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ABSTRACT

INVESTIGATION OF REBAR CORROSION IN PLAIN
AND STEEL FIBER REINFORCED CONCRETE UNDER
FLEXURAL LOADING

Corrosion of rebars is one of the main causes of poor durability for RC struc-
tures as it induces an early deterioration of concrete structures and reduces their service
life. Codes state the importance of concrete quality and cover thickness to protect the
reinforcement from corrosion. However, as a result of many reasons, cracks can oc-
cur unavoidably and chlorides can penetrate even through high-quality concretes and
greater concrete cover thicknesses. Addition of steel bers de nitely improves mechan-
ical strength of concrete but knowledge on its contribution on corrosion is limited. This
research discusses the relationship between the half-cell potentials and corrosion rates
of cracked and uncracked concrete beams with a single deformed bar with two water-
to-cement ratios (0.45, 0.65), two di erent concrete cover thicknesses (25 mm, 45 mm)
and with or without bers. Three point exural tests were conducted to generate crack
widths of 0.4 mm as the critical crack width on the specimens and these cracks were
stabilized by a bolt system. The specimens were subjected to wetting-drying cycles by
using NaCl solution and in the end of each cycle half-cell potential and corrosion rate
measurements were taken and continued for eight months. Results showed that 0.4 mm
crack width caused quick ingress of aggressive agents into the cracked specimens and
shorter corrosion initiation period and quicker corrosion propagation. Water-to-cement
ratio and concrete cover thickness were also found to be other signi cant parameters
that a ect corrosion. Fiber presence was investigated deeply but a conclusive comment
could not be made, but for higher quality concretes bers seemed useful. For uncracked
specimens, e ect of concrete cover thickness was more evident with respect to cracked

specimens where water-to-cement ratio was important for both states.



OZET

LIFL LVE L IFS1Z BETONARME YAPI ELEMANLARINDA
EGILME Y UK U ALTINDA DONATI KOROZYONUNUN
INCELENMES L

Donat lar n korozyonu betonarme yap larda erken bozulmaya yol acmas ve
omuru azaltmas sebebiyle betonarme yap lar n dayan kl Ig nda en temel etkenlerden
biridir. Kodlarda ozellikle beton kalitesi ve beton orusu kal nlg n n donat n n ko-
rozyondan korunmas nda etkili oldugu belirtiimstir. Bilcok sebepten dolay catlaklar
olusabilir ve bu catlaklar klour iyonlar n n yuksek kaliteli ve kal n betonorul be-
tonlarda dahi betonun cine s zmas na yol acabilir. Betona celik li erin eklenmesinin
betonun mukavemetine etkisicok bilindik iken korozyonuzerindeki etkisi hakk nda bil-
giler limitlidir. Bu arast rma catlakl ve catlaks z iki sucimento oran (0.45 ve 0.65),
iki betonortusu kal nlg (25 mm ve 45 mm), li i ve lifsiz olmakuzere sekiz cesit kirs
numunelerin yar hucre potansiyellerinin ve korozyon h zlar n n kars last rmalar n n
sonwlar n incelemektedir. Uc noktadan egilme ywklemesi yap larak 0.4 mm Kritik
catlak genslgi olusturulmus ve s kst rma sistemiyle olusturulancatlaklar sabitlenmstir.
Numuneler NaCl ozeltisi kullan larak slak-kuru cevrimlere maruz b rak Ims ve her
cevrimin sonunda yar -hucre potansiyeli ve korozyon h z olumleri al nmst r. Gevrimler
sekiz ay boyunca surduulmustur. Sonwclar 0.4 mm catlak genslginin dsar dan gelen
zararl maddelerin h zl girsine ve dolay s yla h zI korozyon baslang c na ve ilerleme-
sine sebep oldwunu gstermstir. Su-cimento oran ve betonorusu kal nlg n n ko-
rozyonu etkileyen dgeronemli fakorler oldwgu gozlemlenmestir. Lif etkisi incelenmi
fakat kesin bir sonuca var lamamstr, ancak yuksek kaliteli betonda li erin yararl
oldwu goulmsur. Catlaks z numunelerde, betonorusu kal nlg n nonemi catlakl
numunelere gore daha belirgin olurken, sucimento oran ise hemcatlaks z hemcatlakl

numunelerde belirleyici olmustur.
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1. INTRODUCTION

Reinforced concrete is a versatile, economical and successful construction material
which has been applied extensively after #0century. It is a common expression that
combination of concrete and reinforcing steel is an optimum choice not only because
of high mechanical strength but also from the point of view of long-term performance.
Concrete is a highly durable material, obviously much more than steel, and good
protection to steel from the environment is provided when steel is embedded into

concrete.

Reinforced concrete structures may provide excellent service under di erent en-
vironmental conditions for many years. In case of good production and proper place-
ment, dense concrete can provide abundant physical and chemical protection for the

steel reinforcement.

Durability is vitally important for all reinforced concrete structures. Corrosion

of reinforcing bars is one of the main causes of poor durability for reinforced concrete
structures as it is a major threat for causing an early deterioration of concrete structures
and reduces their residual service life. Economic impact of the durability problem
has led to extensive research for over two decades and has initiated the way to the
production of better and durable concrete or reinforced concrete structures. Many
technigues and test methods developed over the years can be used to execute a residual
life time assessment of existing structures or an evaluation of the expected corrosion

resistance (Basheer, 2001).

Concrete has watertight characteristic in an uncracked state when it is properly
placed compacted and adequately cured. But uncracked state can be altered by result
of overstress, environmental and other reasons which leads to crack occurrence. This
crack formation creates vulnerability to the process of deterioration by corrosion of
reinforcement as it gradually loses its watertight character in the course of its service
life (Gowripalan, 2000).



One of the major causes of deterioration of reinforced concrete structures is
chloride-induced corrosion of reinforcing steel. The high alkaline environment of good
guality concrete forms a passive Im on the embedded steel which normally prevents
the steel from further corroding. However, under chloride attack, the passive Im
Is disrupted or diminished, and the steel spontaneously corrodes (Cady and Weyers,
1983). Chloride ion penetration is the one of the major reasons for failures of concrete
structures, and has resulted in extensive capital expenditures for the maintenance and
strengthening of concrete structures in many countries. As the resistance of concrete
to chloride ion penetration have been the key indices of durability, appreciable amount
of study has been conducted in recent years but most of the studies pertain to concrete
in unstressed state, however, concrete structures are generally in a stressed state. It is
plausible that the chloride ion penetration process in concrete in stressed state di ers
from that of unstressed concrete (Koniret al., 1998; Gowripalanet al., 2000; Guoping
et al., 2011).

Considerable work has been done to examine chloride di usion through the con-
crete pore network and its e ect on the corrosion of rebar, but the role of cracking on
corrosion has not been as thoroughly examined. The in uence of cracking and crack
widths on the chloride transport property (initiation stage) of concrete and on the
corrosion rate of reinforcing steel bars (propagation stage) is a subject that should be
deeply investigated. In the last years, the importance of cracks and crack width on
corrosion resistance was understood and various researchers have studied the subject.
However, more research is needed for arriving at a general consensus. Despite the nu-
merous tests and experimental methods used, a relation between crack widths and the
coe cient of di usion and corrosion rate was not yet found due to the reasons such as

wide variety of materials used.

In a comparison of di usion coe cients, cracked concrete specimens resulted in
higher values compared to uncracked specimens (Raharinaetoal., 1986). In contrary,
in another research Rodriguez and Hooton concluded that chloride di usivity was not
in uenced by the occurrence of cracks. Koniret al. created microcracks by exural

loading for chloride penetration which resulted in higher values with increasing density



of microcracks (Koninet al., 1998). Beeby found no relationship between width of
crack and corrosion and concluded that limiting crack widths in design have no meaning
in controlling corrosion (Beeby, 1978). Cracked concrete allows corrosion process to
initiate much faster than uncracked concrete (Lorentz and French, 1995). Corrosion
initiation of steel in cracked concrete depends on the surface crack width. Suzuki
et al. investigated in uence of exural cracks on corrosion of steel in concrete and
concluded that cracked concrete induce corrosion much faster (Suzekial., 1953). In
another study, Jacobseret al. concluded that crack widths smaller than 0.4 mm do
not a ect corrosion of steel compared to uncracked concrete and in contrary, Schiessl
and Raupach concluded that e ect of presence of cracks on corrosion of steel is hardly
noticeable (Schiessl and Raupach, 1997). As mentioned above, a wide variety of results
were obtained by several researchers without a general consensus. Therefore, this
project aims at further studying the e ects of cracking in concrete on corrosion of
reinforcement bars. For this purpose, eight di erent types of specimens were produced
and three variables were used (water-to-cement ratio, concrete cover thickness, ber

presence) in cracked and uncracked state of concrete and results are given.



2. LITERATURE REVIEW

2.1. Cause, Process and Mechanism of Corrosion in Concrete

Corrosion is de ned as deterioration or degradation of a metal because of the
chemical reaction it goes in with its environment. The steel used in reinforced concrete
is produced from iron ore that contains stable oxides of iron which leads to tendency

to react with the environment.

