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ABSTRACT

TIME-DEPENDENT SEISMIC PERFORMANCE
ASSESSMENT OF RC BUILDINGS EXPOSED TO
CORROSION

Corrosion of reinforcing bars is one of the most notable reasons of the deteriora-
tion of reinforced concrete structures. The safety problems related to corrosion and the
differences between the required and available budgets that will be used to repair the
existing structures make the reliable prediction of the service-life of structures quite
critical to optimize the costs by accurately prioritizing the rehabilitation projects and
to overcome the structural safety problems. In this study, Reverse Monte Carlo method
is used to predict the future corrosion propagation of existing structures in accordance
with the existing corrosion levels identified by site inspections. The novelty of the pro-
posed method is to use existing corrosion levels of the reinforcements to increase the
reliability of the expectations related to corrosion propagation in the future. In other
words, site measurements are used as reference points according to which mathematical
models used to predict corrosion levels can be validated. A case study was performed
using the proposed method for a corroded reinforced concrete building located in New
Zealand and constructed in 1928. As the first step, the existing corrosion level of the
building was used to predict how corrosion can propagate in the future. Afterwards,
the finite element model of the building was developed using the OpenSees platform,
and nonlinear static analyses were performed to assess the future seismic performance
of the building. Results shows that the data of the existing corrosion levels of a building
can be a valuable input to make reliable estimations for the future seismic performances

of the existing buildings.



vi

OZET

KOROZYONA MARUZ KALAN BETONARME
BINALARIN ZAMANA BAGLI SISMIK PERFORMANS
DEGERLENDIRMESI

Donat1 ¢gubuklarinin korozyonu, betonarme yapilarin bozulmasinin en 6nemli ne-
denlerinden biridir. Korozyona bagh giivenlik sorunlari ve mevcut yapilarin onarimi
i¢in kullanilacak gerekli ve mevcut biitceler arasindaki fark, rehabilitasyon projelerini
dogru bir gekilde onceliklendirerek maliyetleri optimize etmek ve yapisal giivenlik sorun-
larinin iistesinden gelmek icinyapilarin hizmet omriintin giivenilir bir gekilde tahmin
edilmesini oldukc¢a kritik hale getirmektedir. Bu caligmada, saha incelemeleri ile belir-
lenen mevcut korozyon seviyelerine gore mevcut yapilarin gelecekteki korozyon yayilimini
tahmin etmek icin Reverse Monte Carlo yontemi kullamlmigtir. Onerilen yontemin
yeniligi, gelecekteki korozyon yayilimina iligskin beklentilerin giivenilirligini artirmak
igin donatilarin mevcut korozyon seviyelerini kullanmasidir. Bagka bir deyisle, saha
olctimleri, korozyon seviyelerini tahmin etmek i¢in kullanilan matematiksel model-
lerin dogrulanabilecegi referans noktalari1 olarak kullanilmaktadir. Yeni Zelanda’da
bulunan ve 1928’de inga edilen korozyona ugramig betonarme bir bina icin Onerilen
yontem kullamlarak bir vaka calismasi yapimistir. Ilk adim olarak, binamn meveut
korozyon seviyesi, korozyonun gelecekte nasil yayilabilecegini tahmin etmek icin kul-
lanilmigtir. Daha sonra OpenSees platformu kullanilarak binanin sonlu eleman modeli
geligtirilmis ve binanin gelecekteki sismik performansini degerlendirmek igin dogrusal
olmayan statik analizler gerceklestirilmistir. Sonuclar, bir binanin mevcut korozyon
seviyelerine iligkin verilerin, mevcut binalarin gelecekteki sismik performanslar: igin

giivenilir tahminler yapmak i¢in degerli bir girdi olabilecegini gostermektedir.
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1. INTRODUCTION

1.1. Objective

A significant number of existing buildings are older than 50 years and a remark-
able portion of these structures is located in seismically active regions such as Greece,
Italy, Japan, New Zealand, Turkey and United States (CBECS Survey Data 2018;
Filippidou & Navarro 2019; Economidou 2011). For instance, construction dates and
age distribution of buildings located in Istanbul is presented in Table 1.1 (Konukcu
et.al 2017). Therefore, to make reliable seismic performance estimations for existing
buildings is an inevitable pre-requisite to develop effective strategies to improve the

resilience of societies against the earthquake events.

Table 1.1. Age distribution of building stock in Istanbul (Konukcu et.al 2017).

Constructin Date | Approx. Age | Building Numbers | Percentage
Pre-1968 t>50 82.828 8.36%
Between 1969-1982 40<t<50 330.489 33.36%
Between 1983-1996 30<t<40 381.008 38.46%
Between 1997-2004 20<t<30 114.480 11.56%
Between 2005-2007 10<t<20 46.336 4.68%
Between 2008-2013 t<10 35.443 3.58%

On the other hand, estimation of the structural performance under seismic excita-
tion is a challenging task due to uncertainties in the seismic demands and the structural
capacity to withstand these demands against damage and collapse. It is common in
seismic risk estimation to group these uncertainties into two categories which represent
the uncertainties stem from factors that are inherently random (aleatoric uncertainty)

and uncertainty due to lack of knowledge or ignorance (epistemic uncertainty) (Wen



et.al, 2003). The aleatoric uncertainty can be classified as variation in ground motion
properties such as the exact location, magnitude and time of future earthquake events.
On the other hand, spatial distribution of potential seismic zones, the predicted max-
imum earthquake magnitude, and the recurrence periods for earthquakes of different
magnitudes are continuously being investigated and new models are being developed
and updated based on the current and new knowledge to reduce the epistemic part of

the uncertainty in future earthquakes.

Epistemic uncertainties in structural capacity estimation are mainly originated
from the variation in material and geometric properties (Tyagunov et al. 2014, Choud-
hury & Kaushik, 2019). In addition to variations in the as-built material properties,
time-dependent changes in materials due to environmental effects can also be consid-
ered as important sources of epistemic uncertainties in structural capacity predictions.
Degradation of reinforcing bars due to corrosion under chloride attacks can be one
of the main reasons of the deterioration of reinforced concrete structures and it can
cause changes in both material and geometric properties such as the reduction of cross
sections of reinforcing bars, degradation of the bonds between concrete and reinforc-
ing bars, and cracking of concrete (Apostopoulos & Papadakis 2008; Pape & Melchers
2010; Fernandez et.al 2018; Ou et.al 2016; Vanama & Ramakrishan 2020). Moreover,
insufficient performance of corroded reinforcing concrete buildings has been observed
during the field inspections after several earthquakes (Kaushik & Jain 2007; Sharma
et.al 2016; Freddi et.al 2021). Therefore, it became inevitable to consider the corrosion
and earthquake hazards simultaneously in order to make reliable seismic performance

estimations for existing buildings.

Numerous experimental studies have been carried out to identify the effects
of corrosion on material properties of corroded reinforcing bars and structural ele-
ments (Zhang et.al 1995; Dhakal & Maekawa 2002; Du et.al 2005; Apostolopoulos &
Michalopoulos 2006; Kashani et.al 2013; Fernandez et.al 2015; Kashani et.al 2015; Ou
et.al 2016; Meda et.al 2014; Guo et.al 2015; Kashani et.al 2016; Yuan et.al 2017; Ra-
jput & Sharma 2018; Yuan et.al 2017; Vu & Li 2018). In addition, various analytical



models have been developed in order to estimate the seismic performance of existing
reinforced concrete buildings exposed to corrosion (Kashani et.al 2015; Fernandez et.al
2016; Bru et.al 2018; Imperatore & Rinaldi 2019; Di Sarno & Pugliese 2020). The
results of these studies are valuable inputs for finite element models to eliminate the

material and geometric uncertainties originated from the corroded reinforcements.

Changes in structural capacity and seismic reliability of corroded RC structures
are other topics that have been intensively investigated (Alipour et.al 2011; Zanini et
al. 2013; Alipour et.al 2013; Biondini et.al 2014; Biondini et.al 2015; Goksu & Ilki
2016; Goksu et.al 2016; Cui et al. 2018; Ghosh & Padgett 2010; Guo et al. 2015;
Rao et.al 2016; Titi et al., 2018; Zanini et.al 2017; Hasanzadeh et.al 2021; Lejouad
et.al 2022). The main purposes of these studies are, first to obtain the remaining
structural capacities of corroded RC structures via experiments or analytical analyses
and second to predict the seismic reliability for expected earthquake events. Since the
seismic reliability estimations of existing buildings are sensitive to the corrosion levels
of the structural elements, the importance of site inspections and long-term corrosion
monitoring have been gradually increasing. Most of the corrosion data available in
the literature have been obtained from the reinforcements corroded in the laboratory
environment. Therefore, recent inspection and monitoring activities are quite valuable
for not only to measure the existing corrosion levels of the reinforcements but also to
identify the mechanical properties of naturally corroded reinforcements better and to
improve the numerical models used to predict future corrosion propagation (Totani

et.al 2021, Li et.al 2022 and Li et.al 2022).

Although various aspects of the corrosion have been studied, there is still a lack
of information about the relation between the existing corrosion levels and the long-
term seismic performance estimation of reinforced concrete buildings. Therefore, the
purpose of this study is to present a methodology that can be used to reliably pre-
dict the future corrosion propagation in a structure. The contribution of the proposed
methodology to the field is to use existing corrosion levels identified by site inspections

to make predictions for the future corrosion propagation. In other words, it utilizes



the experimental measurements as references in order to decrease the effects of epis-
temic uncertainties in the numerical models of corrosion propagation. As a result, the
validated corrosion models can be used to make more reliable estimations for the fu-
ture corrosion levels and structural performance under earthquake excitations can be

assessed accordingly.

1.2. Literature Review

1.2.1. Mechanical Properties of Corroded Reinforcement

Effects of corrosion on the mechanical properties of reinforcing bars have been
widely studied by researchers. The main focus of these studies is to identify the changes
in the strength, strain capacity and cross-sectional area of the corroded steel bars. Since
it cannot always be possible to collect samples from existing structures, some of the

laboratory tests have been conducted using the artificially corroded reinforcing bars.

Almusallam (2001) carried out a study to identify the effects of corrosion on the
mechanical properties of steel longitudinal bars. Accelerated corrosion process was ap-
plied to the reinforced concrete elements and the corroded reinforcements were removed
afterwards to conduct laboratory tests. In order to investigate the effect of initial di-
ameter of reinforcements on the change in mechanical properties, two diameters, which
were 6 mm and 12 mm, were considered for the specimens. Significant reductions in
both tensile strength and deformation capacity of steel bars were noted according to

test results.



