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Abstract

Corrosionof steelreinforcement has been identified as one of the major problems facing
existing reinforced concretestructures including bridgesThe exposure to aggressive
environmental conditions such as those Wwitih concentrations ahlorideions due to the use of
de-icing salt in cold regions or higtoncentrations of carbon dioxidee toincreasedreenhouse

gas emissiongccelerate the initiation process of corrosion. As corrosion initiates, the structural
performance in termsf load-carying capacity, ductility, and service life deteriorate over time.
Coupling the effect ofreinforcementcorrosion with service loads may further weaken the
structural performance of reinforced concrete bridges due to the presence of transverse load
induced cracks. Accordingly, a research program was conducted to evaluatrticeural
performance of reinforced concrete beams subjected to coupled effects of service loads and
reinforcement corrosion. The research project cataftcombinedexperimental and numerical

investigations.

The experimental phase consisted of tests of nine stalk beams and six largeale beams.

The beams were designed, constructed, instrumented, and loaded undgraentdoad test. The
primary test varialgs were the applied corrosion current density, level of corrosion, and level of
sustained loading as percentage of beam ultimate capacity (040% R, and 60% B. The
corrosion level of steel reinforcement was quantitatively assessed using gravinaeight
measurements and thrdanensional laser scanner technique. Test results indicated that failure of
corroded RC beams was brittle due to premature rupture of corrodedbatgelvhich was
attributed to the development of localized corrosion atélogans with flexural cracks in beams.
Furthermore it was found that beams subjected to higher levelseofice load, experienced

further reductiorin ultimate load capacity and ductility.

In addition, tensile tests weresedto evaluate the effect oforrosion on the mechanical
performance of steel bars retrieved from the corroded beams. It was found that the tensile strength
of corroded steel bars, based on nominal sectional area, was reducte witlhiease aforrosion

levels. In contrast, the tsihe strength, based on minimum sectional area, was not influenced by
the nonuniform distribution and localization of corrosion. In fact, there was a slight increase in

strength with the increase of corrosion levels.



The numerical phase consisted of tithelement analyses of beams using DIANA FE analysis
software. A simplified approach was implemented to introduceaneage induced by corrosion

into two-dimensional nonlinear FE models, based on the experimental testing of corroded beams
and corroded s&t bars The analyses were reasonably accurate in predicting cracking patterns,
residual load capacity, residual ductility, and failure modes of corroded beams. Subsequently, the
validated model was used to conduct a parametric study on the level oedeads,level of
corrosion strength of concrete, and tensile reinforcement ratio. It was founth&feE model of
corroded beams was strongly influenced by the level of servics, ekl of corrosion, and

tensile reinforcement ratio.
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Chapter One: Introduction

1.1 General

Reinforced concrete (RC) is a composite material that is widely used in the construction of
important civil structures including, tunnels, buildings, and bridges. Over the past several decades,
corrosion of steeleinforcement had been identified as one of the major problems facing existing
reinforced concrete structures. Globally, theregnic losses due to corrosion agproximately

US2.5 trillion dollars, corresponding to 3.4% of the global gross domesticqgtr(itioch et al.,

2016). The cost includes, maintenance, rehabilitation or replacement of damaged structures.

It is well-known that climate change has a strong influence on the environmental conditions,
causing an increase of temperaturgequency and intensity of extreme events. Reinforced
concrete structures are constantly exposed to high concentrations of carbon dioxide due to
increased gas emissions, and increased temperatures and humidity associated with climate change.
These in turnincrease the risks of concrete carbonation. Furthermore, the increase of sea water
levels due to thermal expansion of water, melting of ice sheets and glaciers caused by global
warming exposes reinforced concrete structures in coastal regions to incegaseaf chloride
ingress. Initially, the embedded steel reinforcement in concrete structures is protected from
corrosion by a thin passive film layer formed during the early stages of cement hydration.
However, the exposure to aggressive environmentaditons such as those with high
concentrations of carbon dioxide or chloride ions can damage the protective layer, which in turn
accelerates the initiation process of corrosion.

1.2 Problem Statement

Field and experimental investigations had shown that tbgr@ssion of corrosion has severe
adverse effects on the performance of reinforced concrete structures. This is attributed to loss of
reinforcement area, reduction of reinforcement ductility (Du et al., 2005), and deterioration of
concrete due to the vahe growth of corrosion bproducts (Cabrera, 1996jurthermore the
mechanical interlock between the corroded steel reinforcement and surrounding concrete worsen

at high levels of corrosion (Almusallam et al., 1996). The combined effect of these imgairmen



reduces the loadcarrying capacity, ductility and service life of corroded reinforced concrete

structures.

In engineering practice, corrosion of steel reinforcement in concrete structures is coupled with the
effect of service loads, which may potertiatausemore adverse effects on the structural
response. Reinforced concrete bridge beams/girders are structural elements that are particularly
vulnerable to this coupling effect. Previously, numerous research studies were devoted to
understand the effeof reinforcement corrosion on the structural behavior of reinforced concrete
beams. However, most studies did not simulateeivice conditions and the presence of loads
while corroding the beams (Rodriguez et al., 1997; Mangat and Elgarf, 1999; Aalad2607;

Du et al., 20077 orresAcostaet al., 2007; Azam et al., 2016). Studying of the structural behavior

and damage mechanisms of reinforced concrete beams under the coupled effects of reinforcement
corrosion and service loads is essential to etaltize residual load capacity, ductility and

serviceability of damaged beams due to corrosion.

In the last two decades, several researchers examined the coupled effects of reinforcement
corrosion and service loads (Yoon et al., 2@4l|im and Reid, 200E| Maaddawy and Topper,
2005;Malumbela et al., 2009; Hariche et al., 2012; Li et al., 2018; Zhang et al., 2018). However,
limited research attempts were conducted to examine the structural behavior and failure
mechanisms at the end of service life afroded reinforced concrete beams. Reinforced concrete
beams are designed to carry a specified service load over their service life. As corrosion initiates,
the ultimate load capacity is reduced over time up until the occurrence of failure under service
loads, as illustrated iRigurel.1. As a result, the service life obrrodedeinforced concrete beams

is also reduced.

Investigating the interaction between corrosion of longitudinal tensile steel reinforcement and
different levels of service loads ©f a particular interest, primarily due to the presence of
transverse loathduced cracks. The development of flexural cracks under different service loads
could have a significant influence on the degradation rates othaging capacity, ductility and
service life of corroded reinforced concrete beams. This current research project, undertaken
between the University of Ottawa and the National Research Council Canada aims to examine the
flexural behavior of smafltcale and largsecale reinforced conceetbeams subjected to

reinforcement corrosion and different service loads.



1.3 Obijective

The primary objective of this research project is to evaluate the structural performance of
reinforced concrete beams subjectedhi® coupled effects of service loads and reinforcement
corrosion through combined experimental and analytical researchtiéufarattention is given

to reinforced concrete beams designed to perform predominantly in the flexure mode of behavior.
The objective also includes the development of a simplified procedure to simulate the corrosion
process as a function of time undersce loads to predict the response of corroded reinforced
concrete beam3he results of this research will help engineers to better understand and assess the
effect of reinforcement corrosion on the serviceability of damaged reinforced concrete bridge

beams/girders.
1.4 Scope

The researchproject consists otombined experimental and numerical investigatiofise

following forms the scope d@heresearch project:

1 Review of previous experimental tests and analytical modeling tools of damaged reinforced
concete beams due to corrosion. An emphasis will be placed on reviewing the behavior of
reinforced concrete beams which were corroded in the presence or absence of service loads.

1 Construct, prepare and test srsdhle and largscale reinforced concrete beapecimens
designed to perform predominantly in the flexure mode of behavior. The tests in this task
include the following:

o0 Test to failure two smalcale and two largecale beams without reinforcement
corrosion to establish their loa@rrying capacityand ductility.

o Test to failure seven additional smatlale beamsubjected to different levels of
service loads coupled with corrosion of the main flexural reinforcement.

o Test to failure four additional larggcale beamsubjected to different levelsf
service loads coupled with corrosion of the main flexural reinforcement.

91 Extract the corroded steel reinforcement from the beams tested in the previous task to
evaluate the patterns and distribution of corrosion along the corroded region of begms usin

threedimensional laser scanner.



1 Experimentally investigate the effect of corrosion on the mechanical performance of
corroded steel reinforcement retrieved from the beams.

1 Propose a simplified approach to predict the docadying capacity and dubty of
corroded reinforced concrete beams when subjected to the coupled effects of reinforcement
corrosion and service loads.

1 Incorporate the simplified approach into finite element analyses to develogkaate
finite element models using DIANA software to predict the response of fledanainant
corroded reinforced concrete beams.

1 Conduct an extensive parametric investigation to expand test data for cases that have not
been covered experimentally, includingffetent levels of service loads, levels of

corrosion, strengths of concrete and percentages of reinforcement.
1.5 Original Contributions

The research project is conducted in the field of reinforced concrete beams under the coupled
effects of reinforcement cmsion and service loads. The following original contributions resulted

from this combined experimental and analytical investigation

1 Unlike previous research conducted on the coupled effects of reinforcement corrosion and
service loads, the currenest program included beams under sustained loading up to
failure. This is important in assessing the damage and failure mechanisms, as well as the
service life of existing bridge beams/girders in an aggressive corrosive environment.

1 Highlighted the interetion between flexural cracks and corrosion of reinforcement in
concrete beams with different percentages of longitudinal reinforcement when subjected
to different levels of service loads.

1 Investigated the mechanical properties of corroded reinforcementcrete beams under
different levels of service loads as affected by the presence of flexural concrete cracks.

1 Developed a simplified approach to incorporate the damage induced by corrosion into
finite element analysis to predict failure modes, residual capacity and ductility of reinforced
concrete beams under the coupled effects of reinforcement corrosion aice &eads

without the complexities associated with modeling the corrosion process.



1.6 ThesisOrganization

The thesis consists of seven chapters, where chapters 3 to 6 are written in a journal article format.

In addition to the thesis chapters, two appessl are included to provide a comprehensive

presentation of the experimental test data. A brief description of each chapter is summarized in the

following:

T

Chapter 1 presents background information of the problem, objective and scope of the
research mject.

Chapter 2 providesa comprehensiveeview of the corrosion phenomena in reinforced
concrete structures, corrostorduced damage, previous experimental and analytical
investigations on the flexural behavior adrroded reinforced concrete beanmeluding

those which were corroded in the presence or absence of service loads.

Chapter 3 investigates the effect of different levels of service loads on the structural
behavior of smaiscale reinforced concrete beams when coupled with reinforcement
corrasion. This chapter provides a description of the experimental testing program,
specimens preparation, material properties, accelerated corrosion and mechanical test
setup testresults and discussion.

Chapter 4 investigates the structural behavior of laspale reinforced concrete beams
when subjected to the coupled effects of reinforcement corrosion and service loads. Four
of the smalscale beams reported in Chapter 3 are also included to assess theokffects
percentage and number of reinforcing bars. This chapter provides a description of the
experimental testing program, specimens preparation, material properties, accelerated
corrosion and mechanical test setup, test results and discussion.

Chapter 5 investigates the effect of corrosion on the mechanical performance of steel
reinforcement. This chapter provides a description of the experimental methodology,
including the techniques employed; (i) to measure the corréesieh and (ii) to perform

the tende testing of corroded steel bars. Test results are also presented and discussed.
Chapter 6 presentghe proposed simplified approach implemented into finite element
models using DIANA software to predict the response of corroded reinforced concrete
beams Modeling approach, validation of the proposed models, and results of the

parametric investigation are presented and discussed.



1 Chapter 7 summarizes the conclusions obtained from this research project and provides
recommendations for future research.

1 Appendix A provides supplementary materials for the experimental testing ofsoaddi
reinforcal concrete beams. This includdgsst images, corrosiolevel measurements,
voltage measurements, applied loads, displacements, and strains readings.

1 Appendix B provides supplementary materials for the experimental testing ofdasde
reinforcal concrete beams. This includdgsst images, corrosiolevel measurements,

voltage measurements, applied loads, displacements, and strains readings.
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Chapter Two : Literature Review

2.1 General

This chapter provides a discussion on previous literature, covering reinforcement corrosion in
concrete structures, corrostorduced damage, and previous experimental research on the flexural
behavior of corroded reinforced concrete beams. The emphpkiseasl on reviewing the behavior

of reinforced concrete beams under the coupled and separate effects of reinforcement corrosion
and service loads. The literature review also presents previous numerical research on the behavior
of damaged reinforced conteebeams due to corrosion. Finally, a discussion on existing research

gaps is presented.

2.2 Corrosion in Reinforced Concrete Structures

2.2.1 Corrosion Phenomena

Concrete is known to be a highly alkaline material with an approximate pH level of 12.6
(Richardson2002). During the early stages of cement hydration, a thin passive film layer forms
around embedded steel reinforcement at such high pH level. The passive film layer protects steel
reinforcement from corrosion. Depassivation of steel reinforcement casarsesult of concrete
carbonation or chloride ingress. Breakage of the protective layer combined with the availability of

oxygen and water triggers the initiation process of corrosion in reinforced concrete structures.

Corrosion of steel reinforcementaurs asresult of an electrochemical reaction process, in which
electrons migrate from the anodic site to cathodic site, as illustrakegure2.1. The anodic and

cathodic reactions are expressed in the following:

"O® '0Q ¢Q AT 1T DEAAOQET 1 (2.1)
ga ‘06 ¢Q O ¢ 0 AAOEOAEAROGET 1 (22)

Ferrous hydroxidéO'Q) "O is formed on the surface of steel reinforcement with the flow of ions

from the cathodic site to the anodic siteeagressed in the following
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"0Q  ¢) '@ 0P O (2.3)

Ferrous hydroxide reacts with oxygen, resulting in the formatioast products, as expressed by

the following reaction:
TOQ O 0 ¢OULOo1TOR O (2.4)

Depending on the environmental conditiomsher types of rust are formed subsequent

secondary reaitins (Richardson, 2002 hese reactions are expressed in the following:

¢OW 0§ ©'0Qb 60 (2.5)
¢0Q b 90 'O 00 (2.6)
T'0Q) "0 © 00D oI TOU 2.7)

2.2.2 Corrosion Accelerators

As mentioned previously, carbonation of concrete and chloride ingress are the leading cause of

accelerating the corrosion process of steel reinforcement.
2.2.2.1 Carbonation-Induced Corrosion

Carbonatiorinduced corrosion is caused by the presence oflbigdts of carbon dioxidé0 and

other gases in the atmosphere due to increased greenhouse gas emissions. Dissolved carbon
dioxide in water reacts with calcium dioxidecXd "O , which is present in the cementitious paste

of concrete, producing calciumadonated @O , as presentedn the following reactions
(Richardson, 2002):

60 O0° 0060 (2.8)
060 6w O0O°6w® ¢O0 (2.9

The outcome of these reactions reduces the alkalinity of concrete. With reduced pH levels, the
passive layer around the embedded steel reinforcement can be broken down easily, and hence the
initiation of corrosion beconsepossible. Typically, carbonation of concrete causes a uniform loss

of reinforcement sectional area, along the entire affected region.
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2.2.2.2 Chloride-Induced Corrosion

Chlorideinduced corrosion is caused by the exposure to high concentrations of chlogidedion

which is typically found in marine environments, where concrete structures are exposed to
splashed seawater. It can be also present in the formioindesalt which is usually applied on
roadways in cold regions. Chloride ions penetrate to the surface aestéetcement through the

voids and cracks of the surrounding concrete, as illustratégjime2.2. The passive film layer
around the embedded steel reinforcement can be broken down when sufficient chlorides are
present. This in turn, accelerates tloegrasion process of steel reinforcement and leads to the
development ok localized loss of reinforcement sectional area,(pit corrosion). This type of
corrosion can be present in various shapes, resulting in differentsectssnal area losses, as

illustrated in Figure.3.
2.3 Corrosion-Induced Damage

There are several consequences associated with the progression of corrosion in reinforced concrete
structures, including (i) cracking and spalling of concrete surrounding the corroded steel
reinforcemat, (ii) loss of reinforcement sectional area, (iii) degradation of the mechanical
properties of corroded steel reinforcement, and (iv) impairment or complete loss of bond at the

interface between the corroded steel reinforcement and concrete.
2.3.1 Deterioration of Concrete

Corrosion is considered to be one of the leading causes of deterioration mechanisms in reinforced
concrete structures. As mentioned previously, corrosion initiates with the breakage of the passive
layer around reinforcing bars,gether with the availability of oxygen and water. Rust products

are formed during this process, replacing the passive layer around steel reinfor¢amdensity

of rust products is lower than that of steel, and hence it occupies a larger volume tmarothed

steel. Volume occupancy of different forms of corrosivepbyducts relative to the original

volume of steel reinforcement is showrFigure2.4.

The low tensile capacity of concrete makesusceptible to crackingue to the volumetric
expansion of corrosion bgroducts, which increases in the radial direction around the corroded
steel reinforcement. This leads to the development of longitudinal cracks at the level of steel
reinforcementFurthermorespalling of tle corroded concrete region occurs if corrosimuced
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cracks are able to propagate to the outer surface of concrete (Richardson 2002), as illustrated in

Figure2.5.
2.3.2 Loss of Reinforcement Area

Depending on the exposure condition in natural envirorsr{@et, carbonation of concrete or

chloride ingress), two types of corrosion can be identified on the surface of steel reinforcement in
concrete structures namely, generalized corrosion and localized corrosion. Generalized corrosion
causes a uniform loss ofasssectional area along the entire length of steel reinforcement. The
average loss ofeinforcementsectional areai.€., average mass Igssaused by generalized
corrosion attack can be eval thalese areinffoscenrmeag Far a
sectional area is dependent on the current density of corrosion, as expressed in the following:

000 (2.10)
h 0

where,— | is the average mass loss of corroded steelBap is the atomic mass of iron

L @ UG €)p'O is the current of corrosiord), ois the duration of corrosion exposuig, &

is thevalenceelectrons ofiron ¢ ,and'Oi s F a coadlaaty &4 11 ded ). Alternatively,

the expression given in Eq. (2.10) can be rewritten in terms of the depth of generalized corrosion

attack,n) "Y in (mm), which is expressed in the following:
n-y T3 p AYQ (211

where,"Yis the time of corrosion (year), affd is the current density of corrosion &cs ).