In the microscopic pores of the hardened cement paste that surrounds the rein-
forcement and the aggregate particles concrete contains a high alkaline solution of pH
12-13. This solution sustains its alkalinity by the presence of soluble calcium, sodium
and potassium oxides in its content. Pore water determines a great deal of susceptibil-
ity to corrosion by its composition and also the movements of ions and gases through

these solution has to be analyzed in detail (Broom eld, 2007).

2.1.1. Corrosion Process

Iron and plain carbon steels are thermodynamically unstable materials. In nature
they will come to their original and thermodynamically stable forms in other words, ox-
ides or rust-like materials. Under normal and basic conditions, as in concrete, process
from steel to oxides requires the presence of both oxygen and water. So water and oxy-
gen can be best described as driving forces. And by being provided by electrochemical
reactions involving transfer of electrons and electric charges at the interface between
the metal and the water corrosion process occurs. Dierent types of iron oxides may

be formed depending exposure conditions:

Fe+ H,0+ 0,! Fe(OH),=Fe0, (2.1)



This generalized overall reaction can be divided into two reactions which are called
half-cell reactions running simultaneously. Corrosion of steel in concrete is related to
these anodic and cathodic reactions which involves dissolution of ion into solution
and oxygen reduction (Ramachandran and Beaudoin, 2001). Corrosion of steel is an
electrochemical process in which energy acquired from the conversion of iron ore to
steel is released in the form of a direct current. Corrosion starts when steel in concrete

dissolves in the pore water and gives up electrons (anodic reaction).
First of the half reactions is the anodic reaction which is the dissolution of iron,

an oxidation of iron to form ferrous ions and leaving behind electrons in the metal.

The anodic reaction:

Fe! Fe™ +2e (2.2)
As there cannot be large amounts of electrical charge forming at one place on the steel
two electrons created in the anodic reaction have to be consumed anywhere else on the
steel surface to maintain electrical neutrality so these electrons are consumed by the

following reaction in which also water and oxygen are consumed.

2¢ + H,0+1=20,! 20H (2.3)

Fe’* — Fe(OH), <— OH

Pore water with O2
dissolved oxygen in l
contact with steel surface H-O
— I Z
VAV A ‘4
Steel bar, Fe Anode - " Cathode
Oxidation < Reduction

Figure 2.1. An illustration of a steel corrosion cell in concrete (Mohamed, 2008).



In Figure 2.1, the process of corrosion cell is illustrated. Metal oxidation occurs at
one site (anode), leaving free electrons in the metal. These free electrons are consumed

at the other site (cathode) by oxygen with the presence of water.

2.1.1.1. Readion Kinetics. As this process is an electrochemical reaction that trans-

ports electric charges so rates of these reactions are given as electric current densities

where:

Electric current is electric charges per unit of time (coulomb/s = ampere).
Electric current density is electric current per unit surface are of steel (am-
pere/squaremeter).

Corrosion current density is electric current density (microampere/squarecentimeter,
Alcm?).

Corrosion current densities may vary in the range of 16 to 10 A/cm? where
very low current densities resemble passivity and higher current densities show active
corrosion. From the electric current, by using Faraday’s electrochemical equivalence
law the corrosion rate in terms of amount of steel dissolving and forming oxide can be

calculated as follows:

(2.4)

wherem is the mass of iron per area dissolved at the anode (gfin | is the electric
current density (A/ m?), t is time(s), A is atomic weight of iron(55.8g/mol) andn is
the number of electrons liberated in the anodic reaction (valency); is Faraday’'s
constant (96487 As/mol). By assuming the density of iron to be 7.87 kg/dfn the

Faraday’s law can be expressed as:

Veorr = 11:8 iconr (2.5)



whereV .o iS the corrosion rate ( m/year) and i, is corrosion current density ( A/cm 2).

In other words, a corrosion current density of 1 A/cm? corresponds to 11.8 m

steel section loss per year.

2.1.1.2. Passivity. High alkalinity leads to formation of a layer on the steel surface
that acts a like a barrier against corrosion. This passive layer is a protective Im
occurred at the surface of the steel as a product of hydrated iron oxides in varying
quantities. Passivity needs adequate alkalinity to sustain its formation. The stability of
the passive layer is also directly proportional to concrete cover and quality (Townsend,
1981). Steel bar remains under no risk as long as passive layer is maintained, however,
when a concrete member is exposed to deicing salts or seawater chloride ions form
these salts di use into the member especially following the way through the pores in
the hydrated cement paste. Whenever these chloride ion content comes to a certain
limit that concludes with the destruction of the passive Im. Other than the chloride
attack, a second concept that makes the similar e ect is carbonation phenomenon which
becomes active with the presence of moisture in the member and oxygen di usion acting

in company (Verbeck, 1975).

The passive layer is very thin and dense and consists of gamma ferric oxide
(Hausmann, 1967) or a mixture of ferric oxide and magnetite (Andradet al., 1995).
As long as the passive Im remains active, corrosion probability is very low , likely
in the range of 0.01 A/cm?2. By Faraday’ law (Equation 2.5), this corresponds to a

corrosion rate, or loss of steel bar section, of approximately 0.In/year.

2.1.1.3. Thermodynamics of Corrosion. Chemical thermodynamics determines the

likelihood of electrochemical reactions to proceed in a given environment. So Gibbs
free energy of formation is involved.

E= (2.6)

G
nF



whereE is electrochemical potential (J/As = JJC = Nm/C = kg/m ?/Cs? = volt = V),
G is free energy of reaction (J/mol),n is the number of electrons transferred during

the reaction andF is the Faraday’s constant (96487 &mol).

Volt (V) is energy per electric charge. If E> 0, electrochemical reaction is a
spontaneous process which can start and proceed by its own. Higher the numerical

voltage, higher the driving force for that reaction. Voltage of a corrosion cell is given

by:

Ecell = Ecathode Eanode > 0 (2-7)

Potential

“oorr

] — = = = = ———— -

|

corr Current Densit v

Figure 2.2. Evans diagram for a sample corrosion cell (Mohamed, 2008).

The Evans diagram in Figure 2.2 shows the polarization curves for separate anodic
and cathodic reactions intersecting at point P, where the mean anodic and cathodic
current densities are equal and represent the corrosion rate in terms of a mean corrosion
current density, l.orr . The electrode potential of the couple at this point is named the

corrosion potential, E,,. (Mohammed, 2008).



Corrosion reactions can be related to electrochemical potentials in two ways:

Measuring and evaluating corrosion potentials, &, of the material. Corrosion
potential is de ned as the electrode potential spontaneously acquired by the cor-
roding material in a particular environment (Heusler, 1989). Corrosion potential
of steel bar in concrete, E,;, is measured by a reference electrode, either by plac-
ing at the concrete surface during measurement or by embedding in the concrete
for long term monitoring.

In uencing the potential of the material by applying electric signals to the ma-

terial like cathodic protection or measuring the corrosion rate of the material.

In Ecor mMmeasurements, high potential(towards positive),the anodic reaction is
stimulated and the cathodic reaction decreases. Low potential (towards negative), the

cathodic reaction is stimulated and the anodic reaction rate decreases.

Electrochemical potential varies with temperature and concentrations of the species
involved in the reaction. For these variations Nerst equation can be used. For steel
corrosion reaction in concrete Nerst equation is:

RT , [Fe'™ JJOH J?

— 0
ECE” - Ece” |n 8] po
2

- (2.8)

where, E¢ is electrochemical voltage (potential di erence) of the corrosion cell (V),
EC,, electrochemical voltage of the corrosion cell in the standard stat®,is gas constant
(8.314 JK mol 1), T is temperature (K ), n is the number of electrons transferred in
the reaction, F is Faraday’s constant (96487 &mol), [Fe** ] is the concentration of
Fe'* in the electrolyte adjacent to the steel surface (mol/l)JOH ]? is concentration
of OH in the electrolyte adjacent to the steel surface (mol/l)po, is partial pressure
of oxygen in the electrolyte adjacent to the steel surface (atm). For air in equilibrium

with the electrolyte, po, equals to 0.2 atm.

Nernst equation (Equation 2.5) has been used to construct potential-pH diagrams

that de nes the conditions metal is likely to corrode or not. These diagrams are called
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Pourbaix diagrams (Figure 2.3) (Pourbaix, 1974). They delineate the thermodynamic
areas of stability for each of the species involved in corrosion reactions as a function
of electrochemical potential and pH of the environment. In these diagrams Borgard

de ned three regions (Borgard, 1990):

Immunity Region : Metal is thermodynamically stable and immune to corrosion.
Corrosion Region: Corrosion will occur at a unpredictable rate.
Passivity Region: Metal compounds are thermodynamically stable. Passive Ims

may protect from further reactions with the environment.

1.8
16 +
14 -
12

1 +
08 T+ Fad+
08 +
04 +

02 +

02 + o2+ e
04 T Corrosion
06 <&
-0_8 -4
..1 4
12 +
14 + Immunity
16 +
18

Fe,0,

Passivity

Potential (V vs SHE)

Fe

Figure 2.3. Simpli ed Pourbaix diagram for iron in water showing the most stable

products at a given pH and potential (Pourbaix, 1974).