Du et.al. (2005) presented the results of an experimental investigation on ductil-
ity of reinforcing bars exposed to corrosion. Artificial corrosion process was applied to
both bare reinforcements and steel bars embedded into concrete. In total, 108 speci-
mens, consisting of 18 uncorroded and 84 corroded bars, were tested until the rupture
of reinforcements in order to measure the strength and ductility behavior. They ob-
served notable reductions of strength and ductility capacities of the steel reinforcement
subjected to corrosion. Moreover, regression analyses were carried out to identify the
relation between change in corrosion levels and mechanical properties. Finally, re-

searchers developed equations in accordance with the results of regression analyses.

Zhang et.al. (2012) conducted an experimental study to investigate the effects of
corrosion on the tensile and fatigue behavior of longitudinal reinforcements. Acceler-
ated corrosion process was utilized by researchers in order to obtain artificially corroded
specimens in addition to the naturally corroded steel bars taken from a 30-year-old
building. According to the tensile test result, they reported significant reduction in
the strength capacities due to corrosion and they stated that decrease in the ultimate
strength was more critical than the reduction of yield strength. Additionally, they ob-
served severe reduction in the deformability capacities of reinforcements due to adverse
impacts of corrosion. Furthermore, researchers observed a remarkable decrease in the
fatigue life of steel reinforcements, and they also reported that the fatigue behavior of

reinforcing bars was affected more when compared with the tensile behavior.

Kashani et.al. (2013) investigated the adverse impacts of corrosion on the non-
linear cyclic behavior of steel reinforcements. For this purpose, they prepared 39 spec-
imens with various corrosion levels and slenderness ratios. They reported that cyclic
behavior of reinforcing bars was significantly affected by the mass loss due to corro-
sion. Since the slenderness ratio of a reinforced concrete element will be increased due
to corrosion of lateral reinforcements, the degradation of low-cycle fatigue behavior
of longitudinal reinforcements due inelastic buckling of corroded bars should be taken

into consideration when conducting a seismic performance evaluation.



Fernandez et.al. (2015) carried out an experimental study to investigate the ef-
fects of corrosion on the mechanical properties of steel reinforcements. For this purpose,
180 artificially corroded specimens were tested. Researchers performed 40 monotonic
tests as well as 140 fatigue tests. They reported strong correlation between corrosion
levels of the steel bars and degradation of the mechanical properties such as yield and

ultimate stress, modulus of elasticity and fatigue life.

Ou et.al. (2016) examined the influence of corrosion on the tensile behavior of
longitudinal reinforcing bars. For this purpose, 18 corroded reinforcing bars were ob-
tained from a residential building constructed in the 1970s and located in a marine area.
Additionally, they performed an accelerated corrosion process for the 29 specimens to
get the artificially corroded steel reinforcements. Researchers tested both naturally
and artificially corroded reinforcing bars under tensile loadings. They reported that
strength and deformation capacities of reinforcements were significantly reduced due
to adverse effects of corrosion. Furthermore, different reduction factors were proposed
by researchers to reflect the impacts of natural and artificial corrosions on the tensile

behavior of steel reinforcements separately.

Imperatore et.al. (2017) carried out an experimental survey on the steel rein-
forcing bars with different diameters and varying corrosion levels in order to observe
the relation between corrosion and deterioration of mechanical properties. In total, 35
specimens were subjected to accelerated corrosion process in the laboratory environ-
ment, and they were applied monotonic loadings to investigate the change in tensile
behavior. Strength and strain data measured during the tensile tests were converted
to a non-dimensional form to make linear and exponential regression analyses. As a re-
sult, they proposed reduction factors for the yield and ultimate strengths and ultimate
strain of reinforcement, which are functions of mechanical properties of uncorroded

steel bars and the corrosion levels.



Vanama and Ramakrishnan (2020) conducted a comprehensive experimental study
on the mechanical properties of 38 naturally corroded and 15 artificially corroded rein-
forcing bars. Naturally corroded steel bars were extracted from a 54-year-old building.
The results show that yield and ultimate stress values and ductility of both naturally
and artificially corroded reinforcements reduced significantly. Although naturally and
artificially corroded bars present similar global behaviors, decrease in stress and strain

levels is higher for naturally corroded reinforcements than the artificially corroded ones.

1.2.2. Structural Performance of Corroded RC Elements

Although the information obtained by the experiments on corroded steel bars are
valuable from the structural engineering point of view, to determine the influence of
changes in the mechanical properties of reinforcements to the overall performance of
RC structural elements are also valuable for several purposes. First of all, ductility
limits of the RC elements exposed to corrosion is valuable to be able to determine the
changes in the performance limits such as drift ratios or rotations. In addition, the
results of structural element tests can be used as the reference behavior according to
which the numerical models simulating the corroded RC elements can be validated.
Moreover, it is crucial to observe whether various assumptions are still valid for the

RC elements exposed to corrosion.

Meda et.al. (2014) evaluated the structural performance of reinforced concrete
columns under cyclic loads. For this purpose, authors used four specimens. Reinforce-
ments of the two columns were extracted from the specimens and tested in tension,
in order to determine the effect of the concrete presence during the corrosion process.
One of the other specimens was corroded and used in the cyclic test in order to ob-
serve the effect of corrosion on the cyclic performance whereas remaining specimen
was the uncorroded reference one that was also tested to obtain the seismic behavior
of RC columns without the influence of corrosion. Decreases in the yield and ultimate
strengths and in the ultimate strain were identified in corroded steel bars. Researchers

also stated that the global seismic behavior of RC columns was also significantly af-



fected by the corrosion. They observed almost 30% decrease in the ultimate force and
a reduction of ultimate displacement of about 50% in addition to a significant decrease

in the stiffness during the last cycles.

Goksu and Ilki (2016) carried out an experimental study to determine the struc-
tural behavior of corroded reinforced concrete columns under reverse cyclic loads. They
used six artificially corroded specimens with varying corrosion levels from 0% to 54%.
Researchers reported that columns mainly failed due the fracture of the corroded re-
inforcements and as a result the drift ratio decreased from 8% to 2% from uncorroded
bars to severely corroded reinforcements. Reduction of drift ration caused significant

decrease in the energy dissipation capacities of corroded columns.

Ou and Nguyen (2016) conducted laboratory tests on the corroded reinforced
concrete beams in order to investigate the effect of location of reinforcement corrosion
on seismic performance of beams. Artificial corrosion method was induced to beams
in order to develop corroded reinforcement at various locations of the specimens. Re-
searchers reported that for beams the effects of corrosion of longitudinal tension bars
has significant negative impacts on the yield and peak loads as well as yield and ulti-
mate drift capacities whereas corrosion in the compression bars has very limited effects.
Corrosion in the transverse bars can also negatively affect the yield and ultimate drift
capacities of the reinforced concrete beams but it has insignificant influence on the

yield and ultimate loads.

Liu et.al. (2017) conducted an experimental study using six reinforced concrete
moment-resisting frames in order to examine the influence of corroded longitudinal re-
inforcing bars on the structural performance of reinforced concrete frames under cyclic
loadings. Five of the specimens were corroded whereas the remaining frame was un-
corroded and used as the reference one. Researchers reported that increased corrosion
level caused the reduction of lateral load carrying capacity, deformation capacity as

well as the energy dissipation capacity of the reinforced concrete frames.



Yuan et.al. (2017) tested six circular RC bridge piers with different corrosion lev-
els under cyclic loading. One specimen was considered as the sound structural element
and not exposed to artificial corrosion process. On the other hand, five specimens were
subjected to accelerated corrosion process with durations of 30, 60, 105, 130 and 150
days in order to obtain varying corrosion levels. The most interesting result presented
by the researchers is that the difference in the cyclic behavior of the corroded and
uncorroded RC piers was not critical when the corrosion level is around 8-9% whereas
there were significant decreases in the strength, energy dissipation and deformation

capabilities of the bridge piers with corrosion levels larger than 17%.

Yuan et.al. (2017) carried out experimental study using the eight reinforced con-
crete columns, seven of which were exposed to accelerated corrosion in the laboratory
environment whereas one of the specimens was used as the reference uncorroded sample.
Corrosion levels of the longitudinal bars of the artificially corroded specimens varied
from 3.83% to 8.41%. Repeated axial loads were applied to four corroded specimens
before the low cycle reversed loads. They observed that corrosion of the reinforcing
bars had a significant effect on the yield strength and ultimate load bearing capac-
ity under cyclic loading. Although they applied repeated axial load to four corroded
columns before the cyclic horizontal loading to simulate the vertical pounding, they
did not report any crucial influence of these loadings on the yield strength and load

bearing capacity of reinforced concrete columns exposed to corrosion.

Rajput & Sharma (2018) conducted experiments on the six reinforced concrete
columns in order to investigate the impacts of corrosion for seismic performance of
columns casted according to modern seismic codes and guidelines. They divided the
reinforced concrete columns into two categories as experiment and control groups. The
former one consisted of three reinforced concrete columns which were artificially cor-
roded up to 15% of corrosion level whereas the latter category included the uncorroded
specimens. The first result stated by the authors is the significant decrease in the
cross-sectional area of the steel bars due to increasing corrosion level. The decreased

cross-sectional areas of the reinforcements caused the reduced ductility capacities of
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the columns due to losing the effective confinement. Furthermore, they also mentioned
that catastrophic failures had also occurred due to significant reduction in the load

carrying capacity.

Vu and Li (2018) conducted an experimental study using the eight columns con-
sisted of both uncorroded and corroded specimens which were applied quasi-static cyclic
loading. They reported that corrosion of the reinforcing bars significantly affects the
seismic behavior such as lateral load capacity, yield displacement, ductility capacity,

hysteretic response, energy dissipation capacity and cracking pattern.

Yuan et.al (2018) presented the results of shaking table tests carried out for four
reinforced concrete bridge piers with different degrees of corrosion. They applied a
series of increasing ground motions to the bridge piers and measured and analyzed
the displacement response, natural periods, damping ratios, acceleration response and
curvature distribution of the specimens. They reported increased natural period and

higher damping ratio with increased level of corrosion.

1.2.3. Numerical Modeling of Corroded RC Elements

The primary objective of research studies focusing on the corroded reinforcements
or RC elements exposed to corrosion attacks is to provide useful inputs to the remain-
ing capacity estimations and reliability analyses. For this purpose, the information
obtained via the laboratory tests must be transformed to numerical models that can
be used for the finite element analyses of the RC structures. Various models focus-
ing on the different aspects such as ductility, buckling, cyclic behavior etc. have been

proposed by other researchers.

Goksu et.al (2015) developed a bond-slip model in order to simulate the bond
characteristics between concrete and reinforcing bars. The novelty of this study is that
researchers considered the concrete with low compressive strength and plain reinforce-

ments, which are typical construction materials of the majority of existing reinforced



11

concrete buildings. The proposed model account for the reversed cyclic lateral loading
tests of full-scale substandard RC columns. The main contribution of this new model
is to predict the changes in bond strength in accordance with the corrosion levels of
the reinforcing bars. They used the experimental results available in the literature in

order to verify the estimations of the proposed model.

