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Abstract.  Rebar corrosion in concrete is one of the main causes of reduction of service life of reinforced
concrete buildings. This paper presents the influence of rebar corrosion on the structural behavior of
reinforced concrete (RC) buildings subjected to strong earthquake ground motion. Different levels of rebar
corrosion scenarios were applied on a typical four story RC frame. The deteriorated conditions as a result of
these scenarios include loss in cross-sectional area and loss of mechanical properties of the reinforcement
bars, loss in bond strength, and loss in concrete strength and its modulus of elasticity. Dynamic analyses of
the frame with different corrosion scenarios are performed with selected strong earthquake ground motion
records. The influences of degradation in both concrete and reinforcement on structural behavior are
investigated by comparing the various parameters of the frame under different corrosion scenarios with
respect to each other. The results show that the progressive deterioration of the frame due to rebar corrosion
causes serious structural behavior changes such as change in failure mode. The intensity, propagation time,
and extensity of rebar corrosion have very important effects on the level of degradation of steel and concrete,
as well as on the earthquake behavior of the structure.
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1. Introduction

Rebar corrosion is one of the most important mechanisms adversely affecting structural
durability and the structural behavior of reinforced concrete (RC) structures. Structural
performance and serviceability assessment of RC structures should account for the time-dependent
variation of the structural response due to the associated to corrosion degradation mechanisms.
Generally, durability problems such as rebar corrosion are not considered in the design phase of
many low-rise concrete frame structures commonly used. However, rebar corrosion and concrete
deterioration as a result of this phenomenon may weaken RC structures over time. As a result, such
structures are more vulnerable to future earthquake hazards, especially in highly seismic regions.
The main consequences of rebar corrosion are reductions of effective cross-section, concrete
strength due to cracking and spalling, modulus of elasticity, bond degradation, and reduction of the
ductility of the reinforcement steel (Rodriquez et al. 2002). Rebar corrosion adversely affects both
the structural performance of a RC member and the entire structural system. Corrosion influences
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the properties of the reinforcing steel in two ways. First, there is a loss of the reinforcement’s
cross-sectional area. This can be tolerated with the overstrength of the section in the case of low-
level corrosion. The second effect of corrosion on structural behavior is related to cracking and
spalling, which is the loss of the concrete around bar due to expansion caused by corrosion
products. Spalling creates two difficulties, which are loss of bond strength and loss of concrete
section, which is more critical when the section that is spalling off is in the compression region.
This will reduce the capacity of the member since all the concrete in the compression region is
used to resist compression forces.

The aim of this paper is to evaluate the effects of rebar corrosion on the earthquake behavior of
RC buildings. The reduction of cross-sectional area, cracking and spalling of the concrete cover,
variations in the mechanical properties of the reinforcing steel, bond degradation, and force-
deformation characteristics of the member due to degradation are selected as basic variables.
Sectional analysis is performed on both corroded and un-corroded states of critical sections.
Different probable corrosion scenarios are included to represent corroded structural systems in
practice. Behaviors of corroded systems are compared with respect to the structural behavior of the
un-corroded state. There are many analytical and experimental studies considering rebar corrosion;
however, little work has been done the effects of all of the above variables on the structural
behavior of RC structures exposed to the effects of earthquakes.

2. Past studies about rebar corrosion effects on structures

The corrosion rate of rebar in RC structural elements has been believed to be too slow to be of
concern. This belief is coming from the high alkalinity of the pore solution in the concrete, and the
barrier provided by the cover concrete against the aggressive agents from the outside environment.
However the degradation process of concrete over time is a consequence of the chemical,
biological, physical and environmental attacks that the structure may suffer during its service
lifetime. Concrete cracks at the end of the degradation process as a result of exceeding the
tensional strain capacity of concrete. Rebar corrosion in RC structures is a major reason for
structural durability degradation. Over recent decades, intensive research has been carried out on
the influence of rebar corrosion on the structural performance of RC structures.

Rebar corrosion can be initiated due to chloride ingress in concrete or due to depassivation of
the protective thin oxide film of the steel reinforcement through the action of carbon dioxide from
the atmosphere (Apostopoulos 2013). The durability of RC structures and its service life is widely
affected by rebar corrosion (Demis et al. 2014). Propagated corrosion causes concrete cracks in
both longitudinal and tangential directions, and these cracks may accelerate further corrosion with
subsequent continuous deterioration of structural performance (Yuksel 2013). These deteriorations
have negative effects on structural behavior, such as premature collapse or changing of collapse
mechanisms of the structure from ductile to fragile. The corrosion process results in a rust layer on
the steel reinforcement surface that causes the increase of the volume of steel due to the chlorides
of Fe, 03, responsible for cracking and spalling of the cover of concrete. An important result of the
rebar corrosion for RC structures is the decrease in bond strength (Demis et al. 2010). Existence of
perfect bond between steel and concrete is one of the basic assumptions to provide the reinforced
concrete behavior. The degradation of bond strength causes an increase in the global drift ratio of
RC structures that needs to be considered in non-linear seismic performance analyses. At the same
time, corrosion reduces the cross-sectional area of the reinforcement. The reinforcement might
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buckle before reaching their yield capacity as a result of this reduction in cross-sectional area.
Moreover, the energy dissipation capacity is reduced during an earthquake, which causes more
brittle behavior (Yal¢iner 2012).

