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(Abstract)

Significant factors on steel corrosion in chloride contaminated reinforced concrete
and time-to-corrosion cracking were investigated in this study. Sixty specimens were
designed with seven admixed chloride contents, three concrete cover depths, two
reinforcing steel bar diameters, two exposure conditions, and a typical concrete with
water to cement ratio of 0.45. Corrosion current density (corrosion rate), corrosion
potential, ohmic resistance of concrete and temperature were measured monthly on these
specimens using both the 3LP and Gecor devices. Metal loss measurements were
performed in accordance with ASTM G1-90, method C3.5, after specimens cracked.

The actual corrosion weight loss of the steel reinforcing bars was then compared to the
result obtained from the corrosion rate measurement devices.

An interaction model for characterizing the dynamic corrosion process was
developed based on the five-year corrosion database. The model demonstrates that the
corrosion rate is a function of chloride content, temperature at reinforcement depth,
ohmic resistance of concrete, and corrosion time after initiation. A time-to-corrosion
cracking model was suggested based on a corrosion-cracking conceptual model and
critical mass of corrosion products. The model predicted times to corrosion cracking are
in good agreement with the observed times to corrosion cracking of the cover concrete.
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1.0 Introduction

1.1 Background

Chloride-induced steel corrosion is one of the major worldwide deterioration problems for steel
reinforced concrete structures. The high alkaline environment of good quality concrete forms a
passive film on the surface of the embedded steel which normally prevents the steel from further
corroding [1]. However, under chloride attack, the passive film is disrupted or destroyed, and the
steel spontaneously corrodes [2-3]. The volume of rust products is about four to six times larger
than that of iron. This volume increase induces internal tensile stresses in the cover concrete, and
when these stresses exceed the tensile strength of the concrete, the cover concrete is damaged by
cracking, delamination andspalling. In addition to loss of cover concrete, a reinforced-concrete
member may suffer structural damage due to loss of bond between steel and concrete and loss of
rebar cross-sectional area [4].

Since the later 1960’s, chloride de-icing salts used on roadways in the United States have been
increased greatly; currently about 10 millions tons of salts are used annually [5]. It has been
reported [6] that more than 40 percent of total highway bridges in the United States are
structurally deficient or functionally obsolete. The cost of repairing and replacing these bridges
is estimated at $70 billion. Approximately 20 percent of total estimated cost is due to the
corrosion deterioration of concrete bridges. There are insufficient funds to address all the present
repair, rehabilitation and replacement needs. However, through the use of deterioration models,
cost-effective decisions concerning the time to repair or rehabilitate or replace existing structures
can be made as well as predicting future maintenance and replacement needs and the selection of
the most effective corrosion abatement systems.

1.2 Deterioration Models

Tuutti [7] suggested a model for predicting the service lives of reinforced concrete structures (see
Figure 1.1). The maximum acceptable corrosion level is related to the appearance of cracks. The
deterioration process consists of two periods: initiation and propagation. The length of the
initiation period can be estimated from the time required for aggressive species to reach
reinforcement surfaces and trigger active corrosion, while that of the propagation period can be
taken as the time elapse until repair becomes mandatory.

One model which can be used to estimate the remaining life of concrete bridge components in

corrosive environments is the deterioration model developed b§ady and Weyers [8], which is
based on the premise that salt-induced corrosion of the steel is the

1.0 Introduction 1
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Figure 1.1. A schematic sketch of steel corrosion sequence in concrete [7].

main cause of deck deterioration. The model predicts deck deterioration as measured in an area
percentage of the entire deck. The total area ofpalls, delaminations, asphalt patches, and crack
lengths multiplied by a tributary width combine to produce the total damage.

The model has three distinct phases: diffusion, corrosion and deterioration (see Figure 1.2). The
first phase, diffusion, is defined as the time for chloride ions to penetrate the concrete cover and
reach the corrosion threshold limit on steel surfaces at a cover depth equal to 2.5% of the cover
depth distribution. The diffusion time usually can be determined empirically usifgick’s second
law [9]. The second phase, corrosion, is defined as a period of time from initiation of corrosion
to first cracking of the 2.5% cover concrete. The third phase, deterioration, describes the time to
reach a damage level of a percent which is deemed as the time to rehabilitation. During this
phase, from the cracking of the concrete cover at 2.5% cover depth to the time for rehabilitation,

it has been shown empirically that the deck will continue to deteriorate at a relatively uniform
rate [10].

Bazant developed physical-mathematical models to determine the time to cracking for chloride
induced corrosion of steel in concrete based on steady-state corrosion [11-12]. In his model, the
time to cracking is a function of corrosion rate, cover depth, spacing, and certain mechanical
properties of concrete such as tensile strength, modulus of elasticity, Poisson’s ratio and creep

1.0 Introduction 2
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Figure 1.2. Chloride corrosion deterioration process for a concrete element with a mean
cover depth of 2 in. (50 mm) [8].

coefficient. A sensitivity analysis oBazant’s theoretical equations demonstrates that for the
parameters of concrete strength, cover depth, reinforcing size, horizontal spacing and corrosion
rate, corrosion rate is the most significant parameter in determining the time to cracking of the
cover concrete. UnfortunatelyBazant’s model has never been validated experimentally.

1.3 Scope of Study

This study was initiated to validate or modify a set of theoretical equations to predict the time to
cracking for field linear polarization measurements using K.(Clear’s 3LP and theGeocisa

Gecor devices [13-16]. The experiment was designed to simulate typical bridge deck
construction conditions and investigate the influences of significant factors on the corrosion
process in chloride contaminated reinforcement structures based on sensitivity analysis of
Bazant’s model [17-18].
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In August, 1991, a total of 56 specimens were constructed with six series of admixed chloride
contents, 0.0, 0.6, 1.2, 2.4, 4.8 and 9.6 lb/yéi(0.0, 0.36,0.71, 1.42, 2.85, and 5.69 kg/rﬁ), two
concrete cover depths of 2 and 3 in. (50 and 76 mm), two reinforcing steel diameters of 0.63 and
75 in. (16 and 19 mm), two reinforcingpacings of 6 and 8 in (152 and 203 mm). In late June,
1995, four additional slabs were designed with a higher admixed chloride, 12.0 1b/3d7.2

kg/m’), and thinner cover depth, 1 in. (25 mm), which were expected to crack at a very short
time. Forty-four specimens were outdoors and the others indoors in order to maintain a near
constant concrete moisture and temperature.

The 3LP andGecor devices were used to measure the corrosion current density. Measurements
were performed once a month, and concrete temperatures at the bar depth amzhmic resistances
were also recorded. Metal loss measurements were performed in accordance with ASTM G1-90,
Method C3.5 and compared with the measured corrosion rates for specimens which cracked.
Statistical analysis of the initial corrosion measurements demonstrated that the variability for
each experimental cell along a reinforcing bar and within a specimen is small with the largest
variability being between specimens within corrosion cells. Thus, the number of monthly
measurements with an experimental cell was reduced to 7 or 8 for each device.

The objectives of this research are:

1. Investigate the factors which affect the corrosion rate in chloride induced corrosion of steel in
reinforced concrete structures.

2. Develop a model to characterize the corrosion process and predict the corrosion rate of steel
in chloride contaminated reinforced concrete structures.

3. Suggest a modified model for predicting the time to corrosion cracking in chloride- induced
corrosion of steel in reinforced concrete structures.

1.0 Introduction 4



2.0 Review of Corrosion of Steel in Concrete

2.1 Background

Corrosion is defined as the degradation of a metal by an electrochemical reaction with its
environment [19-21]. According to the thermodynamic laws, there is a strong tendency for high
energy states to transform into low energy states. It is this tendency of metals to recombine with
elements present in the environment that leads to the phenomenon known as corrosion. All
interactions between elements and compounds are governed by the free energy changdd(@)
available to them. For a spontaneous reaction to occulDG must be negative. At room
temperature most chemical compounds of metals have lower values (more negative) & than
the uncombined metals; therefore, most metals have an inherent tendency to corrode.

2.1.1 Mechanism of Electrochemical Corrosion
Basic Corrosion Cell

In electrochemical corrosion, there are two reactions which occur at the metal/liquid interface:
the electron producing reaction which is aranodic reaction (oxidation) and the electron
consuming reaction which is acathodic reaction (reduction). For a basic corrosion cell, there are
four essential components involved:

a. The anode. The anode usually corrodes by loss of electrons from electrically neutral
metal atoms to form discrete ions. These ions may remain in solution or react to form insoluble

corrosion products. The corrosion reaction of a metaM is usually expressed by the simplified
equation:

M ® M'+ z 2.1

in which the number of electrons taken from each atom is governed by thealency of the metal.
For iron, z equals two.

b. The cathode. The cathode reaction must consume the electrons produced by the anode
process. There are two basic reactions which occur at the cathode depending on the pH of the
solution:

(a) pH<7: 2H+2¢ ® H, (2.2)

(b) pH>7: 2HO+ O+ 4¢ ® OH (2.3)

2.0 Review of Corrosion of Steel in Concrete 5



c. An electrolyte. This is the name given to the solution, which must, of necessity,
conduct electricity. In the solutiorcations can move fromanodic to cathodic regions and anions
move in opposite direction.

d. Electrical connection. The anode and cathode must be in electrical contact for a
current to flow in the corrosion cell.

The removal of any one of the four components of the simple corrosion cell will stop the
corrosion reaction.

Faraday’s Law

The free energy change of the corrosion process in terms of the potential difference and the
charge transported is known as Faraday’s Law:

DG = z EF (2.4)

where E is the measured potential (volts) andz is the number of electrons transferred in the
corrosion reaction. F represents the charge transported by one mole of electrons and has the
value of 96,494 coulombs per mole.

Nernst Equation

For areaction: A+ B® C+ D,

DG = DG + RT 2l (2.5)
[A][B]

where R is a gas constant which equals to 8.3143 mol'K™", T is temperature (in degreeK).
Symbol (°) represents standard state parameters at 29& and 1 atmosphere pressure. The terms
in the square brackets represent the concentrations of the species in the solution which are
expressed in moralities (moles per liter). Th&Nernst equation is obtained from this reaction of
change in free energy, equation 2.5,

Eo po . Ny, tproduct] 26
" #F  [reactants] @6)

The Nernst equation describes how the electrode potential varies with the concentrations of
participating substances.

2.0 Review of Corrosion of Steel in Concrete 6



2.1.2 Pourbaix Diagrams

Based on thermodynamic data on reactions between metal and watePourbaix [22]developed
potential versus pH diagrams which indicate thermodynamically stable phases as a function of
electrode potential and pH. ThePourbaix diagram for iron is shown in Figure 2.1.

1.5
1 Fe3+ \\\\\\ Q
H2 D \\\\\\\\\ I:-eo4 i
— \\\\\x
> 05 —
LLl 2+ T
T Fe FeO(OH)
7 N .
—- \
© —_ H,0 PASSIVATION
= co ?ROSION\é L |
[0 —
+— -05 ———
° — || Fe(OH
O | re 3\)2 N I N
Fe 1 FeO(OH)
-1 IMMUNITY —
CORROSIOPK

-1.5

Figure 2.1. Pourbaix diagram for the FeO-HO system at 77F (25°C) for 10°M,
activities of all metal ions [22].

There are three general regions described as regions of corrosion, passivity and immunity. A
soluble product is formed under a range of acidic conditions and undermarrow range of vary
alkaline conditions. These are regions of corrosion. Between these two regions an insoluble film
is formed, and that region is referred as passive region. The third region, immunity, shows that
metal is thermodynamically stable and no corrosion will occuPourbaix diagrams provide a
strong thermodynamic basis for understanding corrosion reactions. There are two main
limitations on use of the diagrams. One arises from lack of kinetic data and the other comes
from the purity of environment. In practice, corrosion processes are involved in contaminated
environments.

2.0 Review of Corrosion of Steel in Concrete 7



2.1.3 Polarization

The difference between the potentials of an electrode with and without current is called
electrochemical polarization. This polarization represents anverpotential defined as:

ha = Ecorr - Ea (27)
he = E¢ - Ecorr (2.8)

where h,, h, are the overpotentials andE,, E. are the equilibrium potentials for anode and
cathode, respectively. Eqq 1S a corrosion potential.

Evans [23] introduced a simplified graphic method of representing the relationship between
current I and potential E. Figure 2.2 illustrates the simplest example of afEvans diagram. The
abscissa may represent the total current or its logarithm. The intersection of two curves
represents the conditions at which thanodic and cathodic currents are equal and no net external
current flows and, thus, defines the corrosion potentialE.., and corrosion current,l¢o.