On the other hand, pit corrosion is a localized form of corrosion that develops at random sites
along the corroded stesdinforcementThis type of corrosion is found in various shapes, causing
difficulties in assessing the localized corrosion level.rifeoto simplify the complex geometries
associated with pit corrosion, Val et al. (2007) assumed that the configuration shape of pit
corrosion is hemispherical, as shown in Figi& The depth of pit corrosion attagk,”Y in

(mm), is related tohe depth of gegralized corrosion attack usitige following expression:
n-y n-y Y (2.12

where,Yis the ratio between the maximum depth of pit corrosion and average depth of generalized

corrosion.Gonzalez et al. (1995) reportédvalues in the range oft i 8 in naturalcorrosion
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environment andy¥ values in the range of 5 13 in accelerated corrosidesting Further details
on estimating the residual cressctional area of corroded steel bars due to pit corrosion are
presented in Val et al. (2007).

2.3.3 Mechanical Performance of CorrodedSteelReinforcement

Over the past fewlecades, there have been many experimental research studies that investigated
the influence of corrosion on the mechanical properties of steel reinforcement. These studies
revealed that corrosion had a little to no effect on the tensile strength ofetdetcement,
however the ductility of reinforcement was significantly reduced due to the localized effect of pit

corrosion.

Almusallam (2001) carried out an experimental investigation to examine the influence of
corrosion on the mechanical properties sbéel reinforcement. Reinforcing steel bars were
embedded in concrete samples. Diameter of s@mlwas either 6 mm or 12 mntorrosion of
steelbarswas accelerated using the direct impressed current technigue with a current density of
2,000pA/cn?.

Figure2.7 shows the influence of corrosion on the ultimate tensile strength of steel reinforcement.
In this figure, the strength was calculated using the residual sectional area (i.e., corroded area) of
steelbars. It can be clearly seen that corrosion had a dffgntt on the ultimate strength of steel
reinforcement. In contrast to this observation, the author had notethéstrength ofsome
corrodedsteelbarswas below code requirementsshen the nominal sectional area was used to
calculate the strength itegad of theesidualsectional area.

Cairns et al. (2005)nvestigated the effect of localized corrosion on the mechanical properties of
steel reinforcement. Localized pit corrosion was simulated in two diffenettiods In the first
method, the area ofsamall portion along the reinforcement was artificially removed to achieve a
sectional area loss of either 5%, 10%, 20%, 30%, 40%, or 50%. In the second method, the direct
impressed current technique was employed to accelerate the corrosion processl of stee

reinforcement using various current densities in the range o680 pA/cn?.

Figure 2.8(a) shows the effect of corrosion on the yield and ultimate tensile strength of steel
reinforcement, where the strength was calculated using the residual caectiedal area aiteel

reinforcement The authors indicated th#te yield strength remained unchanged, while the
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ultimate strength was slightly increased with the increase of sectional area |sdselof
reinforcement. Furthermore, the ductility steel reinforcement was reducemnificantly, as

illustrated in Figur@.8(b), due to the localized effect of corrosion.

Du et al. (2005)examined the influence of corrosion on the mechanical properties of bare steel
reinforcement and embedded steel faicement in concrete samples. Test parameters of this
experimental study included: type of steel reinforcement, diameter of steel reinforcement, and
level of corrosion Type of reinforcement was either plain or riblsteelbar. Diameter of steel
reinforeement was either 8 mm, 16 mm, or 32 mm. Steeswere corroded using the impressed
current technique wittlifferentcurrent densities of 5Q0A/cm?, 1,000uA/cm?, and 2,00QuA/cm?

in order to achieve different corrosi¢tevels Level of corrosion was either 5%, 10%, 15%, or
20%.

Figure2.9(a) shows the yield and ultimate tensile streagthplain bars (R and RC series) and
ribbed bars (T and TC series)afunction of the level of corrosion. Test residtowedhat both

yield and ultmate strengthof corroded steel bamsere reducedvith the increase of corrosion
levels. Figure 2.9(b) shows the effect of corrosion on the ultimate strain ratio (defined as the
ultimate strain of corroded steel bar relative to that of control steellbeah be clearly seen that
therewasa drastic reductioin ultimate strain ratio with the increase of corroslevels. The
researchers attributed this reduction to the-moiform distribution of crossectional area along

the corroded steel reinfonoent.

In addition, the researchers performed a regression analysis of their experimental data to develop
a relationship between the residual strength/ductility of steel reinforcemernthamevel of

corrosion The proposed linear relationships are exg@dsn the following:

Q p | - Q (213
Q p | - Q (214
- p | — - (215)

where,"Q HQ h  are the yield strength, ultimate strength, and ultimate strain of corroded steel
bars, respectivelyQ RQ - are yield strength, ultimate strength, and ultimate strain of non

corrockd steel bars, respectively,ﬁ h are empirical coefficients for the reduction saté
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yield strength, ultimate strength, and ultimate strain of corroded steel bars, respectively. All

coefficients are presented in Du et al. (2005).

Ou et al. (2016)investigated the influence of corrosion on the mechanical properties of naturally
and arificially corroded steel reinforcement. Natural corroded steel bars were extracted from
beams, columns, and walls of a residential building constructed in the 1970s. The deformed bars
from these structural elements had a diameter of either 13 mm, 16 ni@,rom. Artificial
corroded steel bars were retrieved from beams that were corrodedthusidgect impressed
current technique, with an appliedrrosioncurrent density of 60QA/cm?. The deformed bars

had a diameter of either 13 mm or 29 mm.

Figure2.10 andFigure2.11show the effect of corrosion on the mechanical properties of naturally
and artificially corroded steel bars, respectively. The researchers indicated treatuttgonsn

yield and ultimate strength ratios of artificially corrodstgel bars were similar to those of
naturally corrodedteelbars. However, theeduction irultimate strain ratio of artificially corroded

steel bars was more than that of naturally corroded steel bars. This was explained by the observed
corrosion patternsgs artificially corrodedteelbars had more neaniform corrosion than those

which were corroded naturally.

2.3.4 Bond Strength

The transfer mechanism of forces between steel reinforcement and the surrounding concrete is
strongly influenced by corrosion, mainly due to the combined effeckssefof reinforcement
sectional area and thelumetric expansion of corrosiday-productghatleads to the development

of corrosion crackOver the past few decades, numerous experimental studies were carried out
to examine the characteristiot bondat the interface betwedhe corroded steel reinforcement

and concrete. It was shown thatahamounts of corrosion resulted in a slight incraagsond

strength due to increased friction caused by the expansion of corrogiwaducts. However, the

bond mechanism weakens with increased corrosion Iduel$o the development of longitudinal

corrosioncracks and reduced height of ribs along the corroded reinforcement.

Al-Sulaimani et al. (1990)studied the influence of corrosion on the bond behavior between steel
reinforcement and concrete. In this study, concrete blocks with dimensions»136& 150 mm
were constructed. Test specimens were reinforced avéimglesteel bar that had a diameter of

either 10 mm, 14 mm, or 20 mm. The ratio between the embedment length and diameter of steel
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barwas equal to 4.0. The corrosion process of fimelwas accelerated using the direct impressed

current technique with a current density of 2,p@dcn?.

Figure2.12 shows results of the pullout test for the various bar sizes considered in this study. It
can be clearly seen that all steel bar sizégbeed an increase ibbond strength at low corrosion
levels. This was followed by a sudden drastiduction inbond strength with increased corrosion
levels. The researchers attributed the initial increabendstrengthto the formation of corrosion
by-products which enhanced the roughness of steel reinforcement at low levels of corrosion. The
reductionin bond strength was explained by worseningtie interlock between the ribs of

reinforcement and concrete.

Almusallam et al. (1996)carried out an experimental study to investigate the influence of
corrosion on the bond behavior in reinforced concrete. In this study, the cantilever bond test was
used to evaluate the bond characteristics of the corroded specimens. Timespehad
dimensions of 152 x 254 x 279 mm. All specimens were reinforced with a single 12 mm steel bar.
Corrosion of steel reinforcement was accelerated using the direct impressed current technique

using a constant voltage of 0.4 V.

The researchers indicated thia¢ bondstrength at the interface between steel reinforcement and
concreteincreased prior to the development of corrosion cracks and at corrosionlésgetisan

4%, as illustrated in Figur213. Thisincrease irbond stength was explained by the increase in
the confinement of concrete surrounding the corroded reinforcement due to the volumetric
expansion of corrosion byroducts. It was also explained by the increase of frictional forces at the
interface due to enhancent ofreinforcementoughness. At higher corrosion levels (igreater

than 4%), there was a drasteduction inbond strength due to the development of cracks in the

cover of concrete.

Other experimental studies that examined the influence of comrasi the bond strength in
reinforced concrete, such as those conducted bylidfey and Yuxi (2001) and Fang et al. (2004),

had similar conclusions to those discussed in this section.
2.4 Simulation of Reinforcement Corrosion

It is well-known thatcorrosion of reinforcement is a slow process that takes many years in natural

environments. Typically, esite measurements of corrosion rate in concrete structures range
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between 0.01.0 uA/cm?, while corrosion rates exceedirig0 pA/cm? are rarely measude
(Andrade and Alonso, 2001Rreviously,numerous research studies examined dfnectural
behavior of different corroded reinforced concrete members. Several techniques were employed
to simulate reinforcement corrosion in these studies, including @sexe to natural environment,

(i) artificial corrosion using chloride spray (dry/wet cycles), and (iii) accelerated corrosion using

impressed current.

In the majority of previous studies, corrosion of steel reinforcement was accelerated using the
impres®d current technique. In this techniqthes duration of testing is controlled by the applied
current density. Applying higher valsieof current densitiegan decrease the duration of
experimental testing from years to months/dagsyevermroper selectioof the current density is

critical in simulating the observed corrosion damage in the field. Based on a review conducted by
El Maaddawy and Soudki (2003), the applied current density adopted by other researchers had a
minimum value of 45uA/cm?, maximum @ value of10,400pA/cm?, and average value ranging
between 200 and 3,000A/cm?. A summary of tests conducted using the impressed current
technique along the applied current densifyresented iTable2.1. Clearly, there is a wide range

of current desities adopted by other researchers, which in turn may influence the behavior of

corroded reinforced concrete members.

Nguyen and Lambert (2018)carried out an experimental study to investigate the influence of
current density on the structural performance of corroded reinforced concrete beams. A total of 20
beams with dimensions of 100 x 150 x 900 mm were constructed and divided into four loups.
beams were reinforced with 10 mm pdeformed steel bars, serving as the main tensile
reinforcement. The beams in groups one, two, three and four were corrodediftarent
durations toachieve targeted corrosion levels of 0.5%, 1.0%, 2.5%, and, SeéXyectively. In

each group, one beam served as control beam without reinforcement corrosion, while the
remaining four beams were corroded using a current density of eitheA260¢, S00pA/cn?,

1,000 pA/cn?, or 2,000pA/cn?. The beams were placed invaater tank containing sodium
chloride solution (3.5% NaCl) dugnthe corrosion exposure. Afterchieving the targeted

corrosion level, the beams were loaded using apourt bending test.

After extracting and cleaning the corroded steel bars, tharcdsss observed that steel bars from

beams that were corroded with a targeted corrosion level of 5% using current densities of 1,000
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HA/cn? and 2,00QuA/cn?, had more and larger localized corrosion sites when compared to steel
bars that were corroded ugicurrent densities of 25QA/cn? and 500pA/cn?. In terms of
structural performance, the researchers indicated that the applied current density had a small effect
on the loaedisplacement relationships of beams witle same corrosion level (i.e., corratle
beamswithin the same group), as shownHigure2.14. As a result, the effect of applied current
density on the ultimate load capacity of beams that were corroded within the same group was also
very small, as shown iRigure2.15. Based orthe results othis study the researcheiadicated

that the usefaa current density of,000pA/cn? is appropriatéo accelerate the corrosion process

in reinforced concrete.
2.5 Flexural Behavior of Corroded Reinforced ConcreteBeams

In the past, extensive research efforts were devoted to understand the flexurabrbehavi
reinforced concrete beams with corroded reinforcement. As mentioned previously, there are
several consequences associated with the initiation and progression of corrosion in reinforced
concrete beams, including loss of reinforcement sectional asggadhtion of mechanical
performance of corroded reinforcement, cracking and spalling of concrete surrounding the
corroded reinforcement, and loss of bond strength at the interface between the corroded
reinforcement and concret€onsequentlythe ultimatdoad capacity and ductility of reinforced

concrete beams are influenced by corrosion.

The main focus of previous experimental research was the flexural behavior of corroded reinforced
concrete beams withoaonsidering the effedf service loads (i.ebheamswverecorroded first and

then loaded to failure). Afterward, the focus of research shifted towards understanding the flexural
behavior of reinforced concrete beams under the coupled effects of reinforcement corrosion and
loads, to simulate Hserviceconditions. In this section, previous experimental resesitcheghat
examined the flexural behavior of corroded reinforced concrete beams in the absence and presence

of serviceloads are presented.
2.5.1 Corroded Reinforced ConcreteBeams without theEffect of Loads

Rodriguez et al. (1997Farried out an experimental study to investigate the behavior of reinforced
concrete beams with corroded longitudinal and transverse reinforcement. A total cbrleirty

beams with dimensions of 150 x 200 x 2300 merevconstructed. The beams had different
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reinforcement detailing in terms of longitudinal (tensile/compressive) and transverse
reinforcement ratios. Corrosion of steel reinforcement was accelerated using the direct impressed
current technique with constat current density of 10QA/cm?. The beams were corroded over
various durations, rangingetween 100 an@00 days to achieve different levels of corrosion.
Reinforcement corrosion was further accelerated by adding calcium chloride (3% by weight of
cement)in the concrete mix in some beams. All beams were loaded using-pdiotitending

test after reaching the desired level of corrosion. Loads were first applied up to the service level,
and then upo the failure of beams.

Test results showed that tleflections and width of cracks corroded reinforced concrete beams
were increasedt the service level. The observed failure modes of control and corroded reinforced
concrete beams are shown in Figitd6. Control and corroded beams with low tensile
reinforcement ratio exhibited Type 1 flexural failure. Control beams with high tensile
reinforcement ratio and corroded beams with high shear reinforcement ratio exhibited Type 2
crushing of concrete failure. Corroded beams with high tensile reinforceatentand widely
spaced stirrups exhibited Type 3 shear failure. Control and corroded beams with curtailed bottom
tensile reinforcement exhibited Type 4 combined shear/anchorage failure. The researchers
indicated that corrosion of steel reinforcement redube ultimate load capacity of bearftsalso

changed the flexural response of some beams to undesired shear failure.

Mangat and Elgarf (1999) investigated the effect of corrosion on the flexural capacity of
reinforced concrete beams. A total of lddams with dimensionsf 100 x 150 x 910 mm were
constructed and tested. All beams were reinforced with either two 8 mm diameter steel bars or two
10 mm diameter steel bars. Corrosion of reinforcement was acceleratechediimgtt impressed
current techique witha current densitgf eitherl,000pA/cm?, 2,000pA/cm?, 3,000puA/cm?, or
4,000pA/cm?, while placing the beams in a sodium chloride solution (5% NaCl). Reinforcement
corrosion was further accelerated by adding sodium chloride (1% by weightnehtein the

concrete mix. The beams were loaded using apourt bending test.

Test results indicated th#te corrosioncurrent density did not have an influence on the 4oad
displacement relationship of beams with corrosion level of 2.5%, as showre Rigl7(a).
However, the loadlisplacement relationship of beams was strongly influenced by the current

density at corrosion level of 7.5%, as can be clearly seen in Figure 2.17(b). For that reason, the
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researchers suggested using the smallest currergitydeto simulate corrosion of steel
reinforcement in concrete beams. Furthermore, the ultimate load capacity ofveasraduced

with the increase of corrosion levels, as shown in Figur@ This reduction was attributed to the

loss of bond strength at the interface between steel reinforcement and concrete. The researchers
also indicated thathe loss of reinforcement area had insignificant effect on the ultimate load

capacity of corroded lagns.

In order to estimate the residual capacity of corroded reinforced concrete beams, the researchers
developed a predictive model basedaoregression analysis of their experimental data. In this
model, the residual flexural strengihbeamswvas corredted with thediameter of reinforcement,
corrosion current density, amdiration of corrosion exposuréhe predictive model is expressed

in the following:

” r e, 3 !’Y!I ”n ", 2-1

ob p 1 Qscarp,SQ U UQ p T (2.16)
where,0 b is a percentage of flexural strength of control beariis duration of corrosion
exposure (in years)Q is the diameter ofeinforcemen{in mm), andQs the current density of
corrosion (inpA/cm?). Figure 2.19 shows a good agreement between the predictive model and
experimental data up to a corrosion level of 3.75%. At higher levels of corrosion, the predictive

model gave a conservative estimation of the flexural capacity of beams.

Azad et al. (2007)completedan experimental study that investigated the flexural behavior of
corroded reinforced concrete beams. A total of fdity beamswith dimensions of 150 x 150 x

1100 mm were constructed and tested. All beams were reinforced with either two 10 mm diameter
steel bars or two 12 mm diameter steel bars, serving as the main flexural reinforcement. Concrete
cover was either 25 mm or 40 mm. The beams were placed in a water tank containing sodium
chloride solution (5% NaCl) during the corrosion exposure. $i@eawere corroded using the

direct impressed current technique with a constant current density of eithep/66¢ or 3,000

pA/cm?, which wasapplied overa durationof either 4 days, 6 days, or 8 days. At the end of the

corrosion phase, all beams were loattethilure using a foupoint bending test.

Test results showed that the residual flexural capacity of corroded beams was medbced
increased corrosion activity index, as shown in Fidl2@. In this figure, the corrosion activity

index O "Yis defined agshe corrosion current density multiplied by duration of corrosion
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exposureThe researchers indicated that the residual flexural capacity of corroded beams could be
estimated using the residual sectional area of corroded steat baxvaluesof corrosion activity

index. However, at higlvaluesof corrosion activity index, other factors such as loss of bond
should be taken into consideration.