Kashani et.al (2015) developed a hysteretic numerical model for steel reinforce-
ments with and without corrosion effects. The model can represent the buckling of
reinforcing bars, deterioration in compressive strength due to post-buckling strain
records and tension behavior affected by low-cycle high-amplitude fatigue. They used
the response history of both uncorroded and corroded reinforcing bars obtained from
laboratory experiments in order to verify the effectiveness of the proposed model in

simulation of hysteretic behavior of uncorroded and corroded bars.

Fernandez et.al (2016) proposed a mechanical model in order to simulate stress —
strain behavior and fatigue curves of corroded reinforcing bars. They take into account
both generalized corrosion and pitting corrosion when developing the model. In order
to calibrate the proposed model, researchers used experimental results obtained from

both monotonic and cyclic tests of corroded reinforcing bars.

Kashani et.al (2016) proposed a modelling technique via OpenSees and it sim-
ulates the effect of corrosion on mechanical properties of steel bars such as buckling,
pitting, decreased low-cycle fatigue life and ductility loss, cracked concrete cover and
reduction of ductility and capacity of the core concrete. Researchers utilizes the Dhakal-
Maekawa model in order to represent the buckling behavior of corroded reinforcements,
but the novelty of the study is that researchers used this model for a circular column
and compare the numerical simulation results with the responses measured from a lab-
oratory test of corroded circular RC column. Afterwards, they carried out the pushover
analyses for mentioned column considering the different corrosion scenarios. The re-
sults shows that both lateral load-carrying and the ductility capacities of the reinforced

concrete columns decrease significantly with the increasing corrosion levels.
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Qiu and Gong (2019) proposed a numerical model for the hysteretic behavior of
steel reinforcements taking into account the impact of inelastic buckling and low-cycle
fatigue. They presented a formula, which is in the Bouc-Wen model, for the post-yield
stiffness ratio depending on the strain value. In addition, they utilized the Genetic
Algorithm to determine model control parameters in accordance with the hysteretic
loops of steel reinforcements obtained by laboratory experiments. The effectiveness
of presented model was verified by comparing the numerical analyses results with the

experimental ones for both reinforced concrete columns and reinforcing bars.

Imperatore and Rinaldi (2019) conducted a comprehensive experimental study in
order to identify the effects of corrosion on the buckling behavior of corroded reinforcing
bars. The scope of the experiment included specimens with various slenderness ratios
and different corrosion levels. The results of this experimental program showed that
corrosion level significantly affects the stress capacity of the reinforcements under com-
pression as well as their post-buckling behavior. Therefore, researchers developed an
analytical model to estimate these mechanical properties of the corroded longitudinal

reinforcements.

1.2.4. Seismic Reliability Analysis of Corroded RC Structures

Decision-makers need to obtain reliable information about the seismic perfor-
mance estimations of existing structures in order to use the limited resources effectively.
The governing question that must be answered in this regard is the long-term effects of
the capacity reduction due to corrosion on the seismic performance of RC structures.
For this purpose, various probabilistic methodologies have been proposed and several

case studies have been presented by other researchers.

Ghosh and Padgett (2010) presented a framework to determine the time-dependent
fragility curves of reinforced concrete bridges exposed to corrosion. They developed a
finite element model of the bridge on the OpenSees platform and utilized a probabilis-

tic approach in order to capture the effects of corrosion on the reinforcements. They
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considered only the reduction of the cross-sectional area of the longitudinal reinforce-
ments although the effects of corrosion on the yield strength and strain capacities of
steel bars have been reported by other researchers. They reported significant reduction
in both load-carrying capacity and ductility of the reinforced concrete bridge columns.
As a result, they presented the results of the fragility analyses carried out for different
ages of the bridge, showing a significant increase in the failure probability for different

damage states.

Alipour et.al (2011) showed a numerical study carried out to estimate the lifetime
structural performance and life-cycle cost of reinforced concrete bridges exposed to cor-
rosion and located on the seismically active zones. First of all, they determined the
corrosion initiation time for the bridges in accordance with the chloride diffusion equa-
tion and then the extent of the structural deterioration was estimated over the entire
life of the bridge. Time-dependent fragility curves were generated by the researchers

to conduct a probabilistic seismic risk assessment.

Alipour et.al. (2013) proposed a procedure to evaluate the structural perfor-
mance as well as the life-cycle costs of reinforced concrete bridges exposed to chloride
attacks. They estimate the effects of chloride diffusion on the geometrical and material
properties of the structural elements over the life-time period of a bridge. The capacity
loss of the bridges was evaluated using the moment-curvature and pushover analyses.
In order to determine the optimum life-cycle costs, researchers proposed maintenance
and inspection intervals according to predicted reduction of load carrying capacities

due to corrosion of reinforcing bars.

Inci et.al. (2013) presented the numerical analyses of reinforced concrete frame
buildings in order to show the unfavorable impacts of the corrosion on the structural
performance. For this purpose, both nonlinear static analysis and nonlinear time-
history analysis were carried out for ten hypothetical buildings considering various
corrosion levels and different earthquake records. They reported that the reduction of

cross-sectional area of the steel bars and the decrease in the displacement capacity of
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structural elements or buildings are the most significant adverse effects of the corrosion.

Biondini et.al (2013) presented life-cycle seismic performance reinforced concrete
bridges exposed to corrosion. They followed a probabilistic approach in order to con-
sider the uncertainties involved in the chloride-induced diffusion process as well as
the geometrical and material properties of structural elements. A four-span reinforced
concrete bridge was analyzed by the researchers to present the application of proposed
procedure. The results of this study showed that the base shear capacity, ductility
and yield and ultimate displacements decrease significantly through the lifetime of a

reinforced concrete structures.

Zanini et.al (2013) examined the maintenance management and planning of bridge
networks located in seismically active areas considering the deterioration of the struc-
tural elements due to chloride-attacks. In order evaluate the seismic performance of
bridges, they developed the ductility-based fragility curves for which the effects of
corrosion were modelled as decrease in the cross-sectional area and yield strength of
reinforcing bars. Afterwards, they evaluate the effects of retrofitting on the seismic
performance of bridges. For this purpose, they presented three different retrofitting
approaches which were numerically applied to 60 years old bridge. Accordingly, the
seismic vulnerabilities of bridge with and without retrofitting were calculated to pre-
dict the changes in seismic performance. As expected, the seismic performance of the

bridge, especially in the weak direction, was significantly improved after retrofitting.

Biondini et.al (2015) presented a probabilistic framework to life-cycle assessment
of seismic resilience of aging reinforced concrete structures. They considered the ad-
verse effects of aggressive environmental conditions such as chloride diffusion on the
structural members in order to identify the role of deterioration on the recovery process
after an earthquake event. The results of the case studies showed that due to adverse
effects of corrosion on the structural performance of reinforced concrete members, both
load-carrying capacity, for instance base-shear, and the displacement ductility were sig-

nificantly reduced. They stated that the one of the reasons of significant decrease in
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load-carrying capacity could be the change in plastic hinge locations which might lead
to the activation of collapse mechanisms with lower ductility and energy dissipation

capacity.

Guo et.al (2015) examined the time-dependent seismic performance assessment
of coastal bridges under the adverse impacts of chloride attacks. For this purpose,
they integrate the traditional fragility curve analysis with the structural deterioration
inputs due to corrosion of reinforcing bars. In order to investigate the effects of depth
of cover concrete on the corrosion initiation time, they also carried out a sensitivity
analysis considering three different depths. Furthermore, they aimed to identify the
corrosion propagation on reinforcement bars located at the different zones on a column,
which were named as atmospheric zone at the top one third of the column and splash
and tidal zone at the middle of a column. Similar to other researchers, they reported a
significant decrease in the load-carrying capacity and ductility of columns and dramatic
increase in the failure probability of reinforced concrete bridges due to negative effects

of corrosion.

Rao et.al (2016) proposed a model to calculate the fragility functions which de-
pend on the structural deterioration level. The model account for the changes in
structural capacity and demand due to corrosion of steel bars. The effects of the
structural deterioration were modelled by reduction of the cross-sectional area of the
steel bars, strength of the cover concrete and the bond strength. They considered the
damage states proposed by the CALTRANS to develop the fragility functions of the re-
inforced concrete columns exposed to corrosion. Afterwards, failure probabilities were
calculated considering the different corrosion levels and the results showed a significant

increase in the failure probabilities with increased level of corrosion.

Zanini et.al (2017) proposed a time-dependent probabilistic seismic risk forecast-
ing framework for bridge networks. In order to have a fully time-dependent assessment
procedure, they considered not only the deterioration of the structure due to environ-

mental effects such as corrosion, but also the time-value of the money which might
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be used for retrofitting or reconstruction of the bridges. They applied the presented
time-dependent risk assessment framework to a network located North-East Italy and
consisted of 500 bridges and compared the results of the proposed procedure with
the ones obtained by traditional seismic risk assessment methods. They reported sig-
nificant differences between average annual losses predicted via traditional fragility

analyses and the proposed forecasting framework.

Titi et.al (2018) examined the lifetime structural performance of reinforced con-
crete frames exposed to corrosion. In order to take into account the uncertainties
related to chloride attacks, materials and modeling assumptions, they utilized Monte
Carlo Simulation. The procedure proposed by the study was applied to a three-storey
reinforced concrete frame and seismic performance of the structure was investigated
pushover analysis. The results revealed that due to increased level of corrosion, both
load-carrying capacity and ductility of the reinforced concrete frames decrease signifi-

cantly.

Li et.al. (2022) proposed a framework to evaluate the time-dependent seismic
performance reinforced concrete highway bridges considering the environmental effects
such as chloride attacks. Degradation in mechanical properties were modeled as the
changes in yield strength and cross-sectional area of the reinforcing bars and compres-
sive strength of the core concrete. They applied the proposed framework to a highway
bridge. The results showed that the moment and ductility capacities of the reinforced
concrete columns decreased significantly with increased level of corrosion. As a result,
failure probabilities of bridges increased dramatically especially for the extensive and

collapse damage states.
1.2.5. Building Stock and Regional Seismic Risk Assessment of Istanbul
Sucuoglu et.al (2007) proposed a procedure for the seismic risk assessment of

existing building stocks. To collect data from each and every building cannot be pos-

sible due to time and resource limitations, therefore researchers proposed a systematic



17

sidewalk survey in order to collect visual data in order to classify the buildings into
expected performance levels. The parameters considered to classification obtained via
this survey are having a soft story or not, construction quality that is apparent from
the outside and having overhangs or not. Nowadays, with new technologies, it would
be possible to conduct this survey faster via cars and high resolution cameras and the

categorization may be performed via image processing tools.