EC """""""""""""""""""
| n

Potential
1 ECOI’T

E.

Icorr Icorr
Current

Figure 2.2. A schematic ofEvans diagram [23].

2.0 Review of Corrosion of Steel in Concrete 8



There are three kinds ofpolarizations which may act separately or simultaneously, namely
concentration, resistance Ohmic) and activation polarization.

Concentration Polarization Concentration polarization is caused by the concentration on the
electrode surface from that of the bulk solution. An example of this would be depletion of
oxygen at cathode. The rate of oxygen diffusion through the concrete to the reinforcement
determines the rate of corrosion. This is illustrated in Figure 2.3 for two different rates of oxygen
diffusion.

Cathode
potential

Potential

Anode /

potential

Teorr1 Current Leorr2

Figure 2.3. Potential versus current plot illustratingathodic diffusion polarization.

The limiting current density i, (the highest current density possible for a given electrode reaction
due to the limitation imposed by the diffusion velocity of the reaction particlejs an important
quantity related to concentration polarization. The limiting current density is inversely
proportional to the thickness of the diffusion boundary layetly [24], that is

i dy = constant (2.9)

For a cathode process, the concentration polarization is given by [25]

0.059 C. 0.059 1
h. = log— = log(1-—) (2.10)
Z Co zZ 1L

where C. is concentration on an electrode;

2.0 Review of Corrosion of Steel in Concrete 9



Cy is bulk concentration;

11s an applied current density;

1. 1s a limiting current density;

z is change of ionic charge in an electrode process; and
hc is concentration polarization.

Resistance Polarization Resistance (Ohmic) polarization is due to anohmic resistance in a
film, e.g. an oxide film on the electrode surface, causing anhmic potential drop, which may be
written as:

hg=RI1 (2.11)
where R is the film resistance for all the electrode surfacd, is the current. Figure 2.4 illustrates
two cases of resistance control, where the potential available for corrosion is the difference in

potential between anode and cathode minus the relevankR drop.

Activation Polarization. Activation polarization occurs due to a certain slow step in the
electrode process requiring an activation energy for overcoming the reaction hindrance.

Cathode |
potential _\

Potential RiLL

Anode :
potential

Icorrl Icorr2
Current

Figure 2.4. Potential versus current plot illustrating resistance polarization.

A logarithmic relationship is obtained based on the well-knowiafel’s equation [26] (forl, >
101p):
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I,
h, =b logI— = a + b logl, (2.12)

where a and b are constants known as theTafel intercept andTafel slope parameters,

respectively, and can be determined empiricallyl, is the applied current, andly exchange

current. The parametera is related to the exchange currenfly, which is the equilibrium current
flowing back and forth through the electrode-electrolyte interface at equilibrium and is a measure
of the reversibility of the reaction. The parameteb, on the other hand, gives an insight into
mechanism of the electrode reaction [27]. The activation polarization is strongly dependent on
the composition of the solution, particularly its content of anions and inhibitors.

2.1.4 Passivity

Passivity occurs when the corrosion product is insoluble and adherent and results in the
formation of an ultra-thin protective film on the surface of the metal. Passivity is of two kinds,
chemical and mechanical passivity.

Chemical Passivity. This type of passivity is due to an invisible thin but dense and
semiconducting oxide film on the metal surface, displacing the electrode potential of the metal
strongly in the positive direction.

Mechanical Passivity. Mechanical passivity is due to the precipitation of solid salts on the
metal surface. The cause of strongly reduced corrosion rate in this case is a thick but more or
less porous salt layer, usually non-conducting in itself.

The maintenance of passivity needs certain electrochemical environmental conditions. The
breakdown of passive film is usually brought about by changes of the electrochemical
environmental conditions or mechanical forces.

2.1.5 Growth of Rust Film

The growth of corrosion products may follow linear or parabolic law depending on the properties
of rust oxides [28-29].

For a metal that does not form protective oxide film, the rate of growth of oxide film remains
constant, that is,
y=kt (2.13)

where k is a constant,y is the film thickness andt is the corrosion time.
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For a metal that forms protective oxide film, the rate of corrosion process will be retarded by
diffusion of corrodant through the film. This results in a thickening of the film, the rate of which
continuously decreases with time, that is,

y = Kt (2.14)

where K is a constant related to the diffusion coefficient and concentration arrodant,y and t
are film thickness and corrosion time, respectively.

However, the relationship between corrosion rate and time is not so simple as described above.
It is more proper to express the deterioration rate with time by the more general relationship [30],

y =kt (2.15)

where y is the overall corrosion expressed in term of penetration or weight loss;is the corrosion
time; k is a coefficient depending on the metal and external corrosion conditions;is a constant
which is related to the degree of retardation of diffusion. A decrease in the diffusion coefficient
with the film growth results in an increase im .

2.2 Corrosion of Steel in Concrete

In general, good quality concrete of appropriate mix proportion, compacting, and curing provides
an excellent protective environment for steel. The physical protection is afforded by the cover
concrete acting as a physical barrier to the access of aggressive species. Chemical protection is
provided by concrete’s high alkalinity solution within the pore structure of cement paste matrix
due to the presence of sodium and potassium oxides in the cement, as well as calcium hydroxide
produced in the hydration reactions of cement components [1,4,31]. The range of high pH values
of typical concrete (12.5-13.5) is within the pH domain in which insoluble oxides of iron are
thermodynamically stable (see Figure 2.1). This gives rise tpassivation of the metal surface in
which significant corrosion is hindered due to thanodic formation of a protective surface film.

Unfortunately, the physical barrier of the cover concrete is not perfect, because the porous
structure of concrete and existingmicrocracks allow the ingress of aggressive species which
cause the breakdown of the passive film. The most common causes of passive film breakdown
are incorporation of chloride ions in the film and neutralization of the pore solution by
atmospheric carbonation CO,).

2.2.1 Concrete as An Electrolyte

The process of corrosion of steel in concrete is generally considered as being electrochemical in
nature, and the basic mechanisms of electrochemical theory of corrosion developed for liquid
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electrolytesapply [32-35]. However, electrochemical corrosion of iron in concrete has a number
of characteristic differences that are determined by the peculiarities of electrochemical processes
in the complex “concrete electrolyte”, the properties of which are affected by theicroporous
structure of the concrete and service exposure conditions.

Structure of Concrete

Concrete is a highly heterogeneous and complex structure, which contains a heterogeneous
distribution of different types and amounts of solid phases, pores, andhicrocracks [4]. In
addition, the structure of concrete is also subject to change with time, environmental humidity
and temperature. A large amount of water can exist in the hydrated cement paste, depending on
the environmental humidity, porosity and pore size distribution of the hydrated cement paste.
The presence and transport of the corrosion reactants (water, oxygen and various ions), the
corrosion products, and the passage of the ionic current necessary to support corrosion are
normally confined to the cement paste phasecement paste pore solution and the structure and
distribution of pores.

Cement paste pore solution. The composition of the pore solution is the decisive factor in
determining whether embedded steel will bgassivated or whether it will actively corrode.
Researchers on the influence of a number of factors on the composition of pore solution [36-38]
have shown that the presence of sodium and potassium oxides in the cement, as well as calcium
hydroxide produced in the hydration reactions of cement components can give the pore solution
of ordinaryportland cement a pH of about 13 while the pH of blended cement is somewhat
lower. The range of high pH values of typical concrete is within the pH domain in which
insoluble oxides of iron are thermodynamically stable to maintain a passive film on steel surface.
Unfortunately, the pH value of concrete can be reduced by carbonation and by leaching.

The Structure and Distribution of Pores The structure, pore size distribution and pore
connectivity in the cement phase determine the availability of oxygen and moisture at the steel
surface, both of which are necessary for the maintenance of a passive film. They also determine
the penetration or diffusion rate of chloride ion and carbon dioxide which, as mentioned above,
are the two most common causes in the corrosion of embedded steel in concrete.

The typical sizes of both the solid phase and the voids in hydrated cement paste are shown in
Figure 2.5 [4]. Pore size distributions are mainly affected by the water/cement ratio, and the
degree of hydration.

The typical pore size distribution plots of several hydrated cement paste specimens tested by the
mercury intrusion technique are shown in Figure 2.6 [39]. The size of interlayer space (gel pore)
is too small to have an adverse affect on the permeability of the hydrated cement paste, and water
in these small voids are held by hydrogen bonding. It is the capillary pore system which is
responsible for diffusion and permeation processes and, therefore, of importance for corrosion.
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Figure 2.5. Dimensional range of solids and pores in a hydrated cement paste [4].

Concrete Electrolyte

The concrete pore system filled with pore water and air provides a path for corrosive elements
and the electrolyte. The following properties are characteristic for concrete as a medium of
corrosion.

The presence of the different types of water in the concreteln addition to vapor empty or
partially water-filled voids, water can exist in the hydrated cement paste in several forms as the
following states.

a. Capillary water. This is the water present in voids larger than about .

b. Adsorbed water. This is the water that is close to the solid surface; that is, under the
influence of attraction forces, water molecules are physically adsorbed onto the
surface of solid in the hydrated cement paste. A major portion of the adsorbed water
can be lost by drying the hydrated cement paste to 30 percent relative humidity.

c. Interlayer water. This is the water associated with the C-S-H structure which is

strongly hold by hydrogen bonding. The interlayer water is lost on strong drying (i.e.,
below 11 percent relative humidity).
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Figure 2.6. Pore size distribution in hydrated cement pastes [39].
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d. Chemically combined water. This is the water that is an internal part of the structure
of various cement hydration products which is not lost on drying.

It is important to note that the concrete is an ionic conductor of electric current with the
exception of its very dry condition, and it can be considered as a corrosive electrolyte. However,
it is quite different from the usual liquid electrolyte, because of its physicochemical properties.

The highly heterogeneous and dynamic nature of the structure of concreteThe electrochemical
properties of the concrete vary within very wide limits, depending not only on its internal
structure but also on its location, and seasonal weather condition. Therefore, concrete can vary
considerably in electrical conductivity during its service life.

These properties of concrete as an electrolyte will influence the character of the electrochemical
reactions significantly by changing the conditions required farathodic andanodic processes.

The most fundamental characteristic is the difference in mechanism and the rate of oxygen
supply under different corrosion conditions: through the liquid electrolyte (corrosion of metal in
solution), through a thin film of electrolyte (such as atmospheric corrosion), or through a solid
microporous electrolyte (such as steel corrosion in concrete). In solution, access of oxygen to the
corroding surface of the metal is dependent primarily on diffusion; in the atmosphere, on the
moisture thickness; and in concrete, on its structure (pore size distribution, porosity and pore
connectivity), degree of saturation and cover depth. The corrosion process (or rate of corrosion)
in concrete also is dependent on the conductivity of concrete electrolyte.

2.2.2 Principles of Steel Corrosion in Concrete

Corrosion of steel in concrete is an electrochemical process. The corroding system consists of an
anode in which steel is corroded, a cathode, an electrical conductor, and an electrolyte (concrete
pore solution). The potential difference between anode and cathode is the driving electrical force

for steel corrosion.

Usually, the process can be divided into primary electrochemical processes and secondary
processes.

Primary Electrochemical Processes

For steel in concrete, as the passive film is degraded by chloride ions or the pH reduced by
carbonation, the metallicFe at the anode is oxidized to form ferrous ionsKe”"):

Fe® Fe*' + 2¢ (2.16)
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The electrons released at the anode flow through the steel to theathodic areas, as illustrated in
Figure 2.7 [4]. The above reaction is initially balanced byathodic reaction of dissolved oxygen
(O,) to hydroxyl ions OH):

0,+2H,0+4¢ ® 40H (2.17)

The anodic product Fe*" reacts with thecathodically formed hydroxyl ions to produce a ring of a
white precipitate of ferrous hydroxide Fe(OH)):

Fe** + 20H ® Fe(OH) (2.18)
Cathode Process Anode Process
0,+2H,0+4¢ ® 40H Fe ® Fe +2¢
0)} 0]}
| |
v v
‘ Q Q le) @ Q Moisture Concrete as
@] . Q an Electrolyte
o ©« fo = - — &
\ /‘ Fe,O; surface,
“passive film
Cathode Anode Steel

Current flow

Figure 2.7. Mechanism of corrosion of steel in concrete [4].