In order to predict the residual capacity of corroded reinforced concrete beamsetirehers
proposed a twatep approach based on their experimental data. In the first step, the moment
capacity of corroded beams is computed using the residualsosral area of steel bars. In the
second step, the moment capacity is multiplied bgraection factob to account for the loss of

bond and other factors that may contribute to the loss of flexural capacity in corroded Heams
correction factor was established &yegression analysis of the experimental test data, which is

expressedn the following:

on T &4

Du et al. (2007)conducted an experimental study to examine the influence of corrosion on the
ductility of reinforced concrete beams. A totaihafieteen beams wittimensions of 150 x 200 x
2100 mm were constructed and tested in this stlilg beams were designed toilene of the
following categoriesvery undefreinforced, undereinforced, balanced, or oveginforced.The

direct impressed curretéchniquewas utilized to accelerate the corrosion process of either the
tensile longitudinal reinforcement, compressil@ngitudinal reinforcement, or transverse
reinforcementCurrent densitied the range of 250 900 pA/cm? wereapplied over duraticin

the range of 60 120 days. At the end of the corrosion phasidgeams were loaded usindoaur-

point bending test.

Figure2.21 shows the influence of reinforcement corrosion on the ductile response of beams with
different longitudinal tensile reinfcement ratios. Test results of previous studies were also
included in this figure for comparison. The researchers found that-teidésrced beams with
corrosion levels exceeding 10%, coulkh#bit rupturing of the corroded longitudinal tensile
reinforcement (i.e.yeduction inductility). Furthermore reinforcement corrosion could shift the
brittle response of ovarinforcedconcretebeams with low corrosion levels to a more ductile

response (i.e., increaseductility).
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Torres-Acosta et al. (2007)caried out an experimental study to investigate the effect of
reinforcement corrosion on the flexural capacity of concrete beams. Twelve beams with
dimensions of 100 x 150 x 1500 mm were designed and constructed for this purpose. All beams
were reinforced wth a single 10 mm steel bar. Stealswere corroded using the direct impressed
current technique wita current density of 8QuA/cm?, applied over a duration of either 40 days,

80 days, or 200 days. The corrosion process was further accelerated lgycadicium chloride in

the concrete mix. After attaining the desired level of corrosion, all beams were loaded to failure
using a thregooint bending test.

The researchers indicated that corroding reinforced concrete beam&irhumid environment,
enhanced the formation of pit corrosion when compared to those which were correddny in
environment. Furthermore, it was found that the maximum depth e@bpibsion attack had a

better correlation with the residual flexural capacity of corroded beams than the average depth of
generalized corrosion attack. Figz@2(a) shows the empirical relation betwettie residual
capacitycotOatainad mMRXTreprbdp 0Bl Mi | ar alsoboundesingat i on
previous experimentalatg as shown in Figurg.22(b).

Azam et al. (2016)experimentally investigated the effect of corrosion in reinforced concrete
beams without transverse shear reinforcemgnbotal of seven beams with dimensions of 150 x

250 x 1100 mm were constructed and tested in this investigation. The beams had a tensile
reinforcement ratio of eith€r.91%, 1.21%, or 1.82%\ll corroded beams were constructed with
salted concrete in tH®ttom 100 mm and nesalted concrete in the top 50 mm. Corrosion of steel
reinforcement was accelerated using the direct impressed current technique with a constant current
density of 20QuA/cn? to achieve a targeted corrosion level of either 3% or I0%.beams were

loaded using &hreepoint bending test.

The researchers showed that the beamtiéhighest tensile reinforcement ratio experienced less
corrosion level than the beam with the lowest tensile reinforcement ratio. This was attributed to
the formation of corrosion bgroducts, which quickly filled up the voids and cracks of the beam
with high tensile rimforcement ratio, resulting in slowing down the corrosion process. Figure
2.23 compares the ultimate load capacity of control and corroded beams with different tensile

reinforcement ratios. Clearly, the beam wtitle highesttensilereinforcement ratio experienced
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the least reduction inltimate load capacityr-urthermorethe resuts of this studyrevealedthat

corrosion of steel reinforcement shifted the shear failure of beams without stirrups to bond failure.
2.5.2 Corroded Reinforced Concrete Beams with the Effect of Loads

Yoon et al. (2000)carried out an experimental investigatiamed at the response of corroded
reinforced concrete beams under loads. A total of ten beams with dimensions of 100 x 150 x 1170
mm were constructed and tested. All beams were reinforced with a single 19 mm siEablear.

2.2 presents a summary of theperimental testing program. Two loading protocols were adopted

to examine the presence of flexural cracks on the response of corroded beams. In the first protocol
(i.e., preload), the beams were first loaded to either 45% o7 8% beam ultimate loazhpacity

Then, loads were removed while corroding the longitudinal steel reinforcement. In the second
protocol (i.e., sustained), the beams were first loaded to either 20%, 45%, 60%, of &%

beam ultimate load capacityhen, loads were sustainedilghcorroding the longitudinal steel
reinforcement. The beams were corroded in two different stages. In the first stage, the beams were
either placed in 3% NacCl solution (4 days wet/ 3 days dry) or left idrgienvironment. In the
second stagean extenal current was applied to corrode steel reinforcement using constant

increments of voltage. The beams were then loaded to failure usingofatibending test.

Test results revealed that reinforcement corrosion initiated faster in beams which were subjected
to higher levels of loading, which was likely due to the presence of flexural cracks that provided a
clear path for chloride ions and water to reach the ceidé steel reinforcement. The researchers

also indicated that corroded beams under sustained loads exhibited higher corrosion levels and
lower residual flexural capacities in comparison to corroded beams whiclonlgnereloaded.

Figure 2.24 showsthe failure mode and residual flexural capacitie$ control and corroded
beams. It can be clearly seen that increasing the level of corrosion had a sigmficanteon

the residual capacity of beams, shifting the shear faiucentrol beams tbond sfitting failure

in thecorroded beams.

Ballim and Reid (2003 conducted an experimental investigation to examine the behavior of
reinforced concrete beams under the coupled effects of reinforcement corrosion and loads. A total
of twelve ams with dimensns of 100 x 16 x 1500 mm were cast and tested in this
investigation. The beams were divided into two series. Series 1 beams were subjected to sustained

loads equivalent to 23% tie beam ultimatead capacityfor a duration of 30 days, while Series
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2 beams were subjected to sustained loads equivalent to 48% béanultimateload capacity

for a duration o85 daysTensile longitudinal reinforcement were depassivated by carbonation of
concrete. Furthermore, tensile longitudinal reinforcement wergecteldd to a constant current
density of 40QuA/cm?. All beams were loaded using a fquoint bending test. It is worth noting

that the researchers reported corrosion of the supports in Series 1 beams, which contributed to

increasing theleflections of supports.

Test results showed that beasubjected tahe coupling effects of reinforcement corrosion and
loads experienced an increase in deflections with increased corrosion levels (i.e., over time), as
shown in Figure2.25. The initial hgh rate of increase in deflections was explained by the
propagation of transverse leatuced cracks and volumetric expansion of corrosieprogucts

In order to demonstrate the significance of the coupling effects of reinforcement corrosion and
loads,the results of this study were compared with previous experimental stugynforced
concretebeams which were corroded withdbe effect ofloads, ashownin Figure2.26. In this

figure, the deflection ratio is defined as the deflection of corrdieans relative to that diie

control beam. The researchesisowedthat corroded beams under lodusd higherdeflection
ratiosthan those which were corroded under no loads.

El Maaddawy and Topper (2005)performed an experimental study to examine thexbieh of
corroded reinforced concrete beams in the presence and absence of loads. Atotabeéms

with dimensions of 152 x 254 x 3200 nwere designed andmployed in the experimental
program.The bottomportion of beams (1400 mm length x 100 mm deptag castwith salted
concrete.Longitudinal tensile reinforcement were subjecteda direct current of 215 mA.
Furthermore, the beams were placed in a compressed air nozzle that sprays mist to further
acceerate the corrosion proces3ne beam served as control specimen without reinforcement
corrosion. Four beams were corrodeddaduration ofeither50 days, 110 days, 210 daps 310

days under no loads. The remaining four beams were corrodeditmaton of either50 days,

110 days, 210 daysr 310 days under sustained loads equivalent to 60% of the beam yield
capacity. All beams were loaded using a fpamt bending test.

The researchers found that the presence of loads accelerated the initidtdevalopment of
corrosion cracks since more oxygen and moisiueee able to penetrate to the surface of steel

reinforcementTable2.3 presentkey resultsrom the tests of beam@here Group A beams were
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corroded under no loads, while Group B beameeveerroded under loads. The beams that were
corroded under loads for durataf 50 days and 110 days, experienced higher redwcion
ultimate load capacity in comparison to the beams which were corwgtst noloads. The
researchers attributed tharther reduction in capacity to the increase of corrosion levels in
corroded beams under loads. However, unliker¢laeiction inultimate load capacity at 50 days

and 110 days, there was no additicealuction in capacitwhen comparing Group A and B beams

at 210 days and 310 days. This was primarily attributable to the fact that the level of corrosion in
both groups was similar. In terms of diity, it was found that beams with corrosion levels

exceeding 15% exhibited a reduced ductility, as shown in FRjave

Malumbela et al. (2009)carried out experimental tests to investigate the influence of corrosion
on the depth of neutral axis aadrvature in reinforced concrete beams under the coupling effects

of reinforcement corrosion and loads. A total of four beams with dimensions of 153 x 254 x 3000
mm were constructed and tested for this purpose. The middle portion of beams (700 mm length x
50 mm depth) was placed in a sodium chloride solution (5% NaCl). All beams were exposed to
cycles of wet environment over four days andday environment over two days. Longitudinal
tensile reinforcement were subjected to a current density oftA8n? during the wet cycles.

Two beams were corroded under loads equivalent to either 1% (i.e., beam 1) or 8% (i.e., beam 2)
of the beam ultimatilmadcapacity which corresponded to loads that did not induce flexural cracks.
One beam was corroded under lpaduivalent to 12% (i.e., beam 3)f the beam ultimate load
capacity which corresponded to a load that led to the development of flexural cracks. The last
beam was loaet to 12% (i.e., beam 4) tfe beam ultimatad capacitywithout reinforcement
corrosian. Longitudinal strains were measured at different positions within the corroded region of
beams. Strain gauges were installed on the tensile face of concrete and at 30 mm away from the
compressive face of concrete. All beams were loaded using-pdmibending test.

Figure2.28 shows the average strain measurements from the gauges instatedbeams. It is

clear that the progression of tensile strains over time in the corroded beam with flexural cracks
(i.e., beam 3) was higher than that of coemtbeams without flexural cracks (i.e., beams 1 and 2).
The researchers attributed this increase to the loss of reinforceettiphalrea, loss of bonat

the interface between steel reinforcement and conclateral tensile strain induced by the
expansion of corrosiomy-products and to the straingenerated bthe applied load$-urthermore

the researchers evaluated the variation of neutral axis depth by assuming a linear relationship
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between the tensile and compressive strains within the corroded region of beams. According to
Figure 2.29, it was indicated thathe depth of natural axis ahe corroded beam with flexural
cracks (i.e., beam 3) decreased with increase of corrosion levelghile that of the corroded

beam without flexural cracks (i.e., beam 2) was not influenced by corrosion.

Hariche et al. (2012)nvestigated the influare of reinforcement configuration and loading lsvel

on the flexural behavior of reinforced concrete beams under the coupled effects of reinforcement
corrosion and loads. Test setup and size of bearmptged by Ballim and Reid (20D8ere also

used in the study. A total of twentyour beams were constructed and divided into four groups.
The beams in the first three groups had longitudinal tensile reinforcement in the form of either
2Y12,1Y16, or 3Y10. These beams were subjected to sustained loadNof@fkip four beams

had the same reinforcement detailing as Group one beams (i.e., 2¥61®yen they were
subjected tesustained loaglof 30 kN. Corrosion of steel reinforcement was accelerated using a
current density of 15QA/cm? which was applied ovexduration in the range of 3048 days. The
beams were also placed ansodium chloride solution (3% NaCl). At the end of the corrosion

phase, all beams were loaded to failure using agourt bending test.

Test results showeithat the deflection raos of corroded beamwereincreased during the early
stages of testing, as shown in Figar@0. However, as corrosion progressed, ridite of increase

in deflection ratiosvas reducedin addition the researchers indicated that corroded beams with
two or three steel bars, serving as the main tensile reinforcement, performed better than those
which were reinforced with a single steel bar. In terms of ultimate load capacity, the researchers
establislked a linear relationship between the residual flekwapacity of beams and the level of

corrosion, as shown in Figus31.

Du et al. (2013)conducted an experimental study to examine the structural performance of
reinforced concrete beams under the coupled effects of reinforcement corrosion andl totds.

of five beams with dimensions of 100 x 150 x 1300 mm were constructed and tested. All beams
were reinforced with longitudinal tensile reinforcement in the form of two 8 mm steel bars.
Corrosion of steel reinforcement was accelerated using thé¢ idm@essed current technique with

an applied constant current density of 280cm? duringthefirst two weeksof testing and 500
pA/cn? during the remaining six weeks of testing. The beams were exposed to cycles of wet

environment over 2 hours and-diry environment over 22 hourBesides, the corrosion process
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was further accelerated by adding calcium chloride (3.5% by weight of cemehé® aoncrete

mix. One beamserved as a control beam (beam CB5) without reinforcement corrosion. Two beams
were coroded within the middle portion over a length of either 150 mm (beam CB1) or 500 mm
(beam CB2). The remaining two beams were corroded at the end region over a length of either 300
mm (beam CB3) or 650 mm (beam CB4), as shown in F@8& All beams were loaded to 60%

of the beam ultimate load capacitying a thregoint bending test.

Figure 2.33 shows the effect of corrosion on the thahependent deflections and leddflection
relationships of beams. It is clear that the rate of as®an deflections of corroded beams was
more than that of the control beam. The researchers indicated that beams with a short length of
corroded tensile reinforcement (i.e., beams CB1, CB2 and CB3) failed at the sustained loading
level in brittle manner wke tothe rupture of corroded reinforcement. The remaining beam (beam
CB4) failed due to increased loads in a slightly more ductile manner when compared to other

beams, however it also failed duethe rupture ofcorrodedsteel reinforcement.

Furthermore the researchers investigated the presence of loads while cortbdibhgams by
comparing their resudtwith the experimental resultsDu et al. (2007), in which the beams were
corroded under no loads. There were several differences between the esinerpal studies,
including size othebeam, reinforcement area ratio, strength of concrete, applied current density,
and length of corroded region. Therefore, the comparison was completed for beams which were
corroded in the migpan region only. Alsdhe reslis were compared in terms pércentageof
reductiorsin load capacity and deflectipas shown in Figur2.34. It can be clearly seen thiie
reduction rates in capacity and deflectivare more drastic in the beams which were corroded
under service loads (i.e., simultaneous) than those which were corroded under no loads (i.e.,

separate).

Liu et al. (2016) performed an experimental investigation to examine the performance of
reinforced concrete beams under the coupled effects of reinforcemeasion and different

levels of loading. A total of twelvbeams with dimensions of 150 x 250 x 2000 mm were tested

in this study. Corrosion of steel reinforcement was accelerated by applying an external current by
setting the voltage at a maximum vabie5 V and the current at a maximum value of 2.5 A. Two
beams served as control specimens without reinforcement corrosion. Eight beams were corroded

over a duration of 10 days under different levels of sustained loads equivalent to either 0%, 50%,
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65%, or80% of the beam ultimate load capacifyhe remaining two beams were corroded over a
duration of 15 days and sustained loads equivalent to 80% of the beam ultimate load @dpacity.

beams were loaded undefoair-point bending test.

Test results revealed thide stiffness and ductilityatio of corroded beams were reduahak to

the coupled effects of reinforcement corrosion and sustained, laadshown irFigure 2.35.
Furthermore, the researchers observed an increase in the level of carrdmams subjected to
higher levels of sustaideloading. Based on their results, the researchers indicated that the
reduction in ultimate load capacity of corroded beams wetgrceloads is dependent on the level

of corrosion and level of sustained loading.

Li et al. (2018) carried out an experiméal investigation to study the behavior of reinforced
concrete beams under the coupled effects of reinforcement corrosion and differenbievels
loading A total of thirteen beams with dimensions of 120 x 200 x 1700 mm were constructed and
tested for ths purpose. The beams were corroded using the direct impressed current technique with
a current density of 1,000A/cn?. The beams were exposeddycles of wet environment for
duratiors of 24 hous and akdry environment foduratiors of 24 hours. The middle portion of
beams with a total length of 1450 mm was placeasodium chloride solution (5% NaCl). The
beams were corroded farduration of either 5 days, 10 days, or 20 days. Sustained \oet
equivalent to either 0%, 15%, 30%,68)% of the beamltimateloadingcapacity. All beams were

loaded using a fogpoint bending test.

The researchers suggested using sectional area loss instead of mass loss to assess the level of
corrosion in beasmwith pit corrosion attack. Accordingly, the relationship between sectional area

loss and level of loading is shown in Fig@86(a). Clearly, the level of corrosion (i.e., sectional

loss) increased witthe increase of loading levdt can be Bo sea that, as the loading level
increagd from 30% to 60% of the beartiimateloadingcapacity the rate of increase in sectional
losswasreduced in comparison to the increase of loadingldevem 15% to 30% of the beam
ultimateloadingcapacity The resarchers indicated that such behavior is likely due to the fact that

the width of flexural cracks did not increase when loading levels increasadf% to 60% of

the beamultimateloading capacity In addition the researchers did not observe a changleen

width of corrosion cracks with the increase of loading levels. In terms of structural performance,
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the ultimate load capacity of corroded beanss further reduced with the increase of loading

levels, as illustrated in Figug36(b).

Zhang et al. (2A.8) performed an experimental investigation to examine the structural behavior

of reinforced concrete bearsgbjected tohe coupled effects of reinforcement corrosion and loads.

A total of eight beams with dimensions of 150 x 200 x 2200 mm were constructed and tested.
Three beams served as control specimens without reinforcement corrosion, and they were loaded
to either 1%0, 33%, or 50% of the beam ultimdtad capacity. Three beamsvere subjectedo
sustained loads equivalent to 33% of the beam ultinaed capacity while corroding the
reinforcement using eurrent density of either 35A/cm?, 50pA/cm?, or 100puA/cm?. Two beans

were subjectedto sustained loads equivalent édher 17% or 50% of the beam ultimatéoad
capacitywhile corroding the reinforcement using a current density @f&Bm?. All beams were

loaded using a fogpoint bending test.