Material properties of reinforcement steel bars are also changed due to the corrosion process,
and its ductility in terms of strain will be reduced. The ductility of a corroded bar depends on
exposure environment, i.e. carbonation or chlorides (Hanjari 2010). Ductility is an important
parameter to take into account regarding inelastic behavior in seismic design. It is also required to
allow redistribution of forces from highly stressed to less stressed areas. Rebar corrosion affects
member ductility. For instance, if a significant amount of the area of a reinforcing bar is lost due to
pitting corrosion, there is a possibility that the bar will fracture rather than yield. To avoid
premature fracture, minimum levels of ductility are specified in codes and standards for
reinforcement. For example, the BS EN 10080 criterion for elongation at the maximum load is
2.5% for normal grade reinforcement.

Tuutti’s (1982) model is widely used for the definition of the time frame associated with the
initiation and propagation of the corrosion process. Deterioration can be distinguished into two
stages in this model as a function of exposure time. The first stage is called the corrosion initiation
phase and involves the attack of aggressive agents. The second stage is called the propagation
phase and leads to damage in concrete as well as cross-sectional reduction of reinforcing bars.
Although corrosion damage is not observed in the first phase, gradually increasing damage will be
observed in propagation phase. Revathy et al. (2009) showed that as corrosion intensity is
increased, the axial load carrying capacity and ductility of columns is decreased. Other researchers
(Almusallam et al. 1996, Rodriquez et al. 1997, Mangat et al. 1999, Mohammed et al. 2004) have
also shown that the failure mode changes from ductile to fragile for structural elements and
structural systems exposed to rebar corrosion. Pitting corrosion may involve a significant
reduction in steel ductility and it may induce a brittle behavior in the reinforcement bar.
Almusallam (2001) showed that steel behavior might become brittle in tensile tests of corroded
bars in the case of 13% mass loss. Palsson and Mirza (2002) showed that corroded bars retrieved
from an abandoned bridge demonstrated brittle failure in tension tests. Apostolopoulos and
Papadakis (2008) reported that ductility reduction is a function of cross-section loss. The ultimate
strain of steel can be related to the damage index (Biondini and Vergani 2012). Ying et al. (2012)
showed that higher corrosion levels and higher axial loads result in less stable hysteretic loops
with more severe strength and stiffness degradations and worse ductility. Ghosh and Padgett
(2012) determined important changes in seismic fragility along the service life of RC bridges due
to corrosion deterioration. They concluded that other components of bridges also showed rapid
increases in fragility. Kato et al. (2006) stated that corrosion of the main reinforcement had an
influence on the load carrying capacity and ductility of the RC beams, while corrosion of the
stirrup especially had an influence on ductility. Also, deterioration of bonding loss between the
main reinforcement and the concrete became important in improving the accuracy of the
evaluation of the ductility of the corroded RC beam.

Designers assume that a perfect bond exists between reinforcement steel bars and the
surrounding concrete. This assumption ensures compatibility of deformations of both concrete and
reinforcement steel. However, this is not the actual scenario, due to bonding loss problems. Bond
is influenced by many variables, and its interaction with shear influences the member behavior
significantly. Therefore, it is very important to understand the bond deterioration mechanism and
to estimate the bond strength of corroded RC beams. Bond strength is a function of the concrete
tensile strength. Many researchers (Cabrera 1996, Lee et al. 2002, Chung et al. 2008, Demis et al
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2010) have investigated the relationship between corrosion level and bond behavior. Some
empirical and experimental equations have been proposed relating corrosion level with bond
strength. Auyeung et al. (2000) indicated that after 2% diameter loss, there is a reduction in
flexural capacity. The structural behavior of columns or beams exposed to propagated corrosion is
similar to plain concrete because the bond strength has almost completely disappeared. On the
other hand, Ghandehari et al. (2000) showed that the rebar corrosion effect on bond strength is
negligible when a high percentage of confining transverse steel is used. Chung et al. (2008) stated
that the bond strength initially increases up to a maximum value but eventually decreases at greater
levels of corrosion. Wu (2012) proposed a model that was developed to predict the residual
flexural capacity of corroded RC members. He concluded that the bonding loss between steel and
concrete is the main factor in the mechanical degradation of flexural capacity.