Secondary Processes

The Fe(OH), can be further converted to hydrated ferric oxideHe,O3 xH,0), also known as
ordinary red-brown rust, and black magnetite{e;O4) preceded by the formation of green
hydrated magnetite € e;04 XH,0):

4 Fe(OH), + O, ® Fe,03 XxH,0 + 2H,O (2.19)
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6 Fe(OH), + O, ® 2 Fe;04 xH,0 + 4 H,O (2.20)
Fe;04 XH,O ® Fe304 + HO (2.21)
The composition of rust on iron may be expressed as a general formula:
m ¥ e(OH) + n ¥e(OH) + p xH,O (2.22)

where the values ofm, n and p vary considerably, depending on conditions such as pH of the
solution, the oxygen supply and moisture content.

Since the volume of rust products is much higher (about 4 to 6 times) than that of the iron as
shown in Figure 2.8 [40], the formation of rust products will lead to cracking amgpalling of the
cover concrete when expansive stress exceeds the tensile strength of the concrete, and reduction
of steel reinforcing cross section may lead to structure failure.

Fe

FeO

FC304

FezO3

Fe(OH),

Fe(OH)3

Fe(OH); 3H20

0 1 2 3 4 5 6 7
Volume, cm®

Figure 2.8. The relative volumes of iron and its corrosion reaction products [40].
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2.2.3 Initiation of Steel Corrosion in Concrete

The high alkaline environment of good quality concrete forms a passive film on the surface of the
embedded steel which normally prevents the steel from further corroding. The maintenance of
passivity of steel in concrete requires a high pH and presence of both water and oxygen. Two
major causes of steel corrosion in reinforced concrete and consequent initiation of active
corrosion are carbonation induced corrosion and chloride induced corrosion.

Carbonation Induced Corrosion

Concrete structures are constantly affected b¥”O, in the atmosphere. In the presence ofCO;
which in aqueous solution is a weak acid, the different hydrates in cement paste such as
portlandite (Ca(OH),) and CSH, can react withCO, and become carbonated.

Ca(OH), + CO, ® CaCO; + H,0 (2.23)
2NaOH + CO, ® Na,CO; + H,0 (2.24)

The results of carbonation lowers the pH value [41-42], and the protective film covering the steel
surface which is maintained in a high pH environment is dissolved and it causes corrosion of
steel.

The carbonation rate is mainly determined by quality of concrete which is a function of cement
type, water/cement ratio and proportion of cement. The degree of saturation of the concrete is
also a decisive factor in determining the carbonation rate because tHeO, permeates the concrete
most rapidly in the gas phase but the carbonation reaction takes place in the liquid phase. In a
completely dry concrete or a completely saturated concrete, the carbonation reaction rate is very
slow. When the pores have a layer of moisture on the walls but not completely saturated (50 to
80 percent relative humidity), theCO, can rapidly reach the vicinity of the pore walls and have
enough water to be able to react. Figure 2.9 [43] illustrates the effect of the relative humidity on
the degree of carbonation.

Chloride Induced Corrosion

It is well documented [1,4,7,11,44-51] that the presence of chloride ions in reinforced concrete
can cause the steel to corrode if sufficient oxygen and moisture are present to sustain the
reaction. The chloride-induced corrosion is the most prevalent and damaging cause of corrosion

of steel in concrete.

Source of Chloride in Concrete There are two means by which chloride ions may be introduced
into concrete:
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Figure 2.9. The degree of carbonation as a function of the relative humidity [43].

a. Internal source-from concrete-making materials. Chloride ions may be introduced in
the fresh concrete mix if the concrete-making materials (water, cement and aggregate) are
contaminated with chlorides. Some concrete admixtures such as calcium chlorides also
contain chloride ions.

b. External source-from de-icing salts orseawater. De-icing salts are widely used in the
areas of the world where the pavement and bridge decks are kept clean and bare in the
winter. This is the most common source of chloride ions. Chloride ions are also
prevalent inseawater so that the structures exposed to theeawater are also contaminated.
The penetration of chloride ions from external sources to the steel surface is mainly
through capillary attraction and ionic diffusion.

Mechanism of Chloride Attack The mechanism of chloride induced corrosion of steel is not yet
fully understood. It is generally believed [52-57] that the chloride ions become incorporated in
the passive film, replacing some of the oxygen and increasing both its conductivity and its
solubility.

It has been suggested that chloride ions can complex with the ferrous ions produced by corrosion
to form soluble complexes of iron (II) chloride. The resulting iron chloride complex ion then
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combines with hydroxyl ions to formFe(OH), in solution and releases the chloride ions back to
solution to complex more iron and thus essentially acts as a catalyst in corrosion reactions.

Threshold Chloride Concentrations To initiate corrosion, a threshold concentration of chloride
(minimum concentration of chloride necessary to destroy the passive film) is required in excess
of the amount immobilized by reaction withricalcium aluminate in cement. It is generally
believed that only freely dissolved chloride ions in the concrete pore water can be involved in the
corrosion reactions.

This threshold concentration of chloride ions to initiate corrosion is controversial, because it is
dependent on so many factors including quality of concrete (W/C ratio, mixture proportions, type
of cement), relative humidity and temperature of the concrete, the pH of the pore solution and
sulfated content [58-61].

Figure 2.10 illustrates the relation between some factors and the threshold chloride concentration
given by CEB (Comité Euro-Internationald’Beton) [62]. The value of 0.4 % of chloride ion by
weight of the cement suggested in Figure 2.10 is also considered by RILEM [63] as an
appropriate threshold. For the typical concrete mixtures normally used in practice, the threshold
chloride content is reported to be in the range of 0.60 to 0.83 kg of chloride ions per cubic meter
of concrete (1.0 -1.4 1b/yd).

2.2.4 Corrosion Activity of Concrete

It is well known that the rate of corrosion of steel in concrete at different situations can vary
widely, ranging from tens and even hundreds of times. The rate of corrosion of steel in concrete
is mainly dependent on ionic conductivity of concrete electrolyte, its humidity and temperature,
and the quality of cover concrete as related to the transport of the corrosive species from external
environment to the steel surface.

Conductivity of Concrete

Generally the best measure ofcorrosivity of concrete is its conductivity, usually expressed as the
reciprocal, theresistivity. A low concreteresistivity indicates a high corrosive activity. The
resistivity of the concrete is mainly determined by the salt content in the pore water, degree of
saturation and temperature. Theresistivity of the concrete can vary widely for different
conditions [64-67].

Gjorv [65] has reportedresistivity values of 7,000 and 6,000,000Acm for 100 % and 20 %
saturated concrete, respectively, which are possible in natural environments. High water/cement
ratio, chloride bearing, saturated concrete provide the lowestsistivity, while low water/cement
ratio, well cured, dry concrete provides the highest.
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Figure 2.10. The critical chloride content according to CEB recommendations [62].

There is an absence of complete correlation between electricabsistivity and concrete

corrosivity. Because the corrosion process in concrete is a complex process, oxygen availability
at cathode area is also a controlling factor for the rate of corrosion of steel in concrete. The
relationship between moisture and oxygen in concrete is presented below.

Water-Air Relationship in Concrete
The concrete capillary-pore system filled with water and air acts as the corrosive electrolyte.
Apart from the pore structure, porosity and pore size distribution of the concrete, water content in

the concrete is dependent on the local amount and time of rainfall, and external relative humidity
and temperature.
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A certain water content in concrete is an essential requirement for corrosion to take place. As a
rule, the presence of oxygen is also necessary focathodic reaction process. If a pore volume of
the concrete is only partly filled with water, transfer of oxygen will be easy to the steel surface by
means of diffusion in the gas phase. Whereas, when a pore volume of the concrete is completely
filled with water, then oxygen can reach the steel surface only by diffusion through the pore
water, and thediffusivity of oxygen in water is about four powers lower than that in air [30].
Kobayashi [68] has reported that when moisture content of concrete is lowered from 80 % to 40
%; the value of oxygen diffusion coefficient becomes approximately 15 times higher.

With an increase in the water content in concrete, the corrosion rate will first increase due to an
improved conductivity. When the water content approaches to a degree of complete filling of the
concrete pores, the corrosion rate rapidly decreases to a low value due to the strongly obstructed
supply of oxygen.

The importance of water content for oxygen transport explains why the corrosion rate is
considerably higher in the structure located within the tidal and splash zone than below the tidal
zone, corrosion is very rapid in the splash zone.

Penetration of Corrosion Species in Concrete

Usually, penetration of a particular substance such as chloride ions into concrete can be in two
forms: capillary attraction and ionic diffusion, depending on the degree of saturation in the
concrete [69-70]. The content of chloride ions (not total chloride content, only soluble one) at
steel surface has a great effect on theorrosivity of steel in concrete. The quality of cover
concrete (permeability) and cover depth are the key to determine the ease of chloride ions
reaching the steel surface.

Capillary Attraction. While in dry to semi-dry concrete, ions can migrate along with water under
the influence of capillary attraction. The rate of penetration of chloride ions under capillary
attraction is much faster than that of ionic diffusion.

Ionic Diffusion When concrete is in semi-wet to near-saturation, ionic migration occurs
primarily through the diffusion process. The diffusion generally follows tHéick’s second law.
A solution to Fick's second law based on initial and boundary conditions is as following:

(C:-Co) _

X
c-coy " any!

(2.25)

where C; is diffusant concentration of sample at the surface;
Cx is diffusant concentration of sample at the depth x;
Cy is initial diffusant concentration of sample at the surface;
D. is effective diffusivity; and
t is the time in service.
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The effective diffusion coefficientD. in concrete is a function of porosity, inter-connectivity,
tortuosity and ionic mobility. Temperature also has a strong influence on the ionic mobility.

Therefore, the time to initiate corrosion (the time required for the chloride concentration at depth
of reinforcement to reach its corrosion threshold value) can be determined using equation 2.25
for uniform temperature conditions.

Temperature Factor

Temperature of concrete can vary widely, depending on the geographic latitude and climatic
conditions and also on the time of year and day.

The temperature dependence of the kinetics of electrode processes and processes of diffusion that
take place in the concrete can be a certain degree expressed by th&rrehenius equation [30]:

U = Aew (2.26)

where U is the speed of process (rate of corrosion)A and Q are constants;e is the base of the
natural logarithm;T is the absolute temperature; andR is the gas constant.

The process of steel corrosion in concrete, the rate of which is usually determined by the kinetics
of diffusion or by the kinetics of electrode process, will generally rise exponentially with a rise in
temperature, in accordance with the above equation.

However, because of the complexity of the corrosion process in the concrete, there can be quite a
significant deviation from this dependence [71-72]. For example, if a high temperature is
associated with more rapid drying or lower oxygen solubility in the concrete moisture, the
temperature dependence of corrosion in concrete will usually be quite different. Clear [73]
suggested that the corrosion current density measured at given field temperature can be adjusted
to another temperature using the formula:

1 1
i, = i,e?% 1) (2. 27)

where 1; is the corrosion current density at temperaturd’;
i, 1is the corrosion current density at temperaturd?;
T, is the temperature of the concrete at measurement (in degrek);
T, is the temperature that one desires to know the corrosion current density (in degrd¢).

The influence of temperature on corrosion in concrete has not been sufficiently investigated. As
is known, the corrosion activity of different concrete structures under the conditions of constant

2.0 Review of Corrosion of Steel in Concrete 24



temperature can vary widely. It is better to investigate the influence of temperature on corrosion
in concrete together with other factors such as conductivity and relative humidity.

2.3 Corrosion Monitoring Techniques

Corrosion of steel embedded in concrete is not visually evident until the damage reaches to the
external signs of deterioration as rust spots, cracks ospalling. In order to predict the corrosion
service life of reinforced concrete structures and to determine the need of repair or rehabilitation,
it is necessary to use non-destructive techniques for assessing the corrosion activity and
measuring the corrosion rate of the reinforcements.

Due to the special electrolytic characteristics of the concrete structures, it is difficult to develop
accurate corrosion monitoring devices applied to the reinforced structures. However, several
electrochemical techniques are successfully used for monitoring corrosion of steel in concrete
such as half-cell potential, linear polarization tdmiques and AC impedance

2.3.1 Half-cell Potential

Corrosion is an electrochemical process as described in previous sections. The process of
corrosion causes electrical potentials to be generated and the half-cell provides a method of
detecting and categorizing these electrical potentials. The method and equipment are presented
in ASTM C 876 [74]. The measurement of the free corrosion potential of the reinforcement
consists of determination of the voltage difference between the steel and reference electrode in
contact with the concrete (see Figure 2.11).