Test results revealed that the coupling effects of reinforcement corrosion and loads had a slight
influence onthe width of flexural crackef beams. Figur&.37 comparegshe time-dependent
deflections of control and corroded beams under sustained Daelsesearchers indicated that
deflections increased rapidly after the development of corrosion cracks, however the rate of
increase slowed down when the cracks were filled up with corrosigrdalucts. Figure.38

shows the influence aforrosioncurrent density on the timelependent deflections of corroded
beamssubjected tdoads equivalent to 33% of the beam ultimlated capacity The researchers
indicated that the usa higher current densitietelayed the development of corrosion cracks due

to more insufficient oxidizatiorand less expansion obrrosion byproducts.
2.6 Modeling of Corroded Reinforced ConcreteBeams

Lundgren (2002) developed a thredimensional finite element (FE) model using DIANA
software to simulate reinforcement corrosion in concrete struct@escrete and steel
reinforcement were modeled using solid elements. Modebngsion ofsteelreinforcement and
thebond behavior at the interface betwesteelreinforcement and concrete were combined into

one interface element layer around the embedded reinforcement. This was incorporated into the
FE models using a ussupplied subroutine. A frictional model was at&mpto simulate the bond
betweerthe reinforcement and concrete. The corrosion model was developed to account for the

expansion of corrosion bgroductsasillustrated inFigure2.39, in order to simulate splitting bond
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failure. The volume expansion afst was taken as two times the volume of steel reinforcement.
The authorassumed that theropertiesof the rust layer isimilar to that ofa granular material.
The results bthe FE model were igood agreement witthe experimental results of putiut ests

as it was able to preditiie degradatiorof bond strength due t@inforcementorrosion

Dekoster et al. (2003)employed FE analysis to simulate the structural response of corroded
reinforced concrete beams using CASTEM 2806@ware Concrete section was modeled using
threenode triangular elements. Two material models were adopted to simulate the constitutive
behaviorof concrete, which weranelastieplastic model baseoh a smeared crack approach and
adamage model based on thermodynamics irreversible process. Steel reinforcasnendleled

using twenode elements, with aelasticplastic material model. Thaterface between steel
reinforcement and concrete was modeled using rust elements. Rust section was modeled using
threenode triangular elements with modified sectional properéieglustrated in Figure.40.

The properties of rust elements were iaflaed by the expansion of corrosionggducts. The
researchers concluded by indicating that the effect of corrosion can be modeled by reducing the
area of steel reinforcement, adopting a damage approach to simulate the material behavior of
concrete, anthcorporating the rust element in the FE model.

Coronelli and Gambarova (2004 developed a numerical procedure using FE analysis to evaluate
the structural response of corroded reinforced concrete beams. Concrete section was modeled
using fournode plane stress elements, while steel reinforcemasimodeled using twmode

truss elerants. The bond between steel reinforcement and concrete was modeled using link
elements. A schematic illustration of the tdisnensional FE model is shown in Fig@d1. The

effectsof corrosion were modeled bi:reducing the geometrical propertiescohcrete and steel
reinforcement elements, and ii) modifying the material properties of concrete, reinforcement, and

link elements

Corrosioninduced cracks and deterioratiof concrete covewere modeled by reducing the
compressive strength of tladfeded elements. A previously developed model\bgcchio and
Collins (1986) for cracked concrete elements was used for this pulfpeseeduced compressive
of corroded concret® is expressed in the following:

§o) (2.18)
p Qj-
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where,'Qis the compressive strength of roprroded concretéQs a coefficient that accounts for
the roughness and diameter of reinforcing bars,js the strain of concrete at maximum
conpressive strength, andis the average tensile strain of concrete perpendicular to compression,

which is expressed in the following:

L p® (219
w

G

where,¢ is the number of reinforcing bars in compressionjs theratio of volume expansion of
corrosion byproducts relative téhe noncorroded steekp is the penetration depth of corrosion,

ando is the original width ofhebeam

Generalized corrasn was modeled by reducing the creextional area of steel reinforcement,

while pit corrosion was modeled by reducing the ultimate strain of steel reinforcement. The local
bondslip relationship between steel reinforcement and concrete was modelsdimyraga brittle

post peak behavior to simulate splitting bond failure caused by corrésgune2.42 shows the
modifications that were applied tbe material properties of concrete, steel reinforcement, and
bond in the FE model. The results of FE analysis were compared and verified with previous
experimental studies. The researchers indicated that it is important to account for the bond between
the coroded reinforcement and concrete, in order to evaligéailure modes, ultimate load
capacity, and ductility of corroded reinforced concrete beams.

Kallias and Rafiq (2010) modeled the behavior of corroded reinforced concrete beams using
DIANA FE analyss software. Concrete was modeled using-fioode plane stress elements, while
steel reinforcemenvasmodeled using twmode truss elements. To simuléte deterioration of
concrete in the compressed cover of corroded beams, the compressive strengthieté avas
redwced according to the expressiproposed by Coronelli and Gambarova (2004). Generalized
corrosion was modeled by reducing the area of steel reinforcement, while pit corrosion was
modeled by reducinthe yield strength of steel reinforcemefithe bond betweethe corroded
reinforcement and concrete was modeled usingdim@nsional interface elements. The effect of
corrosion on bond strength was modeled according to the expression prop&ddddaddawy
(2005) Figure 2.43 illustrates of modifications that were applied to the material properties of

corroded beams.
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The results of the FE models were verified and compared with corrod&micethconcrete beams
available in the literature. The researchers indicated that lisseinforcement area and
deterioration of concrete were the main contributing parameters in the simulation of corroded
reinforced concrete beams using BREalysis It was also indicated that loss of bond did not
influence the loadlisplacement relationghiof corroded beams, and hence it can be ignored if

longitudinal steel reinforcement are properly anchored.

Hanjari et al. (2011)employed FE analysis to predict the response of corroded reinforced concrete
beamsThe effects of corrosion were integratetb two-dimensional FE models. Generalized and

pit corrosion were modeled by reducing the area of steel reinforcement. Specifically, pit corrosion
was modeled by randomly distributing localized elements along the length of stirrups. The length
of each elment was assumed to be equal to twice the diameter of stirragdition theductility

of steel bars was reduced due to corrosion. Spalling of corroded concrete was modeled by
removing concrete elements from #iféectedzone in the FE models. TensileHavior of cracked
concrete due to corrosion was modeled by reducing the tensile strength of concrete using the same
proportions as those used to reduce the compressive strength of corrodec ¢oramedrdance

with expressiorproposed by Coronelli anda@barova (2004). The reduced tensile strength of

corroded concret® is expressed in the following:

"0 (2.20)
9 9
o

where,"Qis the tensile strength of na@orroded concretdigure 2.44 shows the discretizeldE

model of beams, along with the modified stresain curves othe corroded concrete in tension

and compression. The effect of corrosion on bond strength was modeled by shifting the local bond
slip relationship based on the lew#l corrosion. The results dhe FE models were imgood
agreement with experimental results available in the litezafhe researchers indicatbdt both

types of corrosion (i.e., generalized and pit) should be considered while modeling the response of

corroded reinforced concrete beams.

Ou and Nguyen (2014) investigated the influence of corrosion on the plastic hinge length of
reinforced concrete beams using FE analysis. Concrete section was modeled usinddqlane
stress elements, while the nr@ébehavior of concrete was modeled using the total strain crack

model with rotating cracks. Deterioration of concrete due to corrosion was modeled by reducing
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the compressive strength of concrete according to the expression proposed by Coronelli and
Ganbarova (2004). Steel reinforcememas modeled using twmode truss elements, whites
behavior was modeled using Mander material model. Generalized corrosion was modeled by
reducing the area of steel reinforcement. Pit corrosion was modeled by reducing the mechanical
properties of steel reinforcement. The effect of corrosion on bond girdrgweensteel
reinforcement and concrete was modeled according to the expression prop&sédaaygldawy

(2005) Figure2.45illustrates the modifications that were implemented in modeling the corroded
beams.

The predictions of the FE model were vatield with previous experimental studies. The verified
model was then employed to conduct a parametric study to examine the effect of corrosion level,
compressive strength of concrete, tensile reinforcement ratio, and shear span on the plastic hinge
lengthof reinforced concrete beams. The results revahabdhe plastic hinge length of corroded
beams was influenced by the level of corrosion and shear span. It was also foutigk that
compressive strength of concrete and tensile reinforcement ratio didlnence theplastic hinge

length of corroded beams.

Al-Sakkaf (2016)developed a thredimensional FE model using ABAQUWsSftwareto simulate

the behavior of corroded reinforced concrete bedabwcrete and steel reinforcement were
modeled using eightode solid elements. Theoncrete damaged plasticity modehs used to
simulate the material behavior of concreta elasticplastic model was used to simulate the
material behavior of steel reinforceme@ompressive and tensile strength of concrete were
reduced using the proposed expressioiCbyonelli and Gambarova (2004) in order to simulate
corrosioninduced cracking. Generalized corrosion was modeled by reducing the area of steel
reinforcement, whilgit corrosion was modeled by reducing the mechanical properties of steel
reinforcement. ie bond strength betweéme corroded reinforcement and concrete was modeled

usingthe expression proposed By Maaddawy (2005)

The predictions ofhe FE model wereompared and verified with previous experimental studies
of corroded reinforced concrete beafgure2.46 shows thathe predictionsby the FE analysis
were ingood agreement with the experimental labgplacement curgeof the control and

corroded bams.
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Jnaid and Aboutaha (2016)carriedout FE analysis and analytical investigations to predict the
residual capacity of corroded reinforced concrete beams. -Oimemnsional FE model was
developed using ANSYS software. Concrete was modeled usingdihmeasional solid elements

with Wi I | am and Warnkeds mat e r was modeted dsend threeSt e e |
dimensionalink elementswith anelastiecplastic material model. Corrosion of steel reinforcement

was modeled by reducing the crasstional area and yield strength of steel bars within the
corroded region only. Loss of bond between steel reinforcement and concrete within the corroded
region of beams was modeled using spring elements, as illustrfeglire2.47. The researche

assumed a complete loss of bavithin the corroded region of beams.

The predictions ofhe FE analysis were verified with previous experimental studieoroded
reinforced concrete beams. After verifying the FE slpthe researchers developetailed and
simplified analytical modeling tools to predict the residual flexural capacity of corroded reinforced
concrete beams. The researchers indicatedhitbatduction inultimate load capacity of corroded
beams with high levels of corrosion is primarily attributable to the losteef reinforcement area

and strength.
2.7 Summary of Previous Studiesand Research Gaps

A review of previous research studiesealed that there are several consequences associated with
corrosionof reinforcementn concrete beams. It was reported that corrosion of reinforcement can
change an anticipated flexure response of beams to a brittle failure (Rodriguez et al., 1997).
Although numerousexperimental research projectgere devotedto understandthe flexural
behavior of corroded reinforced concrete beams, the majority did not consider the existence of
service loads while corroding the beams. Corroding the beaaler loadss a more realistic
representation of #service conditions since it simulates the interaction between the presence of
flexural cracks and the initiation/progression phases of corrosion. It was reploatethe
deflections of beamsubjected to the simuli@ouseffectsof reinforcementorrosion andgervice

loads were increasenith the increasef corrosionlevels (Ballim and Reid, 2003Furthermore

it wasreportedthat increasing the level of loading caused a further reduction in the ultimate load

capady of corroded beams (Li et al., 2018)

While there is a number of research studies that examined the coupled effects of reinforcement

corrosion andgerviceloads, limited research attempts were conducted to examine the damage and
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failure mechanisms ofemforced concrete beams at the end of their service life. As corrosion
initiates, the ultimate load capacity and ductility of corroded reinforced concrete beams are
reduced over timegsulting in a reduceservice life. Du et al. (2013) conducted an expental

study to examine the behavior of corroded b®atnthe end of their service life, however the main
focus of their work was on theffect of location and length athe corroded region within the

beams.

The main objective of this research projedb increase understanding of the flexural behavior of
reinforced concrete beamsabjected tahe coupled effestof reinforcement corrosion and service
loads. A particular attentionis given to the coupling effects ofeinforcementcorrosion and
differentlevels ofservice loads fosmallscale and largscale reinforced concrete beariis

will address the interaction between the presence of flexural cracks and serviceability of corroded

beams.

In addition,thereview of previous xperimental researctudieson the influence of corrosion on
the mechanical properties of stdmrsrevealed that the majority @éstcouponswere either
corroded bare steel bars or corroded bars embedded in concrete shiopwkger, thepresence
of flexural cracks in reinforced concrete beasubjected toservice loads, may change the
distribution of corrosion anthe sectionalloss of reinforcement area along tiféectedregion. It

is well-established that the ductility of corroded stbafsis strangly influenced by the nen
uniform distribution of corrosiondu et al., 200h Thereforethe presence of flexural cracksl

be addressed by retrieving the corroded diaedfrom corroded beamsnder service loads

Finally, the review of previous nurical research studies revealed that FE analysis can be
implemented to simulate the response of corroded reinforced concrete beams. A simplified
approach can be adopted to incorporate corrasidmced damage ithe FE models to predi¢he

failure modesyltimate loadcapacity and ductility of corroded beams. However, simulating the
presence of service loads in corroded reinforced concrete beams using FE analysis is scarce in the
literature. Experimentally, it was reported tlia¢ ultimate load capacitpf corroded beams is
dependent on the levels of corrosion and sustainednipdtiu et al., 2016).Therefore the
simultaneous presence sérvice loads and corrosion i@inforcementwill be addressed in this
research project to ensure accurate predictions of ultimate load capacity and ducditpdéd

reinforced concretbeams.
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Table 2.1: Summary of current densities adoptedn previous researchstudies

Study

Current density (UA/cm?)

Testtype

Zhang et al. (2021)
Zhang et al. (2018)

Li et al. (2018)

Sun et al. (2018)

Azam et al. (2016)

Ou et al. (2016)

Tang et al. (2014)

Du et al. (2013)

Hariche et al. (2012)
Zhang et al(2012)
Malumbela et at. (2009)
TorresAcosta et al. (2007)
Azad et al. (2007)

Du et al. (2007)

Du et al. (2005)

Cairns et al. (2005)
Ballim and Reid (2003)
Almusallam (2001)
Mangat and Elgarf (1999)
Rodriguez et al. (1997)
Al-Sulaimani et al. (1990)

600
25/50/100
1,000

400

200

600

80T 220
250

150

100

189

80

2,000/ 3,000
25071 900
500/ 1,000/ 2,000
507 500
400

2,000
1,000/ 2,000/ 3,000/ 4,000
100

2,000

tensile tegtembedded bars
flexurel beams
flexure’ beams
tensile tegtembedded bars
flexure’ beams
tensile tegtembedded bars
tensile tegtembedded bars
flexurel beams
flexurel beams
tensile tegtembedded bars
flexure’ beams
flexurel beams
flexureg beams
flexurel beams
tensile tegtembedded bars
tensile tegtembedded bars
flexure’ beams
tensile tegtembedded bars
flexure’ beams
flexurel beams

pullout test reinforced concrete
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Table 2.2: Experimental testprogram by Yoon et al. (2000)

Beam % of ultimate load Pondingstage  Current stage

APOO 0 NA NA

AS45 45% Sustanied NA NA

AS75 75% Sustanied NA NA

NP45 45% Preload NacCl 50 days after ponding
NP75 75% Preload NacCl 50 days after ponding
NS45 45% Sustanied NacCl 50 days after ponding
NS75 75% Sustanied NaCl 50 days after ponding
NS00 0 NacCl After moist curing
NS20 20% Sustanied NaCl After moist curing
NS60 60% Sustanied NacCl After moist curing

Table 2.3: Experimental results of RC beams tested by El Maaddawy and Topper (2005)

Group Beam Crack Yield Ultimate Corrosion
FokN Yeomm o kN S0 mm [l kN S, mm  evel(%)

Control Virgin 10.79 0.92 67.20 15.63 75.00 73.33 NA
A CN-50 11.02 1.07 61.71 14.39 70.22 88.96 8.9
CN-110 11.87 1.16 57.39 1391 66.76 78.39 14.2
CN-210 11.28 1.25 50.74 1296 60.02 62.38 22.2
CN-310 11.06 1.35 44.16  11.74 53.27 58.96 31.6

B CS50 NA NA 590.88 12.34 66.08 73.41 9.7
CS110 NA NA 55.10 8.93 64.59 85.86 15.4
CS210 NA NA 50.10 8.41 64.18 79.90 22.8
CS310 NA NA 46.14 7.42 56.87 66.82 30.0
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Figure 2.2: Chloride-induced corrosion(Richardson, 2002)
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Figure 2.3: Cross-sectional area of different pit shape$ASTM, 2005
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Figure 2.4: Relative volume of corrosive byproducts (taken from Marcotte, 2001)
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Figure 2.5: Progression of corrosion in reinforced concrete structures (Richardson, 2002)

Figure 2.6: Assumption of the configuration shapeof pit corrosion (Val et al., 2007)
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Figure 2.14: Effect of current density onthe load-displacement relationship of corroded
RC beams tested by Nguyeand Lambert (2018)
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45



@®
booooBo0_ L a0 L _so |

Figure 2.16: Failure modes ofnon-corroded and corroded RC beams tested by Rodriguez

et al. (1997)
Load (KN} Load (KN}
& 40
60
30~
40 -
20
30 -
Corrosion Degree = 2.5 % Cofrﬂlﬂr;z%g%;? =76 %
(2RT/D%)
20 (48 .
l i - 10 —= jcorr = 1 mA/cm"2
o cormrmAem® — icorr = 2 mAsem™2 ‘
| =+ icorr » 2 mAsem*2 %
=

‘o ] icorr » 8 mAJom*2 |
=¥ icorr » 3 mAsem 2 I

. icerr » 4 mA/fem”2
- icorr » 4 mAsem 2 J

AL

. - ! 1 : 1 ' 1 2 3 4
0 1 2 3 4 8 8 7 8 Detlection (mm)
(a) Corrosion level of 2.5% (b) Corrosion level of 7.5%
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Chapter 3: Tests of Reinforced Concrete Beams under
Coupled Effects of Variable Service Loads and

Reinforcement Corrosion

Abstract

This paper presents results of an experimental study aimed to investigate the structural behavior
of reinforced concrete (RC) beams subjected to service loads coupled with corrosion of the main
tensile steel reinforcement. The experimental program codsitests of nine smaficale beams

with dimensions of 145 x 250 x 1800 mm. The simglypported beams were loaded under afour
point bending test. The main test variables were corrosion current density and level of service
loading. The beams were loadedeither 60%, 40%, or 0% of the beam ultimate load capacity.
Applied loads and corrosion of steel reinforcement were sustained up until the failure of beams.
Test results indicated thdte failure of corroded RC beams was brittle caused bytbemature
rupture of corroded steddars This behavior was attributed to the development of localized
corrosion at the sections with flexural cracks in bedrosthermore it was found that beams
subjected to higher levelsf service loading experiencedrther redictions in ultimate load
capacity and ductility.