Yakut et.al (2007) presented the application of a seismic risk prioritization ap-
proach to the residential buildings located in Istanbul. The main parameters for the
seismic performance of existing buildings can be identified during a systematic side-
walk survey and the method can be applied to mid-rise buildings. They performed the
proposed method to 100.000 buildings and they reported that 52% of the building as
high-risk in terms of seismic performance. In other words, for 52.000 buildings studied

by the researchers, the expected seismic damages are either severe damage or collapse.

Bal et.al (2008) proposed a Displacement-Based Earthquake Loss Assessment
methodology for existing building stock. In the proposed procedure, building stock
is modeled as a random population of building classes with taking into account the
distributions of geometrical and material properties. Building height and type are used
in order to estimate the natural periods of the buildings, which is important to calculate
the displacement demand for each building separately. On the other hand, displacement
capacity of each building is obtained utilizing the variations in the geometrical and
material properties. Finally, the displacement demand and capacity are compared

with each other in order to predict the seismic performance of buildings.

The period of vibration of each building in the random population is calculated
using a simplified equation based on the height of the building and building type, while
the displacement capacity at different limit states is predicted using simple equations

which are a function of the randomly simulated geometrical and material properties.
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Strasser et.al (2008) conducted a numerical study in order to compare the loss
estimations that can be obtained utilizing various Earthquake Loss Estimation method-
ologies. Seismic damage predictions were performed for the building stock in Istanbul
via software packages KOERILOSS, SELENA, ESCENARIS, SIGE, and DBELA. They
reported that the spatial distributions of damage predicted by different packages are
similar not only to each other but also to estimations made for Istanbul by previous

research studies.

Konukcu et.al (2017) presented a damage analysis for existing building stock of
Istanbul. For this purpose, they utilized the building data available as of 2013. In order
to carry out a regional seismic vulnerability assessment they considered the age of the
buildings, floor numbers and type of construction as the governing parameters for the
seismic performance of existing buildings. A software called HAZTURK was utilized
by the researchers in order to perform the damage analysis for the building stock. They
reported catastrophic consequences due to the insufficient seismic performance of old
buildings due to both improper design and construction parameters and deterioration

of buildings.

1.2.6. Corrosion Monitoring

The contributions of the structural monitoring on the reliable seismic perfor-
mance estimations have been verified by various research studies. Since the corrosion
is one of the most crucial parameters that can result in significant degradation in struc-
tural capacity, to determine the existing corrosion levels of the reinforcing bars is vital
in order to achieve meaningful predictions. Therefore, there has been an increasing
trend in the number of studies that focus on the site inspection or long-term corro-
sion monitoring. Some of these studies aim to propose new methods or tools that can
be utilized in the corrosion monitoring practices whereas others intend to present the

real-life applications.
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Apostolopoulos and Papadakis (2008) carried out an experimental study in order
to investigate the effects of corrosion on the ductility properties of steel reinforcements.
They assessed the validity of the results obtained from steel bars corroded via artifi-
cial methods via specimens embedded in real-life structures and exposed to natural
corrosion process. For this purpose, they used the reinforcement specimens from a
40-years old house located at the coastal area and a 30-years old industrial building.
In order to determine the corrosion levels, they calculated the weight loss of speci-
mens after removal of the rust by bristle brush method carried out according to ASTM

specifications.

Patil et.al. (2017) conducted a non-destructive testing for two in-service rein-
forced concrete slabs in order to investigate the efficiency of acoustic emission methods
for on-site corrosion prediction. The tested slabs were selected from different buildings
and determined according to visual inspection results. One of the slabs were repre-
senting the undamaged structure whereas the other one used to represent the damaged
due to corrosion. Two slabs were monitored via acoustic emission method continu-
ously through 15 days to have reliable assessments for existing conditions. In addition
to acoustic emission method, the test specimens were also assessed via half-cell poten-
tial technique to validate the results obtained by acoustic emission. They reported that
continuous monitoring for a short period of time can provide proper data to evaluate

the existing corrosion levels of reinforced concrete structures.

Fernandez et.al. (2018) investigated the reliability of corrosion levels determined
by different cleaning methods as well as non-destructive testing approaches. The spec-
imens were taken from a 30-years old bridge located in Sweden. Sandblasting, metallic
brush and acid were chosen as the cleaning methods and 3D scanning and CT scan-
ning were used as the non-destructive testing methods. For the cleaning methods,
researchers reported the number of cleaning cycles should be ranged between 4 to 7
cycles in order to reach a difference in weight loss measurements lower than %0.2. In
addition, they stated the sandblasting as the most reliable and effective method in

corrosion removal. For the non-destructive testing methods, they found that results
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obtained by 3D scanning were very reliable whereas the C'T scanning did not result in

corrosion levels with high accuracy.

Van Steen et.al. (2019) carried out an experimental study to verify the corrosion
levels identified by acoustic emission technique. For this purpose, small-scale reinforced
concrete specimens built in the laboratory environment were exposed to artificial corro-
sion process. During the accelerated corrosion process, the specimens were monitored
via acoustic emission method in order to determine the corrosion levels reliably. At an
intermediate stage of the accelerated corrosion, they obtained the X-ray images of the
specimens too. Researchers concluded that acoustic emission monitoring technique is
sufficient to detect the corrosion levels for small-scale specimens and they noted a need

for large-scale experiments for further verifications.

Fernandez and Berrocal (2019) examined the mechanical properties of corroded
reinforcements extracted from a 30-years old bridge. They used the 3D laser scanning
technique as the measurement tool for the cross-section of the reinforcing bars and they
determine the variation of the corrosion levels along the reinforcement. In addition,
cleaning of the bar was performed according to ASTM recommendation to measure
the weight loss which is a most-commonly used parameter to determine the corrosion

level.

Zheng et.al. (2020) carried out an experimental study on the reinforced concrete
piles in a simulated marine environment condition in order to determine the efficiency
of acoustic emission method on the corrosion monitoring and detection of localized
corrosion. For this purpose, six large-scale reinforced concrete piles were subjected
to accelerated corrosion and caused to have localized corrosion. During this process,
two corroded and one uncorroded, reference, piles were continuously monitored using
acoustic emission sensors. They stated that early detection of the microcrack initiation
is possible via the conjunction analysis of several acoustic emission parameters. It is also
reported by researchers that all acoustic emission sensors can detect the microcracking

occurred at a distance of 0.4 m to 1.2 m.
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1.3. Thesis Outline

In the first chapter, a literature review regarding effects of corrosion on the me-
chanical properties of steel reinforcements and structural performance of reinforced
concrete elements, numerical modelling and seismic reliability assessment or reinforced
concrete elements and structures and recent developments in corrosion monitoring is

presented. Furthermore, the scope and the objectives of work has been denoted.

Chapter 2 can be considered as the corrosion chapter of this thesis. In this part,
overview of the corrosion process of steel bars embedded in concrete is presented. In
addition, effects of corrosion on reinforcements, unconfined concrete and core concrete
are presented. Finally, numerical models used to simulate both diffusion process for
concrete structures and the changes in material properties of steel and concrete are

introduced.

The main motivation of Chapter 3 is to present the Reverse Monte Carlo method.
For this purpose, first the applications of standard Monte Carlo Simulation in structural
engineering are shown. Afterwards, the examples from applications of Reverse Monte
Carlo in other fields are presented and the proposed methodology to estimate future

corrosion propagation for reinforced concrete structures is introduced.

In the Chapter 4, the application of the proposed methodology is presented step-
by-step via a Case Study. First of all, properties of the case study building and the
results of the site inspections are presented. Afterwards, Reverse Monte Carlo method
is performed to estimate the future corrosion propagation. According to design draw-
ings and corrosion predictions, finite element model of the building is developed. Fi-
nally, nonlinear static analysis results and the time-dependent seismic performance

estimations are presented.

Conclusions are presented in the last chapter.
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2. CORROSION OF REINFORCED CONCRETE
STRUCTURES

2.1. General

Corrosion can be defined as the deterioration of a metal due to a chemical or
electrochemical reaction with its environment (NACE/ASTM G193). The surface of
corroding reinforcement operates as the composite of cathodes and anodes electrically
connected by the reinforcement itself, at which point coupled anodic and cathodic
reactions occur (Ahmad, 2003). Reactions occurred at the anodes and cathodes are
generally mentioned as half-cell reactions. Figure 2.1 presents the schematic illustration

of the reinforcement corrosion in concrete.

Oxidation process occurred at the anodic reaction results in the reduction of steel

due to producing electrons,

3Fe + 4H50 = Fe30,4 + 8H™ + 8¢~ (2.1)
2Fe + 3H,0 = Fe;,O5 + 6H' + 6e~ (2.2)
Fe + 2H,0 = HFeO; + 3H" + 2e~ (2.3)

Fe = Fet? + 2e” (2.4)

where anodic reactions depends on the presence of aggressive anions, the availability

of a relevant electrochemical potential at the surface and the pH of electrolyte.
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On the other hand, cathodic reaction results in forming hydroxyl ions reducing

the dissolved oxygen,
2H,0+ Oy +4e” =40H™ (2.5)
6H' +6¢” =H, (2.6)
and it is a half-cell reaction depending on the existence of oxygen and on the pH of

the reinforcement surface.

Cr, 0, HO Na', K, Ca
1 l Concrete
A’/C'I'T—EHX‘

40, + H,0 + 26— 20H"

Passive film

Figure 2.1. Schematic demonstration of the corrosion of steel bar in concrete (Naidu

Gopu and Joseph, 2022).

The reaction happens with losing steel material and producing the rust which
has generally 4 to 7 times larger volume. The increased volume produces stresses in
concrete to an extent that it cracks, resulting in delamination and loss of concrete cover

in RC members.
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2.2. Factors Affecting the Corrosion Process of Steel Bars in Concrete

The factors affecting corrosion process of rebar in concrete can be divided into
two categories. External factors cover the environmental parameters such as avail-
ability of oxygen and moisture at the rebar level, relative humidity and temperature,
carbonation, and entry of acidic gaseous pollutants to rebar level, and chloride ions
reaching to the rebar level either through the concrete ingredients or from the external

environment.

On the other hand, internal factors include concrete and steel quality parameters
such as cement composition, impurities in aggregates, impurities in mixing and curing
water, admixtures, cement content, aggregate size and grading, construction practices,
and chemical composition and structure of the reinforcing steel. The quality of con-
crete, mainly the permeability, nature and intensity of cracks, and the cover thickness,

have also a great bearing upon the initiation and sustenance of reinforcement corrosion.