A good contact between the reference electrode and the concrete must be ensured in order to
minimize theohmic drops and avoid errors [75]. The more negative the reading, the greater the
probability of corrosion. The significance of half-cell readings and their relationship to potential
for corrosion is well documented [76-77]. The guidance on interpretation of results from half-
cell surveys given in ASTM C 876 is summarized in Table 2.1, in this case, the reference
electrode is a copper/copper sulfate half-cell.

Table 2.1. Guidance on interpretation of results from half-cell surveys (according to
ASTM C 876-91) [74].

Ecorr (Cu/CuSOy) Probability of Corrosion

> -0.20 V greater than 90% probability of no corrosion
-0.35t0-0.20 V corrosion activity uncertain

<-035V greater than 90% probability of active corrosion
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Figure 2.11. Copper-copper sulfate half cell circuitry [74].

Since the potential of any metal in contact with concrete is a function of a large number of
variables related to composition of pore solution, degree of polarization, temperature, and cover
depth, no quantitative (corrosion rate) conclusion can be drawn from it. Potentials do not
provide information on the amount of corrosion. The validity of these interpretations has been
questioned in some situations such as saturated structures, or when carbonation is the cause of
the corrosion orcathodic processes are modified. However, half-cell potential technique is still a
useful tool widely used for the on-site testing of the corrosion state of the reinforcement [78-80].

2.3.2 Linear Polarization Technique

The term linear polarization refers to the linear regions of the polarization curve, in which slight
changes in current applied to corroding metal in an ionic solution cause corresponding changes in
the potential of the metal. Stern et al. [27$howed that for a simple corroding system, the
polarization curve for a fewmillivolts around the corrosion potential obeys a quasi-linear
relationship. The slope of this relationship is called “Polarization Resistance” [27,81]:

R, = (DE/DD) pee o (2.28)
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This slope is related to the instantaneous corrosion rate thragh the Stern-Geary equation:

(b,by) __B
23 RP (ba+ bc) - RP

(2.29)

I corr

where b,: the anodic Tafel slope ;
b.: the cathodic Tafel slope;
R;. the polarization resistance;
B: Stern-Geary constant.

The value of B is determined from the particular electrochemical cell and generally ranges from
13 to 52 mV depending on the system[82]. For measuring it, apotentiostat is necessary.

Based on the theories of polarization resistance to obtain evidence of corrosion activity, two
devices which are currently used for measuring the corrosion rate (corrosion current density) both
in laboratory and in the field are K. CClear’s 3LP[13] and Geocisa Gecor device[15].

The term “3LP” represents the “three electrode linear polarization” technique. This technique
uses a counter electrode to apply aathodic current to the steel reinforcement, called the working
electrode. A third electrode, the reference electrode, monitors the corresponding change in
potential of the steel/concrete interface. By knowing th&afel slopes and using the SternGeary
relationship, a corrosion current can be determined. This current can then be converted to a
corrosion current density by knowing the area of the steel which is polarized.

The Gecor device uses the same linear polarization technique as 3LP. A difference between the
3LP and Gecor devices is that theGecor device has a guard ring electrode which is used to
confine the influence area of the counter electrode by actively confining the polarization current
during the measurement process. Another significant difference is the polarization rate. The
Gecor polarization rate is device controlled based on the rate of corrosion, whereas the 3LP
device is operator dependent within a set of guidelines. In addition, the devices use different
Tafel slope values in calculating the corrosion current density. The result of these differences is
approximately an order of magnitude difference in the measured corrosion current density
between the instruments. The general guidelines for intpreting the results of the 3LP[14] and
Gecor [16]as supplied by theinstrument manufacturers are summarized in Tabl&2.2.

The linear polarization techniques have been widely used to measure the corrosion current
density both in laboratory andin the field [14,83-86]. The main difficulty involved in applying
polarization resistance on-site is the definition of area over which the applied potential (or
current) is going to act.
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Table 2.2. Guidance on interpretation of results of 3LP anecor.

leorr Gecor Device Corrosion LI 3LP Device Expectation
(mA/ft) State (mA/f2)
<0.1 Passive <0.2 No damage expected
0.1-0.5 Low corrosion 0.2-1.0 Damage possible 10-15 years
0.5-1.0 Moderate 1.0-10.0 Damage possible 2-10 years
>1.0 High corrosion >10.0 Damage possible < 2 years

2.3.3 AC Impedance

AC impedance technique is the application to the working electrode maintained at its corrosion
potential bypotentiostat of a small amplitude (a fewmillivolts, DE peak to peak) sinusoidal
voltage in an extensive frequency rang¢83,87-88]. The response at every frequency is
sinusoidal signal with a different amplitude (measured aBl in response to the sinusoidal
voltage) and a phase shift relative to the input signal.

The ratio of DE/DI = Z (impedance) is a sinusoidal function that can be decomposed in resistive
term in phase with the input signal and in @apacitive term with a phase shift of 98,

Z=R+[Rr/(1+jwCRy)] (2.30)

where R, is the electrolyteohmic resistance,C is the capacitance of the electrodey is the
angular frequency W = 2pf), j is the imaginary unit ofy- 1, and Ry is the transfer resistance
assumed to be equivalent to the polarization resistanc®, obtained through the linear
polarization method. Electrolyteohmic resistanceR. value is attained at high frequency range
while at low frequency limit th&R. + Rr is obtained. Through SternGeary formula, the
corrosion intensity may be calculated fronRr value.

Impedance data are obtained in concrete over a range of frequencies which depend on the size of
the specimen and the actual corrosion rate.

2.3.4 Gravimetric Technique (Weight Loss Method)
This technique is a destructive method, which consists in weighing the specimens’ bars before

and after being introduced in the concrete to be testedThe detail test procedures 6r preparing,
cleaning, and evaluating corrosion test specimens are described in ASTM G1 [89]. The
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difference in weight gravimetric loss) is a quantitative average of the attack. he average
corrosion rate may be obtained as follows:

corrosion rate =(K~ W) /(A" T D) (2.31)

where K is a constant, T is the exposure time,A is the surface area,W is the mass loss, andD is
the density of the corroding metal. No instantaneous corrosion rates can be measured in this
technique, but only a mean during the period of test. Obviously, theravimetric method is the
most accurate method to quantify corrosion attack in laboratory experiments.

Although this method is very time-consuming and only applicable to the laboratory studies, it is a
useful tool to check the accuracy of the electrochemical techniques that are able to measure the
corrosion rate quantitatively, such as the Linear Polarization and AC Impedance techniques.

2.3.5 Techniques for Determining the Chloride Content

One method to estimate the potential for chloride induced corrosion damage is to measure the
chloride content of the concrete at depth of reinforcement. There are several analytical values
considered to designate the chloride content such as acid-soluble content and water soluble
content. Acid soluble is the most widely used measurement and indicates the proportion of
chloride which is soluble in nitric acid. The water soluble chloride is that extractable in water in
defined conditions.

Many test procedures have been published [90-94fo measure these different values of chloride
content. The ASTM C 1218 [92] describes a standard test method for water-soluble chloride in
mortar and concrete. The ASTM C 1152 [93] presents a standard test method for acid-soluble
chloride in mortar and concrete. A rapid analysis proposed by Henry [94] can also be used to test
the acid-soluble chloride content.

The chloride content can be expressed in terms of percent chloride by the mass of cement (% in
weight of cement) or in terms of pounds of chloride per cubic yard of concrete (kilogram of
chloride per cubic meter of concrete). The results of chloride content may be used to determine
if a site has a high enough level of chloride ions to initiate corrosion. Note that the threshold
level of chloride concentration to initiate corrosion differs for the different conditions pre0
sented in section 2.2.3.

2.4 Summary

1. Concrete is a heterogeneous, capillary-porous dynamic system possessing ionic conductivity.
The corrosion processes of steel in concrete can be considered primarily electrochemical.
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However, electrochemical corrosion of steel in concrete has its own peculiarities, determined
largely by the characteristic properties of the concrete as a corrosion electrolyte.

Due to the presence of sodium and potassium oxides in the cement, as well as calcium
hydroxide produced in the hydration reactions of cement components, concrete’s high
alkalinity solution within the pore structure of cement paste matrix provides a good
environment to form a passive film on the steel surface to protect it from further corroding.
This passive film will be destroyed or dissolved either by chloride ions attack or by decrease
in pH value due to carbonation.

The chloride-induced corrosion is the most prevalent and damaging cause of corrosion of
steel in concrete. However, the mechanism of chloride-induced corrosion of steel is not yet
fully understood. It is generally believed that the chloride ions become incorporated in the
passive film, replacing some of the oxygen and increasing both its conductivity and its
solubility.

To initiate corrosion, a threshold concentration of chloride is required in excess of the
amount of immobilized chloride by reaction witlricalcium aluminate in cement. The
threshold concentration of chloride ions to initiate corrosion is dependent on many factors
including quality of concrete (W/C ratio, mixture proportions and type of cement), relative
humidity and temperature of the concrete, and pH value of pore solution.

The penetration of chloride ions into concrete takes place in two forms, capillary attraction
and ionic diffusion, depending on the degree of saturation in the concrete. The time to
initiation of corrosion of steel in concrete is dependent on quality of cover concrete, cover
depth and exposure conditions.

The transport of oxygen in concrete to the steel surface is mainly by diffusion process. The
rate of diffusion of oxygen is determined by the pore structure, pore size distribution of
concrete and its moisture content. It decreases sharply with the increase in moisture content
because thediffusivity of oxygen in water is about four powers lower than that in air.

Ohmic resistivity of the concrete can fluctuate within wide limits, determined by the salt
content in the pore water, degree of saturation and concrete temperature.

Temperature at depth of concrete/steel interface can also fluctuate within wide limits
depending on the geographic latitude and climatic conditions and also on the time of year and
day. Temperature has a significant effect on the corrosion rate, because temperature changes
can influence the diffusion of reactants, electrochemical and chemical reactions, conductivity
of the concrete and solubility of oxygen.

The corrosivity of steel in concrete depends on many factorohmic resistivity, moisture

content, salts content, air penetration and temperature. However, until recently, the
relationship between thecorrosivity of steel in concrete and its physicochemical properties
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10.

has not been fully established. The basic reason for this is that the corrosion process of steel
in concrete is a dynamic process due to the dynamic nature of concrete structure and seasonal
or daily changes of exposure conditions such as temperature and relative humidity.

Electrochemical techniques have been successfully used for monitoring the corrosion state of
reinforced concrete structures. Because of the special electrolytic characteristic of the
concrete structure and complexities of the corrosion process in concrete, much research work
is still needed on direct corrosion test for the differentoncretes and different exposure
conditions.
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3.0 Review of Time to Cracking Models

There are several ways of predicting service life due to the corrosion damage of reinforcement in
concrete using different deterioration models [7,8,12,95-98]. A deterioration model developed
by Cady and Weyers [8] based on field and laboratory data has been used to estimate the time to
rehabilitate concrete bridge decks. The quantitative prediction of the time to cracking is useful
for establishing the overall deterioration model to predict the service life. Mathematics models
[12] or empirical equations [95] for predicting the time to cracking have been suggested. Due to
the complexity of the corrosion process in concrete, the observed data from the field and
laboratory deviate significantly from existing models. It is necessary to establish the quantitative
relationships among those factors that control the time to cracking, and thus the time to corrosion
cracking of the cover concrete in reinforced concrete can be better predicted.

3.1 Cady-Weyers’ Deterioration Model

Based on the premise that salt-induced corrosion of the steel is the main cause of deck
deterioration, a deterioration model developed by Cady and Weyers has been used to estimate
the remaining life of concrete bridge components in corrosive environments [8]. The model
predicts deck deterioration as measured in an area percentage of the entire deck. The total area of
spalls, delaminations, asphalt patches, and crack lengths multiplied by a tributary width combine
to produce the total damage.

There are three distinct phases in the model: diffusion, corrosion and deterioration (see Figure
1.2). The first phase, diffusion, is defined as the time for chloride ions to penetrate the concrete
cover and to initiate corrosion. The diffusion time usually can be determined empirically using
Fick’s Second Law [9,99-101]. The second phase, corrosion, is defined as a period of time from
initiation of corrosion to first cracking of concrete cover, the time to cracking ranges between 2
to 5 years [10]. The third phase, deterioration, describes the time for damage to reach a level of
percent damage which is deemed as the right time for repair or rehabilitation.

According to Cady-Weyers’ model, the corrosion rate is the key to predicting the time to
cracking. The corrosion rate is largely controlled by the rate of oxygen diffusion to the cathode,
resistivity of the pore solution, and temperature. The quantitative prediction of the time to
cracking using corrosion rate from the currently corrosion rate devices

(3LP and Gecor) is the task of this study.