Andrés et al. (2007) observed a 60% reduction in the flexural load-carrying capacity at about
10% of Xaver/rO ratio, where r0 is the rebar radius and Xayer iS average corrosion penetration.
They concluded that the maximum rebar pit depth was the most important parameter affecting the
reduction of flexural load capacity in corroded beams. Mangat and Elgarf (1999) found a 24%
reduction at almost the same degree of corrosion. They showed that the breakdown of bond at the
steel/concrete interface caused marked reductions in flexural strength. Bertagnoli et al. (2006)
reported that the position of the corroded areas in relation to the reinforcement layout and
reinforcement geometry also plays a relevant role in defining the failure mechanism in corroded
RC structures. Gu et al. (2010) showed that the degradation of the load-carrying capacity and
stiffness of beams increased with the increase in the degree of corrosion. The loss in cross-
sectional area and the degradation of the mechanical properties of the corroded rebar were found to
be the major reasons for the decrease in the load-carrying capacity of the beams, while the
reduction in stiffness was mostly attributed to the bonding loss. The type of corrosion has
important effects on bond strength. Pitting corrosion has a more negative effect than uniform
corrosion (Coronelli 2004, Kivell et al. 2011a, Kivell et al. 2011b).

There are a limited number of studies about bond-slip behavior of corroded reinforcing steel
under cyclic loading. Fang (2006) stated that there was a maximum reduction in bond strength in
the case of 5% corrosion of the reinforcing steel under cyclic loading. Also, Fang et al. (2006)
concluded that severe corrosion will cause significant reduction in bond capacity under cyclic
loading. Saito et al. (2007) showed that electrochemical corrosion caused premature buckling of
column longitudinal reinforcement, reducing the effectiveness of confinement reinforcement.

O’Flaherty et al. (2010) stated that reinforced concrete beams show a loss in stiffness with
increasing corrosion of the main and shear steel reinforcement. Corrosion of transverse and
longitudinal reinforcements could change the failure mode of the corroded member, which is very
important for structures. Ou et al. (2010) stated that as the corrosion exposure increased, the
failure mode changed from flexural failure to flexural-shear failure. Additionally, owing to a
smaller bar size, the transverse reinforcement showed a higher percentage weight loss and
maximum pit depth for a given corrosion duration. Also, they stated that the ultimate drift,
ductility, plastic rotation capacity, and energy dissipation increased in the initial stage of corrosion
and then decreased with a further increase in the corrosion level.

Based on the past studies about corrosion and capacity of structural elements there is need of
determine relations between all consequences of rebar corrosion and the overall structural behavior
of the RC buildings. To understand these interactions is very important for existing old RC
buildings that under consideration of seismic performance evaluation. The present study with a
numerical example could be useful to clarify the effect of rebar corrosion on the structural
behavior of RC buildings.
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Fig. 1 Frame labeling and typical sections of structural elements

3. Numerical example
3.1 Selected structural model

A typical four-story residential building frame is selected in order to apply an evaluation
methodology for the influence of rebar corrosion under strong earthquake ground motion. The
frame is considered to be a representation of regular low-rise RC structures in practice. The model
(Fig. 1(a)) was designed with dead and live loads, on all beams, equal to 13.5 kN/m and 10.5
kN/m respectively. It is designed according to the requirements of the current TEC-2007 and
TBC-500 with design peak ground acceleration of 0.4g. A class Z3 soil, similar to class C soil of
FEMA-356 (FEMA 2000) defined in TEC-2007, is selected, which corresponds to a medium stiff
sand-gravel site having an equivalent shear wave velocity of 200-400 m/s, and a site soil layer
thickness between 15 m and 50 m is chosen. Spectrum characteristic periods of Z3 soil are
Tx=0.15 s, and Tg=0.60 s. The story heights and bay widths are selected as 3 m and 5 m,
respectively. Fig. 1(b) shows the typical structural member sections and the reinforcement details.
Exterior columns had a cross-section of 400 mmx400 mm and contained eight longitudinal
reinforcements with a nominal diameter of 16 mm. The interior column had a cross-section of 600
mm x 300 mm, where 600 mm is the depth and 300 mm is the width. It has twelve longitudinal
reinforcements whose diameter is 16 mm. Both types of columns have tie reinforcement of 8 mm
in diameter with 100 mm spacing. Reinforcement layouts were identical on all stories. The
concrete compressive strength of the control system is assumed to be 25 MPa. S420 type of hot-
worked steel is used for longitudinal and tie reinforcements. Mechanical and chemical properties
of these bars were shown in the Turkish Standard TS708-Steel bars for concrete (TSE 2010). The
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Table 1 Earthquake ground motions

Earthquake Station Place Peak acc. Component Sampling interval
(9 (sec)
Diizce, 12/11/1999 Duzce Meteorological 0.524 E-W 0.05
Station
Erzincan, 13/03/1092  ErZincan Meteorological -, 7y E-W 0.05
Station
Kocaeli, 17/08/1999  Kocaeli Meteorological - 5, E-W 0.005
Station
Imperial Valley,
15/10/1979 CDMG Sta. 942 0.439 El Centro array #6 0.005
Kobe, 16/01/1995 KIMA 0.821 Kobe KJM 000 0.02
. . Northridge
Northridge, 17/01/1994 24279 Newhall Fire Sta. 0.590 NWH360 0.02
Tabas, 16/09/1978 9101 Tabas 0.836 TAB-LN 0.02
Cape Mendocino, .
25/04/1992 89156 Petrolia 0.589 PETO000 0.02
Morgan Hill, 24/04/1984 CDMG Sta. 57217 1.298 CYC285 0.005
4 .
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Fig. 2 Five percent damping elastic response spectra of input ground motions

minimum specified yield strength (R.) of the steel according to TS708 is 420 MPa and the
minimum elongation to failure is 10%. Ultimate strength (Ry,) and elastic modulus of the steel bars
are 500 MPa, and 210 GPa respectively. Maximum allowable percentage by weight of carbon,
sulfur, and phosphorus are 0.45, 0.050, and 0.050 respectively. The concrete cover in all members
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was assumed to be 30 mm. The structural model is fixed at the base nodal points, while other
nodes are free with respect to rotation and translation. The first mode period is calculated as 0.61
seconds, and the mass participation factor is determined to be 0.831.