Keywords: corrosion of steel reinforcement, reinforced concrete beams, service loads, structural

behavior, flexural cracks, experimental, ultimate load capacity, ductility.
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3.1 Introduction

Corrosion isconsidered to be one of the leading causes of deterioration mechanisms in reinforced
concrete (RC) structures. RC bridges are essential structures that are particularly exposed to
corrosion of steel reinforcement, causing safety concerns. Corrosion itrlRGi®s is a slow
process that takes many years, however this process is accelerated due to chloride penetration
and/or carbonation of concrete. The use eictiey salts on roadways in cold regions, exposure to
marine environments, air pollution and gndouse gases are instances where corrosion of steel
reinforcement occurs in RC bridges. Once corrosion initiates, the structural performance in terms
of load-carrying capacity and ductility degrades over time, costing billions of dollars in order to

maintin and rehabilitate damaged bridges.

Numerous researchers employed an accelerated approach to simulate field corrosion in laboratory
environments to shorten the duration of research activities. The most commonly adopted technique
is known as the directmipressed current, in which current is impressed between the anode to
cathode using an external power supply. In this technique, corrosion rate is controlled by the
supplied current. A review conducted by El Maaddawy and Soudki (2003) revealed that sorrosio
current density used in previous research projects was widely varied, with a minimum value of 45
HA/cm?, maximum value of.0,400pA/cm?, and average value ranging between 200 and 3,000
HA/cm?. Proper selection of the current density is critical in sitmgathe damage induced by
corrosion in laboratory settings within a short period of time, but also with corrosion products and

damage similar to those observed in the field.

There are several adverse effects associated with reinforcement corrosionnftharce the
structural respnse of RC beams. This includésss of steel reinforcement area, degradation of
mechanical properties of corroded steel reinforcement (Cairns et al. 2005), cracking and/or
spalling of concrete surrounding the corroded steel reinforcement (Cabrera, 1996), and
deterioration of bond at ¢hinterface between the corroded steel reinforcement and concrete
(Almusallam et al. 1996). Many researchers investigated the effect of corrosion on the overall
structural behavior of corroded RC beams (Rodriguez et al., 1997; Mangat and Elgarf, 1999; Azad
et al., 2007; Du et al., 200TprresAcostaet al., 2007; Azam et al., 2016). Rodriguez et al. (1997)
indicated that reinforcement corrosion might alter a flexural mode of bel&#RE beamdo a
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shear failure. Mangat and Elgarf (19@9)related theasidual flexuratapacityof corroded beams

with the diameter of reinforcement, current density, and duration of corrosion exposure

In abovementioned studies, all beams were corroded under no loads (i.e., beams were loaded at
the end of the corrosion pke). However, in engineering practice, RC bridge beams/girders are
subjected to the coupled effects of reinforcement corrosion and service loads. The presence of
flexural cracks due to loads may accelerate the degradati@ofdteadcarrying capacity red

ductility in RC beams. A number of studies were conducted to investigate this coupling effect
(Yoon et al., 2000; Du et al., 2013; Liu et al., 2016; Li et al., 2018; Zhang et al., 2018). Yoon et
al. (2000) noted that corrosion of steel reinforcemetitibed faster in beams subjected to higher
levels of loading. Zhang et al. (2018) reported a delay in the initiation and propagation of
corrosioninduced cracks in beams subjected to lower levels of sustained loading. Du et al. (2013)
reported that the uihate load capacity of beams under the coupled effects of reinforcement
corrosion and loads is dependent on corroteosl, location and length of the corroded region.

Liu et al. (2016) showed th#te stiffness and ductility ratio of corroded beams wedeiced due

to the coupled effects of corrosion and sustained ldads al. (2018) indicated that increasing
sustained loads caused a further loss of the ultimate load capacity in corroded beams.

While there are many studies that investigated the oappffects of reinforcement corrosion and
loads, limited research attempts were carried out to examine the structural performance of RC
beams under different service loads. Although the studies conducted by Liu et al. (2016) and Li et
al. (2018) examinedhe response of corroded beams under different loads, the beams were
corroded for specified duration, selected based on a targeted corrosion level. dtubiath, the
maximum level of corrosiowas approximately 10%. It is important to recognize thatitiiation

of corrosion or level of corrosion that causeEsamfailure under service loads is an unknown

parameter, which is linked to the service life of beams.

The main objective of this research paper is to investigate the response of RC beams sobjected
the coupled effects of reinforcement corrosion and different levels of service loads. A particular
attention is given to understand the behavior and failure mechanisms of beams with corrosion
levels that result in their failure under the applied senl@ads. Three different loading levels
equivalent to 60%, 40%, and 0% of the beam ultimate load capacity were selected. These levels

are considered representative ofsarvice conditions. Applied loads are sustained up until the
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simultaneous failur@f beamsunder corrosion and loads. The results of this study would help
engineers to better understand and assess the effect of reinforcement corrosion on the serviceability

of RC beams.
3.2 Experimental Program

3.2.1 Program Description

The intent of this experimental program is to study the flexural performance of RC beams
subjected to the coupled effects of reinforcement corrosion and various service loads. Under
reinforced concrete beams were designed with anticipated flexural faiklvke 3.1 provides a
summary of the experimental testing program. Group 1 beam4.{S&d S4.2) served as
control beams without corrosion. The main reason for testing two beams is to examine the
influence of using epoxgoated reinforcement in the edr span regions outside the corroded
moment region (as in beam 82). These two beams were loaded to failure to determine their

ultimate load capadés

A successful experimental study related to reinforcement corrosion in concrete structures should
demonstrate a satisfactory reproductiontloé corrosion damage observed in the field. This
includes the formation of corrosion 4pyoducts, propagation of corrosion and development of
cracks, and loss of reinforcement sectional area. Since the appliedtadensity controls the
simulation of corrosion in laboratory environments, Group 2 and 3 beams were tested to address
this parameter. This was accomplished by corroding Group 2 bear&s1(88d S&.2) with a
constant current density of 1Q@\/cm? for 35 days before increasing it to 3p@/cm? for the
remaining duration until failure. This staged approach, with a low current density in the early
stages of testing, permits proper reproduction of corrosion in concrete structures when exposed to
aggressiveenvironmental conditiongn this way,the development of corrosieelated cracks is
ensured prior to a further acceleration of the corrosion process. In contrast, Group 3 beams (SS
3.1 and SS3.2) were corroded using an accelerated approach over the @mtation of testing

using a constant current density of 308/cm?. In both Groups 2 and 3 beams, the sustained

loading level was equivalent to 60% of the beam ultimate load capacity.

Groups 3 to 5 beams were tested to address the coupled effects of reinforcement corrosion and

different service loadSlwo beams in Group (S3.1 and SS.2) were corroded under 6086
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the beam ultimate load capagitgpresenting beams undaaximumservice loads. Two beams

in Group 4 (S$4.1 and SSt.2) were corroded under 4086 the beam ultimate load capagity
representing beams undewer levels of service loadeowever flexural cracks are still induced
by the applied loads. One beam in Group 5% was corroded under no loads, representing the
case where the beam is subjected to itsvgelfht only, without any transverse crackdl these

beams were corroded using a constant current density @f/8067°.
3.2.2 Specimen Preparation

A total of nine smaikscale RC beams with dimensions of 145 x 250 x 1800 mm were constructed
and tested in this research program. Longitudinal reinfoeoérwere in the form of -20M
deformed steel bars placed at the bottom to serve as the main tensile reinforcement, while
transverse reinforcement were in the form of 10Mtldrups spaced at 110 mm c/c. The tothef

beams had alscP0M deformed steel bawhich served as detailing reinforcement. Clear concrete
cover to stirrups was 15 mm. Figure 3.1 shows the dimension of beams, reinforcement layout and

detailing.

The beams were loaded under a fpamt bending test. Loads were applied in such a tway
generatea constant moment region of 500 mm within the middle portion of beEmasbottom
longitudinalsteel barof control beam S3.1 wereleft uncoatedin the remaining eight beams,
the bottom longitudinadteel barsvere covered with aepoxy-coatel layerin the regions outside
the constant moment region. This would ensure the formation of corrosion denliageed to
the constant moment regioRrior to casting, all bottom longitudinateel barsvere connected

with wires intended for current sply during the corrosion stage of testing.
3.2.3 Material Properties

Normal strength concrete was supplied by a local reaityconcrete company and used to
constructthe beams. The concrete mix hedaterto-cement (w/c) ratio of 0.5 ammaximum
aggregatsize of 14 mm. Concrete cylinders with a diameter of 100 mm and a height of 200 mm

were prepared. Altylinderswere testeaccor di ng to ASTM C39 AStanc
Compressive Strength of C wtl differeht timesa duringCther c r et €
experimental progranmThe average 28ay compressive strength of concrete was equal to 38.0

MPa.
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Steel reinforcement properties were evaluated using a direct tensile test in accordance with ASTM
A370 nStandar dd TRefti nMettihoondss faonr Mechani cal Te
average yield and ultimate strengths of 10M reinforcing bars were 445 MPa and 591 MPa,
respectively. The elongation of the reinforcing bar at failure was 18%.

3.2.4 Accelerated Corrosion

In this stug, corrosion of steel reinforcement was accelerated using the direct impressed current
technique. Figur8.2 shows a schematic illustration of the accelerated corrosion test setup. A direct
current (DC) power supply with a maximum voltage capacity of 28hf¥a maximumcurrent
capacity of 150 mA was used to connect the anode and cathode. In this experimeaoitothe
longitudinal reinforcement served as the anode, while a 20 Gauge 316 LN stainless steel sheet
served as the cathode. ®mfoam tray was &diched to the bottom middle portion of beams. The

20 Gauge 316 LN stainless steel sheet was placed inside this tray. The tray was filled with an
electrolyte solution in the form sodium chloride (5% NaCl) to help in depassivating steel
reinforcement and ftiner accelerate the corrosion process. The level of solution in the tray was
maintained at 25 mm to ensure adequate saturation of the concrete surrounding steel
reinforcement. Details of the supplied current during the corrosion stage of testing arsediscus

in the experimental program description.
3.2.5 Test Setup,Instrumentation, and Loading Procedure

Figure3.3 shows the frames that were used to conduct the mechanical testing ecateableams

under the coupled effects of reinforcement corrosion ardkloehe loading system consisted of
selfsupporting frames with beams that span the columns in both directions. Test specimens were
placedon two steel plates that react the bottom beam. The steel plates were designed to simulate
simple supports with apan length of 1500 mm. Loads were applisthg hydraulic jacks that

reacton the top beam. The loading jacks were placed to generate a constant moment region within
the middle portion of beams with a length of 500 mm. Prior to testing, a thin layertaf plaster

was added at the interface between the beam and its supports to smoothen the surface of concrete

and ensure a uniform load transfer between the plates and the beam.

Group 1 control beams were loaded at a rate of 3.5 kN/min up until faiu®olups 2 to 4 beams,
loads were first increased to the desired level of service loading. For Groups 2 and 3, this load was
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equal to 60 kN, which is equivalent to approximately 680the beam ultimate load capagity
while in Group 4 beams, this load wegual to 40 kN, which is equivalent to approximately 40%

of the beam ultimate load capacifyjhese loads were then sustained, and the corrosion pafcess
the bottom longitudinaieinforcement was activated. The simultaneous exposure to corrosion and
loadswas sustained until failurand hence test duration wadependent on when the beams failed.
Finally, Group 5 beam was corroded under its-sadfght only. The corrosion process of this beam
was conducted in parallel with beam-82 (i.e., both tests stad and ended at the same time).

At the end of the corrosion process, loads vegelied and increasagp until the failure of the

beam. Atypical test setup from one of the corroded beams is shown in Bgure

Linear variable differential transforme(lsVDTs) were used to measure the displacements during

the testTest data were collected by a computerized data acquisition syat@mto testing, the
pressure sensors, LVDTSs, strain gauges, and corrosion wires were connected to the data acquisition
system. The data acquisition system was set to capture measurements at a sampling rate of 50 Hz
during the loading stage of testingdah Hz during the simultaneous exposure to corrosion and

loads.
3.2.6 Level of Corrosion

After the failure of RC beams, the corroded longitudinal steel bars were carefully retrieved from

the middle portion otthe beams. Reinforcing bars were then screenedallystio check for

different types of corrosion. Next, the corroded steel bars were cleaned in accordance with the
procedure outlined in ASTMGQA 3 fAStandard Practice for Prepal
Corrosion Test Speci mghtoseach baAvwas documentece Eweelioh g, t h

corrosionwas assessed using the gravimetric method according to the following expression:

a a
- 5 b = pmmb (3.1)

where,— | is the average mass loss of steel bars due to corrgsiompdd are the weights
of noncorroded and corroded steel bars, respectivelghould be noted thahé gravimetric
methodmeasures average mass loss winely lead to a less accurate assesdraf the corrosion
level in the presence of nammiform corrosion along steel reinforcement. In this stadfyree

dimensional (3D) laser scanner was also employed to assess the localized ctewasiby

estimating the residual cresectional area istribution along the length of the corroded
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reinforcement. Further details of this techniguediscussed in a companion study -@ayti et

al., 2022a). The maximum sectional loss is estimated using the following expression:

0 Ojp
- 5 b t‘)—h pmtmp (3.2

where— | is the critical crossectional area loss of steel bar due to corrogioando

are the crossectional areas of nesorroded and corroded steel bars, respectively.

3.3 Results and Discussion

3.3.1 Corrosion-Induced Cracks

Figure3.5 shows a typical illustration of the initiation and propagation of corrosion in one of the
beamghat was canded under service loa@lseam S£2.2). Initially, it can be observed that the
electrolyte solution penetrated into the concrete, particularly through the opening of flexural cracks
during the early stages of testing (day 1). This was followed by thexfamof corrosion stains

at the crack opening (day 14). Then, the accumulation of corrostpnoblyicts was detected at

the crack opening as well as the surrounding region (day 42). Afterward, the accumulation of
products became more apparent across ritieeecorroded region of the beam (day 82). These
observations highlight the influence of flexural crack presence on the distribution of damage
induced by corrosion, as the opening of cracks provides a clear pathway for chloride solution and
oxygen to perteate to the surface of the embedded steel reinforcement. It is important to note that
such behavior was only observed in corroded beams with flexural cracks (i.e., Groups 2 to 4
beams). The selfieight ofthe beam was not enough to induce transverse sraokd hence the

accumulation of corrosion bgroducts described above was not observed in Group 5 beam.

The volumetric expansion of corrosion-pyoducts led to the development of internal cracks in
the concrete surrounding the corroded reinforcemenrg. drhcks were able to propagate and
extend to the outer surface of beams as illustrated in F&6rd@hese longitudinal cracks were

typically found on the bottom face and/or sides of beams.
3.3.2 Corrosion of Steel Reinforcement

Figure 3.7 shows a typicdlustration of the extent of corrosion damage in the corroded portion of

thebeams. It was found that the bottom portion of the rebar (i.e., facing concrete cover) had more
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corrosion damage than the top portion of the rebar (i.e., facing inner core of concrete), as
demonstrated in the corrosion pattern shown in Fi@BeThis wa expected since the bottom
region of beams was immersed in chloride solution, increasing the exposure likelihood and
corrosion level in the bottom portion of the rebar. The effectiveness of the use ofoepoesg
reinforcement against corrosion is denteated in Figure3.9. Clearly, the right portion of this
coupon, which was initially covered widmepoxy-coated layer, did not experience any corrosion

when compared to the left portion of the coupon.

Figure3.10 shows the types of corrosion that wdetected after cleaning the corroded steel bars.

As shown in the figure, three distinct types were identified; (i) generalized corrosion, (ii) pit
corrosion, and (iii) localized crack corrosion. Generalized corrosion which primarily affects the
ribs of seel reinforcement, was found to be very noticeable in the corroded bars that were retrieved
from Groups 4 and 5 beams. Pit corrosion which causes a localized loss of steel area at random
sites alonghereinforcement, was identified in the corroded baas tere retrieved from Groups

2 to 5 beams. Localized crack corrosion, is also another form of localized loss, however this type
of corrosion was only detected at the locations where flexural cracking occurred in beams. For that
reason, it was only detecten Groups 2 to 4 beams. It should be noted that localization of this
type of corrosion was not limited at the exact width of flexural crack opening, but it extended a

few millimeters beyond the crack, as can be clearly seen in BdLOE).

The orrosionlevel of steel reinforcement was quantitatively assessed using the average mass loss
—  andlocalizedsectional arealoss | . Table3.2 presents aummary ottorrosion levels

for each steel baetrieved from the corroded beanitsshould be noted that all beams failed due

to rupture of steel reinforcement (which will be discussed in the next section), andtihence
maximum sectional loss at the failure point includes the total loss due to corrosion and necking.
Therefore~ | values reported in the table corresponds to any location with a peak loss other

than those at the failure point.

As expected, increasing the duration of corrosion exposure increased the achieved mass loss when
the current density was kept the sgmas can be seawhen comparingsroup 3 to 5 beams.
However, this relation does not apply when comparing Groups 2 and 3 beams due to the use of a
low current density for a portion of the test in Group 2 beamggasing theluration ofcorrosion

exposurethat ledto the failure ofbeams. It is worth noting that theveragemass losss of

75



individual steel bars within each beamereslightly different. However, the difference in beam
SS4.2 steel barsrasquite high, despitéhe fact thatach rebar had its own power supglying

the test This indicates that there might have been a loss of current which could occur if there is a
slight connection between the longitudinal and transverse reinforcement. In this study, insulation
layers wergorovided at the interfaces between longitudinal and transverse reinforcement, however

this layer could have been damaged while casting the beams.