As it is depicted in Figure 2.3 steel will be protected by a passive Im at high pH,
below pH=9 depending on the potential of the steel, protection may be lost. Sloping
lines (a and b) in Figure 2.3 give the potentials of solutions in equilibrium with hydrogen

and oxygen respectively.
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Hydroxyl ions generated from the cathodic reaction increase local alkalinity and
consequently contribute to overall strength of the passive layer repelling the e ects of
carbonation and chloride ions at the cathode. Several more stages play role in the
formation of rust. As it can be expressed in several ways, one is shown in Figure 2.1

where ferrous hydroxide becomes ferric hydroxide and then hydrated ferric oxide (rust).

Fe™ +20H ! Fe(OH), Ferroushydroxide (2.9)
4Fe(OH),+ O, +2H,0! 4Fe(OH)3 Ferrichydroxide (2.10)
2Fe(OH)3! Fe, O3 H,O+ H,O Hydratedferricoxide (rust) (2.11)

In Figure 2.3, full corrosion process can be examined. Rust products have a
volume of between four to six times of the steel area it replaces so this creates internal
tensile stresses in the cover concrete which leads to cracking and spalling in the cover
after exceeding the tensile strength of the concrete. Also these products create great
risks to the durability of the reinforced concrete due to the loss of bond between steel
and concrete also loss of rebar cross sectional area which could cause a reduction the

ultimate strength (Marsavina et al., 2007).

2.1.2. Service Life Models

Tuutti set a maximum acceptable corrosion level which is related to crack appear-
ance. Thus he suggested a model for predicting the service life of reinforced concrete
structures (Figure 2.4). In this model, he analyzed the corrosion of steel in concrete
in two stages; rst stage is the initiation period which resembles the penetration of
aggressive ions from surrounding environment into concrete and second stage is the

propagation stage which resembles the metal loss from the cross sectional area of the
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Figure 2.4. Corrosion model for steel in concrete (Tuutti, 1982).

steel (Tuutti, 1982).

Levsl of Detarloration
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T
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Condition can be Deterioration recognizable through non
comprehended destructive measuring methods
by monitoring

Figure 2.5. Deterioration levels for a steel reinforced concrete structure su ering from

corrosion (FIB, 2006).

In Figure 2.5, deterioration levels are given in four limit states and point 1 re-
sembles the initiation period which ends with the depassivation of the reinforcement.
Point two resembles formation of cracks where state three is the spalling of the concrete

cover and point four is the collapse of the structure through bond failure or reduction



13

of the cross section of the load bearing reinforcement.
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Figure 2.6. Proposed phenomenological model for reinforcement corrosion in concrete
(Melchers and Li, 2006).

Melchers and Li developed a phenomenological model for the corrosion of reinforc-
ing steel bars in concrete as a function of time (Figure 2.6). The model has similarities
with Tuutti's model in 1982. Model divides corrosion process into two stages with six
detailed phases. Detailed phases has its basis from mechanics of corrosion (Melchers,
2003). As depicted in Figure 2.6, Phase D1 consists of di usion of chlorides into the
concrete and by reaction hydroxyl ions start to get out of the concrete. If there are
cracks present in the member, the time;¢ changes due to time of local crack occur-
rences. If there are no cracks thenctis equal to t which is governed by the di usion
mechanism of the concrete which di ers according to permeability of the concrete. At
time t;, although the chlorides have reached the steel, active corrosion will not start
until balance between ClI and (OH) ions and pH is reached which resembles the
situation at time t,.. During phase CO, reduction of pH because of the leaching of
(OH) ions out of the concrete, results in an increase in corrosion. In phase C1, prop-
agation of corrosion advances due to the environmental e ects and permeability of the

concrete. As corrosion continues to propagate there will be corrosion products which
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will result in expansion in concrete leading to cracking and eventually spalling of the
concrete. Phase C2 reveals the rate of oxygen supply to the corroding bars. Then rate
of oxygen di usion will become so low that anaerobic corrosion activity will start and

this is shown as phase C3. (Melchers and Li, 2006).

Deterioration
Fy
onset of nucleation of r
corrosion cracking . p
" L S
e ——— >
dtormant initiation T~ . Time
Fp%l'i; 1 stage accelerated - N
[phase ]  gtage \
[phase I]
Y
Durability

Figure 2.7. Deterioration process of concrete due to corrosion (Ohtsu and Tomoda,
2008).

In the Japanese standard (JSCE, 2001) and many others worldwide a deteriora-
tion process due to corrosion in reinforced concrete is illustrated as given in Figure 2.7.
In the gure, there are two transition periods de ned at the onset of corrosion and at
the nucleation of cracking. First there is a transition period from the dormant stage to
initiation stage in which the corrosion-related damage could become serious. So iden-
ti cation of the transition period from phase Il to phase Il is of practical importance
to assess the durability of reinforced concrete structures because cracks could become

critical due to the expansion of corrosion products. (Ohtsu and Tomoda, 2008).

2.1.3. Causes and Mechanism of Corrosion

There are two main causes of corrosion of steel in concrete, these are chloride

attack and carbonation. As both of these mechanisms do not attack the structural
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integrity of the concrete, they occur by the penetration and di usion of aggressive
chemicals through the pores and attack the steel. On contrary, acids and aggressive
ions such as sulphate attack the structure of concrete before they do any harm on
steel so these type of attacks are considered as concrete problems before corrosion

mechanisms.

2.1.3.1. Carbonation. Most concrete deterioration cases are related to corrosion re-

inforcement due to carbonation or chloride ions inducing depassivation of steel bars.
In marine or coastal environments, when concrete surface gets in contact with deicing
salts, chloride penetration becomes the main mechanism under the initiation of rein-
forcement corrosion. (Papadakigt al., 1991). But industrial and urban areas where
environmental pollution increases carbon dioxide concentration, carbon-initiated re-
inforcement corrosion prevails. Also carbonation is a less intense and slower process
than chloride penetration. In natural exposure conditions, carbonation is a very slow
process. CQ content in the atmosphere varies between 0.03% in rural areas to 0.3%

in large cities by volume (Neville, 1995).
Carbon dioxide gas in the atmosphere di uses in and interacts with the alkaline
hydroxides in the concrete. Reaction of COwith the cement paste compounds in-

cluding the presence of moisture in concrete results in consumption of Ca(QHihich

causes an overall reduction in the pH level (Schiessl, 1989).

CO, + H,0! H,CO; (2.12)

H,COz + Ca(OH),! CaCOs+2H,0 (2.13)
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Figure 2.8. Corrosion of steel in concrete due to carbonation as a function of pH

(Gemite Products Inc, 2005).

As there is a high content of calcium hydroxide in the concrete pores that can
dissolve in the pore water, usual level of pH is maintained till the carbonation occurs.
Reaction of carbon dioxide with calcium hydroxides in solution nally consumes all
hydroxides creating calcium carbonate in the process which leads to a signi cant de-
crease in pH level and eventually leads the way for corrosion of steel in concrete due

to carbonation which is also depicted in Figure 2.8.

Carbonation process occurs when the concrete cover is not thick enough but it
may also occur with thick concrete cover as the carbonation transformation will happen
as a result of the presence of pore voids open in the concrete that help O@ocess
propagate through the interior parts of the concrete. This happens when the water-to-
cement ratio is high and if the curing is not proper. If the compaction is good enough
to lessen the voids in concrete, this will strengthen the protection of concrete from the
spread of CQ (Mohamed, 2008).
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Deterioration due to carbonation has a more spontaneous e ect when there is not
adequate concrete cover on the steel (Castet al., 1999). Nevertheless, high concrete
cover also may not be the solution wanted, in this concept pore structure is very critical.

If pore structure is well connected, then high carbon dioxide ingress will be allowed
and in addition if alkaline content is low, carbonation rate will rise. This situation can
be accepted as a consequence of low cement content due to high water-to-cement ratio

and inadequate curing conditions (Bloomberg, 2007).

Schiessl conducted both theoretical studies and extensive tests on exposed rein-
forced concrete beams with permanently open cracks to determine the e ect of cracks
on reinforcement corrosion and indicated that corrosion rate of steel in carbonated

concrete is almost independent of crack width and concrete cover (Schiessl, 1975).

The binding capacity of concrete against aggressive ions is also a ected by car-
bonation. Carbonation triggers chemically combined and physically absorbed chloride
ions to get free. With increasing rate of carbonation, more chloride ions get free in con-
crete. This triggering mechanism is likely the cause of most intense corrosion problems

being ran into in real life (Djerbi, 2008).

=TT
7

Concrete
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Figure 2.9. lllustration of carbonation in crack region (Lianget al., 2000).
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Figure 2.9 shows the carbonation process of concrete at a crack. This process has

been divided in four steps:

() diusion of CO, into the crack
(i) diusion of CO, into the concrete
(i) chemical reaction

(iv) diusion of hydroxyl ions OH

Because of the higher penetration of COto inner parts of cracked concrete,
surface curing is less important than it is for uncracked concrete. Increment of humidity
in the interior of a concrete member, as well as in the crack, lowers the permeability of
concrete due to blocking of pores. Di usion of C®through a crack into the interior of
a concrete member depends on the permeability in the crack space and the crack width.
The amount of CO, di using through the crack increases with increasing widths so the

carbonation rate increases with the crack size (Liangt al., 2000).