Corrosion process has three distinct stages. The first one is the De-passivation,
and this process takes an initiation period. The next stage is the Propagation which
starts from the time of de-passivation to the last one which is the Final State. Figure

2.2 schematically demonstrates the stages of the reinforcement corrosion.
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Figure 2.2. Stages of the reinforcement corrosion.

The primary structural effects of corrosion on the RC members can be summa-

rized as:

Decreased flexural strength,

Ductility loss,

Decreased high-cycle and low-cycle fatigue life and

Reduced steel-concrete bond.

Effects of corrosion on the steel reinforcement and concrete are presented in Fig-

ures 2.3 to 2.7 (Concrete Preservation Technologies).
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Figure 2.3. Effects of corrosion on reinforcement.

BEFORE CORROSION. BUILD-UP OF FURTHER CORROSION. EVENTUAL SPALLING.
CORROSION PRODUCTS. SURFACE CRACKS. CORRODED BAR.
STAINS. EXPOSED.

Figure 2.4. Effects of corrosion propagation on concrete.



Figure 2.5. Demonstration of effects of corrosion on concrete.

Figure 2.6. Cracking of cover concrete due to corrosion.
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Figure 2.7. Concrete spalling due to corrosion.

2.3. Diffusion Process

The time variant chloride content of the concrete significantly depends on the
diffusion process that can be affected by several parameters such as concrete cover, the
initial chloride content in the cement paste, chloride migration coefficient and critical
chloride concentration that determines the corrosion initiation process presented in
the Figure 2 (Bertolini et.al 2004). Therefore, the diffusion process can be modelled

according to the Fick’s Law of Diffusion and expressed as

- A
C(z = ¢,1) = Co + (Cyne — Co)[1 — er (e )] = Cort 2.7)
2/ Dapp,c(t)
t
Doppcty = DRCM(E)G (2.8)

t
where ¢ is concrete cover (mm), ¢q is the initial chloride content in the cement paste,
Az is the depth of the convection zone, C; A, is the chloride content (wt. % concrete),
Cerit 1s the critical chloride content (wt. % concrete), Dreyy is the chloride migration
coefficient (m?/sec), Dapp ety is the apparent coefficient of chloride diffusion, a is the

aging coefficient, and ts5 is the reference initial time (28 days).
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The diffusion process is probabilistically expressed by assuming the primary pa-
rameters of the above equations as random variables with the distribution type, means
and standard deviations presented in Table 2.1 (fib Bulletin N° 34 2006). In addition,
the initial chloride content in the cement paste and the depth of the convection zone

are assumed as zero.

Table 2.1. Random variables.

Random Variable Distribution Type L o

Concrete Cover (mm) Normal 40 8
Chloride Migration Coefficient (m?/s) Normal 15.82z10712 | 0.20u
Aging Coefficient (-) Beta [0.0; 1.0] 0.3 0.12
Chloride Content (wt. %/cem.) Normal 3 0.304
Critical Chloride Content (wt. %/cem.) Beta [0.2; 2.0] 0.6 0.15

2.4. Corrosion Initiation Time
As presented in the Figure 2.2, deterioration due to corrosion appears in two
stages which are corrosion initiation and corrosion propagation which can be described
as follows (Stewart & Bastidas-Artega 2019):

Corrosion initiation:

e diffusion of aggressive agents through protective cover, and/or

e direct ingress of aggressive agents through cracks
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Corrosion propagation:

e loss of cross-sectional area of reinforcing or prestressing steel,

e changes in ductility and mechanical properties of reinforcing or prestressing steel,
e reduction of bond, and

e crack initiation and propagation (spalling, delamination) caused by expansive

rust products.

Corrosion propagation begins when the critical chloride content is reached at the

surface of the reinforcements,

C_Ax2 _1,Cs, Az — Ceri _
(e B0 ot Gt — Corty

t; = (2.9)

4D grom Cs, Az — C0
and corrosion initiation time can be calculated in accodance with the Fick’s Law of

Diffusion.

2.5. Effects of Corrosion on Reinforcing Bars

Corrosion leads to decrease in the effective cross-sectional area of reinforcing bars,

which can be calculated taking the change in the mass account,

Acor = Ag(1.0 — 0.01 % Qeorr) (2.10)
MO - Mcorr

corr — —— x 100 2.11

Q o (2.11)

where Ay is the initial net cross-sectional area of reinforcement, A.,. is the cross-
sectional area of the corroded reinforcement, Q... is the corrosion level (%) of rein-
forcement, M, is the mass of non-corroded reinforcement, and M., the mass of the

corroded reinforcement.
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The second cause of the corrosion is the reduction of the yield strength of re-
inforcing steel along the building’s service life. Therefore, the time-dependent yield
strength of the corroded reinforcements should also be considered during the analysis
(Du et.al 2005), where o, is the yield strength of non-corroded reinforcement, and O';J

is the yield strength of the corroded reinforcement.

The last but not least, corrosion progress also causes the reduction of ductility
capacity of reinforcing bars, and this phenomenon can be expressed by the ultimate
strain (Zhang et.al 1995),

o, = 0, (1.0 = 0.005 * Qeorr) (2.12)

€y = €uo(1.0 — 0.0137 % Qronr) (2.13)

where €, is the ultimate strain of the corroded reinforcement, and ¢,, is the ultimate

strain of non-corroded reinforcement.

2.6. Effects of Corrosion on Unconfined Concrete

Following the initiation of corrosion, the volume of the reinforcing bars starts to
increase due to the accumulation of rust. The increased volume of the bars leads to
the internal pressure on the cover concrete. As a result of this pressure cover concrete
will crack. As a result, we can consider these causes in the analysis phase to calculate

the loss of compressive strength (Molina et.al 1993; Coronelli & Gambarova 2004),

!

g
o e 2.14
%=1 Ra (2.14)
b
€a=——1 (2.15)

bo
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by = by + nw (2.16)
w = Yw; = 2rx,(V — 1) (2.17)

. . .
where o, is the compressive strength of unconfined concrete with non-corroded bar,

r

! is the reduced compressive strength of unconfined concrete due to corrosion, ¢,

o
is the average tensile strain in the cracked concrete, €., is the concrete strain at the
compressive strain at a;, R is the coefficient related to the roughness and diameter of
reinforcement, by is the original width of the cross section, b; is the increased width

due to corrosion cracks, w is the total crack width, w; is the width of the " crack, z is

the corrosion level, and V' is the volumetric expansion ratio of the corrosion products.

2.7. Effects of Corrosion on Confined Concrete

Compressive strength and corresponding strain of the confined concrete can be
expressed in terms of equivalent uniform confinement pressure provided by the tie
reinforcement (Saatcioglu and Razvi 1992). Due to the decrease in the cross-sectional
area and the yield strength, the confinement effect for the core concrete will be reduced.
As a result of this process, the nonlinear stress-strain behavior of the confined concrete
will change, its compressive strength and ductility will diminish. The reduced ductility

of the confined concrete can be calculated utilizing the model proposed by Saatcioglu

and Razvi 1992,

Oc = ch[(jec) - (;_C)Q]ﬁ < fcc (218)
o= o (2B ) > 021, (2.19)

where o, is the compressive stress of confined concrete, f.. is the compressive strength
of concrete, €. is the compressive strain of confined concrete, and €., is the ultimate

compressive strain of concrete.
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3. FUTURE CORROSION PROPAGATION

The main objective of this study is to propose a method to predict the future
corrosion propagation of existing reinforced concrete buildings when the actual corro-
sion levels are determined by site inspections. For this purpose, Reverse Monte Carlo
(RMC) method, which is a variation of the standard Metropolis—Hastings algorithm
(Hastings 1970) and an effective tool to solve inverse problems, is used in the proposed

procedure.

3.1. Monte Carlo Simulation

Monte Carlo simulation is an effective method to estimate reliable numerical
results for any problems which have a probabilistic nature. It has been utilized in
various real-life scenarios such as project management, financial forecasting, schedule
estimations, signal processing, process design and telecommunication networks. Since
it is a quite useful method for probabilistic risk analysis, it has been widely used in the
seismic risk assessment studies too. Both the randomness of the seismic events and the
material or modeling uncertainties are taken into account utilizing the Monte Carlo

Simulation in the seismic risk assessment studies.

Park et.al. (1985) presented one of the earliest examples of the application
of Monte Carlo simulation in the structural performance analysis of reinforced con-
crete buildings under earthquake excitations. They developed several single-degree-
of-freedom and multi-degree-of-freedom systems representing both ductile and brittle
RC structures. The developed systems were analyzed using Monte-Carlo Simulation

method in order to consider the randomness of the earthquake vibrations.
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Singhal and Kiremidjian (1996) proposed a probabilistic method for structural
damage assessment of structures under seismic excitations. Since the nature of earth-
quake events and material properties of structures contains uncertainties, they used
the Monte Carlo simulations to select the values of random input parameters required
to carry out nonlinear time-history analysis as well as the capacity parameters such
as compressive strength, damping ratio, geometrical information of the structural ele-

ments, area of the reinforcements and the yield strength of steel bars.

Shinozuka et.al (2002) conducted a reliability study in order to investigate the ef-
fects of retrofitting on the seismic vulnerability of concrete bridges. In order to identify
the impacts of steel jacketing technique on the seismic performance of concrete bridges,
they developed seismic fragility curves of the bridge before and after retrofit and they
performed Monte Carlo simulation to determine the nonlinear dynamic performance

of the bridges.

Hancilar et.al. (2014) conducted seismic vulnerability evaluation of public-school
buildings located in Istanbul. This study is a good example of the application of Monte
Carlo simulation for seismic performance assessment of buildings constructed according

to generic or standard architectural and structural plans.

Zhong et.al (2016) performed a seismic risk analysis study for the cable stayed
bridges located in the seismically active areas. They focused on the contribution of each
component to the overall performance of the cable-stayed bridges and therefore used
the Monte Carlo simulation to develop reliable system level fragility estimations. They
utilized the Latin hypercube technique to create statistically different finite element
models for bridges taking into account the material uncertainties. Monte Carlo simu-
lation was performed to include the uncertainties related to earthquake direction, ma-

terial properties, cross-sectional areas, span lengths, story heights and building mass.
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Dukes et.al (2018) proposed a bridge-specific fragility estimation procedure which
can provide useful information about the seismic performance of a bridge depending on
the changes in the design parameters under various earthquake levels. They estimated
the seismic performance of bridges of structural elements by considering the impact of

design parameters via Monte Carlo Simulation and logistic regression analysis.

