcing bars in tension and compression. This model
accounts for reduction in yielding stress and ductility of reinforcing steel'in tension due to

pitting corrosion using the empirical models recommended. by Du et al. (2005a, 2005b).

Kashani et al. (2015a) model is capable of simulating the-post-buckling behaviour of
reinforcing bars in compression considering theeffect of corrosion. To consider the effect of
corrosion on low-cycle fatigue behaviour. of ' corroded bars, the Coffin-Manson

(Manson,1965) model, modified by Kashani et al. ( 2015b, 2013a), is used. Further details

about the model development are available in (Kashani et al., 2015a).

3.2 Verification of the nonlinear finite element model using experimental data

Here the experimental results of reaction wall tests on corroded and uncorroded rectangular
RC columns by Meda et al. (2014) is used to verify the proposed nonlinear FE model. They
tested an uncorroded control specimen, and a corroded column with about 20% average mass
loss under cyclic loading. It should be noted that in their experimental study, only
longitudinal reinforcing bars were corroded and the stirrups were protected from corrosion
through a suitable paint. The geometry and details of their tested RC column specimen is

shown in Fig. 3.
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Fig. 3. Details of the column tested by Meda et al. (2014)

Fig. 4 shows the comparison of the hystetresis loops between the numerical analysis
and the experimental data of uncorroded RC column. As it is shown in Fig. 4, the proposed
FE model can accurately simulate the nonlinear response of uncorroded column, and the
numerical simulation is in.good agreement with the experimental results. In order to
demonstrate the importance of considering the buckling behaviour of corroded
reinforcements, the simulation results of the corroded column are presented in two cases,
with and without considering buckling of reinforcing bars. For the latter, the conventional

steel02 “model (Giuffre—Menegotto—Pinto model (Menegotto, 1973) ) available in the

OpenSees is used, which considers the same behaviour for tension and compression. In Fig. 5
(a) and (b), simulation results of the corroded column are shown in two cases of using
Steel02 model and buckling model, respectively. It can clearly be seen in Fig.5 (a) that
although the lateral load resistance and initial stiffness of the column are well predicted,

cyclic degradation and capacity loss (Rjss) of the column due to buckling of vertical bars



cannot be captured using Steel02. However, cyclic degradation and capacity loss of the
column can be simulated realistically in the model accounting for buckling of vertical bars
(Fig. 5(b)). This shows that the energy dissipation capacity of corroded RC components,
which is one of the main characteristics of the structures located in high seismicity regions,
reduces significantly due to the combined effects of inelastic buckling, corrosion, and low-
cycle fatigue degradation. The accuracy of the FE model is check using hysteretic force error,

Efyrce, and hysteretic energy error, Eeerqy (Egs. (24) and (25)).

E(Fnieus _F;ch)z

E. = i=/ 24
force n(mCZX(meg))z ( )

Qmem - Qca[c
= e __tde (25)

energy Q
‘meas

where Feq.s and F4 e are the measured and calculated. lateral forces at corresponding peak
displacements, and #» is the number of peak points in the loading history; ©Q,,..s and Q. are
the measured and calculated areas within the hysteresis loops which can be calculated using
the Green’s theorem (Kahsani et’al 2016b). In Table 2, the values of hysteresis energy and
force error are tabulated. The cumulative dissipated hysteresis energy for uncorroded and
corroded columns are-also shown in Fig. 6 (a) and (b). It should be noted that in Fig 6, all of
calculated energy dissipation values are normalised to total dissipated energy of experimental
testing of uncorroded column.

Table 2..Quantitative comparison of the error in computational model

Specimen Eforce ( %) Eenergy( %)

Uncorroded Column 8.54 -20.58

Corroded Column 6.98 -15.61
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4. 3D time-dependent capacity surface and damage limit states of corroded

RC columns

In this section, the verified FE.model is extended for a parametric study to investigate the
time-dependent capacity of two hypothetical columns, namely column A and column B. The
proposed column’is 1500 mm in height and 250 mm square cross section. Fig. 7 shows the
details of proposed columns cross section. The columns cross sections include 8 vertical
reinforcing bars of 16 mm diameter, and the diameter of horizontal tie reinforcement is 8§ mm
(this represents the RC columns in building structures). The only difference between column
A and column B is in the spacing of horizontal ties. The horizontal ties spacing of column A
is 80 mm and column B is 200 mm. The mechanical properties of vertical and horizontal tie
reinforcement are summarised in Table 3. The concrete compressive strength is considered to

be 30 MPa. To investigate the effect of corrosion on time-dependent displacement ductility



and flexural capacity loss (R;,ss) of corroded RC columns, different degrees of corrosion (i.e.
mass loss ratios) at 5 year intervals are considered. To include the axial force effects,
analyses are conducted for varied axial force ratios [0, 0.1, 0.2, 0.3 and 0.4 (N, /o.A4.)], where
N, is the axial force, o, is the compressive strength of concrete and A4, is the gross cross
section area of column cross section. It is worth mentioning that corrosion of horizontal ties is

also considered in these analyses.