3.2 Bazant’s Mathematical Models for Time to Cracking
Based on theoretical physical models [11] for corrosion of steel in concrete exposed to seawater,

Bazant suggested a simplified mathematical model to calculate the time to corrosion cracking of
concrete cover. The basic assumptions of Bazant’s models are as following:
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a. Oxygen and chloride ion transport through concrete cover are quasi-stationary and one
dimensional.

b. A steady-state of corrosion producing expansive rust layer begins at depassivation time.

c. The model is based on red rust which is more dangerous for cracking concrete and
assumesr = I /4, wherer . and r ; are the density of rust products and steel,
respectively.

The time of corrosion to crackingt.,, follows [12]:

DDD
tcr= rcor S_] (31)

where S is the bar spacing,D is the diameter of the bar,DD is the change in diameter of the barj,
is the rate of rust production, and ., is a function of the mass densities of steel and rusty cor =
[(1r)) - (0.523f )] 'p/2.

Stress and cracking caused in concrete cover by this increase in diameter can be routinely solved
by a finite element method. Considering concrete to be a homogenous elastic materi&dD is
calculated according to the different failure mode depending on the cover depth and spacing of
the reinforcement. If the spacings, is less than 6D, then the following formula governdDD [12]:

L
DD = 2 f,—-d,, (3.2)

where f; is the tensile strength of the concrete andd,;, is the bar hole flexibility. For this

condition, the expected mode of failure is inclined cracking. The bar hole flexibility is taken as
the average of the following bar hole flexibilities, the first being for the case of

concrete acting as a thick-walled cylinder and the second being for the case of the concrete acting
as an infinite medium:

dp = R(1+ n) + 2 D° (3.3)
. Eef SzEef .

dé = 2[1+n+ 1+ 2D (34)
Ee 2L(L+D)"  S*Eq ’

The average of the above two equations, the bar hole flexibilityl,,, becomes:

3.0 Review of Time to Cracking Models 33



a1+ )a 2
b = ¢ A0+ Dg+

: 35
a (3.5)

1 0
4L(L+D)]%

where| . is the creep coefficient of the concreten is the Poisson’s ratio of the concrete, an is
the elastic modulus of the concrete.

IfL> (S - D)2, then another failure mode (cover peeling) governPD [12]:

S
DD = ft(B- 1)d,, (3.6)

The time to crackingt., may be solved from equation3.1 if DD is estimated from equation3.2 or
3.6.

According to Bazant’s models, the time to cracking is a function of corrosion rate, cover depth,
spacing, and certain mechanical properties of concrete such as tensile strength, modulus of
elasticity, Poisson’s ratio and creep coefficient. A sensitivity analysis of Bazant’s theoretical
equations demonstrates that for these parameters, corrosion rate is the most significant parameter
in determining the time to cracking of the cover concrete. Unfortunately, Bazant’s model has
never been validated experimentally.

To predict the time to cracking of chloride contaminated concrete, using corrosion rate data
measured from currently corrosion rate devices (3LP and Gecor), Peterson [17] and Newhouse
[18] have reported that the predicted time to cracking calculated from Bazant’s model is much
shorter than the observed one.

3.3 Morinaga’s Empirical Equations

Based on field and laboratory data, the empirical equations suggested by Morinaga [95] can be
used for predicting the time to cracking. It is assumed that cracking of concrete will first occur
when there is a certain quantity of corrosion products forming on the reinforcement. The amount
is given by:

0.85

Q,=0.602d (1 + 2d—°) (3.7)

where Q is the critical mass of corrosion products (10g/cn’);
c is the cover to the reinforcement (mm);
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dis the diameter of reinforcing bars (mm).

The time for cracking to take place is given by:

ter =& (3.8)

lcor

where i 1S the corrosion rate in gram per dayi,,is the time to cracking in days. The corrosion
rate ic can be either measured or estimated statistically from the existing data.

According to Morinaga’s equations, the time to cracking is a function of the corrosion rate,
concrete cover depth and reinforcing size. Therefore, the time to cracking can be easily
predicted.

In a previous study [17], the observed time to cracking was 671 days for outdoor exposure, 2 in
(50 mm) of cover depth, 8 in (203 mm) of spacing, # 5 reinforcing steel bar (16 mm in diameter),
measured corrosion rate of 2.185 mA/ftper year (5.88” 10” g/cm’ days) from weight loss

method (ASTM G1-90, method C3.5). Based on equations 3.7 and 3.8, the predicted time to
cracking is about 88 days, which is also much shorter than the observed one.

3.4 Other Criteria on Time to Cracking
The actual metal loss required to cause cracking of concrete has been a subject of disagreement
among the researchers for years. A wide range of cracking criteria has been presented for

different situations and conditions. The metal loss required for cracking from different
researchers has been summarized and is presented as Table 3.1 [17].

Table 3.1. Existing criteria for metal loss.

Existing Information of Metal Loss Required for Cracking
Spellman and Stratfull (1968) [102], Laboratory experiment 0.1 mils (2.54 mm)
Spellman and Stratfull (1968) [102], Field Experiment up to 29 mils (734nm)
Kenneth Clear (1989) [14], Interpretation of Results 3.7 mils (94 mm)
Zdenek Bazant (1979) [12], Interpretation of Equations 0.3 mils (7.87mm)
Clementa et al. [103], interpretation of Results 600 to 1200 mils
(15240 to 30480 M)
Hladky et al. [105], Interpretation of Results 0.63 to 1.26 mils
(16 to 32mm )
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However, the amount of metal loss or in terms of weight of rust products to induce concrete
cracking may have a wide range, because concrete itself is a highly heterogeneous structure both
in macro-structure and micro-structure, and corrosion of steel in concrete is also not uniform;
some of the corrosion products may fill the voids or some of them may migrate away from the
steel/concrete interface. The amount of metal loss or rust product is largely dependent on
parameters such as concrete cover depth, properties of rust products and concrete properties.

3.5 Some Comments on Existing Models

It is well recognized that both the corrosion rate and cover depth have a large effect on the time
to cracking as shown in Bazant’s and Morinaga’s equations. As described above, the estimated
times to cracking from the existing models are significantly shorter than the observed data from
field and laboratory. This may be related to the complexity of compositions and properties of
corrosion products and corrosion processes.

Compositions and Properties of Corrosion Products

As mentioned in section 2.2.2, the final corrosion products may be expressed as follows,
m ‘Fe(OH), + n ‘Fe(OH); + p ‘H,O (3.9)

where the values ofm, n and p vary considerably, depending on conditions such as pH of the
solution, the oxygen supply, and moisture content. The volumes of different iron oxidations are
shown in Figure 2.8. It is obvious that different kinds of rust products have different density and
volume expansion, which may have a large influence on the time to cracking.

It has been reported [57] that the density of rust products ranges from 150-221 1b/f2440-3600
kg/m®). According to a recent study [105], the corrosion products are assumed to be made of
crystalline components (magnetite, goethite and lepidocrocite), amorphous component8 §(OH);
and FeOOH) and others (e.g., water etc.). The corrosion products of steel in concrete are made
up to 30 % of crystalline components, 55-65 % of amorphous components. The densities of
magnetite, goethite and lepidocrocite are about 325, 206-269, and 256 1675200, 3300-4300
and 4100 kg/n7), respectively; density of amorphous componentRe(OH); and FeOOH) is about
187-250 1b/fe (3000-4000 kg/nt).

According to Bazant’s model, the density of red rust is one-fourth that of steel, 122 16/1960
kg/m®). This value is relatively low compared to other researchers. This is one of the possible
reasons that the existing models underestimate the time to cracking of corrosion of steel in
concrete.
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Growth of Rust Products

Both of Bazant’s mathematical models [12] and Morinaga’s empirical equations [95] are based
on the steady state corrosion process to calculate the time to cracking. It is noted that the
corrosion process is a dynamic process. The growth of rust products may not be taken as a
simple linear function as inequation 3.2 and equation 3.8, The growth of rust products may
follow equation 2.15,

y" = kt (2.15)

where the value ofn is usually larger than one. In case of atmospheric corrosion or soil
corrosion, n has values between 1 to 3 depending on the suppression of diffusion [30]. In case of
corrosion of steel in concreten value may reach a value of about 2 [106]. This indicates that the
rate of diffusion process decreases in proportion to the amount (thickness) of rust products.

Therefore, use of a simple linear function to describe the relationship between growth of rust
products and time may underestimate the time to cracking of corrosion of steel in the concrete.

Complexity of Corrosion Process

Corrosion is an electrochemical process, and strongly dependent on environmental factors
(temperature, relative humidity, rainfall) and properties of concrete structure. These factors act
simultaneously on the corrosion process in the service conditions. The influences of these factors
on the corrosion process should be considered as an interaction among them. The interaction
model for corrosion has not been sufficiently studied due to the lack of the long term corrosion
data in the field. Most of the research work in accelerated corrosion tests is limited to the effects
of the individual variable. In fact, these factors can not be separated or isolated from each other
in the service conditions.

It is necessary to develop an interaction model to characterize the corrosion process based on
long term corrosion tests. Therefore, the service life of a reinforced concrete structure in
different environmental conditions can be better predicted.

These three limitations may be the reasons that there is a large deviation between the predicted

time to cracking using existing models and the observed data from the field and laboratory. The
existing models for predicting time to cracking need to be modified.
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4.0 Experimental Design

In order to investigate the effects of significant variables on the corrosion phase, one of three
phases in the deterioration model for predicting the remaining life of a typical bridge deck
developed by Cady and Weyers, and to modify the existing models for predicting the time to
cracking of the cover concrete in chloride-induced corrosion of reinforcement, an experimental
test was designed to simulate a typical bridge deck, based on sensitivity analysis of Bazant’s
theoretical equations.

This experiment included test variables of different admixed chloride contents (corrosion rates),
concrete cover depths, reinforcing sizes andpacings, and exposure conditions. The different
admixed chloride contents were designed to simulate the different corrosion rates which affect on
the time to cracking of the concrete cover.

Both 3LP and Gecor devices were used to measure the corrosion current density. The corrosion
measurements were performed once a month, and concrete temperatures at the bar depth and
resistances of concrete were also taken at each measurement. Metal loss measurements were
performed accordance with ASTM G1-90, Method C.3.5 when specimens cracked; the results
were compared with the measured corrosion rates by 3LP and Gecor devices. Both water soluble
(ASTM C-1218) and acid soluble (ASTM C-1152) chloride content analysis for the different
series of specimens were also performed.

4.1 Materials

Cement

Type I Portland cement from Tarmac Cement Co. in Roanoke, Virginia, was used. Tha-
calcium aluminate content obtained from the manufacturer was in the range of 9.5% to 11.0 %.

Aggregate

The coarse aggregate used in this study was a #57 crushed limestone quarried bycco Stone Co.

in Blacksburg, Virginia. The fine aggregate used was a siliceous natural sand processed Atco
Stone Co. as well. The physical characteristics of both aggregates are outlined in Table 4.1.
Steel

The steel reinforcing bars used for this study were Grade 60, #4, #5, and #6 bars manufactured at

Roanoke Electric Steel Co. in Roanoke, Virginia. Batch testing results of mechanical and
chemical properties are presented in Table 4.2.
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Table 4.1. Aggregate properties.

Course Aggregate: #57 Crushed Limestone| Fine Aggregate: Siliceous Natural Sand
Dry Unit Weight 96.4 1b/ft3 | Bulk Specific Gravity 2.60
(1544 kg/m3) | P1Y)

Voids in DryAgg. 44.2% Bulk Specific Gravity 2.66
(SSD)

Bulk Specific Gravity (Dry) 2.77 Apparent Specific 2.66
Gravity

Bulk Specific Gravity 2.78 Absorption 0.35%

(SSD)

Apparent Specific Gravity 2.81 Fineness Modulus 2.8

Absorption 0.62%

Table 4.2. Mechanical and chemical tests of steel.

Yield and Tensile Strength of Steel

Chemical Properties

Size | Grade | Batch Yield Tensile Chemical %
psi (MPa) psi (MPa) Component

60 1 75285 (527) 119035 (837) C 0.41-0.42
#6 60 2 63070 (441) 98010 (686) Mn 0.90 - 0.96

60 3 73295 (513) 110795 (775) P 0.012 -
#5 60 1 60160 (421) 92100 (645) 0.032

60 2 65000 (455) 99920 (699) S 0.030 -
#4 60 1 65000 (455) 104000 (725) 0.043

Composite Reinforcing Bar

The composite reinforcing bars were used as temperature bars, which were purchased from

International Grating in Houston, Texas.