The deterioration of the structural elements can be considered as one of the
main sources of the uncertainties related to seismic capacity. Therefore, in addition
to randomness of the material and geometrical properties of structural elements, time-
dependent changes have been also widely studied by other researchers. The causes of
deterioration can be divided into to two main categories which are aging of the materials
and the corrosion of steel reinforcements. They are dependent to internal and external
factors which can be modelled via some mathematical equations containing various

random variables.

Biondini and Frangopol (2008) carried out a probabilistic study in order to predict
the lifetime of a reinforced concrete arch bridge. They consider the bending moment
of the deck as the performance indicator, and they used the Monte Carlo simulation
in order to determine the bending capacity of the structure for a 50-year period. The
modeling parameters with uncertainties can be summarized as tension strengths of
concrete and steel, reinforcement diameters, concrete and steel damage rates. In ad-
dition, they also modeled the dead and live loads as random variables to have a more
reliable probabilistic analysis. Finally, in order to determine the lifetime performance
of the bridge, corrosion was considered as the primary cause of the deterioration and

the diffusion coeflicient was used in the Monte Carlo simulations.

Ghosh and Padgett (2010) developed a time-dependent fragility curves of concrete
bridges exposed to corrosion. They followed a fully probabilistic methodology utilizing
the Monte Carlo Simulation in order to develop the seismic fragility curves of bridges.
The random variables considered for the structural analyses included the material

properties of the structural elements, ground motions used as the input for dynamic
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analyses and parameters related to corrosion diffusion process.

Kumar and Gardoni (2014) examined the structural deterioration of reinforced
concrete highway bridges and the impacts of degradation on the seismic vulnerability of
bridges located in the seismically active areas. They used the Monte Carlo simulation
to integrate the seismic performance assessment with the structural degradation due

to corrosion.

Although existing literature on the application of Monte Carlo simulations for
seismic performance estimations presents valuable information about the corrosion pro-
cess, its uncertainties and life-cycle performance analysis and cost forecasts related to
infrastructure management, there is still a need to integrate the corrosion levels of
existing structures, identified via monitoring or site inspections. Therefore, this study
aims to present the Reverse Monte Carlo method which can be used to predict the
future corrosion propagation of reinforced concrete structures in accordance with the

existing corrosion levels identified by site inspections.

3.2. Reverse Monte Carlo

Reverse Monte Carlo can be applied to various sorts of data and aims to ob-
tain a model or a set of models which complies with the available measurements or

experimental data and any information provided as constraints (McGreevy 2001).

Miiller et.al. (2010) employed the Reverse Monte Carlo method to verify the
structural information created by molecular dynamics simulation of glass. Timoshenko
et.al. (2012) presented application of Reverse Monte Carlo method developed to inves-
tigate the local disorders in crystalline materials by adjusting the wavelet transform of
the extended X-ray absorption structure signal. Da et.al (2013) utilized the Reverse

Monte Carlo method to obtain bulk energy loss function from reflection electron energy-
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loss spectroscopy data. Temleitner (2014) performed Reverse Monte Carlo method in
order to discover the structural information about the liquid carbon tetrabromide in
compliance with X-ray and neutron diffraction data. Di Cicco and lesari (2022) pro-
posed a Reverse Monte Carlo method to develop 3-dimensional models of exemplary

molecular and condensed systems.

When using the RMC method, the random parameters of a numerical model
(such as the diffusion process model) is adjusted until the results / predictions (i.e., the
corrosion levels of existing buildings) have the maximum consistency with experimental

data (the existing corrosion levels identified via site inspections).

The novelty of the proposed method is to use existing corrosion levels of the rein-
forcements to make more reliable predictions for the future corrosion propagation. In
other words, site measurements or monitoring results can be considered as the reference
data according to which numerical models used to predict corrosion propagation are
validated. As a result, the proposed method will provide future corrosion propagations

which comply with the existing corrosion levels.

The process of the RMC can be described as follows:

e the process starts with the standard Monte-Carlo Simulation to predict the cor-
rosion level of an existing building

e the predicted corrosion levels are compared with the experimental measurements
(existing corrosion level) using the following equation in order to eliminate the
predictions which are inconsistent with measurements

e in accordance with the predictions complied with existing corrosion levels, the
values and applicable combinations of random variables presented in the Table 1
are determined

e using the identified values of corrosion initiation time, concrete cover, chloride
mitigation coefficient, aging coefficient, chloride content and existing corrosion

levels, the future corrosion propagations are estimated,
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X3 =x(Cr—-C"?/o? (3.1)

where X is the error, C? is the corrosion levels predicted via diffusion process model,
O is the existing corrosion levels determined via site inspections, and o is the test

eIror.

The procedure of using the Reverse Monte Carlo method to estimate the future

corrosion propagation of existing structures is presented in the Figure 3.1.

The difference between the corrosion estimation via Monte Carlo Simulation and
predicting the future corrosion propagation using Reverse Monte Carlo is presented
in figures 3.2 and 3.3. As presented in the Figure 3.3, when the existing corrosion
level is identified via site inspections, it is possible to eliminate the non conforming
predictions presented in the Figure 3.3. Afterwards, the future corrosion propagation
can be estimated using the predicted corrosion levels complying with the experimental

results.
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Figure 3.1. RMC method to estimate future corrosion propagation.
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Figure 3.3. Future corrosion propagation using RMC.
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4. CASE-STUDY: TIME-DEPENDENT SEISMIC
PERFORMANCE OF RC BUILDINGS

4.1. Building

A corroded reinforced concrete building located in New Zealand and constructed

in 1928 is considered here in order to present the effectiveness of the proposed method

(Nataraj et.al 2020; Nataraj et.al 2021). The aim is to predict the future corrosion

propagation taking into account the existing corrosion levels determined by the site

inspections. The case study building has a plan area of 24.675 m x 12.825 m, with

a 150 mm slab thickness. The four-story west elevation had a floor height of 4.5 m,

the width of Bay 1 was 3.725 m, and the widths of Bays 2 and 3 were 4.175 m each.

The plan and elevation views of the building are presented in Figure 4.1. In addition,

cross-section details of the beams and columns are presented in Figure 4.2 and Figure

4.3, respectively (Nataraj et.al 2021).

12.825m

F19

F18
24.675m

&)

F20

()

HY HI0 HI1

G9 G10 Gl1

Fll

E9 El0 Ell

4.5m
each

C17 C18
-3.725m _,

C19 C20

4.175m 4.175m___,

(b)

Figure 4.1. Layout of the case study building: (a) plan; (b) elevation (Nataraj et.al
2021).
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Figure 4.3. Cross-sections of the columns (Nataraj et.al 2021).

The reduction in the cross-sectional area of the reinforcing bars was measured
using manual calipers on site following the removal of surface rust. The identified
cross-sectional loss was used at the locations in which concrete spalling occurred, since
the direct measurements were possible. In locations where only longitudinal cracking
was observed, in other words it was not possible to take direct measurements, as a
conservative approach, the foregoing measured average cross-sectional loss of reinforce-
ments was used for assessment. The average loss of cross section of the longitudinal

bars was determined as 12% with COVs of 0.30 (Nataraj et.al 2021).
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Figure 4.4. Condition assessment of the case study building (Nataraj et.al 2021).

4.2. Corrosion Propagation

In order to estimate the future corrosion propagation of the building, RMC
method was utilized. At the first step of this method, acceptable difference between the
predicted and existing corrosion levels was assigned as 1%. The diffusion process for
the chloride ions were modeled using the following equations 2.7 and 2.8 representing

the Fick’s Law of Diffusion.

The probabilistic distributions of the parameters such as depth of the cover con-
crete, chloride migration coefficient, aging coefficient, chloride content and critical
chloride content, taken into account in this model and presented in Table 2.1, were
considered in the analyses. Moreover, cement paste’s initial chloride content and the

convection zone depth were taken as zero.
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Using these parameters and the diffusion process model, 100000 corrosion predic-
tions were obtained. The predicted corrosion levels were compared with the corrosion

levels investigated via site inspections in accordance with the equation 3.1.

The corrosion level estimations which are consistent with the site measurements
were classified as suitable, which means that they can be used as the reference points
to predict the future corrosion propagation of the steel reinforcements. On the other
hand, the predictions which did not comply with the corrosion levels determined via
site inspections were not included in further analyzes. This process can be mentioned
as the first phase or first step of the Reverse Monte Carlo for corrosion prediction and

the details of this phase are summarized in the Table 4.1.

Table 4.1. Summary of the RMC process.

# of Prediction 100000
Average Corrosion Level 12%
COV 0.3
Accepted Error Level 1%
# of Complied Prediction 66

In addition to summary, Figure 4.5 shows the graphical comparison of distribu-
tion obtained by field measurement and prediction obtained via Reverse Monte Carlo
simulation. Furthermore, in order to make quantitative comparison between these dis-
tributions, their skewness and kurtosis values were calculated, and these values are

presented in Table 4.2.
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As it can be observed from Figure 4.5 and Table 4.2, the distribution of corro-
sion levels predicted by utilizing Reverse Monte Carlo method is quite similar to the
one determined by field measurements. Therefore, it can be claimed that using the
combinations identified via the procedure presented in Figure 3.1, the future corrosion

propagation of the building can be estimated reliably.
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Figure 4.5. Comparison of the distribution of corrosion levels.

Table 4.2. Skewness and kurtosis of distributions.

Data Type Skewness | Kurtosis

Field Measurement 0.59 1.81

Numerical Predictions 0.63 1.85
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The second phase of the analysis is to estimate the future corrosion propagation
as presented in the Figure 3.1. For this purpose, two outputs of the previous step were
utilized as the inputs. The first one is definitely the predicted values for the existing
corrosion level. The second input was the combinations of the random variables of
the equations 2.7 and 2.8, which gave the estimations for corrosion levels that were
consistent with the site inspection results. As a summary, the suitable corrosion pre-
dictions can be specified as the starting point of the last phase whereas the values of
the random parameters enabling to reach these predictions can represent the path that

must be followed.

In order to identify the change in the time-dependent seismic performance of this
building, 10-year time-intervals were selected. Therefore, future corrosion propagation
were estimated for the next 10, 20, 30, 40 and 50 years of the building. The distributions
of the estimated future corrosion levels of the building for 10 to 50 years later are

presented in Figures 4.6 to 4.10.
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Figure 4.6. Corrosion predictions for 10 years later.
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Figure 4.7. Corrosion predictions for 20 years later.
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Figure 4.8. Corrosion predictions for 30 years later.
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Figure 4.9. Corrosion predictions for 40 years later.
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Figure 4.10. Corrosion predictions for 50 years later.
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4.3. Structural Modeling

4.3.1. OpenSees

OpenSees (Mazzoni et.al., 2006) was used in this study to conduct a series of
structural analyses that can be used to estimate the time-dependent seismic perfor-

mance of the building subjected to corrosion.