Table 3 Mechanical properties of test specimens

Bar Diameter 16 mm 8 mm
Yield strain & 0.00252 0.00247
Yield stress (MPa) gy 530 510
Elastic modulus (MPa) E; 210000 212099
Hardening strain Esh 0.0083 _ 'No.plateau
Strain at maximum stress &y 0.06 0.06033
Maximum stress (MPa) oy 630 616
Fracture strain & 0.18 0.161
A
250 mm
i A
250 mm

Fig. 7 Hypothetical columns section

4.1 Analyses results and discussion

4.1.1 Nonlinear behaviour, failure modes, and 3D time-dependent capacity surface of

corroded columns

To investigate the impact of corrosion and axial load on capacity and ductility of RC columns

(damage limit states), a series of time-dependent nonlinear pushover analyses with various



corrosion levels are conducted.

Fig. 8 shows the results of monotonic pushover analyses. According to Fig. 8(a), for
axial force ratio of 0.1, the failure mechanism of the column A for up to approximately 20%
mass loss is core concrete crushing in compression. However, for corrosion levels beyond
20% mass loss the failure mode changes from concrete crushing in compression to combined
core concrete crushing followed by bar fracture in tension. As it is shown in Fig:8 (b),
increasing the axial force ratio to 0.3, results in a rapid reduction in flexural capacity and
ductility of corroded column compared to the previous cases. Moreover, when the-axial force
ratio is 0.3, approximately up to 24% mass loss the failure mode is governed by core concrete
crushing (more brittle failure mode). According to Fig.8 (c-d),for the same axial load and
corrosion levels, failure mode of column B is governed mainly by core concrete crushing.
Especially, when the axial load ratio is 0.3 and rapid flexural capacity and ductility loss is
seen due to premature buckling, followed by core concrete crushing in column B (Fig.8 (d)).

This is due to lack of confinement in the column-B in comparison with the column A.
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Fig. 8 Mass loss-dependent pushover analyses of corroded columns: (a) column A with axial
load ratio of 0.1, (b) column A with axial load.ratio of 0.3, (¢) column B with axial load ratio
of 0.1, and (d) column B with axial load ratio of 0.3

Fig. 9 shows some exemplary contour plots of 3D time-dependent capacity surfaces
of the columns A and B for 0.1 and 0.3 axial force ratios. The failure lines (as identified in
pushover curves in Fig. 8) are also mapped on the contour plots to show the failure regions
over time. The Fig. 9 (a) shows that in case of 0.1 axial force, from approximately 20% mass
loss, failure' mode of column A changes from core concrete crushing in compression, to
combined core concrete crushing followed by bar fracture in tension. However, based on Fig.
9 (¢), for same axial force, up to 26% mass loss, the failure mode of column B is governed by
concrete crushing in compression and beyond 26% mass loss is core concrete crushing
followed by bar fracture. Fig. 9 (b) shows that for 0.3 axial force ratio, after about 25%mass
loss, the failure mode of column A changes from core concrete crushing in compression, to

combined core concrete crushing followed by bar fracture in tension. However, for 0.3 axial



force ratio, the failure mode of column B is core concrete crushing in compression (Fig.9

(d)).

core concrete crushing
bar fracture

26
24
22
20
~ 18 é
S 16 2
123 =
g 14 o
3 =
2 12 5
& 2
= 10 3
8
6
4
2
0
Drift (%)
(a)
core concrete crushing
bar fracture
Z
~ <
x o
>~ 2
8 £
— =
2 )
< —
= 3

0 1 2 3 4 5 6
Drift (%)

(b)



= core concrete crushing
bar fracture

— NN NN
[~ =TS R )

—
@)

S
Lateral Force (kN)

Mass Loss (%)
=

—
o)

(=2 S A

0 1 2 3
Drift (%)

(©)

core concrete crushmg

70
26
24
60
22
20 s
18
16
12 30
10
20
10
0

Drlft (%)
(d)