The ingress of gases is higher at low relative humidity, but the gas and cement
paste reacts in solution and so reaction rate is higher at high humidity. Therefore, the
most aggressive environment will be alternate wet and dry cycles and high temperatures
(ACI 222R-01, 2001). Dry and wet cycles on the surface of concrete help to speed the
carbonation process, C@entry is permitted in dry cycle and CG; is dissolved in wet

cycle. (Mohamed, 2008).

2.1.3.2. Chloride Attack. The chloride ions attack the passive layer on the steel surface

which stops corrosion. lons break down the protective oxide layer at random locations
on the steel surface and pitting corrosion starts to occur. This layer depassivation
mechanism is somewhat di erent from carbonation. As carbonation acts to neutralize
alkalinity of the concrete, chloride ions attack the oxide Im but does not cause any
overall drop in pH degree of the concrete. Chlorides undertake the catalyst role in

the chemical reaction leading to corrosion, they are not consumed in the process but
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they help to corrosion process proceed quickly (Figure 2.10). This e ectual recycle

mechanism makes chloride attack harder to evade as chloride ions remain on the scene.

Passive Layer

/

F

Steel

(a) Passive layer

Cl~ Cl~ Cl-

\ v/ \ [/

\/ \J V
Steel

(b) Chloride Attack

No Passive Layer

(c) Corrosion on passive layer

Figure 2.10. Breakdown of the passive layer by chloride attack (Mohamed, 2008).

The actual detailed mechanism of the breakdown of the passive Im by chlorides
is not known because of the di culties in examining the process on an atomic scale in
the extremely thin passive layers. For thicker layers, it is believed that chloride ions
become included on the Im at weak spots, creating ionic defects and easy transport
mechanism (ACI 222R-01, 2001).
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According to earlier investigations, corrosion initiation takes place when the chlo-
ride concentration takes place when the chloride concentration at the rebar level reaches
a critical level, which is also called threshold level (Glass and Buenfeld, 1997; Aloeto
al., 2000) Chloride threshold level depends upon various factors such as cement type,
mix proportions, water-cement ratio, GA content of cement, blended materials, chlo-
ride binding, steel type, condition of hydroxyl ions, temperature, relative humidity, and
chloride source (Alonscet al., 2000). In another research, Angst stated that depassiva-
tion occurs when the chloride ion concentration dissolved in the pore water in contact
with steel reaches a threshold value but as there are a lot of scatter in threshold values
it not very clear which factors are predominating for a speci ¢ threshold value (Angst,
2007). Generally, in most studies it is believed that there is threshold concentration of
the chloride ions, which must be exceeded before corrosion occurs may depend on the
concrete composition and on environmental parameters (Schiessl, 1987). Some of the
e ects that show the e ect of relative humidity and quality of the concrete cover on

the critical threshold are summarized in Figure 2.11 (CEB, 1992).

Crit Cl-/Cement
A
N bad quality
(see below)
N good quality
uncarbonated
concrete
0.4%
carbonated
concrete
- >
50% r.h. 85%rh 100% r.h. Environment
constant changin, constant
(low corrosion risk; (high corrosion risk)  (low corrosion risk;
electrolytic process lack of oxygen)
impeded)

Figure 2.11. The critical chloride content according to CEB recommendations (ACI

222R-01, 2001).



21

Corrosion due to chloride ingress advances at a relatively much higher rate than
the rate due to carbonation. (Arup, 1997). There are several sources that chloride ions
can come from. They can be cast into concrete or can penetrate by di usion mechanism
or cracks on the surface of the concrete. Some of the casting problems are the use of

seawater in the mix, contaminated aggregates or chloride setting accelerators.

Chloride ingress from the environment by di usion is a threat for concrete mem-
bers. Similar to carbonation, chloride ions are transported mainly by di usion mecha-
nism but it is some more complicated. Salt water is absorbed quickly by dry concrete.
In some cases, the movement of saline water by rising capillarity is valid and also due
to some reactions between the concrete and chlorides, which are absorbed inside the

concrete pore voids.

2.2. Corrosion Detection Methods

2.2.1. Visual Inspection

A visual inspection is the rst indication in the evaluation of a reinforced con-
crete member for assessing the corrosion problem but information gathered from visual
inspection is only preliminary, direct usage of this information may cause to improper
and subjective ndings and must be used in accordance with results gathered from
other methods (Schiessl, 1989).

2.2.2. Weight Loss

This technique is applied by weighing the steel bars before and after being casted.
The di erence in weight is the average metal loss due to corrosion. This method is
standardized in ASTM G31 (standard practice for laboratory immersion corrosion test-
ing of metals). This technique is time consuming and has need for numerous specimens
but it is a useful tool to analyze the accuracy of electrochemical techniques that will

be explained in following sections.
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2.2.3. Half-Cell Potential Measurements

One of the most widely used, practical and standardized non-destructive method
for steel corrosion monitoring is half-cell potential mapping (ASTM C876, 2009). In
this method, potential di erence between an external electrode located at the surface
of the concrete and the embedded reinforcement is measured with a high impedance
voltmeter. For reliable readings, a solid electrical connection between the reinforcement
and the voltmeter, and a wet connection between the the external electrode and the
reinforcement through the concrete cover has to be established properly. In Figure
2.12, test setup is illustrated for a typical half-cell potential test in reinforced concrete

structures.
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Figure 2.12. Schematic illustration of the half-cell potential measurement setup
(Ghaz et al., 2009).

Even though its widespread appliance, half-cell potential mapping has its own

complications during practice which can be summarized as follows (Berkeley and Path-
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manaban, 1990):

Di culty of establishing a solid connection to the reinforcement, especially in
dense concrete structures.

Establishing a proper wet connection between the external electrode and the
reinforcement through the concrete cover can be troubling since moisture always
exists in concrete bulk, thus a ecting the half-cell potential readings.

Required time for establishing an equilibrium condition between the external elec-
trode and concrete is a ected by a number of parameters including the concrete

cover thickness and composition.

Concrete resistivity, oxygen availability, anode-to-cathode area (A/C) ratio and
cover thickness are some of the factors that can alter the test (Bohni, 2005). Therefore,
test results must be analyzed considering these factors. Moreover, half-cell potential
only provide information to predict the probability of corrosion activity, does not pro-

vide any information about the rate of corrosion (ASTM C876, 2009).

Half-cell potential measurement di ers due to the type of the corrosion process.
In uniform corrosion, the potential readings at the concrete surface are generally close
to the potential at the steel/concrete interface (Sauges and Kranc, 1992). However, in
non-uniform (e.g. local or pitting) corrosion case, potential readings can be extensively
di erent from those of steel/concrete interface. Cover thickness and concrete resistivity

are parameters providing this potential di erence (Elsener, 2002).

Half-cell potential measurements are suitable mainly on reinforced concrete struc-
tures exposed to the atmosphere. Method can be applied in any case regardless of of
the concrete cover thickness and rebar size and detail. Half-cell measurements will not
only reveal information about the most external rebar layers facing the reference elec-
trode but also in greater depth (Elseneet al., 2003). Method can be used at any time
during the lifetime of a reinforced structure and in any climate with any temperature

higher than Z’C.
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Table 2.1. Reference electrode types used for half-cell measurements (Elsenat.,

2003).
Electrode Type Abbreviation | Potential vs. SHE
Copper/copper sulphate CSE + 0.316 V SHE
Calomel(Hg/Hg,Cl,) SCE +0.241 V SHE
Silver chloride (Ag/AgCl) SSCE + 0.199 V SHE

Main purposes recommended for taking half-cell potential measurements are

listed as follows:

Locating corroding rebars and consecutively assessing the present corrosion con-
dition of the rebars during a reinforced structure condition survey.

De ning the position for further destructive analysis for chloride analysis and
corrosion inspection windows.

Evaluation of the corrosion condition of the rebars after repair work.

Designing an anode layout of cathodic protection systems or electrochemical pro-

tection systems and electrochemical restoration techniques.

Corrosion potential E.or is measured as potential di erence against a reference
electrode. The value obtained from the measurement of potential di erence between
the steel in concrete and the reference electrode will depend on the type of the refer-
ence electrode used and also the corrosion condition of the steel in concrete (ASTM
C876, 2009). In practice, following reference electrodes with a de ned, constant and
reproducible potential versus the standard hydrogen electrode (SHE) are used and are

given in Table 2.1.

For on site work, saturated Cu/CuSQ electrode is preferred where calomel and

Ag/AgCI electrodes are used more in laboratory work (Elseneat al., 2003).

This test method covers the estimation of the electrical corrosion potential of
uncoated reinforcing steel in eld and laboratory concrete for determining the corrosion

activity of the reinforcing steel. This technique works by keeping a standard half-cell
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Table 2.2. Interpretation of half-cell corrosion potential measurements (ASTM C876,

2009).
Cu/CuSO0Oq, Calomel Ag/AgCI _
Interpretation
(CSE) (SCE) (SSCE)

Greater than 90%
E>-200mV | E> -126 mV | E > -83 mV probability that no

corrosion is occurring

-200 mV< E | -126 mV< E | -83 mV < E < | Corrosion activity is
< -350 mV < -276 mV -233 mV uncertain
Greater than 90%

E<-350mV | E< -276 mV | E < -233 mV | probability that

corrosion is occurring

on the surface of the concrete and measuring the potential di erence between the half
cell and steel bar beneath. If the steel bar has a protective passive layer on it, the
potential values are between 0 and -200 mV or even a positive reading. If the passive
layer has broken down and steel amounts dissolving are increasing potential value is

about -350 mV which symbols that steel is actively corroding (Table 2.2).