Figure 3.11 shows a typical profile of the distribution of cressctional area loss along the
corroded portion of steel reinforcement in beam3S5 It is very clear that distribution of
corrosion isnortuniform mainly due to the presence of flexural cracks, cgusifurther loss of
reinforcemensectionalarea. This effect can be clearly seen at the crack located near the center
(i.e., at approximately 220 mm). It important to note that the loss of reinforceetignalarea

at approximately 155 mm is due to pdrrosion. In the absence of transverse cracks as in beam
SS5.1, the nonuniform distribution of sectional area loss only attributed to the spatial

variability of pit corrosion.
3.3.3 Failure of RC Beams

Figure3.12 shows the propagation of cracks anttgras at failure of the control and corroded RC
beams. It can be observed that both control beams in Group 1 exhibited a ductile response
characterized by the development of transverse cracks on the tensile side prior to crushing of top
concrete at the oger ofthe beams, while all corroded beams in Groups 2 to 5 exhibited a brittle

failure due to the rupture of corroded tensile steel bars.

Theoretically, the failure of beams could take place at any section within the constant moment
region. In the beantbat were corroded under loads (i.e., Groups 2 to 4 beams), the critical section

is located at the cracked sections of beams (i.e., due to flexural cracking), since these sections
exhibited a significant loss of reinforcement sectional area when comntpartr positions along

the constant moment region of beams, as discussed previously. The exact location of the critical
section where the failure occurred is subjected to the variability associated with the position,
spacing, and width of flexural crackas they have a strong influence on the-apifiorm
distribution of corrosion in cracked beams under loads. In particular, the width of flexural cracks

is believed to be a key parameter that can accelerate the corrosion rate since increasing the crack

width is associated with ease in chloride penetration to the surface of steel reinforcement. For that
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reason, the rupture of reinforcement could take place at any crack within the corroded portion of
beams. For example, beams&3%/SS3.1/SS4.2 failed at tle crack close to theid-span while

beams S&.2/SS3.2/SS4.1 failed at the crack close to the end of the corroded region. In contrast
to the corroded beams under loads, the failure of the beam under no leads &8s subjected

to spatial variabilityof pit corrosion due to the absence of transverse cracks.
3.3.4 Flexural Behavior of RC Beans

Figure3.13compares the load and mégan displacement relationships of all beams, while Figure
3.14shows the displacement time hisésiof the beams that were corroded under loads. TaBle

summarizes key findings from the experimental testing program.

The overall response of control beams1S5 (without epoxycoated reinforcement) and 932

(with epoxy-coated reinforcementyasalmost identical. Flexural cracks were first initiated at a

load of approximately 26 kN. As the applied loads continued to increase, the beams started to yield
at a load of approximately 82 kN. Afterward, the beams exhibited a large amount of deformation
prior to their failure due to the crushing of concrete. The ultimate load capatitg lméams was
approximately 106 kN. At the end of testing, displacements of beatn1S&ere higher than beam
SS1.2 because loading in beam-$3 was continued beyond faiurEvidently, the results of

these tests indicate that the use of epam@ted reinforcement in regions outside the constant

moment region did not influence the flexural response of beams.

In contrast, the response of Groups 2 to 5 beams was signifigghunced by corrosion of the

main flexural reinforcement, especially the beams which were corroded under loads (i.e., Groups
2 to 4). These beams experiensgghificantreductiorsin ultimate load capacity and ductility due

to premature rupture of camed steel bars. In these beams, applied loads and corrosion of
reinforcement were sustained until failure, and hence the loading capacity degraded over time due
to the initiation and propagation of corrosion. The deflections were also increased ovastime,
shown in Figure3.14. At first, the deflections increased at a slow rate for a long period of time
before increasing sharply in the last few days of testing. This sudden increkskectionscan

be explained by yielding of thaottom tensilesteelbars since applied loads were kept constant.
Eventually, the continuougduction inultimateload capacity led to the failure of beams under
their service capacity. As anticipated, all beams that were corroded under 40% and 60% of the

beam ultimatéoad capacity, failed atltimate load capacitiesf approximately 40 kN and 60 kN,

77



respectively. It should be noted thhe beams did not fail exactly at the expected serioeds

due to slight fluctuations in laboratory temperatures. In the absence ofGradp,5 beam showed

a better performance in comparison to Groups 2 to 4 beams. This beam exhibited corrosion cracks
prior to the loading stage, and hence the Hdisglacement relationship does not display the
cracking stage. At the end of testing, themte load capacity of the beam was approximately
72.8 kN.

In order to examine the influence of corrosion on the ductilithebeams, the residual ductility

ratio oO0defined as the ratio between ulti mat e
disppcement of control beambé was adopt &down Thi s
ratio betweenheultimate and yield displacementiue to the difficulty in quantifying the ductility

of beams when both yield and ultimate displacements arendéd by corrosion. This was also

pointed out by Dang and Francois (2014). Besides, due to the methodology adopted to test the
beams, displacements at yield cannot be directly obtained fromdispldcements curves.
Therefore, for consistency and companspurposes, the residual ductility ratio was used.
Accordingly, the residual ductility ratio of Group 3 beams (i.e., under 608te beam ultimate

load capacitywas either 0.28 or 0.35, while that in Group 4 beams (i.e., undeo#@% beam

ultimate bad capacitywas either 0.19 or 0.24. This indicates that beams, which were corroded

under 40%of the beam ultimate load capacityhibited a further reduction in ductility, which can

be explained by their lengthy corrosion exposure. Increasing theatucdtexposure is directly

related to increasing the loss of reinforcement area and reducing the ductility of steel

reinforcement.
3.3.5 Influence of Parameters

3.3.5.1 Influence of Current Density

The effect of corrosion current density is examined by comparingp&Gdaeams which were
corroded using a staged approach (tD800pA/cm?) and Group 3 beams which were corroded
using an accelerated approach (B@dcm?). The main aspects that were examined are corrosion
induced cracks anthe level of corrosionas well as their impact on the overall behaviothef

beams.

A comparison between the observed longitudinal corrosion cracks in beath 8&d SS3.2

(shownin Figure3.6), does not display differencestime damage produced by employing the two
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approaches. However, images are only able to detect cracks that extend to the outer surface of
beams. In order to examine the development of internal concrete daassgl by corrosion
cracking, the fluctuations of voltage were mo
decreasén voltageindicates that the resistance is also redwdeen the current is kept constant.

In this study, thecurrent was kept ¢stant, and hence the drop in voltage indicates that the
electrical resistands also reducedvhich could be attributeid the formation of corrosicrelated

cracks within the concrete surrounding the corroded stegthmtrpermitghe access of chiate

solution It should be noted th#tte electricatesistance can also increase once the existing cracks

are filled up with corrosion bproductgsthatlimits the access of chloride solutiorhis concept is

also explained by Smitt2007).

Figure 3.15 conpares the voltage time histes of all corroded beams. The sudden increase in
voltage of Group 2 beams on thé"3fy is due to increasing the current density during the second
stage of testing. As shown in the figure, the fluctuationthe voltage inGroup 2 and 3 beams
were almost identical, indicating that adopting the accelerated approach did not have a significant
influence on the formation of corrosiwalated cracks in the corroded concrete. The same concept
can be also applied to compare thesakiof corrosion damage in Groups 3 to 5 beams that were
corroded under differem¢vels ofservice loads. Clearly, Groups 4 and 5 beams displayedjgolta
fluctuatiors characterized by sudderoltage dropswhen comparedo Group 3 beams. This
indicates that Groups 4 and 5 beams exhibiede cracking due tahe expansion oforrosion
by-products which is expected due to their lengthy corrosion exposumghermore, the increase

in theresistance is clearly observedthe 1229 dayof beam SSb.1testing as the corrosion by
productshad sufficient timeto fill up the existing cracks, preventing the access of chloride

solution.

The effect of current density dine level of corrosiofi.e., measured using mass losgxamined

by comparing beams that failed near the center2$%nd SS3.1), and beams that failed near the
end of the corroded region (£ and SS3.2), separately. The average mass loss of beams SS
2.1 and SS3.1 werel3.®”6 and 12.9%, respectively, vidaithe average mass loss of beam3S

and S$3.2 werel8.®6 and 19.0%, respectively. In general, test data show that the achieved

corrosion levels using both approaches were very similar
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The similarities of both approaches with respect to the developaof corrosion cracks and the
achieved corrosion levels resulted in a similar behavitimetbeams in Groups 2 and 3, as shown
previously in the loadleflection curves (see Figugel3). Although there was a slight difference

in the ultimate displacemeat failure mainly due to the slight difference in the achieved corrosion
levels, all beams experienced a brittle failure due to ruptucerobdedsteel bars at the locations
where flexurakracks were present. Therefore, the use of the staged apmoathustified since

it increased the experimental duratisignificantly. Also,the accelerated corrosion approach
adopted in this study &ssuitable technique that can be used to investigate the behavior of corroded

beams undedifferentservice load.
3.3.5.2 Influence ofthe Coupling Effects of Reinforcement Corrosion and Loads

The effect of loading presence is examined by comparing beami23Hd S.1 which were
corroded over the same duration, however beam.3%/as corroded under loads while beam SS

5.1 was corroded under no loads. FigBrE compares the residualtimateload capacity and
ductility ratios of both beams relative to the control beam. It can be observdpkamatSSst.2
exhibiteda further reduction in ultimate load capacity by approximately 47% relative to beam SS
5.1, even though the n3a loss of beam$4.2 (=29.7%) was slightly lever than beam S5.1
(=32.9%). This can be attributed teetpresence of flexural cracks in beam4s&which permits

a further loss of reinforcement sectional area due to the localization of corrosion at the position of
cracksin beamsFurthermorethe presence of flexural cracks allows in a simultaneous localization
of corrosion in the adjacent steel bars at the cracked sections of beams, while in the absence of
cracks, the likelihood that pit corrosion is developed in gkl bars at a specific section of the

beam is lower.

Furthermore, it can be observed that the reduction in ductility was more drastic than the loading
capacity. The ductility obeam S$1.2 was reduced by approximately 68% relative to beam SS
5.1. Thissubstantialreduction in ductility of the corroded beam under loads can be attributed to
the nonuniform distribution of corrosion caused by the loss of reinforcesestionakrea at the
cracks. Based on the above observations, it can be concluded g¢habupling effects of
reinforcement corrosion argkrviceloads is an important parameter that should be taken into

consideration when evaluating the flexural behavior of RC beams.
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3.3.5.3 Influence of Service Loads

The effect of different levels of service lsadn the behavior of corroded RC beams is
demonstrated in Figurg17. It is clear that increasing the level of service loading is associated
with increasing the ratesf reduction inultimate load capacity and ductility. As discussed
previously, theredwctions in ultimate load capacity and ductility when service loadkre
increased from 0% to 40% of the beam ultimated capacity, is attributed to the presence of
flexural cracks. Howevethe reductions inltimate load capacity and ductility when service loads
wereincreased from 40% to 60% of the beam ultimated capacity,arerather related to the
increasean flexural crack width. Increasing the width of crack opesivguld make the access of

chlorideions and oxygen to the surface of steel reinforcement considerably easier.

Furthermore increasing the levelof service ladsreduced the service life of beams due to
increasedate of reductionin ultimate load capacity. In this study, the laboratomyise life is
defined as the duration from initial corrosion exposure until the simultaneous tdiheamsiue

to reinforcementorrosion angerviceoads. The average laboratory service life in Group 3 beams
which were corroded under 608bthe beam limate load capacityas equal to 45 days, while
theaverage laboratory service life Group 4 beams which were corroded under 40%ie beam
ultimate load capacitwas equal to 160 days. Thigdicatesthat the service lifef the beamwas
reduced by lmost 3.5 timesby just increasing service loads from 40% to 60% of the beam

ultimateload capacity.
3.4 Conclusions

This paper investigated the coupling effects of reinforcement corrosion and service loads on the
flexural behavior of RC beams. The experinaniesting of beams was mainly focused on the
effect of different levels of service loads.addition the experimental program included beams
which were corroded using different leved$ accelerated corrosion (i.e., corrosioarrent

density). The follaving conclusions can be drawn from the current investigation:

1) The use of an accelerated corrosion approach avithrrent density of 30QuA/cnm? to
corrode thdongitudinal tensilaeinforcement in RC beamsstead of a staged approach
with a slow rate ol100pA/cm? for a portion of the test prior to further accelerating the rate
to 300pA/cm? had only a slight influence on damage induced by corrosion, and hence the
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2)

3)

4)

5)

effect of current density on the overalhaeior of beams was concluded to be minimal for

the range considered.

Corrosion of reinforcement had a significant influence on the flexural response of RC
beams when coupled with service loads. The ductile failure ccomoded beams was
replaced by a brittle failure caused by the rupture of corroded tensile steeltifarkiré,

the ultimate load capacity and ductility were reduced significantly.

The presence of flexural cracks caused by service loads opened up a clear pathway for the
chloride ions to reach the surface of embedded steel reinforcement, causing atiocaliz

of corrosion at the cracked sections of beams. This in turn resulted in a further loss of
reinforcement area. Loss of reinforcement area combined with the presenceaiaffoom
corrosion along the corroded portion of steel bars were the mainbedintg factors to
degrading the load capacity and ductility of beams.

The degradation rates of ultimate load capacity and ductility were more drastic for corroded
beams under high service loads. This could be attributed to the increase in crack width
openngs under highdevels ofservice loads, allowing in a further localization of corrosion

at the positions of cracks. This effect was clearly evident when comparing the beams which
were corroded under 40% and 60% of the beam ultitoaticapacity.

The caupling effect is an important parameter that should be taken into consideration while
evaluating the loadarryingcapacity and ductility of damaged RC beams due to corrosion.
According to the results of this studiietpresence of service loads that irefuttansverse
cracks coupled with corrosion of the main flexural reinforcentantsed furthereductiors

in ultimate load capacity and ductility by approximately 47% and 68%, respectively, when

compared to the beam that was corroded without being subjecservice loads.
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Table 3.1: Experimental testing program

Beam Loading Current d ensity Corrosion
designation type (LA/cm?) duration
Group 1l SS1.1(uncoated Monotonic to failure NA NA
rebars)
SS1.2(coated Monotonic to failure NA NA
rebars)
Group 2 SS2.1/SS2.2 Sustainedoad (i.e., 60% of Stage 1:100 35 days
uItlmate) cuupled with Stage 2: 300 up to failure
corrosion of reinforcement
Group3 SS3.1/SS3.2 Sustained load (i.e., 60% o 300 up to failure
ultimate)coupledwith
corrosion of reinforcement
Group4 SS4.1/SS4.2 Sustained load (i.e., 40% o 300 up to failure
ultimate)coupledwith
corrosion of reinforcement
Group 5 SS5.1 Stage 1: Suained load (i.e., 300 same as S8.2
0% of ultimate)coupledwith
corrosion of reinforcement
Stage 2: Monotonic to failur
Table 3.2: Corrosion level of steel reinforcement
Beam Time HoiiH (%0)* wii a(%)”
days
(days) R1 R2 Avg. R1 R2 Avg.
SS2.1 73 11.9 15.5 13.7 NA™
SS2.2 82 19.5 17.9 18.7 38.0 37.9 38.0
SS3.1 37 12.0 13.8 12.9 45.9 33.9 39.9
SS3.2 52 17.6 20.3 19.0 56.9 51.3 54.1
SS4.1 152 31.8 48.4 40.1 54.1 71.3 62.7
SS4.2 167 26.5 32.8 29.7 61.3 53.9 57.6
SS5.1 167 36.1 29.6 32.9 56.6 49.9 53.3

*Mass loss was evaluated according ASTM-@zL

*Maximum sectional area loss was evaluated using a 3D laser scanner.

***Couponsretrievedfrom beam S.1 were short.
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Table 3.3: Summary of key experimental findings

Beam Displacement at Load at Residual Residual
failure (mm) failure (kN)  ductility ratio ™  capacity ratio”

SS1.1 33.72 107.84

SS1.2 27.22 106.00 1.00 1.00
SS2.1 9.35 58.65 0.34 0.55
SS2.2 9.45 57.85 0.35 0.55
SS3.1 7.53 58.35 0.28 0.55
SS3.2 8.63 59.55 0.32 0.56
SS4.1 6.44 38.06 0.24 0.36
SS4.2 5.27 38.25 0.19 0.36
SS5.1 16.34 72.77 0.60 0.69

*Residual ductility and capacity ratios were calculated relative to control bedn2SS
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Figure 3.2: Schematic illustration of the accelerated corrosion setup
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Figure 3.3: Testing frames forsmall-scale RCbeams

Figure 3.4: Test setup ofacceleratedcorrosion and sustained loads
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Day 1 Day 42

Day 82
Figure 3.5: Initiation and progressionof corrosion in beam S&2.2

¥

L

(b) BeamSS3.2
Figure 3.6: Corrosion-induced cracks after the failure of beams
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(b)
Figure 3.7: Corrosion damage (a) acrossthe entire length of theaffectedzone (b) cross
sectional

(b)
Figure 3.8: Corrosion pattern on the longitudinal steel barfacing: (a) concrete cover (b)
inner core concrete

Corroded Epoxy-coated

} |

Figure 3.9: Effectiveness of epoxycoated reinforcement against corrosion
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(b)

(©)
Figure 3.10: Corrosion types: (a) generaked corrosion (b) pit corrosion (c) localized crack
corrosion
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(a) SS1.1 (b) SS1.2

(i) SS5.1
Figure 3.12 Crack patterns of RC beams at failure
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Chapter 4: Tests of Reinforced Concrete Baas under
Coupled Effects of Maximum Service Loads and Variable

Reinforcement Corrosion

Abstract

An experimental study was carried out to examine the-tiapendent flexural behavior of
reinforced concrete (RC) beams subjedi®dervice loads coupled with corrosion of the main
flexural reinforcement. The experimental program consisted of tests of six simply supported large
scale beams with dimensions of 200 x 300 x 3400 frime.beams were undeeinforced, with
approximately 29% fabalanced section reinforcement. Two beams were loaded to failure using a
four-point bending test, serving as control specimens. Two beams were first loaded to 60% of the
beam ultimateload capacity, and then the corrosion process of libmgitudinal tende
reinforcement was accelerated usthgdirect impressed current technique while sustaining the
applied service loads. Similarly, one beam was corroded under service loads, but for a shorter
duration to examine the influencedifferent corrosion levs. The remaining beam specimen was
corroded with no service loads. Test results indicated that corrosion of the main flexural
reinforcement resulted in significanéductionsin ultimate loadcapaciy and ductility of RC
beams. Testesultswere also compred with those ofhe companion sma#icale beamsvith

smaller percentage of steel and fewer bars, tested ed@tireresults indicated that threduction

ratesin ultimate load capacity and ductiliggsociated with corrosian reinforcedconcrete beam

under service loadsereaccelerated when smaller percentage of steel with fewer number of bars

wereused.