Sodium Chloride

Granular sodium chloride, from Fisher Scientific Co., was used to incorporate the chloridens
for the initiation of the corrosion process.
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Air Entrainment

A commercial air entraining admixtureDaravair from W. R. Grace & Co., was used to improve
the frost resistance of the concrete.

4.2 Design Variables

An experimental test was designed and constructed in Summer, 1991, to achieve six different
corrosion rates, two concrete cover depths, reinforcing sizes anspacings, and exposure
conditions. A total of 56 specimens were constructed with six admixed chloride contents, 0.0,
0.6,1.2,2.4,4.8,and 9.6 lb/ya (0.0, 0.36,0.71, 1.42, 2.85, and 5.69 kg/rf"l); concrete cover
depths of 2 and 3 inches (51 and 76 mm); reinforcing diameters of 5/8 and 3/4 inch (16 and 19
mm); spacings of 6 and 8 inches (152 and 203 mm); and exposure conditions of indoor and
outdoor sites. Four additional specimens with 12.0 1b/y'd(7.20 kg/m’) and 1 inch (25 mm) cover
depth were constructed in June, 1995. Table 4.3 illustrates the experimental design.

Table 4.3. Test variables.

Factors Series
Admixed Chloride 0.0,0.6, 1.2, 2.4, 4.8, 9.6 and 12.0lb/yd’
(0.0, 0.36, 0.71, 1.42, 2.85, 5.69 and 7.20 kg/m)
Cover Depth 1,2 and 3 inch (25, 51 and 76 mm)
Exposure Condition indoor and outdoor
Reinforcing bar Spacing 6 and 8 inch (152 and 203 mm)
Steel Size diameters of 5/8 and 6/8 inch (16 and 19 mm)

The concrete batches were proportioned to meet specifications for a typical bridge deck concrete.
The concrete mixture proportions are shown in Table 4.4. Compressive strength tests were
conducted on each batch at 3, 7 and 28 days. The results are summarized in Table 4.5.

Forty of the original 56 specimens and the four additional specimens were placed outdoors and
the others indoors in order to maintain a near constant concrete moisture content and
temperature. Indoor specimen surfaces were wetted with water once a week and covered with a
loose fitting sheet of clear plastic. The measured temperature of indoor specimens varied from a
low of 50°F (10°C) in the winter to a high of 80°F (5 °C) in the summer. The measured
temperature of outdoor specimens varied from a low of “& (-20 °C) in the cold winter to a high
of 116 °F (45 °C) in the hot summer.
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Table 4.4. Mixture proportions.

Chloride Series 0.0 0.6 1.2 2.4 4.8 9.6 12.0
Ib/yd® (kg/m®) | (0.0) | (036) | (0.71) | (1.42) | (2.85) | (5.69)| (7.2)
Cement, Ib/yd 635 635 632 632 632 628 635
(kg/m’) (381) | (381) | (379) | (379) | (379) | (337) | (382)
Water, gal/yd 343 323 32.2 31.2 33.2 32.7 34.2
(kg/m’) (173) | (160) | (159) | (155) | (167) | (162) | (172)
W/C Ratio 0.45 0.42 0.42 0.41 0.44 0.43 0.45
Coarse Agg., 1780 1780 1728 1798 1779 1797 1780
Ib/yd (kg/m®) | (1068) | (1068) | (1037) | (1079) | (1067) | (1078) | (1068)
Fine Agg., 1197 1197 1197 1177 1187 1189 1197
biyd (ke/m’) | (718) | (718) | (718) | (706) | (712) | (713) | (718)
Daravair oz/yd | 9.8 8.5 8.5 9.8 9.7 11.1 9.75
(g/m’) (367) | (319) | (319) ] (367) | (363) | (416) | (367)
Salt, NaCl, 0.0 1.2 2.0 4.0 8.0 16.0 20.0
Ib/yd (kg/m’) 0.0 (0.6) | (1.2) | (24) | (48) ] (9.6) | (12.0)
Chloride, 0.0 0.6 1.2 24 4.8 9.6 12.0
Ib/yd’ (kg/m’) (0.0) [ (036)] (0.71) | (1.42) | (2.85)] (5.69)| (7.2)
Slump, in 6 4 6.75 3.25 4 4 5
(mm) (150) | (100) | (170) | (80) | (100) | (100) | (125)
Unit Wt. Ib/yd | 148.8 146.4 143.2 149.1 149.1 142.6 145.0
(kg/m’) (2232) | (2196) | (2148 ) | (2232) | (2232) | (2139) | (2197)
Air Content, % 32 5 54 4.2 4.7 6.7 59
Table 4.5. Compressive strength of concrete.
Admixed Chloride | 0.0 0.6 1.2 24 4.8 9.6 12.0
Series (lb/ycf’ )
3 Day, psi 3040 | 3740 3380 3820 | 3820 | 3660 3283
(MPa) (21.3) | (26.2) | (23.6) | (26.7) | (26.7) | (25.6) (23.0)
7 Day, psi 3680 | 4400 4120 4580 | 4400 | 4100 3899
(MPa) (25.8) | (30.8) | (28.8) | (32.0) | (30.8) | (28.7) (27.4)
28 Day, psi 4420 | 5590 4990 5660 | 5130 | 4560 5053
(MPa) (30.9) | (39.1) | (34.9) | (39.6) | (35.9) | (31.9) (35.6)
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4.3 Corrosion Cell Design

4.3.1 Slab Series Design

The 60 slabs were designed to simulate a section of a bridge deck structure (see Table 4.6).
Figure 4.1 illustrates a schematic diagram of the slab design. Each specimen was a 46.5 x 46.5
in (1180 x1180 mm) square slab, 8.5 in (216 mm) thick. The top mat of the slab contained five
electrically isolated steel reinforcing bars in the longitudinal direction and three #4 fiberglass
bars in the transverse, while the bottom mat had three #4 fiberglass bars in both directions. The
bars were tied to each other by means of plastic ties instead of wire ties to insure that the steel
bars would be electrically isolated from each other and no other metal was corroding besides the
bars. The steel bars were cleaned with hexane and covered with electroplating tape to a known
length of 42 in (1070 mm). This configuration of reinforcement was selected because 90 percent
of all corrosion occurs asmicrocell corrosion in the top layer of steel bars, and since the
fiberglass reinforcement is impervious to corrosion, the corrosion would be isolated in the steel
bars of the top mat. Type T thermocouples were placed at the bar level to determine the
temperature at depth of the reinforcement. A low modulus epoxEpon 828 produced by Shell,
was used to coat the sides of the slabs in order to simulate a continuous structure. Two of the
four additional slabs (OF series, with admixed chlorides of 12.0 Ib/yd7.2 kg/nr’)) were

designed with two different concrete layers, and the steakbars in two layers were connected

with a resistor of 100 ohms. The bottom layer was 6 in. thick concrete without admixed chloride
and the top layer was 3 in. concrete with admixed chlorides of 12.0 Ib/yds shown in Figure 4.2.

Table 4.6. Slab matrix.

Admixed Chloride Outdoor Slabs Indoor Slabs

Series (Ib/yd) 1 in Cover 2 in Cover 3 in Cover 2 in Cover
0.0 2 2 2
0.6 3 3
1.2 9 3 3
2.4 3 3 3
4.8 3 3 3
9.6 3 3 2
12.0 4

All the slabs were coded to allow easy identification of the design and chloride concentration.
The code consists of two capitalized letters which indicate the exposure condition and series,
respectively, followed with values of cover depth (in inch), reinforcing spacing (in inch),
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Figure 4.1. A schematic diagram of the slab design.
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Figure 4.2. A schematic diagram of the two additional slabs design with two
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reinforcing size (number of bar size), admixed chloride content (in 1b/y3land specimen number.
For example, OB3859.6-1 means outdoor specimens, B series with 3 inch cover depth, 8 inch
reinforcing spacing, #5 reinforcing steel, 9.6 1b/ydadmixed chloride, No. 1 specimen; IA2854.8-
2 means indoor specimen, A series with 2 inch cover depth, 8 inch reinforcing spacing, #5
reinforcing steel, 4.8 1b/yd admixed chloride, No. 2 specimen.

4.3.2 Block Series Design

In addition to the large scale slab specimens, smaller test blocks were cast along with the slabs.
Three test blocks were cast at each of the six different chloride contents, making a total of 18
blocks (see table 4.7).

Table 4.7. Block matrix.

Admixed Chloride Series (Ib/yd) 0 0.6 1.2 2.4 4.8 9.6
Outdoor Blocks 2 2 2 2 2 2
Indoor Blocks 1 1 1 1 1 1

All of the blocks were cast with a single #4 bar with a 2 in. (50 mm) cover depth. The blocks
were 11.5 x 13 in. (288%x375 mm) and 7 in. (175 mm) thick. The specimens also contained a
type T thermocouple located at the bar level. The sides of the blocks were coated with the same
low modulus epoxy used in the large slab specimens in order to simulate a continuous structure.
Figure 4.3 shows the diagram of the blocks.

4.1 Test Methods
4.4.1 Corrosion Rate Measurement

Two devices 3LP (K.C. Clear, Inc., Sterling, Virginia) and Gecor (GEOCISA, Madrid, Spain)
devices were used to measure the corrosion rate in this study.

The four-point polarization sequence (0, 4, 8 and 12 mV) was used in 3LP method. Because in
3LP the polarization rate is controlled by operator, the following procedures were followed:

a) Set up equipment by wetting sponge, positioning the counter electrode over thebar to be

tested, connecting therebar ground lead, and confirming that the half-cell potential is stable
and nulling to zero.
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Figure 4.3. A schematic diagram of the block design.

b) Slowly increase the current to the counter electrode until the half-cell potential meter reads
4.0 mV, read and record the current on the digital meter to the nearest 0.00GhA.

c¢) Continue to increase the current, read and record the corresponding current reading at the
half-cell shift of 8, and 12 mV.

d) Reduce the current to zero, confirm that the potential returns to between -2 and 2 mV within
two minutes.

e) Input the data into 3LP program and calculate the corrosion current density.

The Gecor corrosion-rate-meter (LG-ECM-03) is a fully automatic device. The parameters
which need to be introduced are: the reference (location), the calculatagbar area under the

sensor (LG -ECS-04), which should be keyed in square centimeters (cih and the test date.

The polarization rate is device controlled based on the rate of corrosion. The duration of a single
measurement lasts about 2 to 5 minutes depending on the state of the reinforcement. The results
obtained from the Gecor device are:
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a) Corrosion potential,Ey, related to Ag/AgCl electrode, measured in mV.
b) Corrosion intensity,lcor, measured in m/cm?.
¢) Concrete ohmic resistance, Rym, measured in Kohm.

The results can be stored in the device and transferred to the computer by designed software for
further corrosion data analysis.

Gravimetric technique (weight loss method) was used measure the mean corrosion rate at the
time of specimen cracking to assess the results of 3LP and Gecor devices. The detailed test
procedures is presented in ASTM G1-90 [89], method C 3.5. The chemical cleaning solution
was made of 500 ml hydrochloric acid ICl, specific gravity 1.19), 3.5ghexamethylene

tetramine and 500 ml reagent water. The corrosion products were removed after 5 to 6 cleaning
cycles. The average corrosion rate can be obtained according to equation 2.31.

4.4.2 Chloride Content Analysis

In this investigation, both acid-soluble and water-soluble chloride content analysis methods were
used to determine the chloride content. The concrete cores were taken from the specimens at the
depth of the reinforcement after a certain period of exposure. The acid-soluble method and
water-soluble method follow procedures specified as ASTM C 1152 and ASTM C 1218,
respectively.

The acid-soluble method sequentially involves weighing a 5 to 10 mg finely pulverized sample,
adding 75 ml distilled water and 25 ml nitric acid (1: 1), bringing to a boil, filtering , adding 2 ml
sodium chloride (0.05 N) to the filtrate, cooling to room temperature and measuring the chloride
content by anOrion microprocessorionanalyzer (Model 960) which is programmed to provide
chloride content directly.

For the water-soluble method, the acid extraction used for acid-soluble method was replaced by
water extraction. The water extraction includes adding 50 ml distilled water to the sample and
bringing to a boil for 5 minutes, standing for 24 hours, then filtering, and adding 3 ml nitric acid
(1:1) to the filtrate, bringing to a boil, and then following the same filtration procedures as the
acid soluble method.