2.2.4. Linear Polarization Resistance (LPR)

Use of linear polarization resistance (LPR) measurements has become a well es-
tablished method of obtaining a instantaneous corrosion rate of reinforcing steel in
concrete (Figure 2.13). In LPR measurements the reinforcing steel is perturbed by a
small form the equilibrium potential E,,. This can be accomplished potentiostati-
cally by changing the potential of the reinforcing steel by a preselected valueE and
monitoring the current | after a selected equilibration time. It is carried out with
a sophisticated development of the reference electrode incorporating an auxiliary elec-
trode and a variable low voltage DC power supply. By using an electronic instrument
(potentiostat) the voltage can be impressed in steps or scanned roughly 0.1 mV/s from
approximately 10 mV to the negative or positive side of the corrosion potential through

the zero point to 10 mV at the other side. For this linear current range, Ohm’s law
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can be used to calculatdR,, which is the relation between impressed potential (E)
and the current response (1):
E
Rp = T (2.14)
According to basic corrosion theory, corrosion currentl ) is inversely proportional

to the polarization resistance Ry).

B

corr — R7p (2.15)

whereB is Stern-Geary constant (25 mV for active steel and 50 mV for passive steel)

and R, is polarization resistance.

In order to determine corrosion current densityicor, the surface areaA of steel

which has been polarized needs to be known accurately,,, can be derived from:

. |
icomr = % (2.16)
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Figure 2.13. lllustration of linear polarization resistance technique (Bohni, 2005).

Corrosion rate measured by LPR technique is only an instantaneous value cor-
responding to the ambient concrete temperature and moisture conditions at the time
of application. When eld application is considered, there is concern about the vari-

ability of measurements and the e ect of uctuations in exposure conditions on spot
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readings. So and Millard also stated that a single LPR corrosion rate measurement
taken on one occasion can result in an overestimate or underestimate of the mean rate
of corrosion and they suggest to make a series of readings at regular intervals over an
extended period in order to acquire a reliable mean corrosion rate. Another result from
this study is the variation of corrosion rate approximately a factor of ve to six with a

seasonal temperature change from -1 to 38 (So and Millard, 2007).

2.2.5. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy is a powerful non-destructive method
for de ning electrical properties of materials and interfaces. The measurement set-up of
electrochemical impedance spectroscopy (EIS) is similar to that of LPR. An AC voltage
signal in a frequency range from several mHz to approximately 100 kHz is applied and
the resulting AC current is measured. By analyzing the impedance spectrum the ohmic
resistance of concrete or the polarization resistance can be determined. A disadvantage
of this method is the time exposure for one measurement, depending upon the lowest
frequency and therefore EIS is not preferred much on real structure surveys (Bohni,
2005). From a eld application viewpoint, a complete frequency scan is simply too

time consuming and instruments are overly expensive and bulky (ACI 222R-01, 2001).

2.2.6. Concrete Resistiviy Measurement

The moisture content in concrete has a compelling impact on many deterioration
processes, including corrosion of reinforcement, alkali-silica reaction, freezing-thawing,
sulfate attack. The resistivity of concrete, which is a function of the moisture and
electrolyte content, has an important in uence on the rate of corrosion of embedded
reinforcing steel so concrete resistivity is a useful method for corrosion assessments
in reinforced concrete structures (ACl 222R-01, 2001). The electrical resistivity of
concrete is a material property that may be useful for monitoring and inspection of
concrete structures with regard to reinforcement corrosion in combination with other

non-destructive techniques (Table 2.3).
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Resistivity measurements give information about the early corrosion risk of a
given structure as low concrete resistivity is correlated to rapid chloride penetration
and high corrosion rate. In addition, resistivity measurements can be used for mapping
most porous spots which have high risk of chloride penetration and high corrosion rate
(Polder, 2000). Lower resistivity favors migration of ions and development of corrosion
pits (Arup, 1983).

Table 2.3. Relationship between concrete resistivity and corrosion rate (Langford and
Broom eld, 1987).

Resistivity k -cm Corrosion Rate
> 20 Low
10 to 20 Low to moderate
5to 10 High
<5 Very high
- ' I
‘—®—\ i
"

Figure 2.14. Setup of four-electrode measurement of concrete resistivity (Polder,
2000).

Resistivity measurements can be assessed by using a probe according to Wenner
(ASTM G57, 2006), consisting of four equally point electrodes that are pressed onto the
concrete surface which is also depicted in Figure 2.14. The two outer point electrodes
induce the measuring current and two inner electrodes measure the resulting potential
drop in the electric eld. The resistance is the ratio of voltage to the current. Then the

resistanceR calculated from the four point measurement can be converted to resistivity
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r using a cell constant based on theoretical considerations (Millard, 1991).

r=2 a R (2.17)

where, a is the electrode spacingR is the resistance calculated from four-point mea-
surement andr is the resistivity. Concrete resistivity has a major in uence on both
initiation and propagation of reinforcement corrosion and there has been an increase in
the number of studies and these studies have shown that resistivity has the potential
of becoming a rapid durability indicator of concrete for both laboratory and eld usage
(Otieno et al., 2010).

2.2.7. Galvanostatic Pulse Technique

The galvanostatic pulse method is a transient polarization technique which has
been used for reinforcement corrosion estimation both in laboratory and on site. The

method setup is illustrated in Figure 2.15.

Ag/AgCl PSION
Reference WorkAbout
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Counter
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Guardring

Figure 2.15. Galvanostatic pulse technique (Basslet al., 2001).
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A short time anodic current pulse is applied to reinforcement galvanostatically
from a counter electrode placed on concrete surface together with a reference electrode.
Applied current is generally kept in the range between 5 to 400A within a pulse
duration which is being selected generally up to 10 seconds (Elseetal., 1997; Frolund
et al, 2000). With the applied current, reinforcement gets polarized in the anodic
direction compared to its free corrosion potential. A reference electrode which is placed
in the center of the counter electrode records the resulting change of the electrochemical

potential of the reinforcement as a function of polarization time (Figure 2.16).

Polarisation, mV

300 T Vinas
~ i
9 n I*Rp
200 v
A
100
0 I I*Ropm
-100 L
' E(‘O]']'
_200 | 1 1 1 1 1
] 2 3 4 5 6 _.

Figure 2.16. Typical potential time curve as a response to galvanostatic pulse
(Frolund et al., 2000).

Extent of this polarization depends on which corrosion state the reinforcement
is in. Polarization of the reinforcement in passive state is easy because of the big
di erence between the free corrosion potential and the polarized potential (Klingho er,
1995). This dierence is much lower for a rebar which is already in active state.
Galvanostatic pulse method yields much better information than any other method on
corrosion behavior (Klingho er, 1995, Elseneet al., 1997). With more reliable and
gualitative information capacity of this method, it also gives possibility for calculation

of corrosion current. By supposing that the area of the polarized reinforcement is
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known this corrosion current can be converted to the corrosion rate.

When the potential values are recorded on the concrete surface measurements
include the ohmic voltage drop, which has to be eliminated in order to have a true po-
larization value. When the constant current 5, is applied to the system, the polarized

potential of reinforcementV,, at given time t, can be calculated as:
Vt(t) = Iapp[Rp[l eXp( t:Rpcdl)]"' I:\)ohm] (2-18)

where, R, is polarization resistance (ohm)Cy is the double layer capacitanceRonm is

the ohmic resistance,
And by transforming the above equation to linear form:
IN(Vmax ~ Vi(t)) = In( 14ppRp)  t=(RpCal) (2.19)
whereVnax is the nal steady state potential value.

After the resistance polarization is determined by means of this analysis the

corrosion current can be calculated from Stern-Geary formula (Stern and Geary, 1957):

B

corr — Rip (2-20)

whereB is an empirical constant determined to be 25 mV for steel in active state and

50 mV for steel in passive state.

Frolund created a model by conducting both laboratory and outdoor eld studies
and suggested the relationships given in Table 2.4 between the corrosion rate and
corrosion activity (Frolund et al., 2002) and also interpretations by Clear are given in
Table 2.5 (Clear, 1989).



32

Table 2.4. Frolund suggestion ford,, values obtained from GPM (Frolundet al.,
2002).

| corr Interpretation

< 0.5 Alcm? Passive areas

0.5-2 Alcm? | Negligible corrosion activity

2-5 Alcm? Low corrosion activity

5-15 Alcm? | Moderate corrosion activity

> 15 Alcm? High corrosion activity

Table 2.5. Clear suggestion for relationship between service life ang.l values
obtained by GPM (Clear, 1989).

I corr Interpretation

< 0.5 Alcm? No corrosion

0.5-2.7 Alcm? | Corrosion damage in 10 to 15 year|

[2)

2.7 - 27 Alcm? | Corrosion damage in 2 to 10 years

> 27 Alcm? | Corrosion damage in 2 years or less

2.3. Factors In uencing Corrosion

2.3.1. Environmental Factors

2.3.1.1. In u enceof Relative Humidity. Capillary suction and di usion processes are

extremely important for both chloride penetration and carbonation and so thus for the
corrosion process. Capillary suction is more e cient for dry than for wet or humid
concrete (Figure 2.17). The diusion of ions increases with the increasing moisture

content as ions move much quicker in completely water lled pores (Bohni, 2005).
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Figure 2.17. In uence of relative humidity on water uptake coe cient (Bohni, 2005).