OpenSees can be defined as “a software for creating applications for the nonlinear
analysis of structural and soil systems using either a standard FEM or an FE reliability
analysis”. It follows the object-oriented programming structure which means that
the software can be recognized as collection of the various objects. These objects
can communicate effectively during the structural analysis by sending and receiving
messaged from each other and processing data provided by other objects as the inputs

(McKenna 2011).

OpenSees has an extendable and transformable programming structure, therefore
its flexibility allows the users to achieve high level of efficiency during the computational

efforts for the complex systems.

Main section of the OpenSees can be summarized as follows:

e Model Builder: the section which is used to create the Finite Element Model of
the structure or system under investigation

e Analysis: apply predefined changes / loads to model in order to move the system
from state at time ( t ) to time ( t + dt )

e Recorder: another critical section of the OpenSees because parameters such as
stress, strain, displacement, rotation, or loads defined by the user prior to analysis
were monitored and recorded by the elements of this section during the analysis

e Domain: this section holds the states of the model at different times
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4.3.2. Material Model of Reinforcing Bars

The reinforcing bars were modeled using the uniaxial material model Reinforc-
ingSteel which can incorporate buckling (Brown & Kunnath 2006). This model has
two main parts, the first of which is related to mechanical properties of the steel. The
second part of the model contains several parameters that can be used to modify the
buckling, low-cycle fatigue, strength reduction and isotropic hardening of the reinforc-

ing bars.

The actions taken to represent the changes in the mechanical properties and cross-
sectional areas of the reinforcements due to adverse impacts of corrosion are presented

below:

Yield stress in tension: the initial value for the uncorroded reinforcements was
taken from the Table 4.4. Afterwards, estimated future corrosion levels were used in

the equation 2.12 in order to predict the yield strength of the corroded reinforcing bars.

Ultimate stress in tension: the initial value for the uncorroded steel bars was
obtained from the Table 4.4. Similar to the yield stress, the estimated corrosion levels

were used in order to calculate the ultimate strength of the corroded reinforcements.

Yield strain in tension: this value is calculated by the OpenSees in accordance
with the inserted yield stress and elastic modulus values. Since these properties were
calculated and updated in the software for different corrosion levels, the changes in

yield strain due to corrosion were taken into account too.

Ultimate strain in tension: the starting point for the ultimate strain at the un-
corroded stage was determined according to Table 4.4. Afterwards, equation 2.13 was
used to calculate the ultimate strain capacity of reinforcements at different corrosion

levels.
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Elastic modulus: similar to stress and strain values, the initial elastic modulus

was taken from the Table 4.4 and the effects of corrosion on this property was estimated.

Slenderness ratio: the spacing between tie reinforcements were used to calculate
the slenderness ratio of the uncorroded structure. The change in the cross-sectional area
of these bars due to corrosion were calculated and the slenderness ratios for different
corrosion levels were estimated accordingly. However, it is meaningful to state that
since the initial slenderness ratio of the columns were big, the negative impacts of the

corrosion of ties cannot be observed effectively.

4.3.3. Material Model of Unconfined Concrete

Unconfined concrete were modeled using the Concrete04 material model which
uses Popovic’s curve (Popovic 1973) in compression and a linear-exponential decay

curve in tension.

It is a well-known fact that once the corrosion initiates, the volume of the steel
reinforcements starts to expand due to rust accumulated on the steel bars. Therefore,
there will be an internal pressure on the cover concrete due to increased volume of the
reinforcing bars. This internal pressure will cause cracking of unconfined concrete and

as a result, the compressive strength of the cover concrete will decrease.

The Concrete04 material model requires the inputs related to following properties

in order to simulate the concrete behavior:

Compressive strength: the initial value of compressive strength without corrosion
effects were taken from Table 4.3. Afterwards, equation 2.14 was used to calculate the

compressive strength reduced due to corrosion.
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Tensile strength: Table 4.3 presents the tensile strength value of the concrete
before the corrosion initiated on the reinforcing bars. The equation provided by Amer-
ican Concrete Institute (ACI) Code (2008) was used in this study in order to calculate

the tensile strength of unconfined concrete,

fo = 0.63\/f. (4.1)

where f. is the tensile strength of concrete and f. is the compressive strength of

concrete.

Elastic modulus: for the uncorroded structure, the elastic modulus value pre-
sented in Table 4.4 was used in the material model. Since the elastic modulus of
concrete is associated with its compressive strength, commonly used equation provided
by American Concrete Institute (ACI) Code (2008) was utilized in this study in order

to calculate it after corrosion initiation,

E, = 4700/ . (4.2)

where FE. is the modulus of elasticity of concrete, and f. is the compressive strength of

concrete.

4.3.4. Material Model of Confined Concrete

Similar to the unconfined concrete, Concrete04 material model was selected to
model the confined concrete in OpenSees. However, unlike the unconfined concrete,
the calculation phase of the mechanical properties of confined concrete can be divided

into two phases.

During the first phase, the same process with unconfined concrete was followed.
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Compressive strength: the initial value of compressive strength without corrosion
effects were taken from Table 4.3. Afterwards, equation 2.14 was used to calculate the

compressive strength reduced due to corrosion.

Tensile strength: Table 4.3 presents the tensile strength value of the concrete
before the corrosion initiated on the reinforcing bars. In order to calculate the tensile

strength of confined concrete, the equation 4.1 provided by American Concrete Institute

(ACI) Code (2008) was used.

Elastic modulus: for the corroded structure, the elastic modulus value presented
in Table 4.4 was used in the material model. Since the elastic modulus of concrete is
associated with its compressive strength, equation 4.2 provided by American Concrete

Institute (ACI) Code (2008) was used in order to calculate it after corrosion initiation.

On the other hand, since the presence of horizontal reinforcements can have signif-
icant impacts on the compressive strength and ductility capacity of confined concrete,
the first phase mentioned above is not sufficient to model the mechanical properties of

confined concrete.

Saaticioglu and Razvi model (Saatcioglu and Razvi 1992) was used in this study

to simulate the stress - strain behavior of confined concrete.

In addition to confinement effects on the mechanical properties of confined con-
crete, the negative effects of corrosion of tie reinforcements must be taken into account
too. Due to the decrease in the cross-sectional area and the yield strength of horizontal
reinforcements, the confinement effect for the core concrete will be reduced. Therefore,
the nonlinear stress-strain behavior of the confined concrete will change, its compres-
sive strength and ductility will diminish. The reduced ductility of the confined concrete

can be calculated using the equations 2.18 and 2.19 (Saatcioglu and Razvi 1992).
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It is important to note that the slenderness ratio of the columns of the case-study
building considered in this study is high even for intact stage of the building, the adverse
impacts of changes in the confinement effect cannot be observed properly, especially for
the ductility capacity. In other words, confinement effects of the uncorroded structure
is not sufficient enough to represent the huge decreases in the ductility capacity due to

corroded tie reinforcements.

Table 4.5 presents the maximum decreases in the ductility capacities of confined

concrete for different column types.

Table 4.3. Material properties - concrete.

Property Value
Compressive Strength (MPa) 25.5
Tensile Strength (MPa) 2.25
Elastic Modulus (MPa) 23229
Ultimate Compressive Strain (Unconfined Concrete) | 0.004

Table 4.4. Material properties - steel.

Property Value
Yield Strength (MPa) 300
Elastic Modulus (MPa) | 200000
Yield Strain 0.15%
Ultimate Strength (MPa) | 375

Ultimate Strain 20%
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Table 4.5. Change in ductility levels of core concrete.

Column Type Value
C17 - (1st and 2nd floor) | 35.3%

C17 - (3rdt and 4th floor) | 26.6%

C19 - (1st and 2nd floor) | 26.6

C19 - (3rdt and 4th floor) | 21.4%
C20 20%

4.3.5. Modeling of Columns and Beams

Material non-linearity is one of the most important topics in finite element mod-
eling in order to assess the seismic performance of structures effectively. The modeling

options for material non-linearity can be divided into two categories which are concen-

trated and distributed plasticity.

Figure 4.11 presents the idealized beam-column models considering both concen-

trated and distributed plasticity.
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Figure 4.11. Idealized beam-column models considering both concentrated and

distributed plasticity (Astroza et.al. 2015).

Concentrated plasticity is an approach that includes the placement of zero-length
hinges at the ends of structural elements to represent or capture the plastic deforma-
tions concentrated mainly on these portions of columns and beams. Specific load-
deformation relation, either force-displacement or moment-rotation, is assigned to
these plastic hinge elements to monitor and record the load and deformation histo-

ries throughout the nonlinear analyses.

The most important advantage of this modeling option is that it is a simple and
lightweight technique and also requires relatively less computational efforts to run a
nonlinear analyses, especially for large and complex systems. However, it cannot record
the interaction between bending moment and axial force or capture the plasticity that
may occur at any locations other than the end of structural elements. Moreover, the
main purpose of this study is to present the effects of corrosion and it is not possible
to effectively capture the impacts on corrosion on the nonlinear behavior of structural

elements.
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On the other hand, the distributed plasticity model can simulate the variations
of the stress and strain through the section and along the structural element in more
detail. Critical local behaviors, such as strength degradation due to local reinforce-
ment buckling, or the nonlinear interaction of flexure and shear, can be captured with
sophisticated and numerically intensive models. Therefore, in this study, distributed

plasticity approach was selected to model the non-linearity of structural elements.

For this purpose, columns and beams were modeled via Displacement-Based
Beam-Column element available in the OpenSees, since it permits spread of plasticity
along the element and therefore it allows yielding to occur at any location along the el-
ement. Quadrilateral line sections were defined in accordance with the Figures 4.2 and
4.3 and using the pre-defined material models before developing the displacement-based

beam-column elements.

Figure 4.12 presents the three-dimensional visualization of the OpenSees model.
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Figure 4.12. Three-dimensional visualization of the OpenSees model.
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4.4. Nonlinear Static Analysis

In order to determine the displacement demands used in the nonlinear static
analyses, Turkish Seismic Design Code 2018 was used as the guidance. The earthquake
level DD-1 that has a return period of 2475 years was considered in this study and a
random location in Istanbul was selected to determine the parameters such as horizontal
elastic design spectral acceleration, design spectral acceleration coefficient for the short
period region, and design spectral acceleration coefficient for period of 1.0 seconds

required to develop the design spectrum (TSDC 2018).

The impacts of corrosion of reinforcing bars on the modal parameters of struc-
tural elements have been examined by other researchers and the decrease in natural
frequencies, in other words increase in natural periods, has been reported (Abdul Razak
& Choi 2001 and Duvnjak et.al. 2021). Therefore, in order to represent the effects of
corrosion on the seismic demand, changes in natural periods of the building were pre-
dicted via finite element model. Tables 4.6 and 4.7 present the modal analyses results

and the related displacement demands utilized in the nonlinear static analyses.