3.2 Input ground motions

The earthquake damage of a structure is sensitive to the factors that are provided structural
capacity and the input earthquake intensity level. Because of the importance of the input
earthquake intensity level, some real earthquake records are selected from nine different strong
earthquakes. These records are used in dynamic analysis of the frame. The selected input ground
motions are shown in Table 1. These records were downloaded from two sources-the website of
the Pacific Earthquake Engineering Research Center (PEER 2009) and the website of the Republic
of Turkey Prime Ministry Disaster & Emergency Management Presidency. Most of the selected
records are near fault ground motions that can impose larger response demands on lower stories of
weak structures compared with far fault ground motions. Fig. 2 shows the elastic pseudo-
acceleration response spectra of the records (with 5% damping) and their median values. The thick
lines in Fig. 2 show the mean acceleration response spectrum. The dotted thick lines in Fig. 2 show
the design acceleration spectrum with respect to the peak ground acceleration of 0.4g and Z3 type
soil specified in TEC-2007. In Fig. 3, T,=0.15 seconds, and Tz=0.6 seconds, - are the spectral
response periods.

3.3 Material characteristics and corrosion scenarios

Eight different corrosion scenarios are considered in addition to the sound condition of the
frame. These scenarios contain low and high states of intensity and propagation times of corrosion.
It should be noted that intensity and propagation time are the parameters investigated. 10 and 20
years are selected to represent low and high propagation time. 1 and 4 pA/cm? corrosion intensity
values are selected to represent low and high intensity. Extensity of the corrosion on the structure
is a third parameter that its effect is also investigated. Two basic extents of corrosion are selected.
In the first, uniform corrosion affects the whole frame, while in the second corrosion affects only
the first story’s beams and columns. Basic scenarios are noted as S1-10-1, S1-20-1, S2-10-4, and
S2-20-4, which are scenarios that depend on corrosion intensity and propagation time. The first
term in the scenario code shows the name of the scenario, the second term shows propagation time
in years, and the third term shows corrosion intensity. To evaluate the extensity of corrosion on the
structure, all of these scenarios are repeated for the case that corrosion affects only the first story.
These scenario codes have “OFS” at the end as fourth term. The scenario representing the
reference (control) state is denoted as SO. All scenarios are shown in Table 2 in detail.

Rebar corrosion damages could be seen in different ways. As intensity and propagation time of
rebar corrosion increases, the diameter of reinforcement steel is reduced. At the same time, in the
case of severe corrosion, the mechanical properties of reinforcing steel are negatively affected.
Moreover, bond strength is reduced or completely disappeared depending on the rate of corrosion.
As a result, cracking and spalling of cover concrete is observed. The effects of corrosion on
reinforcing steel, on concrete, and on bond strength should be considered for each scenario. The
reduced diameter of reinforcing bar after propagation time is calculated using Eq. (1).

q)(t) = CI)0 - ZPX = CI)0 - 2icorrK(t _tin) (1)
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Table 2 Corrosion scenarios

Scenario code Extensity on the frame Propagation time, t, (year) Intensity, icor, (£A/CM?)
SO Whole frame 0 0
S1-10-1 Whole frame 10 1
S1-10-1 OFS At only first story 10 1
S1-20-1 Whole frame 20 1
S1-20-1 OFS At only first story 20 1
S2-10-4 Whole frame 10 4
S2-10-4 OFS At only first story 10 4
S2-20-4 Whole frame 20 4
S2-20-4 OFS At only first story 20 4

Table 3 Revised characteristics of reinforcement bars for each scenario

Scenario Nominaldia After corrosion _ _
code meter Dia. Mass  Yield stress Ultimate stress, Ultimate strain, Elastic moduli
(mm) (mm) loss (%)  f,,(Mpa) fu,(Mpa) & Es, (Mpa)

8 7.77 5.72 390.2 516.4 0.089 191426
12 11.77 3.83 400.1 527.5 0.093 194256

S1-10-1 14 13.77 3.29 402.9 530.7 0.094 195070
16 15.77 2.88 405.0 533.1 0.094 195682
20 19.77 2.31 408.0 536.4 0.096 196540
8 7.54 11.26 361.3 483.7 0.078 183105
12 11.54 7.58 380.5 505.4 0.085 188624

S1-20-1 14 13.54 6.52 386.1 511.6 0.087 190222
16 15.54 5.72 390.2 516.4 0.089 191426
20 19.54 4,59 396.1 523.0 0.091 193121
8 7.07 21.85 306.2 421.4 0.057 167218
12 11.07 14.87 342.6 462.5 0.071 177697