Mass Loss (%)
=

OM-DO\OO

Fig.9 3D capacity contours of columns A and B: (a) column A with axial force ratio = 0.1, (b)
column A with axial force ratio = 0.3, (c¢) column B with axial force ratio = 0.1, and (d)
column B with axial force ratio = 0.3



4.2 Impact of corrosion on damage limit states

In this section, the significance of combined effects of axial force and corrosion damage on
ductility and capacity of corroded columns are quantified. The ductility factor u, is
considered as the ratio between the ultimate displacement (4u) and yielding displacement
(4y). There are several definitions for Au and Ay in literature [68-70], but all of them are
related to uncorroded columns and are not suitable for corroded columns. In this study, 4y is
considered as the lateral displacement associated with the yielding of reinforcing steel in
tension. The Au is considered as the smallest value of three criterions: (i) lateral displacement
at fracture of reinforcing bars in tension, (i7) lateral displacement at crushing of core concrete
(Eq.(22)), and (iii) lateral displacement at 20 % column’s_flexural capacity loss. These

parameters are known as damage limit states (Berry & Eberhard, 2004, 2005; Kowalsky,

2000), and are used in fragility analysis of RC structures subject to earthquake loading.
However, corrosion changes these parameters over time. This section shows that the
proposed nonlinear FE framework developed in this paper, can accurately quantify the impact
of corrosion on damage limit states-of RC'columns.

Fig.10 shows the influence of corrosion and concrete cover cracking on normalised
capacity (Er) of the corroded columns. The normalised capacity is the ratio of flexural
capacity of corroded column to flexural capacity of uncorroded column. From the analysis
results, it is clear that column B has more severe reduction in capacity with increasing mass
loss. This 1s"due to lack of confinement reinforcement in column B in comparison with
column’A. For 20% mass loss and 0.2 axial force ratio, capacity loss of column B is about
35%, which is in good agreement with experimental results observed by Meda et al.(2014).

The capacity loss observed in the experiment in (Meda, et al., 2014) is slightly less than the

computed capacity loss in the current study. This is because that they prevented the corrosion

of horizontal tie reinforcements while in the current study, the corrosion of horizontal ties is



included. Fig. 10(b) shows that 0.5 mm crack width [this is suggested to be the end of service

life of corroded structures by other researchers (Val, 2007)] results in approximately 15% to

25% reduction in the flexural capacity of columns, depending on the axial force ratio.
However, Fig. 10(d) shows that 0.5 mm crack width on column B with axial force ratio of

0.4, results in about 30 % flexural capacity loss. (Ghosh & Sood, 2016) suggested to consider

1.0 mm crack width as the critical serviceability limit state for concrete cover spalling.
However, considering 1.0 mm crack width shows that the flexural capacity reduction of
columns will be varied from 20 % to 40 % depending on the axial force ratio.

Fig. 11 shows the influence of corrosion and concrete cover cracking on normalised
ductility factor (£,) of the corroded columns. The normalised ductility factor is the ratio of
ductility factor of corroded column to ductility factor of uncorroded column. Fig. 11(c) shows
that 20% mass loss and axial force ratio of 0.2, reduces the ductility of a corroded column by
about 50%. This is in good agreement with experimental results observed by other

researchers (Meda et al., 2014; Li et al., 2015). This confirms that corrosion has more

significant impact on ductility loss of RC components than flexural capacity loss. Fig 11(b)
and (d) shows that 0.5 mm crack width results in 20% to 40% ductility loss, depending on
the axial force ratio, in the column A. Considering 1.00 mm crack width, the ductility loss
will increase to up:to about 60 % in column A. Column B shows a similar behaviour with a

slightly less ductility loss.
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Fig. 11 Influence of mass loss and concrete cover cracking on ductility loss of corroded
columns with varied axial force ratios: (a) and (b) column A, and (c) and (d) column B



The analyses results suggest that 0.5 mm crack width criterion which determines the

end of service life of the RC structures (Val, 2007) results in about 15% reduction in flexural

capacity of the columns. Other researchers (Barrera et al., 2012; Li et al., 2015) suggest the

corresponding displacement to 15-20% flexural capacity loss as ultimate displacement of the
structure. This shows that, the 0.5 mm crack width criteria for service life purposes is not a
safe criteria, as the structure has already lost about 15% of its capacity. This is an area for
further research and requires more detailed investigation using 3D continuum finite element

technique.