Keywords: reinforcement corrosion, reinforced concrete beams, service loads, flexural behavior,

experimental, smaicale beam, largecale beanultimateload capacity, ductility.
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4.1 Introduction

Corrosion of steel reinforcement causes major concerns on the durability of reinforced concrete
(RC) that is widely used in the construction of important civil infrastructures including bridges.
Initially, steel reinforcement is protected from corrosion by a thin passive layer which is formed
around the embedded reinforcement during the early stages of cement hydration. However,
corrosion of reinforcement is acceleratke to the use of dieing salts orexposure to chlorides

in coastal regionddigh concentrations of chloride ions penetrating through the voids and cracks
of concrete can break down the passive protective layer. As corrosion progresses.cagyoayl
capacity of existing RC structura@s reduced over timegausingsafety concerns and huge

economic losses used for maintenance and rehabilitation.

Field inspections and experimental investigations had shown that corrosion causes loss of
reinforcement sectional area which can be presengeneralized or localized form. The localized

form of corrosion impairs the mechanical performance of steel reinforcemesddition the
volumetric expansionf corrosion byproductdeads to the development of cracks in the concrete
surrounding the aooded reinforcement (Cabrera, 1996). The combined effeatsdoictionin
reinforcement sectional area and cracking of concrete weakens the bond strength at the interface
between steel reinforcement and concrete. For these reasons, tharlyady capaity, ductility,

and service life of corroded RC structures are also reduced.

Extensive experimental research efforts were devoted to understand the flexural behavior of
corroded RC beams (Rodriguez et al., 1997; Mangat and Elgarf, 1999; Du et al., 200%; Torres
Acosta et al., 2007; Azam et al., 2016). Rodriguez et al. (1997) olsarveicrease in crack
widths at the service limit state. Also, the researchers had noted that corrosion of steel
reinforcement may shift an anticipated flexural failure of beams to a shear failure. Du et al. (2007)
reported that undeeinforced beams witcorrosion levels exceeding 10% could fail du¢hi®
rupture of steel reinforcement. MangatdaElgarf (1999) correlated the residual strength of
corroded reinforced concrete beams with the diameter of reinforcement, corrosion current density,
and durawn of corrosion exposur@orresAcosta et al. (2007@orrelatedhe residual strength of
corroded reinforced concrete beams withrttaximum pit depthAlthough these studies highlight

the effect of corrosion imeinforced concreté&eams, the presence sérvice loads during the

initiation of propagation phases of corrosion was not considered.
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A number of researchers had experimentally coupled the effects of reinforcement corrosion and
service loads to better understand the behavioeinoforced concretbeams Yoon et al., 2000

Ballim and Reid, 2003&| Maaddawy and Topper, 2005; Malumbela et al., 2009; Hariche et al.,
2012; Du et al., 2013; Li et al., 2018; Zhang et al., 20&88)im and Reid (200Bindicated that
beams subjected to this coupling effexperienced an increase in deflectiovith increased
corrosionlevels EI Maaddawy and Topper (2005) observed an increase in the degradation of
loading capacity in beams subjectedhis coupling effect when compared to beams whighe
corroded undemo loads. This was explained by the increzsmrrosionevelsin beamsubjected

to servicdoads.However the researchers did not observe this increase when corrosion esposure
werefurther increased ithe beamssubjected tserviceloads, and hendhe coupling effect did

not increase the reductiamultimate loadccapacity. Zhang et al. (2018) indicated that the coupling
effect had a slight influence on the width of flexural cracks, and no influence on their spacing. Li
et al. (2018) showed thatroded beams subjectedtigherlevels of sustained loads experienced

a furtherreduction in ultimate load capacityhe majority of these studies examined the response

of beams a& certain point during the service life of beams (i.e., beams were teistea targeted
corrosion level). However, the response and failure mecharo$rheamsat the end of their
service lifeare not well investigated, as also pointed out by Du et al. (2013), in which the
researchers investigated the influence of length and location of the corroded region at the end of

servicelife of reinforced concrete beams.

The intent of this paper is to irase understanding of the thdependent flexural behavior of RC
beams under the coupled effects of reinforcement corrosion and service loads. A particular
attentionis given to the response and failure mechanisms of beams during and at the end of their
savice life. The response of corroded beamasexamined by constant monitoring of deflections,
tensile and compressive strains of longitudinal steel reinforcement, and concrete strains over the
entire duration under the simultaneous exposure to corrosrservice loads. As part tie
experimental study, largecale beams were designed, cast and tested. The structural performance
of largescale beamsvasalso compared with that of smaitale beams which were tested in a
companion study (ABayti et al.2022b), in order to examine the effecf percentage of steel and

number of bars
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4.2 Experimental Methodology

4.2.1 Experimental Program

The primary objective of this experimental program is to stodflexural behavior of RC beams
under the coupled effects of reinforcamheorrosion and service loaddie beams were designed
with anticipated flexural failure. The experimental programsisiad of tests of six larggcale
beams. Four other smatale beams, tested in the first phase of the experimental pragem,
also included for comparison. Smattale beams had a tensile reinforcement ratio close to the
minimum code requirement, whillargescale beams were reinforced with a higher tensile

reinforcement ratio.

Two beams in each category served as control beams without reinforcement coftesimontrol
small-scale beams were referred to aslSBEand SS.2, whilecontrol largescde beams were
referred to as L9.1 and LS1.2. All control beams were tested to failure to evaluate their ultimate
load capacites In addition, two beams in each category were subjected to the coupled effects of
reinforcemat corrosion and service loadguivalent to 60%f the beam ultimate load capacity

In this category, smalicale beams were referred to as3SBand SS3.2, while largescale beams

were referred to as 3.1 and LS2.2. These beams were corroded until the simultaneous failure
due toreinforcement corrosion and service loads (i.e., up until the end of their service life). The
remaining two largescale beams were tested to examine theanfie of corrosion level as beam
LS-2.3 and the absence of service loads as beath4.Sable 4.provides the details of the tests
considered.

The direct impressed current technique was employed to accelera@b&on process of the
main flexural reinforcemenEmaltscale beams $3.1 and SS3.2 werecorroded using constant
current density 0800 pA/cm? up until failure. Thiscurrentdensity is considered to be within the
average rangbetween200 and 3,00QuA/cm? reported in previous studieEl(Maaddawy and
Soudki, 2003)Likewise, largescale beam L2.1 wascorroded usin@ constant current density
of 300pA/cm? for 135 days, however it was increased ©00pA/cm? during the last 15 days of
testing. It should be noted that the influence of increasing the dendif9O@uA/cm?is slight
since the damage induced by corrosion had sufficient toreevelop in this beam (i.e., the

corrosion processising a current density &00 pA/cm? was 90% of entire test duration). In
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contrast, beam L-8.2 was corroded usingcarrert density of500 pA/cm? until the development

of first corrosionrelated crack (cracking occurred on day 33), which was theeased td.,000

HA/cm?. This staged approach with a relatively lowrrentdensity inthe beginning of the test

would ensure thprmation of corrosion is more distributed as the development of corrosion cracks
opens new pathways for chloride ions to penetrate to the surface of steel reinforcement. Based on
the testresults of beams 1-:8.1 and LS2.2 (which will be discussed lateeams LS2.3 and LS

2.4 were corroded using a constantrent density 0800 pA/cm?.
4.2.2 Specimen Preparation

All small-scale beams had a rectangular cisEsstion of 145 x 250 mrand anoverall length of

1800 mm. Each beam was longitudinally reinforceth\2-10M steelbars in tension and-20M

steel bars irompression. The provided tensile reinforcement ratio is 0.63% while minimum code
requirement is 0.33% @ov/Asmin=1.91). The beams were also transversely reinforced with 10M
U-stirrups spacedtd10 mm c/c. The thickness of concrete cover was 15 mm. On the other hand,
all largescale beams had a rectangular cisesgion of 200 x 300 mm arah overall length of
3400 mm. Each beam was longitudinally reinforced with-46®1 steelbars in tension and- 2

10M steelbars in compression. The provided tensile reinforcement ratio is 1.17% while minimum
code requirement is 0.42%dAov/Asmin=2.82). The beams were also transversely reinforced with
10M U-stirrups spaced at 150 mm c/c.elthickness of concrete cover was 25 mm. The dimension
of beams, reinforcement layout and detailing are shown in Rgiire

A four-point bending test was used to load the sis@dle and largecale beams that had constant
moment regions of 500 mm andMmm, respectively. In order to examine the pure flexural
behavior of beams, theottom longitudinalsteel barswere only corroded within the middle
constant moment region. For that reagbapottom longitudinal steel bavgere covered with an
epoxy-coaed layer in the regions outside the constant moment zone. In addition, the stirrups were
covered withan electrical tape at the points of contact wiitle longitudinal reinforcement, to
prevent them from corroding. Allottom longitudinakteelbarswere connected with wires used

for power supply during the corrosion phase of testing.
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4.2.3 Material Properties

All beams were constructed with a normal strength concrete that was supplied by-eiready
concrete company. Small scale and lasgale beams were ¢asing the same concrete batch that

had a waterto-cement (w/c) ratio of 0.5 and a maximum aggregate size of 14 mm. The
compressive strength of concrete was evaluated by testing standard cylinders with a diameter of
100 mm and a height of 200 mm, in actammce withASTM C39 #AStandard Tes
Compressive Strength of .Chelaienage compressive Slrength ofe t e

concrete at 28 days was equal to 38.0 MPa.

Steel reinforcement properties were evaluated in accordance with AST®PI A3¥St andar d T
Met hods and Definitions for Mechanical Testin
conducted using MTS universal testing machine. Three coupons were tested for each reinforcing

bar size. The average yield and ultimate strengftli®M deformed steel bars were 445 MPa and

591 MPa, respectively, while those of 15M deformed steed Wware 404 MPa and 605 MPa,
respectively.

4.2.4 Accelerated Corrosion

As mentioned previously, corrosion of steel reinforcement was accelerated usingetite d
impressed current technique. Figdr2shows a schematic illustration of the accelerated corrosion

test setup. As shown in the figure, a direct current was impressed betwbettdahdongitudinal

steel bas which served as the anode an20 Gaug 316 LN stainless steel sheet which served as

the cathode. The flow of current between the anode and cathode was monitored through the use of
separate power supply for each steel bar. The power supplies that were used to corroded the small
scale beams haal maximum voltage capacity of 20 V aadnaximum current capacity of 150

mA, while those for largscale beams had a maximum voltage capacity of 30 \Aamakimum

current capacity of 3 A. The cathode was placed insidstyinefoamtray that was attached the

middle bottom portion of beasnin order to depassivate the stbals an electrolyte solution in

the form sodium chloride (5% NaCl) was added to the tray. The corrosion process was activated
by applying a constant current based on the current densities discussed in the experimental testing

program.

102



4.2.5 Instrumentation

Ten ekctrical strain gauges were attached at select positions on the bottom and top longitudinal
steel bars as shown in Figut&. The positions of internal strain gauges were carefully selected

for a better understanding of the behavior of compression betisen loads and supports. All

strain gauges were covered with three protection layers to prevent them from being damaged due
to moisture or while casting the bearRarthermore, external rosette strain gauges were attached

on the side and top faces addms as shown in Figude4. The position and number obsette
straingauges were selected to capture the change in strut angle during the experimental testing of

beams.

Linear variable differential transformers (LVDT) were used to meabardisplacenentsat the

center ofbeams.Test data were collected by a computerized data acquisition syRBtemio

testing, the pressure sensors, LVDTSs, strain gauges and corrosion wires were connected to the data
acquisition system. All measurements were captaredsampling rate of 50 Hz during the loading

stage of testing, and 1 Hz during the sustained exposure to corrosion and service loads stage of

testing.
4.2.6 Test Setup and Loading Protocol

A four-point bending test was performed using the steel frames shdwgure4.5. The frames
that were used to tetite smallscale and largecale beams were designed in a similar fashion.
The systems consisted of seifpported frames with beams that span the columns in both
directions. Test specimens were plaoadwvo steel plates that reamt the bottom beam. The steel
plates were designed samulate simple supports wiipan lengtiof 1500 mm and 3000 mm for
smaltscaleand largescale beam testingespectively. Loads were applied using hydraulic jacks
that reat on the top beam. The load jacks were placed in suaydo generateonstant moment
regiors with lengths of 500 mm and 1000 nwithin the middle of portion of sma#icale and
largescale beams, respectively. Prior to testing, a thin layer of derasieplwas added at
interfaces between the beam and steel plates to ensure a uniform transfer irFigureg.6

shows aypical test setup from one of the corroded staedlle and largecale beams.

Testing of control beams (851/SS1.2 and LS1.1/LS1.2) was initiated by increasing the
applied loads at a rate of 3.5 kN/min up until the failure of beanestédlishithar ultimateload
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capacitiesFor the corroded beams, loads were first increased to 60% of the beam utiadate
capacity. This load was equivalent to approximately 60 kN and 80 kikhémmallscale and
largescale beams, respectively. Next, this load wastained and the corrosion procesthef
bottom longitudinalsteel barswas activated. As mentioned previously, testing of beams SS
2.1/SS2.2 and LS2.1/LS2.2 was not limited to a targeted mass loss, and hence corrosion of
reinforcement and applieddds were sustained until the failure of beams. For that reason, the
duration of test (i.e., equivalent tbe laboratory service life obeam$ was dependerdn the
failure of beamsLikewise, the test of beam E53 was conducted in a similar waylmmsamLS-

2.1, however the corrosion process was stopped after 61 days (i.e., equivalent to th&% of
laboratory service life of the larggeale beam), and then loads were further increased from the
service baselinap until the failure ofthebeam.Lastly, eding of beam L&2.4 was conducted in

a similar way abeamLS-2.1, however the beam was corrddender its selveight only(i.e.,
without addedloadg. The corrosion process of this beam was stopped after 103 days, and then

loads wereappliedup until thefailure of the beam.
4.2.7 Level of Corrosion

Upon the completion of testing, the corroded longitudinal steel bars were extracted from the
corroded portion of beams. The corrodseelbars were then cleaned from adhering mortar and
corrosion by-products in accordance with ASTM @13 i St a n deafordPreganng,ct i c
Cl eaning, and Evalwuation Cor rleveliofosteel Jasssves Spec
assessed quantitatively using the gravimetric measurementscatidedsectional area loss. In

the gravimetric method, the corrosil@velis expresed in the following:

- 5 P ad—a pmmp (4.1)

where,—  is the average mass loss of steel bars due to corrdsioandé& are the weights

of noncorroded and corroded steel bars, respectively. In order to asséssalimed corrosion

level, a threedimensional (3D) laser scanner was used to estimate the sectional loss of steel
reinforcement along the corroded portion cims. Further details with regards to the scanner can

be found in a companion study (Bhayti et al., 2022a). The corrositevel in terms of sectional

arealoss is expressed in the following:
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6 0o o (4.2)
0

where,— is the crossectional area loss of steel due to corrosion) ando are the cross

sectional areas of netorroded and corroded steel bars, respectively.

4.3 Results and Discussion

4.3.1 Corrosion Level

After the failure of RC beams, the corroded steel bars were extracted and cleaned as shown in
Figure4.7. The average mass loss for each corroded beam is presented id.Zablgualitative
assessment through visual inspection revetilatthere was a loss of reinforcement area due to
both forms of corrosion (i.e., generalized and pit corrosion attacks). It was also observed that there
was a significant loss of reinforcement area at the cracked sections of beams caused by bending
loads. In oder to quantitatively demonstrate the influence of flexural crack presence on the
distribution of corrosion along thefectedregion of beamsthe spatial distribution dhe loss in
reinforcement sectional areathin the corroded portisof beams S$.1 and LS2.1 are shown

in Figure4.8 and Figured.9, respectively. Clearly, the sectional loss of steel reinforcemeiné at
cracked sections of beams was significantly more than other locations witbortbdedportion

of beams. This can be explathby the fact thathe tensilelongitudinal steelbarswere directly
exposed to chloride ions through flexural crack openings. It is important to note thaddalge
beams had more flexural cracks within the constant moment region when compared-scaimall

beams, and hence largeale beams experienced more localized sectional area reductions.
4.3.2 Cracking and Failure Patterns

Figure4.10 showsthe cracking patterns at the failure of all control and corroded RC beams. It was
found that all control smalicale beams (S8£.1/1.2) and largscale beams (L-%.1/1.2) failed as
anticipated in flexure, whicban becharacterized by a significant amount of deformations prior to
crushing of top compression concrete. In contrast, ssoale beams (S$.1/3.2) andargescale

beams (L&.1/2.2) which were corroded until the end of their service life (i.e., until the failure
under service loads), exhibited a brittle failure characterized by a sudden rupture of the corroded
longitudinal steel bars. In these beamsyas observed that there was a localization of corrosion

at the cracked sections (as discussed previously), and themaptureof steel barsook place at
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one of the flexural cracks formed within the constant moment region of beams. It is noted that the
rupture failure did not always takdace at the center of bearfsee beams $3.2 and LS2.1
failures), which could be attributed to the furtheduction inreinforcementsectional areat one

of the adjacent cracks rather than the one located cldie tenter. Prior to their failure, it was
observed that the critical flexural crack became wide, and started to further extend towards the top
of beams, howevetd propagation was prevented thetop longitudinal steel bars. In contrast to

the brittle hilures of largescale beams L-3.1 and LS2.2, the remaining corroded largeale

beams LS2.3 and LS2.4 failed in flexure. Both beams displayed a ductile response characterized
by the development and widening of flexural cracks prior to crushing abiopressiomroncrete.
Figure4.11 showsa typical illustration of concrete crushing and brittle failures observed in the

testing ofcorroded largescale beams.