S2-10-4 14 13.07 12.82 353.3 474.6 0.075 180773
16 15.07 11.26 361.3 483.7 0.078 183105
20 19.07 9.06 372.8 496.7 0.082 186403
8 6.14 41.02 206.4 308.6 0.020 138474
12 10.14 28.54 271.4 382.0 0.044 157188

S2-20-4 14 12.14 24.76 291.1 404.3 0.052 162865
16 14.14 21.85 306.2 421.4 0.057 167218
20 18.14 17.70 327.8 445.8 0.065 173452

In Eq. (1) &(t) (mm) is the diameter at time t, ¢, (mm) the nominal diameter, t;, (years) the time
for corrosion initiation at the rebar surface, icor (uA/cmz) the current corrosion density, « a
conversion factor of zA/cm? into mm/year for steel (equal to 0.0116), and P, (mm) is the average
value of the attack penetration (Berto et al. 2008). Egs. (2)-(5) developed from experimental
results by Lee and Cho (2009) are used in this study. Mechanical and chemical properties of steel
which are used in this study are similar to steel used to develop Egs. (2)-(5). These equations relate
corrosion percentage with loss of the mass due to rebar corrosion.
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Table 4 Revised characteristics of concrete for corrosion scenarios

Seerario CLOL C201,C301, C401, €103, C102, C202, C302, All beams,
Cfg‘;‘g'o €203, C303, C403 (40%40 cm) C402 (30%60 cm) (25%60 cm)
f. (MPa) E. (MPa) f. (MPa) E. (MPa) f. (MPa) E. (MPa)
) 25 25000 25 25000 25 25000
$1-10-1 23.75 24367 20.76 22782 17.17 20715
$1-20-1 23.13 24044 19.31 21972 15.14 19457
$2-10-4 22.28 23600 17.58 20961 12.98 18016
$2-20-4 21.19 23016 15.59 19743 10.80 16434
_ 1-1.98(2
oy =(1-1. (m))ffs,y 2
AW
O'ct = (1—157(m))0'5t (3)
AW
Ecs = (1_115(5)) Ess (4)
5, = (1-259(21))s, 5)
100

Where o, is the yield strength of steel after corrosion; A, the corrosion percentage; o, the
nominal yield strength of steel; o the ultimate strength of steel after corrosion; o the nominal
ultimate strength of steel; E. the elastic modulus of steel after corrosion; Es the nominal elastic
modulus of steel; &, the elongation after corrosion; o the nominal elongation of steel. At Tables 3
and 4, the revised properties of the reinforcement and concrete for each scenario are respectively
shown.

Nominal yield stress, ultimate stress, ultimate strain, and modulus of elasticity for the
reinforcement steel are 420 MPa, 550 MPa, 0.1%, and 2x10° MPa, respectively. Compressive
strength and elastic moduli reductions are considered in the revision of concrete characteristics for
scenarios. The nominal concrete compressive strength is assumed as 25 MPa. Moduli of elasticity
of sound and cracked concrete are calculated from the equation given in TEC-2007 as follows

E, =5000,/f, (6)

3.4 Analyses

Before the dynamic analyses of the scenarios took place, cross-sectional analysis of beam and
column end sections were performed using XTRACT V.3.0.9 (Imbsen 2011). Reduction in
diameter of reinforcement steel, revised properties of reinforcement bars and concrete were used
as input data for the cross-sectional analyses. The Mander model (Mander et al. 1988) was used
for confined and unconfined concrete. Bilinear steel model with strain hardening was used for the
reinforcement steel. Longitudinal and hoop reinforcement were defined specifically for each
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Table 5 Hysteretic modelling parameters in IDARC2D for beam and column elements

Nominal Selected value for  Selected value . _
Parameter : ; Typical limit values
value for SO icorr=1 for icorr=a
4 :Severe
Stiffness 10:Moderate
degrading («) 15 10 8 15:Mild
200:No degrading
0.60:Severe
Ductility-based 0.30:Moderate
strength decay (5) 0.15 0.30 0.45 0.15:Mild
0.01:No degrading
Hysteretic 0.60:Severe
energy-based 0.08 0.30 0.45 0-30:Moderate
strength decay (52) 0.08:Mild .
0.01:No degrading
0.05:Severe
Slip or crack closing 0.25:Moderate
) 0.40 0.25 0.15 0.40:Mild

1.00:No degrading

corroded beam or column sections. Constant axial forces were applied on column sections
calculated from G+0.3Q load combination in moment curvature analyses. However axial forces
were ignored for beam sections in these analyses. As a result, normal force-moment interaction
diagrams or moment-curvature diagrams were defined specifically for each section because of
different levels of corrosion damage.