As the di usion of CO, is low at high moisture content when all the pores are
full of water but carbonation needs water to progress so maximum rate of carbonation
occurs at medium range of relative humidity as illustrated in Figure 2.18 (Wierig,
1984).
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Figure 2.18. E ect of relative humidity on carbonation depth (Wierig, 1984).
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The chloride induced corrosion is believed to be at maximum when the RH within

concrete is around 90-95 % (Tuutti, 1982).

2.3.1.2.In u enceof Temperature. Temperature a ects corrosion rate directly. The

oxidation rate is a ected by the heat energy available to drive the reaction (Tuultti,
1982). Concrete resistivity depends strongly on the temperature and thus the corro-
sion rate. The resistivity approaches zero by rather low temperatures around %25
to -40°C (Hunkeler, 1994). With increasing temperature, carbonation also increases

(Jaegermann and Carmel, 1988) as shown in Figure 2.19.
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Figure 2.19. E ect of temperature on carbonation depth (Jaegermann and Carmel,

1988).
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Figure 2.20. In uence of temperature on corrosion rate (hormalized to 20) (Bohni,

2005).

From Figure 2.20, it can be seen that there can be major changes in corrosion rate
in a seasonal temperature change from 5 to 3@. Parrott also conducted experiments
on corrosion behavior of carbonated concrete under both di erent temperatures and
di erent relative humidities and measured the amount of rust which is also given in
Figure 2.21 (Parrott, 1987).

2.3.2. Inuence of Concrete Cover Properties

Concrete cover is the rst line of defense to protect the steel reinforcement from

the surrounding aggressive environment.
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2.3.2.1. Water-to-Cement Ratio. Porosity is the main factor that a ect concrete qual-

ity for protecting the reinforcing steel in concrete and this can be controlled by lower
water-to-cement ratios, inclusion of porosity reducing supplements and adequate curing
(Poursaee, 2008). Penetration of species causing deterioration such as chloride ions,
oxygen and water, into concrete is governed by the quality of concrete cover. In a
research, Djerbi concluded that for uncracked concrete the chloride di usion coe cient
increased with the increase of the porosity and results obtained showed that ordinary
concrete was 2.37 that of high strength concrete (Djerbi, 2008). Specimens with low
water-to-cement ratio showed lower concentration pro le and penetration depth both
from exposed surface and around crack compared to higher water-to-cement ratio spec-
imens. Petterson and Sandberg have reported that the chloride threshold level can be

increased as water-to-cement ratio is reduced. (Petterson and Sandberg, 1997).

Win et al. carried out experiments on chloride penetration in cracked reinforced
concrete. They had multiple parameters which include single and multi-cracks, crack
width and cover thickness. They cast concrete prisms which have water-to-cement ra-
tios: 0.25, 0.45, 0.65. They concluded that specimens with cracks showed rapid iGh
penetration and specimen with low water-to-cement ratio showed lower concentration
pro le. But they could not come up with a conclusive result on di erent crack widths
(Win et al., 2000).

2.3.2.2. Concrete CoverThickness. In reinforced concrete structural members exposed

to chlorides and subjected to cyclic wetting, the degree of protection against corrosion
is determined primarily by the depth of concrete cover to the reinforcing steel and the
permeability of the concrete (Clear, 1976). In a research, Gowripalat al. stated that
corrosion rate is slower with increasing concrete cover thickness when crack width is
maintained (Gowripalanet al., 2000). Huetet al. reported corrosion behaviour in a test
with varying moisture content and cover thicknesses and created a model for their test
in which cover thickness is a signi cant parameter that increases corrosion rate directly
(Huet et al., 2007). In Figure 2.21, relationship between cover thickness and water-to-

cement ratios on relative time to corrosion is illustrated and it can easily be seen that
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for thicker concrete covers, there is higher protection from chloride penetration. In a
research, Castekt al. came to a conclusion about cover depth, they used 10 mm and
40 mm cover depths and as a result, on the 10 mm concrete covered beam carbonation
front easily reached the front, whereas in 40 mm depth beams were in passive state

(Castel et al., 1999).
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Figure 2.21. E ect of water-to-cement ratio and concrete cover thickness on relative
time to corrosion (ACI 222R-01, 2001).

In a research based on e ect of crack frequency Arya and Ofori-Darko emphasized
the importance of crack frequency on corrosion rate and suggested depth of cover
increment in order to reduce the crack frequency and eventually the corrosion rate
(Arya and Ofori-Darko, 1996). In Duracrete, a simple mathematical expression has
been proposed for corrosion risk estimation in cracked reinforced concrete members

(Duracrete, 1998):

k = (2.21)

wherek is corrosion rate parameter, is the concrete resistivity (m), c is the cover

depth (m).

2.3.2.3. Fiber Effect. In a research that Rapoportet al. had conducted, e ects of

di erent ber volumes (0%, 0,5%, 1%) had been examined, specimens had been cracked
to di erent levels (0, 100, 200, 300, 400, 500) by feedback controlled Brazilian split test.

Permeability tests had been conducted and it was concluded that crack widths which
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were less than 100 m, steel reinforcing bers reduced the permeability of cracked
concrete and that was connected to stitching and multiple cracking e ects of steel ber
reinforcement. For specimens with crack widths more than 100m permeability e ect

could not be concluded e ciently (Rapoport et al., 2001).

2.3.3. Inuence of Cracks

Cracks in concrete cover a ect highly the corrosion initiation and propagation
of the member. Cracks tend to start the onset of corrosion by giving easy access
for chloride penetration and carbonation and consequently elimination of passivity
and also by accelerating the rate of corrosion and as a result reducing the barrier to
di usion of oxygen. It can be suspected that the negative e ect of cracks would be
proportional to their widths, since wider cracks should provide easier access for the
ingress of aggressive agents in the surrounding environment. AClI Committee 318 state
that there are previous studies on e ect of crack width on corrosion and from these
studies a maximum crack width value of 0.4 mm has been calculated and as there are
controversial results in researches on this aspect. AClI Committee 318 also cannot give

a speci cation about crack width limitation (ACI 318-08, 2008).

Djerbi et al. studied the in uence of cracked concrete and crack width on the
concrete surface in three dierent types of concrete upon chloride diusion. They
found that di usion coe cient increased moderately for crack widths less than 80 m,
whereas crack widths more than 80m di usion coe cient D , increased rapidly. Also
concretes with higher water-to-cement showed higher chloride penetration in elapsed
time (Djerbi et al., 2008).

Gowripalan et al. carried out experiments on the reinforced concrete prisms in
order to investigate the change in chloride di usivity at both compression zone and
tension zone under exural loading. They pre-cracked prisms by three-point loading
and then loaded two prisms back to back and tightened them with bolts until stabling
0.3 mm crack width at the midsection. They found that in compression zone chloride

di usivity has signi cantly decreased after the loading according to uncracked prisms
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but in tension zone chloride di usivity appeared to be very high. They linked this
behavior to the narrowing of the pores under compression in the compression zone, and
the increase in tension zone to damage at the aggregate-paste interface. Gowripalan
al. also conducted their research on a parameter Wc where W, is crack width and

c is concrete cover thickness. (Gowripalaet al., 2000).

Marsavina et al. studied the e ects of cracks on chloride penetration they con-
cluded that penetration depth has increased with crack depth but could not explicate
the e ect of crack width (Marsavina et al., 2009). Win et al. carried out experiments
on chloride penetration in cracked reinforced concrete. They had multiple parameters
which include single and multi-cracks, crack width and cover thickness but they could

not come up with a conclusive result on di erent crack widths (Winet al., 2003).

Mohammed et al. (2001) studied the e ect of crack widths on corrosion rate
and decided that in the very beginning of the exposure period corrosion rate is highly
a ected by crack width, due to longer exposure tests crack width loses its importance
on corrosion rate so Mohammed et al. point to the presence of a crack rather than its
width also the authors indicated that the relationship between water-to-cement ratio
was more signi cant than the relationship between crack width and corrosion rate

(Mohammedet al., 2001).

Vidal et al. initiated a long term experimental program in 1984 to improve the
comprehension of the steel corrosion process and its incidence on the structural perfor-
mance. 3 m long beams were casted and stored in chloride environment under service
load. For 17 years beams were stored subjected to continuous and cyclic spraying.
Vidal et al. were in the aim of creating the conditions closest to the real process. At
the end, they came to a conclusion that cracks which are less than 0.4 mm do not con-
tribute signi cantly the corrosion process and the service life of the structure (Vidadt
al., 2007). In another work out of this experiment, Vidalet al. investigated initiation
and propagation periods of corrosion mechanism and they found that most signi cant
parameter in uencing corrosion initiation was cover/diameter ratio but these ratios’

in uence was not so obvious in propagation period (Vidaét al., 2003). Also in same
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experiment but in another paper Castelet al. studied the e ect of loading on car-
bonation penetration and they found that under incremental loading C@penetration
increases and this has been linked to the increase of the tensile concrete micro-cracking

heavily located at the paste-aggregate interface (Castet al., 1999).