443 Temperature Measurement
Type T thermocouples were placed at the depth of reinforcement to determine the temperature at

that depth during each corrosion measurement. A microprocessor thermometer (Model HH21,
Omega Engineering, Inc.) was used to measure the temperature.
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4.4.4 Relative Humidity Measurement

A cylinder specimen (44" 8 in. (102" 102" 203 mm)) was designed to measure the internal
relative humidity of concrete at depth of 2 in. (51 mm) cover concrete as shown in Figure 4.4.
The side of the specimen was coated with a low modulus epoxyEpon 828), then wrapped with
aluminum foil, and coated with the same epoxy again. This would simulate a continuous
structure. A Model RH-30 hand held temperature/humidity indicator with RH-30-1 probe
(Omega Engineering, Inc.) was used to measure the relative humidity.

Concrete specimen

\
x A A

RH-30-1 probe

RH-30 meter 6 in

=
Rubber plug

1in

v

<

4 in

Figure 4.4. Test setup for relative humidity measurement.
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5.0 Results and Discussions

5.1 Visual Observations

Up to five years of experimental testing, only outdoor test specimens with the highest admixed
chloride series have cracked. The observed times to cracking for these specimens are listed in
Table 5.1. In the cracked specimens, it was found that most of the cracks were located right
above the reinforcing steel and parallel with reinforcing steel (see Figure 5.1).

Table 5.1. Observed times to cracking for outdoor specimens.

Admixed chloride Cover depth Rebar diameter | Observed time to cracking
content (Ib/yd) (in.) (in.) (year)
9.6 2 5/82 1.84
9.6 3 5/82 3.54
9.6 ( Block) 2 1/22 2.38
12.0 1 5/82 0.72

When the specimens cracked, three 4 in. diameter cores were taken from each slab. It was
observed that localized corrosion occurred at the rebar surface and most of the corrosion area was
located on the upper part of the steel surface. This was due to the highly heterogeneous structure
of the concrete and the presence of chloride ions, which results in the oxygen-rich area acting as
the cathode site and the wetted area at steel/concrete interface acting as the anode.

5.2 Measured Corrosion Data

5.2.1 Monthly Corrosion Potentials

For indoor specimens, the monthly mean measured corrosion potentials from 3LP (mV, Cu-
CuSO0y) and Gecor (mV,Ag-AgCl) devices for six series of admixed chloride are presented in
Figures 5.2 and 5.3. As shown from these figures, the corrosion potentials become more positive
with exposure time and also show a slight seasonal change. The decrease of potentials (more
positive) may be related to a reduced corrosion activity between measurements. The seasonal
change of potentials is due to small changes of moisture and temperature at different times.
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\ 1 R/fﬁ Reinforcement

Figure 5.1. Corrosion cracking on the surface of the outdoor test specimens.

Among different admixed chloride series, only 9.6 Ib/ydseries has more negative potential than
that of other series, which indicates that this series has a high probability of active corrosion.

For outdoor specimens, Figures 5.4 and 5.5 present the monthly mean measured corrosion
potentials from 3LP (mV, Cu-CuSQ) and Gecor (mV,Ag-AgCl) for six series of admixed
chloride with 2 inches cover depth; while Figures 5.6 and 5.7 illustrate the measured corrosion
potentials for 3 inches cover depth series, and Figure 5.8 is for the four additional specimens with
1 inch cover depth. From these figures, it can be seen that within the admixed chloride series,
there is no significant difference in measured corrosion potentials between 2 and 3 in. cover
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depth. Among the different admixed chloride series, there is a significant difference in
measured corrosion potentials when the admixed chloride level is above 2.4 1b/y,dand the
corrosion potential becomes more negative as the admixed chloride content increases; when
admixed chloride content is below 1.2 1b/yd there is no significant difference in measured
corrosion potentials. It can also be seen that the measured corrosion potentials decrease (more
positive) at the early stage (about 1.5 to 2.5 years) for the low admixed chloride levels. This is
mostly due to the formation of the passive film on the steel surface. According to other
researchers [107-108], it usually takes more than one year for the reinforced concrete specimens
to develop a stable passive film.

For the high level admixed chloride series, there is a slight seasonal change in the measured
corrosion potential due to the changes of seasonal outdoor exposure conditions.

As shown in Figure 5.8, there is no significant difference in measured corrosion potentials
between slabs with isolated rebars and interconnected rebars. This may indicate that most of the
corrosion in reinforced concrete structures is micro-cell corrosion.

Comparing with indoor and outdoor series, for the high admixed chloride series, the measured
corrosion potentials in outdoor specimens are significantly greater (more negative) than that of
indoor series; while for the low admixed chloride series, there is no significant difference in
measured corrosion potentials between indoor and outdoor test series.

5.2.2 Measured Corrosion Rate Versus Times, Temperature and Concrete
Ohmic Resistance

Figures 5.9 to 5.14 present the measured corrosion rates (3LP and Gecor), concrethmic
resistances, temperatures for the six series of admixed chlorides, indoor specimens at different
time, respectively. Figures 5.15 to 5.20 present the measured corrosion rates (3LP and Gecor),
concrete ohmic resistances, temperatures for the six series of admixed chloride, outdoor
specimens with 2 inch cover depth at different time, respectively, while Figures 5.21 to 5.26 are
for specimens with 3 inch cover depth and Figure 5.27 is for the four additional specimens with 1
inch cover.

For indoor series, it can be seen from Figures 5.9 to 5.14 that the corrosion rates measured with
the 3LP and Gecor devices decrease at early stage and then tend to stabilize at certain values; and
the higher the admixed chlorides the greater the measured corrosion rate. The decrease of
corrosion rate for the low admixed chloride series may be related to the gradual formation of the
passive film; for the high admixed chlorides it may be related to the changes of area ratio of
anode and cathode. The seasonal change of measured resistance of concrete is due to the changes
of temperature and moisture in concrete at different measurement intervals. It is also noted that
the resistance of concrete decreases as the admixed chloride content increases, because the ionic
conductivity of concrete increases as the salt content increases in the pore water of concrete.
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Figure 5.12. Corrosion rate, concrete hmic esistances and temperatures over corrosion time,
2.4 Ib/yd® admixed chloride, indoor specimens.
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c. Concreteohmic resistance at measurements.  d. Temperature at depth of reinforcement.

Figure 5.13. Corrosion rate, concret@hmic resistances and temperatures over corrosion time,
4.8 Ib/yd admixed chloride, indoor specimens.
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c. Concreteohmic resistance at measurements.  d. Temperature at depth of reinforcement.

Figure 5.14. Corrosion rate, concret@hmic resistances and temperatures over corrosion time,
9.6 Ib/yd admixed chloride, indoor specimens.
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Figure 5.15. Corrosion rates, concret@hmic resistance and temperature over corrosion time,
0.0 Ib/yd admixed chloride, outdoor specimens, 2 in. cover.
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Figure 5.16. Corrosion rates, concret@hmic resistance and temperature over corrosion time,
0.6 Ib/yd admixed chloride, outdoor specimens, 2 in. cover.
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Figure 5.17. Corrosion rates, concret@hmic resistance and temperature over corrosion time,
1.2 Ib/yd admixed chloride, outdoor specimens, 2 in. cover.
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c. Concreteohmic resistance at measurements. d. Temperature at depth of reinforcement.

Figure 5.18. Corrosion rates, concret@hmic resistance and temperature over corrosion time,
2.4 Ib/yd admixed chloride, outdoor specimens, 2 in. cover.
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c. Concreteohmic resistance at measurements. d. Temperature at depth of reinforcement.

Figure 5.19. Corrosion rates, concret@hmic resistance and temperature over corrosion time,
4.8 Ib/yd admixed chloride, outdoor specimens, 2 in. cover.
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c. Concreteohmic resistance at measurements. d. Temperature at depth of reinforcement.

Figure 5.20. Corrosion rates, concret@hmic resistance and temperature over corrosion time,
9.6 Ib/yd admixed chloride, outdoor specimens, 2 in. cover.
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Figure 5.21. Corrosion rates, concret@hmic resistance and temperature over corrosion time, 0.0
Ib/yd admixed chloride, outdoor specimens, 3 in. cover.
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Figure 5.22. Corrosion rates, concret@hmic resistance and temperature over corrosion time, 0.6
Ib/yd admixed chloride, outdoor specimens, 3 in. cover.
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Figure 5.23. Corrosion rates, concret@hmic resistance and temperature over corrosion time, 1.2
Ib/yd admixed chloride, outdoor specimens, 3 in. cover.
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c. Concreteohmic resistances at measurements. d. Temperatures at depth of reinforcement.

Figure 5.24. Corrosion rates, concret@hmic resistance and temperature over corrosion time, 2.4
Ib/yd admixed chloride, outdoor specimens, 3 in. cover.
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Figure 5.25. Corrosion rates, concret@hmic resistance and temperature over corrosion time, 4.8
Ib/yd admixed chloride, outdoor specimens, 3 in. cover.
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c. Concreteohmic resistances at measurements. d. Temperatures at depth of reinforcement.

Figure 5.26. Corrosion rates, concret@hmic resistance and temperature over corrosion time, 9.6
Ib/yd admixed chloride, outdoor specimens, 3 in. cover.
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c. Concreteohmic resistances at measurements. d. Temperatures at depth of reinforcement.

Figure 5.27. Corrosion rates, concret@hmic resistance and temperature over corrosion time, 12.0
Ib/yd admixed chloride, outdoor specimens, 3 in. cover.
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For outdoor series, it can be seen from Figures 5.15 to 5.27 that the corrosion rates measured
with the 3LP and Gecor devices are strongly affected by the temperature and resistance of
concrete at the measurement moment. The dynamic corrosion process is related to the changes
of exposure conditions such as temperature, moisture. There is no significant difference in
corrosion rates between 2 and 3 in. cover series at same admixed chloride test specimens.
Among the admixed chlorides series, the measured corrosion rates increase as the chloride
content increases at same time when the amount of the admixed chlorides is above 2.4 1bAyd
while below 1.2 Ib/yd, there is no significant difference in measured corrosion rates. For the
low admixed chlorides series, it is noted that the measured corrosion rates are relatively high at
the early stage and after about two years reach a low value. This is related to the gradually
formation of the passive film on the steel surface. For the high admixed chlorides series, because
of high concentration of the chloride ions, the passive film is not easily developed and corrosion
takes place continuously; the higher measured corrosion rates are also observed in the early stage
which may be related to the change of area ratio of anode and cathode. It is also observed that
the resistance of concrete decreases as the admixed chloride content increases at the same time;
this is due to the increase of ionic conductivity of concrete as the salt content increases in the
pore water of concrete.

Comparing the indoor and outdoor test series, the measured corrosion rates in outdoor are more
strongly affected by the environmental conditions.

5.2.3 Chloride Content Analysis
Two test methods, water soluble (ASTM C1218) and acid soluble (ASTM C1152) chloride

content analysis, were performed at the age of four-year exposure. The results are summarized in
Table 5.2.

Table 5.2. Results of chloride content analysis after four-year outdoor exposure.

Admixed Chloride Acid Soluble Chloride Content Water Soluble Chloride
Content (Ib/yd) (Ib/yd’) Content (Ib/yd)
0.0 0.53 0.28
0.6 1.06 0.50
1.2 1.33 0.74
2.4 243 1.73
4.8 4.15 3.54
9.6 8.34 7.15
12.0 * 10.21 9.15

* After 0.83 year outdoor exposure. (1 Ib/yd=0.59 kg/m3)
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There is a good relationship between the results from these two methods, as can be seen in
equation 5.1,

Cwater =a Cacid -b (5 1)

where a and b are coefficients, which mainly depend on amount of cement, type of cement and
aggregate used in concrete. From the linear regression analysis, the values afand b equal 0.932
and 0.459, respectively, for the concrete designed in this study (R= 99 % and RMSE=0.20 ).
Figure 5.28 shows the relationship between water soluble and acid soluble chloride content.
Because water soluble method is time consuming, acid method is recommended in the field test.
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Water soluble chloride content (Ib/ya)
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Figure 5.28. Relationships between acid soluble and water soluble chloride content analysis.
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524 Ohmic Resistance of Concrete and Chloride Content

As can be seen in Figures 5.15 to 5.26, the ohmic resistance of concrete is related to the chloride
content, temperature and moisture condition in the concrete. The mean of ohmic resistance of
the concrete with different admixed chloride series and exposure sites up to five years are
summarized in Table 5.3. It can be seen that ohmic resistance of concrete decreases as the
chloride content increases from 1.2 Ib/ydto 9.6 Ib/yd. Compared with outdoor series, indoor
specimens have much lowerohmic resistance. This is most likely due to weekly spraying of
water on the specimens which results in a high moisture content in indoor specimens. The high
moisture content can also cause lack of oxygen supply in the cathode area in indoor specimens
and slow down the corrosion reactions.