Incremental dynamic analyses were performed on the sound state and corroded states of the
frame to establish the corrosion effects on the structural behavior of the system. The selected input
ground motions were applied to the frame model, and various nonlinear response parameters were
determined. The damping ratio of the model in all scenarios was assumed as 2%. IDARC2D
(2009) is used for inelastic dynamic analysis of corroded and un-corroded RC frames to observe
the changes in structural behavior. The load-deformation of the structure is simulated by versatile
hysteretic models, which are implemented in the program and are mainly controlled by parameters
indicating the stiffness degradation, strength deterioration, and pinching of the hysteretic loops.
The damage index developed by Park et al. (1984) has been incorporated into the program and is
used to estimate the accumulated damage sustained by the components of the structure, by each
story, and by the entire building. A global value of the damage index can be used to characterize
damage in the entire RC frame (Sadjadi et al. 2007). There are two options for defining the
material properties for each element in IDARC2D. Either the program will generate the envelopes
for the elements, or the program requires complete moment curvature envelope data to be provided
by the user. The moment curvature envelope determined from the software XTRACT is used as
the data input to the program in this study. Reduced stiffness of the members is considered in the
moment curvature envelope. The hysteretic values should characterize strength deterioration,
stiffness degradation, and pinching behavior for the columns and beams. These parameters are
considered for each corrosion scenario. Table 5 shows selected hysteretic modeling parameters.

Damage index comparisons are also included in this study. Park et al. (1987) suggested a
damage index for damage analysis of reinforced concrete structures; the index is considered in
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Table 6 Suggested interpretations by Park et al. (1987) for the overall damage index

DI<0.10 No damage or localized minor cracking
0.10<DI<0.25 Minor damage-light cracking throughout
0.25<DI<0.40 Moderate damage-severe cracking, localized spelling
0.40<DI<1.0 Severe damage-crushing of concrete, reinforcement exposed

DI>1.0 Collapsed

IDARC in modified form. The modified model by Kunnath et al. (1992) is shown in Eq. (7) as
follows

pl=m=0, P E, 7
6,-6, M6,

where 6, is the maximum rotation attained, 6, is the ultimate rotation capacity of the section, & is
the recoverable rotation at unloading, M, is the yield moment, E, is the dissipated energy in the
section, and g is the strength degrading parameter. The component damage index is the largest
damage index of the end sections of the structural element. In order to calculate the overall damage
index, the story damage index should be calculated first. Both the story and overall damage
indexes are shown in Egs. (8)-(9) as follows

n E
DI story — Z (DI )component n—l (8)
i=1 z Ei
i=1 component
n E
Dloverall = Z(DI )story n—I (9)
i=1 z Ei
i=1 story

where E; is the total absorbed energy by the component or the i" story. Park et al. (1987) suggested
the following interpretations for the damage index given in Table 6.

4. Results and discussion
4.1 Sectional analyses

Typical changes are observed in the moment-curvature relationship of the column sections
generated for corrosion scenarios with revised material characteristics and hysteretic modeling
parameters. As an example, Fig. 3 shows the moment-curvature relationship at the base section of
column C102. As intensity and propagation time of rebar corrosion increases, the after yielding
plateau of moment-curvature curve is shortened. This result shows that deformation capacities of
the corroded sections are dramatically decreased. Also moment capacities of these sections are
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Fig. 3 Moment-curvature relationship of base section of column C102 with respect to corrosion
scenarios

decreased. Sectional ductility, defined as ultimate curvature to effective yield curvature, is
decreased as corrosion intensity and propagation time increases. Sectional ductility of the same
column in scenario SO, which is reference scenario, is about 391% greater than the sectional
ductility attained at the scenario S2-20-4 in which the sectional ductility capacity is 4.71. The
reason for this decrease is the degeneration of the column cross-section. As corrosion propagates,
corrosion products create an internal pressure between the cover concrete and the reinforcement
bar. This causes concrete cracks in radial and tangential directions. Revised values for concrete
and reinforcement bar are defined in order to simulate the degeneration of the reinforcement bar
and surrounding concrete. As a result, yield and ultimate moments of the section are decreased.

Fig. 4 shows the column interaction diagram of the same column C102, and there are also
typical decreases in axial force and moment capacity of the column section as the amount of
corrosion increases. These moment and axial load carrying capacity reductions have negative
effects on member and system behavior. Moreover, stirrup corrosion increases the rate of
reduction in load carrying capacity of column. Stirrup corrosion has a great effect on confinement
affectivity. When stirrups do not perform as expected, the unsupported length of longitudinal
reinforcement increases which may results in premature buckling of the longitudinal
reinforcement. Tapan and Aboutaha (2011) found similar results when they investigated structural
effects of corrosion on the residual load-carrying capacity of reinforced concrete bridge columns
under several deterioration cases. Demirtas (2008) investigated the effects of corrosion on RC
columns under constant axial load and cyclic lateral loads. He found out that corrosion damage
had an adverse effect on moment-curvature and interaction diagrams of RC columns especially
under high rate of corrosion.
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Fig. 4 Moment axial force interaction diagrams of base section of column C102 for selected
corrosion scenarios