At the end of testing, corrosianduced cracks were mainly observed on the bottom face of RC
beams. Figurd.12 shows a typical illustration of the longitudinal corrosion cracks developed in
small scaldbeam SS3.1 and largescale beam LR.1. This typeof cracking occurrediue tothe
volumetric expansion of corrosiondpyoducts around the embedded corroded steelresrdting

in the generation of internal pressures greater than the tensile capacity of concrete. This in turn,
resulted in weakening olnd characteristics at the interface between the corroded reinforcement
and concrete. However, the loss in bond was iped) as evidenced lilge reasonably intact cover
concrete observed at the end of the test, except for the main crack that led¢o Ifadleed, the
removal of concrete cover to access the corrcedlbars for further examination created a
challenge, and could not be removed without using a jack hammer. It is believed that, any loss in
bond and associated bar slippage outside ofrtam crack region resulted in redistribution of

stresses without affecting th@ad-displacement relationship recorded.
4.3.3 Structural Performance of RC Beams
4.3.3.1 General Behavior

Figure 4.13displays the load and m&pan displacement relationskipf smdl-scale and large
scale beams. Tabke2 summarizes key findings from the experimental testing progndmare,
0 is the ultimate loady is the ultimate displacemert, is the residal capacity ratio defined as
the ultimate load capacity tfecorroded beam relative to the ultimédadcapacity othecontrol

beam,Y is the residual ductility ratio defined as the ultimate displacemeheabrroded beam
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relative to the ultimate displacementtbé control beam. It is important to emphasize that some
beams were corroded until their failure under service loads, amu liee displacement at yield
cannot be established from the ledidplacement curves of beams. For that readennfluence

of corrosion on the ductility of beams was quantified using the residual ductility ratio. This ratio
was also adopted by othersearcher{Dang and Francoj2014). The residual capacity and
ductility ratiosof corroded smalkcale and largecale beams were calculated relative to control

beams S9.2 and LS1.1, respectively.

Smallscale beams:

As shown in Figuré.13(@), the @erall behavior of control smadicale beams S&1 and SS..2
wasalmost identical. It can be observed that both beams exhibited the expected ductility prior to
their ultimate crushing of top concrete, as typically observed in fledom@nant reinforced
concrete beams. At the end of the test, displacements of bedmi 8&re higher than S52
because loading in beam -89 was continued after the crushing failure. In contrast, the corroded
smallscale beams experiencesignificant reductiors in their ukimate load capacitiesn
comparison to control beams. It is worth noting that loads were sustained up until the failure of
beams, and hence lmea SS3.1 and SS3.2 hadresidual capacity ratiosf 0.55 and 0.56,
respectively. In terms of ductility, corrodibeams SS8.1 and SS3.2 had rsidual ductility ratios

of 0.28and 0.32 respectively This drastic reduction in ductility can be explained by the- non
uniform distribution of reinforcement sectional area along the corroded portion of beams caused
by the @lded loss of reinforcement at the positions of cracks or due to pit corrosion.

Largescale beams:

Similar to smalscale beams, control largeale beams L-%.2 and LS2.2 exhibitedhe expected
ductility prior to their flexural failure. Theverall behavior of both beamg/assimilar, however

beam LS1.2 had a slightly softer respondéne corroded largecale beam&S-2.1 and LS2.2

had residual capacity ratio$ 0.59 and 0.56, respectively, as anticipated, since service loads were
sustained up untilheir failure. It was also found that botlfeamsexperiencedsignificant
reductiors in ductility, with beams L&.1 and LS2.2 having residual ductility ratios of 0.39 and
0.40, respectively. In contrast to the beams which were loaded until the end of their service life,

largescale beams L-.3 and LS2.4 displayed a better performanceterms ofultimate load
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capacity and ductility. Largscale beams L-8.3 and LS2.4 hadresidual capacity ratgof 0.89
and 0.87, respectivelgndresidual ductility ratis of 1.09 and 0.87, respectively.

4.3.3.2 Time-DependentBehavior

Figure4.14 shows tle displacemertime histories of the corroded beams under Gif%he beam

ultimate load capacityit should be noted that the initial increase in deflections during the first
hour of testing is caused by the application of sustained loads. After treat, becobserved that

there was an increase in deflections under the simultaneous exposure to reinforcement corrosion
and service loads, which can be divided into two stages. In the first stage, the inateflsetions

occurred at a steady slow rate whis primarily attributable to the damage induced by corrosion

and the creep effect of sustained loading. In the second stage, the increase in deflections was more
rapid and occurred over a shorter period of time when compared to the previous stageldEms s
increase in defections can be attributed to yielding of corroded tensile steel bars at the critical
flexural crack. The continuous loss of reinforcement area, especially at the critical crack, coupled

with the sustained senadoadled to the ruptre of the corroded steel bars.

To better comprehend the response of corroded beams under 60% of the beam |okidhate
capacity, straing the bottom and top longitudinsieel barsas well as concretrainsare plotted

in Figure4.15. Prior tothe falure of beamsstrainsin top concrete ahe mid-span of beams SS
3.1/3.2and L.1/2.2, shown in Figu#15(), were welbelow the crushing limit of 3500 um/m,
which confirms that crushingf concretedid not occur in all these beams. Strainstop
longitudinalsteel barat midspan, shown in Figu#15(), indicatethat these bars were initially

in compression, however they became in tension withptbgressiorof corrosion over time.
Strains in bottom longitudinal steel bars at 275 mmgiallscale) and 600 mm (for largeale)
away fromtheleft support, shown in Figu#e15(c), show that there was a slight increase in strains
over the service life of beams.

A typical distribution profile of the increase in strains due to corrosiobhdams S$.1 and LS

2.1 is shown in Figuré.16. In this figure, the increase in strains is calculated by subtracting strains
after loading the beams the desired service levBbm strains at the failurdt is noted that lh

strain values are expressin pm/m.lt can be observed that there was a slight increase in strains
over time. This indicates that corrosion of longitudinal steel bars within the constant moment

region of beams, had a slight influence on the transfer and redistribution of strags®’s to the
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adjacent shear spans. Accordingly, the degradation of bond strength within the corroded portion
of beams did not increase the denwaithe beams endSuchbehavior describes a typical beam
action response, and hence the-aech mechaisimexplained in Coronelli and Gambaroz904)

was not activated. The beam action behavior can be also verified using concrete strains from the
external triaxial rosettes attached on the side face of beat®d S8d LS2.1, as shown in Figure

4.17. It is clear thathe strains were relatively small, and their change over time was also small.

4.4 Influence of Parameters

4.4.1 Influence of Current Density

The influence of corrosion current density is examined by comparingdaeje beam L2.1
(corroded using @urrent density o800 pA/cm? for 90% of test duratignand beam L.2
(corroded using a current densityl®00pA/cm? for 83% of test duration As shown earlier, both
beams had an almost identical response in terms of ultimate load capacity and ductility at the end
of their service life. However, the failure time of beam2.3 (191 days) was longer than beam
LS-2.1 (150 days), which in turn otributed to éigher achieved corrosion levielbeam LS2.2

(25.1%) in comparison to beam {231 (21.1%). This increas@ duration tocause théailure of

beam LS2.2 might be attributed to the accelerated approach employed to corrode the beam. The
useof such high current density would initially accelertte corrosion process dteel bars
However, as the corrosion {pyoducts starts to buddp and quickly fill the voids and cracks
aroundthe embeddesteel barstheir presence could block chloridas from reaching the surface

of steel barswhich slowsdown the corrosion process. This phenomena was also explained by
Azam et al. (2016). Based on the results of both tests, the behavior of the remainksgdsrge

beams (LS2.3 and LS2.4) was assesd using a constant current density of B8fcm?.
4.4.2 Influence of Corrosion Level

The influence of corrosion level on the structural performance of-kogle beams is shown in
Figure4.18. This figureexamines beam 1-$.1 (no corrosion), beam E&X3 (426 of the beam
service life), and beam 3.1 (at end othe beam service life). Clearlypoth yield and ultimate
load capacity ratiosvere reduced with increased corrosion levels. However, the declisarate
faster afteachieving aorrosion level of %.5%. Besides, it is interesting to note that the reduction

in ultimateload capacity was less than that of yiédchd capacity. This can be explained by the
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added tensile capacity provided by the incréasg&ress levels ithelongitudinal tensile steel bars,
exhibiting strain hardening at ultimate. In terms of ductility, it is evident that the ductility was
improved at a corrosion level of 15.5% which could be explained by the decrease in tensile
reinforcement ratio due to theorrosionand/or the variability of concrete material that has a
significant impact ortoncretecrushing failure at this corrosion lev&@hcethis beam behaved in
flexure. Ata corrosion level of 21.1%, the beam exhibited a drasiiltiction inductility (i.e.,
rupture of steebarg due to the nowniform distribution of corrosion. Finally, it should be noted
that increasinghe level ofcorrosion is not directly related to time, since bear2L®was corroded

for a duration equivalent to 41% of beam23, howevebeamLS-2.3achieved a corrosion leV/

of approximately 73% athatin beam LS2.1.
4.4.3 Influence of Loading Presence

The influence of loading presence while corroding the beams is examined by comparing beams
LS-2.1 and LS2.4 which were corrodkunder 60% and 0% of the beam ultimate load capacity,
respectively. Beam L-3.1 was corroded over a longer duration than bear.4Sresulting im
slightly more corrosion leveh beam LS2.1 (21.1%) when compared to beam-2.8 (20.2%).
That being saidthe achieved corrosion level in beam2.8 is approximately 97% of that in beam
LS-2.1, and hence a direct comparison between both beams is appropriate4 E@uoenpares

the flexural performance of both beams relative to the control beam. It cénsdreed thain the
presence of servideads, beam L2.1 exhibitedurther reductions by approximately 36% in yield
load capacity, 32% in ultimate load capacity, and 55% in ductility relative to bes2mlv@hich
was corroded under no loads. Theselimag reductions iHoadcapacities and ductility for beams
whichwerecorroded under loadgerealso found by other researchers-@dyti et al., 2022b; Du

et al., 2013). These observations highiithe influence of flexural cragaresence anids impact

on the localization of corrosion at the cracked sectidm®rroded beams under service loads.
4.4.4 Influence of Percentage Steel and Number of Bars

Theinfluences of percentage of steel and number of bamxareined by comparing the flexural
behavor of smallscale (S$3.1/3.2) and largscale (LS2.1/2.2) beams. There are two key
parameters that could hagentributed to the differenda the response of beams. These are the
tensile reinforcement ratio and the number of longitudinal terstdel bars As described

previously, smatscale beams had a tensile reinforcement ratio of 0.63%0(AAsmin=1.91) in
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the form of 210M steel bars, while largecale beams had a tensile reinforcement Gt 17%
(As,prov/Asmin=2.82) in the form of A 5M steel bars. However, both beams were corroded under
the coupled effects of reinforcement corrosion aexviceloads equivalent to 60%f the beam
ultimate load capacity

As shown in Figurd.20, theresidualcapacity and ductilityatiosof smaltscale beams decreased
more rapidly than largecale beams with increased corrosion levels. Eukeictions in load
capacity and ductilityreclosely related to the loss of reinforcement area at the transverse flexure
cracksof the beamsSmallscale beamsdd wider flexural cracks than largeale beams since

they were reinforced with a lower tensile reinforcement ratio. This increase in crack width creates
an easier pathway for chloride iclogreach the exposed surface of tensile siaed which in turn
accelerates thdegradatiorof load capacity in smalkcale beams. Due to the rapetiuction in

load capacity, the laboratory service life of smsdlale beams was also reduced drastically. For
example, the averadaboratoryservice life of smalkcale lrams was approximately 3.8 times

lower than that of largecale beams.

Furthermore, the number of longitudinal steel bars used in tension might have contributed to the
response of beams. In largeale beams, the failure of osteel ba(i.e., rupture) nght not result

in a beam failure as the remaining tateel barcould potentially generate enough resistance to
withstand service loads. This is possible in lasgale beams since they had a relatively good ratio
betweenthe provided tensile reinforceméand minimum code requirements. In contrast, the
failure of one steel bain smallscale beams could potentially lead to collapse as the remaining
corrodedsteel bars likely to rupture too, since smaltale beams hadensilereinforcement ratio

close to minimum code requirement. Accordindhg tensilereinforcement ratio and number of
steelbars have strong influengen the response of the two different bearales subjected to a
similar corresion exposure and servitmading leves.

4.4.5 Practical Implications

The results of this study has practical importance in assessing the behavior of damaged RC bridge
beams/girders due to corrosion. As demonstrated prdyjotie serviceability of beams is
strongly influenced by the feraction of service loadand corrosion of the main flexural
reinforcement. The presence whnsversecracks induced by service loadg€ombined with

chloride penetratign would accelerate he response ofRC beams/girders beyond their
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serviceability. Under high servicedds, the beams could exhipiemature brittle failuewith

limited ductility due to the nomniform distribution of corrosiorand the additional loss of
reinforcement steedit crack openings. In such cases, there are no warning signs that can be
observed before the failuf beams other than the formation of corrosion-psoducts andhe
development ofongitudinalcracks in the affeed region. Assuch it is important tcaddress the
presence of high service loadsR bridge beam/girders by either reducing traffic loads and/or

fixing the existingcracks (due teitherloads or shrinkage) in the critical flexural zones.

In addition, providing a higher amount of reinforaam above the minimum code requirements
(but less than the balanced ratio) could slow down the degradatiemofdtad capacity and
ductility in corroded RC beams, which in turn increases their service life. As a result, it is
recommended to provide R@#ms/girders located in critical flexure regions with higher amounts

of reinforcement above the minimum required to ensure the safety of bridge structures over their

life span.
4.5 Conclusions

An experimental program was carried out to examine the-diepenént structural behavior of
smallscale and largscale RC beams under the coupled effects of reinforcement corrosion and
service loads. The following conclusions can be drawn from this study:

1) The presence of flexural cracks in beams subjected to the coupled effects of reinforcement
corrosion and service loads of 6a%the beam ultimate load capacigd to a localized
loss of reinforcement sectional area at the cracked sections of beams. This in turn, resulted
in a sudden rupture of corroded tensile steel bars through crack openings at the end of
service life ofbeams. These beams exhibitsignificant reductios in ultimate load
capacity and ductility by more than 40% and 60%, respectively.

2) Test results showed that the degradation of bond strength at the interface between the
corroded stedbarsand concrete due to increased corrosion levels, imachianal impact
on the response tlie corroded beamsonsideredn this study. This was explained by the
slight redistributionin strains/stresses from the corroded constant moment region to the
adjacent sheatominant regions in corroded beams.

3) The presece of service loads is an important parameter that should be taken into

consideration when assessingservice corroded RC beams. In this stutiglarge scale
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4)

5)

6)

beam undr service loads, experienckdtherreductions byapproximately36% in yield

load capacity, 32% in ultimatéad capacity and 55% in ductility when compared to the
beam that was corroded under no loads. This behavior is only expected in corroded beams
with loadinduced bending cracks.

Smallscale beams experienced more rapid dedhneading capacity than larggcale

beams, which could be attributed to the increase of flexural crack width in-ssabdl

beams because of the low percentage of steel used. Increasing the width of flexure cracks
creates a clear and easy pathway for tHeride ions to reach the exposed tensile steel
bars, and hence increasing the localized effect of corrosion.

The provided tensile reinforcement area ratio relative to minimum code requirement is a
key parameter that contributes to the response of coriR@daeams of different sizes. It

is recommended to provide a higher tensile reinforcement ratio and the use of rstdéple

bars for enhanced redundancy to ensure that @rerenultiple paths for the beam to
withstand service loads in the case wheresteel bar ruptures due to corrosion.

At the end of service life, the overall behavior of lasgale beams that were corroded
using different current densiti@gas almost identical. However, the use of a very high
current density delayed the failure betbeam due to the fast builgh of corrosion by
products around thembeddedteel barswhich filled up the voids and cracks of concrete,

slowing down the corrosion process of stegals
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Table 4.1: Experimental testing program

Beam Beam Loading Current density Corrosion
size designation type (LA/cm?) duration
Smallscale SS1.1/SS1.2 Monotonic to failure NA NA
SS3.1/ SS83.2 Sustained load (i.e., 60% of 300 up to failure
ultimaté couged with
corrosion of reinforcement
Largescale LS-1.1/L.S1.2 Monotonic to failure NA NA
LS-2.1 Sustained load (i.e., 60% of Stage 1:300 135 days
u|t|m_ate)coqpledW|th Stage 2:1000 up to failure
corrosion ofreinforcement
LS-2.2 Sustained load (i.e., 60% of Stage 1:500 33 days
u|t|m_ate)coupledW|th Stage 2:1000 up to failure
corrosion of reinforcement
LS-2.3 Stage 1: Sustained load (i.e. 300 61 days (~41%
60% of ultimate)oupledwith of LS-2.1)
corrosion of reinforcement
Stage 2: Monotonic to failure
LS-2.4 Stage 1: Sustained load (i.e. 300 103 days (~D%

0% of ultimate)coupledwith
corrosion of reinforcement
Stage 2: Monotonic to failure

of LS-2.1)
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Table 4.2: Summary of key experimental findings

Beam Duration HIRY IFo A Iy Yy Failure
(days) (%) (KN) (mm) mode
Smallscale SS1.1 NA 0 107.84 33.72 - - Flexure
SS1.2 NA 0 106.00 27.22 1.00 1.00 Flexure
SS3.1 37 12.90 58.35 7.53 0.55 0.28 Brittle
SS3.2 52 18.98 59.55 8.63 0.56 0.32 Brittle
Largescale LS-1.1 NA 0 139.1 51.54 1.00 1.00 Flexure
LS-1.2 NA 0 131.1 51.44 - - Flexure
LS-2.1 150 21.13 82.10 20.00 0.59 0.39 Brittle
LS-2.2 204 25.06 79.65 20.45 0.57 0.40 Brittle
LS-2.3 61 15.45 123.80 56.43 0.89 1.09 Flexure
LS-2.4 103 20.20 120.50 44.73 0.87 0.87 Flexure

“beam LS2.2experienced aslectrical shutdown which started on day 168 and lasted for 13 Ttags.
total duration of corrosion exposuras191 days.
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Figure 4.2: Schematic illustration of the accelerated corrosion setup
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Figure 4.3: Position of internal strain gauges
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Figure 4.5: Testing framesfor: (a) smallscalebeams(b) large-scalebeams

118




(b)

Figure 4.6: Test setup of: (a)small-scale bears (b) large-scale bears

(a)beam SS3.1

(b) beam LS2.1
Figure 4.7: Typical illustration of the cleancorroded steel bars
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