5. Application of the proposed framework in nonlinear dynamic and seismic

vulnerability analysis

In this section we show the application of the proposed. framework in seismic collapse
capacity assessment of corroded structures. Exemplary incremental dynamic analyses (IDAs)

(Vamvatsikos & Cornell, 2002) on column A and column B, using Kobe ground motion, are

performed. For each column, two percentage of mass losses of 10% and 20% are considered.
The IDA curves of column A are shown in Fig. 12 and IDA curves of column B are shown in
Fig. 13. The damage limit states for low-rise concrete moment frame with high code seismic

design level defined in HAZUS (FEMA, 1999) are considered here to demonstrate the impact

of corrosion on damage limit states.

The damage limit states described in HAZUS (FEMA, 1999) are not time-variant

criterions, and do not account for material ageing. However, as described in section 4.1,
corrosion changes the failure mechanism and also reduces the ductility of RC structures over

their service life. Although in previous studies (Choine et al., 2013;Ghosh & Sood, 2016)

fragility analyses are conducted for corroded structures, but they did not consider any change

in damage limit states due to corrosion, and they used the same damage limit states related to



uncorroded structures. In order to develop a realistic analytical fragility function for corroded
structures, the damage limit states should be modified to account for the corrosion effects.

In Fig. 12 and Fig 13 the uncorroded damage limit states of uncorroded columns are
shown based on HAZUS recommendations for extensive and complete damage limit states.
The extensive damage limit state is the drift ratio (drift ratio is the ratio of lateral tip
displacement of the column to column height) at which concrete cover is spalled off, and
reinforcement in tension is yielded. The complete damage limit state is the drift ratio
corresponding to collapse of the column. It should be noted that the slight and moderate
damage limit states are not applicable for corroded columns. This is 'because the corroded
columns are already damaged, and slight and moderate damage limit states occur at very
small drifts. The actual damage limit states of the corroded columns in Fig. 12 and Fig. 13 are
considered using the pushover analysis procedure that explained in section 4 of this paper. As
it is shown in Fig. 12 and Fig. 13, due to the impact of corrosion columns, damage limit states

reach at smaller drift ratios in comparison with uncorroded columns.
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Fig. 12 IDA results of column A and effect of corrosion on damage limit states: (a) extensive

damage limit state, and (b) complete damage limit state
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Fig. 13 IDA results of column B and effect of corrosion on damage limit states: (a) extensive

damage limit state, and (b) complete damage limit state

6. Conclusion

A computational platform for time-dependent.capacity assessment of corroded RC structures
using nonlinear FE analysis is developed. The proposed nonlinear FE model includes the
impact of corrosion on inelastic buckling and low-cycle fatigue degradation of longitudinal
reinforcement. The FE models of the corroded and uncorroded columns are verified against
experimental results. The verification results show that when the effects of buckling and low-
cycle fatigue degradation of reinforcing bars are included, the simulation results are in good
agreement with the observed experimental results. The validated FE model is extended to
conduct a parametric study on time-dependent capacity assessment of two hypothetical RC
columns, varied in axial force ratios, mass loss ratios, cover crack widths, and confinement

levels. The main findings of this research can be summarised as follows:

* For low axial force ratios, corrosion changes the failure mechanism of well
confined column A from fracture of bars in tension (uncorroded column) to

combined core concrete crushing followed by bar fracture in tension. For high



axial forces, the failure mechanism of column A is governed by core concrete
crushing.

* For varied axial force ratios, failure mechanism of low confined column B is
mainly governed by core concrete crushing in compression. Moreover, Column B
shows severe capacity loss in comparison with column A. This is because, column
B is low confined and suffers from severe inelastic buckling of vertical bars:

¢ Corrosion has a more significant impact on ductility loss of corroded RC columns
than on flexural capacity. For example, 20% mass loss and 0.2 axial force ratio,
results in 35% reduction in flexural capacity of column B, while for the same case
the ductility loss is about 50%.

* The original HAZUS limit states cannot be used in fragility analysis of corroded
structures. This is because corrosion reduces the ductility of the RC structures and
also changes the failure mode..For example, in HAZUS the 0.08 drift ratio
corresponds to complete collapse. However, in column B after 10% mass loss, the
collapse load is at 0.05 drift ratio.

* The results of this study show that the damage limit states (mainly govern by
ductility) that are for seismic fragility analysis of corroded structures, should be
considered as time-variant parameters. The framework developed in this paper,
provides a computational platform for other researchers to be used in seismic

fragility analysis of corroded structures in future research.
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