4.2 System behavior

4.2.1 Drift ratio

The interstorey drift depends on the stiffness of the moment resisting frame followed by plastic
deformation and the mode shape of vibration. Maximum drift ratios of story 1 obtained from
average of nine strong earthquakes with respect to different corrosion scenarios are shown in Fig.
5. The minimum drift ratio of the first story is obtained in scenario SO. A gradual increase in drift
ratio is observed in scenarios in which corrosion exposure occurs only in the first story as
compared with scenarios that correspond to corrosion exposure in the whole structure. The
maximum drift ratio is obtained in scenario S2-20-4 OFS, which corresponds to corrosion
exposure only on the first floor at high intensity and long propagation time. Since corrosion
degeneration is accumulated on this story, the rigidity of this story is decreased with respect to
other stories. As a result, interstorey drift is maximized on this story. Especially in the case of high
corrosion intensity, the extensity of corrosion is more important. The difference of drift ratio
between S2-20-4 and S2-20-4 OFS scenarios shows that damage accumulation on the first story
causes higher drift ratio.

Fig. 6 shows average of maximum drift ratios obtained from nine strong earthquakes with
respect to different corrosion scenarios on the fourth story. In contrast to Fig. 5, there is a gradual
decrease in the drift ratio of the fourth story in scenarios in which corrosion exposure occurs only
on the first story. Since structural damage is largely accumulated on the first story, this
accumulation causes the failure mechanism on this story.

Variations of drift ratio with respect to stories are shown in Fig. 7. It could be seen that the
values of interstorey drifts are increased in the lower stories and decreased in the upper ones.
Typical differences between story 4 and 1, are also evident in Fig. 7. Since column stiffness of
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Fig. 5 Maximum drift ratios of story 1 obtained from average of nine strong earthquakes with
respect to different corrosion scenarios
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Fig. 6 Averages of maximum drift ratios obtained from nine strong earthquakes with respect to
different corrosion scenarios on the fourth story
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story 1 decreased with respect to the un-corroded case, the drift ratio of this story is increased.
However when corrosion exposures occur throughout the whole structure, the stiffness of the all
stories is generally decreased. Therefore, the behavior pattern of the system did not changed, but
the drift ratio values are generally increased for the whole structure. The first mentioned case is
more dangerous, since the first story has become weak story which is not a preferable case.

4.2.2 Story shear
Distribution of story shear forces on the frame for the average of nine strong earthquake effects
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Fig. 9 Average values of ductility demand of scenarios for the nine strong earthquake motions

is shown in Fig. 8. Different corrosion effect scenarios on the whole frame and on the first story
only are shown in Figs. 8(a) and 8(b) respectively. A similar trend is observed in both of these
figures. An increase in story shear force in the lower stories and a decrease in the upper stories is
evident. Story shear force values are decreasing in all stories as corrosion effect increases. This
variation is typical for the scenarios S2-20-4 and S2-20-4 OFS. Compared to scenario SO, only
56% of the base shear force is acting on the first story, in scenario S2-20-4 and 60% in scenario
S2-20-4 OFS. There is a 4% increase in the first story’s shear force as there is a 4% decrease in
fourth story’s shear force, which is decreased to from 56% to 52% for the scenario S2-20-4 OFS.

4.2.3 Ductility demand

The yield displacement of the frame was assumed to be the time of the first column’s yielding.
Structural ductility was calculated as the ratio of the ultimate top displacement to the yield
displacement of the frame. Fig. 9 shows ductility demand with respect to corrosion scenarios. The
maximum ductility demand is observed in scenario S2-20-4 in which corrosion damage is
maximum. On the other hand, the structural ductility demand is decreased in scenario S2-20-4
OFS in which corrosion damage is accumulated only on the first story and deformation demand is
maximum on the first story. Therefore, the structural system ductility demand is decreased. The
reason of this is that the system ductility is defined as the ratio of ultimate displacement to yield
displacement of the top story. In fact, in this case, the story ductility demand is more important
than the structural ductility demand. The local ductility demands need to be limited to the ductility
capacity of the cross-section used. Deformation capacity of the columns and beams on the first
story govern the structural behavior, as can be seen also in the final states of the frame in Fig. 12
which shows final states of the frame for the Diizce earthquake for three scenarios.

4.2.4 Damage index

The overall damage index distribution obtained from the selected earthquakes with respect to
corrosion scenarios are summarized in Fig. 10. In order to better understand the difference
between them, only two scenarios having the most mass loss in their categories are shown with the
reference scenario in this figure. Generally, the maximum overall damage index is obtained in
scenario S2-20-4. It can be seen from Fig. 10 that the overall damage index increases 2-3 times for
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the different strong earthquake motions in these two scenarios (S2-20-4 and S2-20-4 OFS)

corresponding to extensive corrosion with high intensity and long propagation times. As a result,
extensive corrosion results in extremely deteriorated structural behavior. According to the
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interpretations shown in Table 6, moderate damage will be expected from selected earthquakes for
the scenario SO. On the other hand, severe damage or collapse level should be expected for the
corrosion scenarios S2-20-4 and S2-20-4 OFS. The average value of overall damages for scenario
S2-20-4 obtained from nine strong earthquakes is determined as 1.129, which means that the
system will collapse according to Table 6. The same value for the scenario S2-20-4 OFS is 0.866,
implying severe damage for the system. However, the same value for the un-corroded system is
only 0.222, meaning that no damage or localized minor cracking will occur. It should be noted that
accumulation of damage on the first story may change the system failure mode. Therefore, the
overall damage index values should not be evaluated alone. Fig. 11 shows the beam and column
damage index distribution in different corrosion scenarios for the first story. It is worth noting that
when corrosion affects the whole story, beam damage index are higher than column index for all
scenarios for the first story. However column damage index is very near or higher than the beam
damage index for the scenarios corresponding to corrosion effects only to first story of the
structure. This case shows that when corrosion affects only the first story, results in similar
structural behavior when corrosion affects the whole structure. In practice the case of the corrosion
affects foundation, basement, and ground floor is often encountered.