The design spectrum used as the reference for nonlinear static analyses and a

capacity spectrum obtained via analyses are presented in Figure 4.13.



Table 4.6. Natural periods of the building in EW direction.

Corrosion Level | T, (sec) | Sd, (m) - EW
No Corrosion 1.12 0.110
Existing Condition 1.33 0.131
10%-15% 1.34 0.132
15%-20% 1.34 0.133
20%-25% 1.35 0.134
25%-30% 1.36 0.135
30%-35% 1.37 0.136
35%-40% 1.38 0.137
40%-45% 1.39 0.138
45%-50% 1.41 0.139
50%-55% 1.42 0.14
55%-60% 1.43 0.141

Table 4.7. Natural periods of the building in NS direction.

Corrosion Level | T}, (sec) | Sd, (m) - NS
No Corrosion 2.05 0.199
Existing Condition 2.62 0.258
10%-15% 2.63 0.259
15%-20% 2.66 0.262
20%-25% 2.69 0.265
25%-30% 2.72 0.268
30%-35% 2.76 0.272
35%-40% 2.79 0.275
40%-45% 2.83 0.279
45%-50% 2.87 0.283
50%-55% 2.9 0.286
55%-60% 2.93 0.289
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Figure 4.13. Design spectrum vs capacity spectrum.

Drift ratio was considered as the performance indicator to estimate the seismic
performance of the building. Figures 4.14 and 4.15 show the drift ratios in East-West
and North-South directions, respectively. It can be noticed that there is a moderate
increase in the drift ratios in Fast-West direction whereas the drifts in the North-
South direction changes more significantly. Therefore, it can be claimed that the
seismic performance of the building mostly depends on the structural responses in the

North-South direction.
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Figure 4.14. Drift ratios in the east-west direction: (a) 10 years later, (b) 20 years
later, (c) 30 years later, (d) 40 years later, (e) 50 years later.
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Figure 4.15. Drift ratios in the north-south direction: (a) 10 years later, (b) 20 years
later, (c) 30 years later, (d) 40 years later, (e) 50 years later.
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As presented in the Figure 4.15, starting from +30 years, a significant increase in
the drift ratio of the first story was recorded in the north-south direction. In order to
investigate the reason behind this observation, further analyses were performed using
the stress-strain response of concrete and steel fibers. Stress-strain behavior of steel
fibers with corrosion levels 15%, 30%, 40% and 42% are presented in figures 4.16 to 4.19.
It can be concluded that with the increasing level of corrosion, reinforcements starts
to buckle under compression. This finding is compatible with previous experimental
studies focusing on the cyclic behavior of corroded reinforcing bars (Kashani et.al 2013

and Kashani et.al 2015).

It is also important to note that although the target displacements applied to
the models with 40% and 42% corrosion levels are same as presented in Table 4.7,
when figures 4.18 and 4.19 are compared with each other, a significant change in the
stress-strain behavior of reinforcements under compression can be observed. It can be
concluded as that the change in the behavior of reinforcing bars under compression
was caused by not only increase in target displacement but also change in the buckling
behavior. Since increased level corrosion is the primary reason of both increased dis-
placement demand and decreased buckling resistance, it can be claimed that taking the
combined effects of changes in demand and capacity due to corrosion of reinforcements
into account can be very crucial in order to obtain reliable time-dependent seismic

performance evaluations for reinforced concrete buildings.
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Figure 4.16. Stress-strain behavior of steel with 15% corrosion.
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Figure 4.17. Stress-strain behavior of steel with 30% corrosion.



65

x10° Stress-Strain Behavior of Steel with 40% Corrosion
T

Strain =107

Figure 4.18. Stress-strain behavior of steel with 40% corrosion.
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Figure 4.19. Stress-strain behavior of steel with 42% corrosion.
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The distributions of the maximum drift ratios are presented in Figures 4.20 and
4.21. Tt should be noted that the maximum drift ratios through the building height

were selected to develop these distributions.
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Figure 4.20. Distribution of the maximum drift ratios (east-west direction).
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Figure 4.21. Distribution of the maximum drift ratios (north-south direction).

4.5. Time-Dependent Seismic Performance

Time-dependent seismic performance of building was estimated by comparing
the drift ratios obtained via nonlinear static analyses with the drift limits for different
damage states. In this study, drift limits proposed by FEMA 273 (FEMA 1997) were
selected as damage threshold values which are presented in Table 4.8. In order to
estimate the damage probability of the building for a defined damage state, cumulative
distribution functions shown in Figures 4.22 and 4.23 were used. The cumulative
distribution functions present the probability that drift ratios will take a value less
that or equal to a selected value. For example, the probability of drift ratios equal to
or less than 4 (collapse prevention limit) in North-South direction after 50 years can be
determined as 49%. In other word, the probability of having a drift ratio bigger than
the collapse prevention threshold value, which is 4, is 51%, which means that the failure

probability for collapse prevention damage state in the North-South direction after 50
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years equal to 51%. The confidence intervals, which are presented by the dashed lines
in Figure 4.23, account for the variability in the fragility estimate related to epistemic

uncertainties at the 95% probability level (Contento et.al 2022).

Conducting this evaluation for other time periods, time-variant failure probability
of the building can be estimated. Since the performance of the building in North-
South direction is more critical in terms of seismic hazards, Figure 4.24 presents the
time-variant failure probabilities of the building in this direction. In addition to the
failure probabilities obtained from the solid lines in Figure 4.23, confidence intervals

determined according to dashed lines are also presented in Figure 4.24 and Table 4.9.
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Figure 4.22. Cumulative distribution of the maximum drift ratio in east-west

direction.
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Figure 4.23. Cumulative distribution of the maximum drift ratio in north-south

direction.

Table 4.7. Limit state threshold values for inter-story drift ratios.

Damage State Drift Ratio (%)
Immediate Occupancy 1.00
Life Safety 2.00
Collapse Prevention 4.00
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Figure 4.24. Time-variant failure probability of building.

Table 4.8. Time-variant failure probabilities (Collapse Prevention).

Time Period Cl-Lower | Failure Probability | CI-Upper
Existing Condition 10 11 12
+10 years 12 13 14
+20 years 22 23 24
+30 years 28 30 32
+40 years 41 43 45
+50 years 48 51 54

As stated in the Section 1, estimation of the structural performance under seismic
excitation is a challenging task due to uncertainties in the seismic demands and the
structural capacity to withstand these demands against damage and collapse. It is
common in seismic risk estimation to group these uncertainties into two categories
which represent the uncertainties stem from factors that are inherently random and

uncertainty due to lack of knowledge or ignorance.
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The aleatoric uncertainty can be classified as variation in ground motion proper-
ties such as the exact location, magnitude and time of future earthquake events whereas
epistemic uncertainties in structural capacity estimation are mainly originated from the

variation in material and geometric properties.

This study aims to handle uncertainties originated from the changes in material
properties of reinforced concrete structures due to adverse effects of corrosion. On
the other hand, seismic performances of the building at different time periods were
obtained via nonlinear static analyses carried out according to the design spectrum
presented in Figure 13. Therefore, it is important to note that the estimated failure
probabilities of the building presented in Figure 24 and Table 4.9 are dependent to
the design spectrum developed in this study. In other words, in order to include
the uncertainties originated from nature of earthquake event, nonlinear time history

analysis can be performed using different earthquake records.
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5. CONCLUSION

A remarkable number of reinforced concrete buildings are older than 50 years and
a notable portion of them is located in seismically active regions such as Greece, Italy,
Japan, New Zealand, Turkey and United States. Therefore, to make reliable seismic
performance estimations for existing buildings is an inevitable pre-requisite to develop

effective strategies to improve the resilience of societies against the earthquake events.

On the other hand, to estimate the structural performance under seismic exci-
tation is a challenging task due to huge uncertainties in the seismic demands and the
structural capacity to withstand these demands against damage and collapse. It is com-
mon in seismic risk estimation to divide these uncertainties into two categories which
represent the uncertainties stem from factors that are inherently random (aleatoric
uncertainty) and uncertainty due to lack of knowledge or ignorance (epistemic uncer-

tainty).

The aleatoric uncertainty can be classified as variation in ground motion proper-
ties such as the exact location, magnitude and time of future earthquake events. On
the other hand, spatial distribution of potential seismic zones, the predicted maximum
earthquake magnitude, and the recurrence periods for earthquakes of different mag-
nitudes are continuously being investigated and new models are being developed and
updated based on the current and new knowledge to reduce the epistemic part of the

uncertainty in future earthquakes.

Epistemic uncertainties in structural capacity estimation are mainly originated
from the variation in material and geometric. In addition to variations in the as-built
material properties, time-dependent changes in materials due to environmental effects
can also be considered as important sources of epistemic uncertainties in structural
capacity predictions. Degradation of reinforcing bars due to corrosion under chloride

attacks can be one of the main reasons of the deterioration of reinforced concrete
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structures and it can cause changes in both material and geometric properties such as
the reduction of cross sections of reinforcing bars, degradation of the bonds between

concrete and reinforcing bars, and cracking of concrete.

Although various aspects of the corrosion have been studied, there is still a lack of
information about the relation between the existing corrosion levels and the long-term

seismic performance estimation of reinforced concrete buildings.

In this study, Reverse Monte Carlo method is presented to estimate the future
corrosion propagation of existing structures. The novelty of the proposed method is
to use existing corrosion levels of the reinforcements to make more reliable predictions
for the future corrosion propagation. Experimental measurements are used as refer-
ence points according to which numerical models used for corrosion prediction can be

validated.

As a result, the proposed method can make estimations for the future corrosion
levels which comply with the existing corrosion levels on the structure. A case study
was performed using the presented method for a corroded reinforced concrete building

located in New Zealand, constructed in 1928.

As the first step, the existing corrosion level of the building was used to predict
how corrosion can propagate in the future. For this purpose, 10 years time-intervals
were considered, and the predictions were made for conditions of the building 10 to 50

years later.

Afterwards, an OpenSees model was developed using the drawings, available in-
formation about material properties and the abovementioned corrosion predictions.
Nonlinear static analyses were performed for 10 to 50 years later conditions of the
building, and the maximum drift ratios were recorded as the performance indicator to

carry out seismic performance estimation.
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Finally, drift ratio limits provided by FEMA 273 for various damage states were
taken as the reference threshold values in order to estimate the time-variant failure
probability of the building. It was observed that the increased corrosion levels result
in larger drift ratios that result in a significant increase in the failure probability of the

building.

As a conclusion, the information about the existing corrosion levels of a building
can be a quite valuable input in order to make reliable evaluations for the future seismic

performances of the buildings.
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