Di erence in chloride di usivity between cracked and uncracked concrete has
been studied by Raharinaivoet al. and the author concluded that chloride di usion
coe cient for cracked concrete was more than uncracked concrete by one of two orders
of magnitude (Raharinaivoet al., 1986). Rodriguez and Hooton also investigated the
relationship between chloride di usivity and crack width and they found that crack
occurrence did not a ect the chloride di usivity but in this study specimens were tested
with arti cially created cracks (Rodriguez and Hooton, 2003). Koninet al. searched
for a relationship between chloride di usivity and microcracks which were created by
exural loads and results showed that chloride di usion increases with the intensity of
microcracks results from this research overlaps in general with the results that have
been obtained from the research by Francois and Arliguie (Koniet al., 1998; Francois

and Arliguie, 1999).

In another study, Mehta and Gerwick indicated that total area covered by cracks
located next to the steel surface has denser e ect on corrosion than crack width (Mehta
and Gerwick, 1982). Beeby investigated if there is any relationship between corrosion
and crack width and suggested that there is no need for any crack width limitation
for controlling corrosion (Beeby, 1978). Jacobsest al. studied with crack widths and
found that crack widths less than 0.4 mm does not have any di erence from uncracked
concrete (Jacobseret al., 1998). Schiessl and Raupach examined the e ect of cracks
without considering any speci ¢ crack width and suggested that e ect of cracks on
corrosion is minor (Schiessl and Raupach, 1997). Also European design CEB suggested

that there is no need to set a crack width limitation for corrosion (CEB, 1989).
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3. EXPERIMENTAL STUDY

In this study, an experimental program was conducted to investigate the corrosion
of steel reinforcement in cracked and uncracked concrete with di erent water-to-cement
ratios, concrete cover depth and ber content. For this purpose, same sized beams were

produced. The materials used and their properties were given below.

3.1. Materials

3.1.1. Cement

For concrete production, TS EN 197-1 CEM | 42,5 R portland cement manufac-
tured by Akcansa was used. Cement supplier reported the data showing the physical

and chemical properties with an o cial paper requested. These data can be seen in
Table 3.1, Table 3.2 and Table 3.3.

Table 3.1. Oxide and mineralogical components of cement (% by weight).

Oxide or Phase| Content(%) | Oxide or Phase | Content(%)
SiO, 20.17 Na,O/K ,0 0.13-0.96
Al,0O3 491 Cs3S 55.65
Fe,O3 3.41 C,S 15.93
CaO 64.28 Cs3A 7.25
MgO 1.18 C.AF 10.38
SG; 2.84 Insoluble Residue 0.69
Cl 0.0371 Loss of Ignition 1.61
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Table 3.2. Physical properties of cement (TS EN 196-3, 196-6).

Speci ¢ Gravity 3.14 g/lcm?®
Initial Set (min) 111
Final Set (min) 168

Soundness (Le Chatelier) 1

Speci ¢ Surface (Blaine) | 3910 cni/g

Residue on 45 m sieve | 14.4%

Residue on 90 m sieve | 2.2%

Table 3.3. Compressive strength properties of cement (TS EN 196-1).

Early Strength (2 days) 25.1 MPa
Early Strength (7 days) 39.5 MPa
Standard Strength (28 days) 53.7 MPa

3.1.2. Aggregates

Four types of aggregates are used in this study. These are crushed sand, natural
sand, and two coarse aggregates of di erent sizes. The physical characteristics of the
aggregates used are given in Table 3.4. The maximum grain size of the aggregates was

20 mm.

Table 3.4. Compressive strength properties of cement (TS EN 196-1).

Aggregates Unit weight (g/cm 3)
Coarse Aggregate No 1 2.70
Coarse Aggregate No 2 2.75
Natural Sand 2.60
Crushed Sand 2.65
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3.1.3. Steel Reinforcement

Hot-rolled ribbed bars of 14 mm diameter with a characteristic yield strength of
420 MPa were used for longitudinal reinforcement. For each beam, a 500 mm long

steel bar were used.

3.1.4. Fibers

For this study, Dramix RC65/35BN steel bers were selected and used in the
mix. Physical characteristics of bers are given in Table 3.5. In this study hooked end

steel bers were used. Pictures of steel bers are also presented in Figure 3.1.

Table 3.5. Steel ber characteristics.

Length (mm) 35
D (mm) 0.55
Length/diameter 65
Density (g/cm?) 7.85
Tensile strength (MPa) 1100
Modulus of Elasticity (GPa) | 200
Fiber number/kg 14500

Figure 3.1. Steel bers.
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3.1.5. Superplasticizer

Rheobuild 1000 which is a ASTM C494 Type F high range water-reducing super-
plasticizer, was utilized into the mixes in order to maintain approximately the same
slump (17 2 cm). It was a poly naphthaline sulphonate condensate type of superplas-

ticizer.

Table 3.6. Properties of superplasticizer.

Color Dark Brown

State Liquid

Speci ¢ Gravity (kg/l) 1.2 0.03

pH 6.5-8.0
Chloride Content 0.1% (TS EN 480-10)
Alkali Content 5% (TS EN 480-12)

3.2. Concrete Mix Design

3.2.1. Concrete Mix Proportions

Concrete mixes were cast by using CEM | 42.5 R Portland cement, coarse aggre-
gates, sand and crushed sand as mentioned above. Superplasticizer Rheobuild 1000 is
also used in all mix types in order to maintain slump. Steel bers are added to some
of the mixes. Two water-to-cement ratios (0.45 and 0.65) were used. Mix proportions

are given in Table 3.7.

3.2.2. Concrete Casting

All concrete mixing was carried out within laboratory conditions and with the
same device shown in Figure 3.2 and temperature during mixing was noted. For all
mixes, same procedure was used. After careful weighing of materials, rst, dry ingredi-

ents were put into the pan and mixed for two minutes. After that mix water containing



Table 3.7. Concrete mix proportions
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Non- brous | Non- brous | Fibrous Fibrous
Materials w/c=0.65 w/c=0.45 w/c=0.65 | w/c=0.45

(kg/m ) (kg/m ) (kg/m ) (kg/m )
Cement 310 400 310 400
Water 201 180 201 180
Coarse Aggregate No 1 581 575 581 575
Coarse Aggregate No 2 473 468 473 468
Sand 560 554 560 554
Crushed Sand 237 235 237 235
Superplasticizer 2.22 6.3 3.48 6.85
Steel bers 0 0 39 39

half of the superplasticizer was added to the mix in one minute and the materials were

stirred for another one minute. Then, other half of the superplasticizer and bers (if

applies) were added and all ingredients were mixed for another two minutes in order

to obtain a homogenous concrete.

Figure 3.2. Concrete mixing device.
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3.2.3. Specimens and Curing Conditions

A total of 56 specimens with dimensions of 100x100x500 mm were cast in steel
moulds shown in Figure 3.3. Later, due to a breakdown of corrosion measurement
device, apart from the 56 specimens, additional specimens (24) were cast as substitute
specimens to uncracked beams. Details of this will be given later. Table 3.8 shows
the number of specimens cast for each di erent series. All specimens were unmoulded
after 24 hours from casting and moved directly to the curing room (temperature: 20
°C, relative humidity: 95%). Beams were cured for 28 days. Additionally, cylinder
specimens with dimensions of 100x200 mm were cast in order to evaluate compressive

strength of specimens used.

Figure 3.3. Steel moulds with reinforcing bars placed in and ready for casting.

3.2.4. Specimen Designation

This study was carried out on eight series of small reinforced concrete beams with
variations on water-to-cement ratio, ber presence and concrete cover thickness. 1D
nomenclature is described in Figure 3.4. L1 and LO stand for the specimens with and
without bers, respectively and the numbers following represent water-to-cement ratio

(0.45, 0.65) and cover thickness (45, 25 mm), consecutively.
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Table 3.8. The number of specimens cast for di erent series and tests

Prismatic Beam Specimens Cylinder Specimens
100x100x500 mm 100x200 mm
Sets Corrosion Mea.lsurements Flexure Tests
Uncracked S:Sfé'éi;ed Cracked Compressive Strength
L04525 3 3 4 2
L04545 3 3 4 2 3
L06525 3 3 4 2
L06545 3 3 4 2 3
L14525 3 3 4 2
L14545 3 3 4 2 3
L16525 3 3 4 2
L16545 3 3 4 2 3
Fiber Content Cover thickness ~ Fiber Content Cover thickness

(O=none, 12 present) /(mm) (O=none, 12 present) /(mm)

L 045 25 L 16545
\w/c (%) \w/c (%)

Figure 3.4. Nomenclature of mix ID.

3.3. Test Procedures

3.3.1. Fresh Concrete Properties

The fresh concretes were tested for air content in accordance with ASTM C 231

pressure method (Figure 3.5), slump test is adopted according to ASTM C 143M-08
(Figure 3.6) and unit weight according to ASTM C 138M-08.



Figure 3.5. Air content determination of fresh concrete.