4.2.5 Plastic hinge formations and final states of frames

Plastic hinge formation sequence and plastic deformations on the frame system were analyzed
under the earthquake action. Column plastic hinges affect the frame system behavior more than the
beam plastic hinges. The first plastic hinges are formed at the beam ends for all earthquake
actions. Then column plastic hinges are formed at the bottom end of first floor columns. Therefore,
the un-corroded system (SO) showed strong column-weak beam behavior, as expected in
earthquake-resistant structures. Energy dissipation occurred with beam sway mechanism before
failure. However, especially in scenarios S2-20-4 and S2-20-4 OFS, some important variations at
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the order of plastic hinge formations were observed which affect the global system behavior. The
plasticization sequences in scenarios S2-20-4 and S2-20-4 OFS are typically different than other
scenarios. Moreover, there are considerable differences between these two scenarios. Since
corrosion affects only the first floor columns and beams, deformation capacity of this story and its
corresponding members are higher than the others. Therefore plastic hinge formations begin and
deformation capacities of the plasticized sections are used earlier on this story than the other
stories. This difference causes relatively earlier failure as compared to the un-corroded system. For
example, Fig. 12 shows the final state of the frame for the Duzce earthquake. The final state in SO
(un-corroded state) is similar to behavior of ductile systems (Fig. 12(a)). After plastic hinges
occurred in 11 beams, column plastic hinges occurred at the bottom ends of columns C101, C102,
and C103. Fig. 12(b) shows the final state of the frame for scenario S2-20-4. Local failure is
observed at the bottom end of column C102. On the other hand, unlike Fig. 12(b), the number of
beam plastic hinges formed in Fig. 12(c) is less than the number of beam plastic hinges formed in
Fig. 12(a) and Fig. 12(b). This shows that early local failures occurred at column sections in Fig.12
(a). This system did not dissipate energy by means of beam plastic hinges before formation of
column plastic hinges in scenario S2-20-4 OFS. As a result, rebar corrosion caused the non-
preferred behavior under strong earthquake effects.

4.2.6 Demand to capacity ratio of critical columns

The moment demand to capacity ratio is a good measure of how much of the moment capacity
of the column is used for a considered action. A demand to capacity ratio greater than one
indicates member failure. The moment demand to capacity relationship of three critical columns at
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the first story is shown in Fig. 13. Moment capacity of the bottom end of interior column C102 is
completely used in all scenarios and plastic hinges are formed on this section in all scenarios. The
same ratio for columns C101 and C103 are greater than 0.940, which means that they are used
almost to their capacity. An increasing trend on moment demand to capacity ratio was observed as
corrosion rate and intensity were increased for all columns considered in Fig. 13. It is worth noting
that scenarios in which corrosion affects only the first story has a greater demand to capacity ratio
than scenarios in which corrosion effects the whole frame. This result shows that local corrosion
may have equal or greater effects on the structural behavior of the system. As the bottom ends of
columns yield, lateral displacement of the structure is increased.

5. Conclusions

This study evaluated the rebar corrosion effects on structural behavior of buildings with a
numerical example where a comparative evaluation of the earthquake behavior of a regular
multistory frame structure took place. The structure was exposed to different rebar corrosion
scenarios under different strong earthquake motion effects. Earthquake behaviors of RC frames are
sensitive to rebar corrosion damages, as the level of damage is dependent on the degree and extent
of corrosion in the structure. The degree of corrosion is governed by intensity and propagation
time of it. Rebar corrosion has adverse effects on properties of reinforcement steel and concrete,
bond strength between concrete and reinforcement steel, and deformation characteristics of
structural elements such as beams and columns. It was found out that these parameters adversely
affect earthquake behavior of the frame structure. Its strength and ductility capacities were
reduced. In case of high level of corrosion, its failure mode also could be switched from ductile to
fragile. Especially, extensive high-level corrosion affecting only the first story probably causes an
unwanted non-ductile collapse mechanism under strong earthquake motions. Local corrosion, such
as rebar corrosion affecting only the first story, can cause similar results with extensive high-level
corrosion. Therefore it should be also interpreted like high-level extensive rebar corrosion.
Moreover rebar corrosion damage should be certainly considered in evaluation of structural
performance of existing structures in highly seismic regions. Overall, further studies are required
in order to consider the slippage of corroded reinforcement and bond strength in order to evaluate
corrosion damages more precisely.
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