Figure 3.6. Slump test
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3.3.2. Mechanical Properties of Hardened Concrete

3.3.2.1. Compressive Strength. Compressive strength tests were performed on 100x200

mm cylinders at the age of 28 days. Ele Autotest 2000 (2000 kN) compressive strength
testing machine (Figure 3.7) was used for experiments. This test was applied as de-
scribed in ASTM C39 \Standard Test Method for Compressive Strength of Cylindrical

Concrete Specimen”.

Figure 3.7. Compression test.

Before compression loading, specimens were capped using a capping compound
to create parallel loading faces for uniform compressive load distribution on the loading
surface and also for ensuring constant height. Capping process is performed in accor-
dance with ASTM C 617. Cylinders were loaded axially at a rate of 2.4 kN/sec until

failure.

3.3.2.2. Flexural Strength. Flexural strength tests were conducted in order to obtain

ultimate strength and maximum crack width at the midsection before failure. These
tests provided information to determine whether the specimens will achieve a crack

width of 0.4 mm in midsection or not. For this purpose, a MTS Landmark closed loop
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servo-hydraulic controlled testing machine with a 100 kN capacity was used. Specimens
were tested under three-point loading. Stroke displacement was controlled during tests
and two LVDTs were placed at both sides of the beam in order to measure crack
width. A schematic and a picture of the test set-up are seen in Figure 3.8 and Figure
3.9, respectively. The specimens were turned on their side to use a plain and uniform

surface instead of rough surface that has been smoothed with trowel.
’ l

Nol f— Nol
?.JS mm 450 mm 25 mm
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| ™

LVDT
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-

250 mm o 250 mm

I

Figure 3.8. Three - point exural test setup.

Figure 3.9. Three point exural test setup.
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3.3.3. Forming and Maintaining Cracks under Flexural Loading (Sandwich

Test Set-up)

As mentioned before in Section 2.3.3., based on previous research, ACI 318 states
that 0.4 mm could be considered as the critical crack width for corrosion activity (ACI
318, 2008). Various researchers use 0.4 mm as the critical crack width in their studies.
In this study, this value also was selected as the critical crack width for corrosion. Form-
ing crack width openings equal to 0.4 mm can be done, however following the removal
of the load cracks close and crack width decreases. To prevent this and to maintain the
formed crack an experimental set-up previously used by various researchers was used
(Gowripalan et al., 2000; Otieno, 2008). This set-up which will be called sandwich
loading after this section, was chosen to stabilize load on the beam to maintain crack
widths obtained. MTS device was used to form cracks needed on the beams midsection
(Figure 3.10). Two beams of identical properties were placed on top of each other, by
placing a cylindrical high-quality steel rebar (=20 mm) between them in order to
create a compression zone e ect at the interior and tension zone e ect at the exterior
parts of the beams above and below the bar. Schematic of the experimental setup can

be seen in Figure 3.10

b 500 mm
. T - | /\/[16 Nuts
b 150 mm "] 20 mm
,_E._| P2 70 mm P2 gﬁ /" thick plate
A 4 F—H ¥
DT 25 mm
cover
14 mm diameter bar
Original Beam 75 mm

Dummy Beam

»le ple
»e »e

150 mm

»le
>

P 175 mm 175 mm

250 mm 250 mm

Figure 3.10. Sandwich loading test setup.
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Then, two LVDTs were placed in midsection at the tension zone (upside) as is seen
in Figure 3.10. Loading was applied in stroke displacement control (0.001 mm/sec).
First, all non- brous beams were loaded until the critical crack width was reached (0.4
mm) and at that moment closed loop system was paused in order to maintain the
obtained crack. The load that created critical crack width was recorded and that value
was used as maximum load for crack opening and crack width was also noted. Then,
bolts on each side were tightened in accordance with each others while reducing the
load from MTS. This way the same load is given to the system through the bolt system
when the load from MTS is removed. As a result, crack width formed was sustained.

Figure 3.11 gives a representation of the setup following crack formation.

ull.

Sy

[ ]

1l
Il

T i‘a};’;_é_ LﬁJ

Figure 3.11. A schematic of the tightened test setup.

Following formation of cracks for non- brous specimens, a similar procedure was
applied to form cracks on the brous specimens. This time, the loads required to
form 0.4 mm crack width for non- brous specimens were applied to brous specimens
and the cracks formed were used as the critical crack widths for brous specimens.
The schematic below gives a summary of the procedure (Figure 3.12). In Figure 3.13,

sandwich loading can be viewed.
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Fibrous

Non-fibrous
specimey

4 1
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@ =

Figure 3.12. Forming critical crack width for brous specimens.

Figure 3.13. Sandwich loading test by MTS Landmark.

3.3.4. Conditioning of Specimens

After forming cracks in the midsection, 70x130x15 mm reservoirs were constructed
on each beam to create a marine environment e ect on the ponded surface and steel

bar beneath (Figure 3.14).
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For waterproo ng of reservoirs, a water resistant mortar and silicone was used.
Reservoirs were constructed on both cracked and uncracked specimens to compare the
e ect of cracks on rebar corrosion. For simulating the marine environment, 35 g/l NaCl
solution were lled into the reservoirs and left for four days which resembles wet part
of the cycle. After four days of wetting, with the help of the sponges, reservoirs were
emptied and left for drying for three days at a temperature of 20 2°C and relative
humidity of 65%.

However, since these type of corrosion tests are long term experiments, tempera-
ture and humidity changes are expected and impact of these variables can be signi cant
on the specimens. After recognition of this problem (Qweek), temperature and rel-
ative humidity of the room was noted every week during measurements and given in

Table 3.9. The e ect of these variations on data will be discussed later.

Table 3.9. Temperature and RH variations in latest weeks.

July August September October

Weeks 19‘20‘21‘22 23‘24‘25‘26 27‘28‘29‘30 31 32

T(OC) 246 | 26,6 | 28.2 | 284 | 291 | 259 | 27.2 | 256 | 248 | 242 | 239 | 21.8 | 20.2 | 19.1

RH(%) 67 60.4 66 66.7 66 71 68 64 64 65 68 67 72 73

The reason for selecting the above mentioned durations for wetting and drying
periods (four days wetting and three days drying) was to get a chloride penetration
mechanism closer to di usion. If the drying period had been longer then absorption
mechanism would be dominating and that would a ect chloride penetration pro les.
All along the project duration these cycles were repeated and reinforcement corrosion

propagation were observed.



55

= 130 mm

h=15 mm

Figure 3.14. Reservoirs on specimen surface.

3.3.5. Corrosion Monitoring

Two di erent instruments were used for acquiring corrosion measurements. First
instrument is a device works based on galvanostatic pulse technique which has been
manufactured by Germann Instruments in Denmark by the trademark name of Gal-
vapulse. Galvapulse device can be used to measure the half-cell potential by using
Ag/AgCI reference electrode (mV), most signi cantly corrosion rate (A/lcm?) and
polarization resistanceR, (k.ohm). Unfortunately, a breakdown occurred in this de-
vice in the beginning of the study. As a result of this, another equipment was also
used for a backup replacement of Galvapulse. This second instrument is a simple

copper/copper sulfate reference electrode (CSE) which gives half-cell potential data.

No measurements could be taken due to the breakdown in Galvapulse for the
rst eight weeks and measurements using CSE began on th& Qveek. Then, starting
from the 10" week, measurements using both CSE and Galvapulse were obtained and
evaluated. To compensate for the missing data, and to evaluate beginning time of
corrosion a new series of concretes were cast and tested in an uncracked condition.

Corrosion monitoring process is given in Figure 3.15.
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Corrosion
Monitoring
|
Half-Cell Potential
Galvapulse Cu/CuSO,
Electrode

Half-Cell Potential
Ag/AgCl Electrode

Corrosion Rate
(HA/cm?)

Figure 3.15. Corrosion monitoring system.

3.3.5.1. Half-Cell Potential Measurement. Half-cell potential measurement is an elec-

trochemical assessment method. It is one of the most widely used non-destructive test
methods for corrosion assessment in reinforced concrete structures since it is quick and
easy to apply. This test is done according to the de nitions given in ASTM C876 by
using copper/copper sulphate (CSE) electrode. Details are prescribed in Section 2.3.4.
As seen in Figure 3.16, a sponge size suitable for ponding is selected and placed in
the reservoir and CSE electrode is placed vertically on the sponge. Electrode’s cable
Is connected to the voltmeter and the other cable is touched to the steel bar and when
the reading on the voltmeter is stabilized then value is noted as the half-cell potential

of that beam.
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Figure 3.16. Half-cell potential measurement by Cu/CuS@electrode.

3.3.5.2. Galvancstatic PulseTechnique. The galvanostatic pulse method is a transient

polarization technique and this technique is prescribed in Section 2.2.7. For application
of this method an equipment which works based on galvanostatic pulse technique with
a trademark name of Galvapulse was used (from now on this device will be addressed
as Galvapulse). It is a two component device including a hand computer and the
pulse head. Galvapulse measurement application is shown in Figure 3.17. To obtain
measurements, pulse head is placed and pressed into the reservoir and by making
necessary adjustments from the hand terminal reading is taken in 10 seconds time.
Galvapulse gives three values which include half-cell potential (Ag/AgCl), corrosion
rate (Icorr ) and polarization resistance R,). Corrosion rate is calculated automatically

by using polarization resistance. After measurements were taken, all data recorded in

hand terminal was transferred to PC for analysis.










































































































































































































