Table 5.3. Meanohmic resistance of concrete up to five years at different exposure conditions.

Admixed Chloride Content Ohmic Resistance of Concrete (ohms)
Ib/yd’ Indoor Outdoor
0.0 928 2193
0.6 943 2329
1.2 601 1920
2.4 779 1732
4.8 677 1072
9.6 507 935

For the same exposure conditions, thehmic resistance of concrete is mainly determined by the
chloride content. There is a good relationship between resistance of concrete and acid soluble
chloride content for outdoor specimens as shown in Figure 5.29.

5.2.5 Relative Humidity in Concrete

The relative humidity in concrete differs from time to time. Figure 5.30 gives the changes of
relative humidity in air and in concrete at depth of two inches during a daytime. Although
relative humidity in air changes significantly, relative humidity in concrete at depth of two inches
changes slightly. Figure 5.31 shows the relative humidity in concrete at depth of two inches at
different ages.
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Figure 5.31. Changes of relative humidity in air and concrete at 2 in. depth over time.

5.3 Weight Loss Measurements

Three cores with 4 in. diameter and 5 in. deep were taken from each slab at the time the test
specimens cracked. The steel segments were prepared, cleaned, evaluated according to ASTM

G1-90, method C3.5 [89]. The calculated mean weight loss and corrosion rates from weight loss
method are summarized in Table 5.4.

Table 5.4. Measured weight loss and calculated average corrosion rates over time.

Test Series Exposure period (year) Weight loss Mean corrosion rate
Ib/ft* (mg/cm’) (mA/ff)

0A2859.6 1.84 0.080 (39.3) 2.18

0B3859.6 3.67 0.123 (60.1) 1.67

1A2859.6* 3.67 0.048 (23.6) 0.67
OE18512.0%** 0.87 0.061 (29.8) 3.50
OF18512.0** 0.87 0.061 (29.8) 3.50

Block 9.6 2.38 0.080 (39.2) 1.68

*Note: Test series IA28596 has not cracked.
**Note: OE single layer isolated reinforcing steel, OF double layers interconnected reinforcing steel.
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The results show that indoor series with same high admixed chlorides has much lower corrosion
rate than that of outdoor series with same test series. Due to the difference in

corrosion rates, cracking has not occurred in indoor specimens with highest admixed chloride,
whereas cracking has already occurred in outdoor specimens with same test series. The
differences in the corrosion rates between indoor specimens and outdoor specimens may result
from the different moisture contents in the concrete. The high moisture content in indoor
specimens may limit the oxygen supply at cathode area and cause a low corrosion rate.

5.4 Comparison of Corrosion Rates by Linear Polarization Method and Weight
Loss Method

Based on monthly corrosion measurements by the 3LP and Gecor devices, the mean corrosion
rates over time can be calculated. Table 5.5 presents the results from weight loss method and
linear polarization method.

Table 5.5. Corrosion rates from different test methods.
Exposure period Mean corrosion rate (mA/ft)
Test Series (year) Weight Loss method 3LP Gecor
0A2859.6 1.84 2.18 7.89 0.50
0B3859.6 3.67 1.67 4.64 0.39
1A2859.6* 3.67 0.67 5.34 0.45
OE18512.0 0.87 3.50 8.02 0.62
OF18512.0 0.87 3.50 8.22 0.55
Block 9.6 2.38 1.68 6.03 0.36

*Test Series IA28596 has not cracked.

There is a significant difference, generally a factor of 10, between the results of the 3LP and
Gecor method. It appears that results from 3LP overestimate the corrosion rates, whereas results
from Gecor underestimate the corrosion rates. The under-estimation of the corrosion rates from
the Gecor may be related to the high interfacial capacitance of steel in concrete with chloride
additions [109]. Since a number of factors such as temperature and ohmic resistance of concrete
could affect the results of corrosion rate measurements obtained from 3LP and Gecor devices,
corrections for these factors need to be made in order to estimate an equivalent value for
corrosion rate and predict the service life. For example, annual mean temperature in Blacksburg,
Virginia, is about 52°F (11°C); while the measurements were taken on the outdoor specimens
during daytime, and temperatures at the depth of reinforcement varied between 35 to 1B. The
mean temperature for the measurement times was definitely higher than that of annual mean
temperature. This may cause an overestimate of the average corrosion rate by the 3LP method.
Therefore, the instantaneous corrosion rates from linear polarization method can not be directly
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used for predicting the service life of reinforced concrete structures due to corrosion. It is
necessary to develop a model to characterize the corrosion rate so that the measured corrosion
rate from the linear polarization method can be adjusted to an equivalent value based on annual
mean temperature and resistance of concrete. The statistical model for characterizing the
corrosion rate based on the obtained corrosion data is presented in section 5.5.

5.5 Modelling the Dynamic Corrosion Process

Corrosion rate is an important parameter for quantitatively predicting the time to cracking and
subsequent deterioration processes. As stated in section 5.2 corrosion rate is a dynamic
parameter, which varies with changes of climate conditions (such as temperature and relative
humidity), exposure time and chloride content. The measured corrosion rate from the linear
polarization technology such as 3LP or Gecor device is only an instantaneous value
corresponding to a certain temperature and moisture at the measurement moment. Hence, the
measured corrosion rate should be adjusted to an equivalent value according to the service
exposure conditions, which can be used to predict the service life of reinforced concrete
structures.

A non-linear multiple regression model has been proposed to predict the equivalent corrosion
rate of steel in reinforced concrete based on the experimental corrosion database obtained in this
research using a linear polarization method.

5.5.1 Model Development

Due to the dynamic processes of corrosion of steel in concrete, it is important to develop a time
dependent model to characterize the corrosion rate. Thousands of corrosion data including
corrosion rates, corrosion potentials, ohmic resistances of concrete and temperatures obtained
from monthly corrosion measurements at different levels of chloride contaminated concrete
specimens, makes it possible to perform a sound statistical correlation for characterizing
corrosion rate data. Based on previous results [106,110], a set of non-linear models among the
corrosion rate, temperature, ohmic resistance of concrete and exposure time were performed.

As stated earlier, the measured corrosion rate varies with changes of temperature, chloride
content, resistance of concrete and corrosion period. In general, these variables influence the
corrosion rate as shown in equations 5.2 - 5.5:

-Q
leor = a e RT (52)

5.0 Results and Discussions 84



i = b[CI']" (5.3)
lecor = C tn (54)
fcor = d R (55)

where i.o;: corrosion rate;
T: absolute temperature;
R: gas constant;
Q: thermal activation energy;
[CI']: chloride content;
R.: ohmic resistance of concrete;
a, b, c,d, m, n and 1 are constants.

The overall effects may be modeled by the collective effects of equations 5.2 to 5.5 as shown in
equation 5.6,

-Q
fr = k€T [Cl ™t R (5.6)

One of the best models which contain temperature, concretehmic resistance, chloride content
and exposure time versus corrosion rate was found using a multiple non-linear regression model
based on corrosion data from 3LP method,

: C -0.215
i = A +BInCl+ = + DR +Et" (5.7)

where A, B, C, Dand E are regression coefficients;
1cor 1S the corrosion rate. (mA/ﬁ:);
Cl is chloride content (Ib/yd);
T is temperature at the depth of steel surface (in degree Kelvin);
R. is ohmic resistance of concrete (Ohms);
t 1is corrosion time (year).

The regression results from the corrosion database (2927 measurements from seven series of
chloride contaminated specimens, up to five-year outdoor exposure conditions) are as follows:

Ini =7.98+ 0.7711n CI - 3006/T-0.000116 R, + 2.24 *2"° (5.8)
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where the regression coefficient is 0.95, and the root mean square error (RMSE) is 0.33. Note
that the values of chloride content used for developing this model were obtained from the acid
soluble test method (ASTM C1152). However, only free chloride ions influence the corrosion
processes. Thus, the following presents the regression equation for water soluble chlorides,

Ini= 8.37 + 0.618In Cl - 3034/T-0.000105 R, + 2.32 t*2"° (5.9)
where the regression coefficient is 0.95, and the root mean square error (RMSE) is 0.33.
The predicted values obtained from the above regression model are well fitted with the measured
corrosion rates (see Figure 5.32). Figures 5.33 to 5.38 illustrate the measured corrosion rates at

different times and the model predicted values for the admixed chloride 2.4, 4.8 and 9.6 1bAyd
outdoor specimens, respectively.
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Figure 5.32. The measured corrosion rates versus model predicted values.
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Figure 5.33. Measured corrosion rates and predicted values over time, admixed chloric
2.4 Ib/yd, 2 in. cover depth, outdoor exposure.
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Figure 5.34. Measured corrosion rates and predicted values over time, admixed chloride
2.4 Ib/yd, 3 in. cover depth, outdoor exposure.
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Figure 5.35. Measured corrosion rates and predicted values over time, admixed chloric
4.8 Ib/yd, 2 in. cover depth, outdoor exposure.
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Figure 5.36. Measured corrosion rates and predicted values over time, admixed chloride
4.8 Ib/yd, 3 in. cover depth, outdoor exposure.
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Figure 5.37. Measured corrosion rates and predicted values over time, admixed chloric
9.6 Ib/yd, 2 in. cover depth, outdoor exposure.
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Figure 5.38. Measured corrosion rates and predicted values over time, admixed chloride
9.6 Ib/yd, 3 in. cover depth, outdoor exposure.
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Figures 5.37 and 5.38 also illustrate that predicted corrosion rates are in agreement with the
measured corrosion rates before cracking. However, after cracking, the variations between the
measured corrosion rates and predicted values are higher. This is most likely due to the change
in the oxygen diffusion and moisture conditions after the concrete cracks.

No such correlation was found for the measured corrosion rates obtained from the Gecor device.
This may be most likely due to the high variations in the measured corrosion rates within the test
corrosion cells [106].

5.5.2 Model Interpretations

The effects of significant variables such as temperature, chloride content, corrosion time and
resistance of concrete, which influence the corrosion rate, can be shown from equation 5.8, and
will be briefly discussed in the following paragraphs.

Temperature

Temperature has a significant effect on corrosion rate of steel in concrete as described in section
2.2.4. The regression model also indicates the similar relationship of temperature and corrosion
rate as shown in equation 2.26 andClear’s equation 2.27. In general, corrosion rates rise as the
temperature increases. If the other parameters are held constant, the calculated corrosion rates at
different temperature using this model is illustrated in Figure 5.39.

Because changes of temperature in concrete will also result in changes of other parameters such
as resistance of concrete and oxygen diffusion, the overall effect of temperature on corrosion rate
in concrete is very complex and controlled by interactions among other factors. In case of dry
environment, the corrosion rate can be relatively small even at a high temperature due to a high
resistance of concrete.

Ohmic Resistance of Concrete

Degree of saturation of concrete also has a major effect on the corrosion processes; it influences
the diffusion of oxygen and ionicohmic resistance of concrete. Theohmic resistance of concrete
may change significantly from more than 1Dohms in a dry environment to about several

hundred ohms when concrete is saturated. In fully saturated concrete or dry concrete, the
corrosion rate is very slow or the corrosion process stops. As is known, corrosion of steel in
concrete requires a sufficient supply of oxygen to provide theathodic corrosion reaction as well
as moisture to act as an electrolyte of low resistance. Usually, the oxygen availability at the steel
surface exceeds the amount needed for corrosion for normal outdoor exposure of concrete [111].
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Figure 5.39. Effects of temperature on the corrosion rate.
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Figure 5.40. Effects ofohmic resistance of concrete on the corrosion rate.
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Therefore, corrosion rate of steel in concrete increases as concretghmic resistance decreases in
the normal outdoor exposure conditions. The regression model also shows the similar
relationship between corrosion rate andhmic resistance of the concrete. Figure 5.40 illustrates
the influence of degree of saturation on corrosion rate which varies with thehmic resistance of
the concrete.

Only for the case of reinforced concrete structures totally immersed in water, the corrosion rate is
controlled by the oxygen supply and corrosion takes place very slowly, although tbémic
resistance is very low. Therefore, the model can not be used for the cases where the corrosion
rate is primary controlled by cathodic reaction.

Chloride Content

The regression results show that value of corrosion rate increases as the amount of chloride
content increases in concrete, which indicates that corrosion rate will be higher at a high level of
chloride contaminated concrete than that at a low level. This is due to the increase of
conductivity of concrete as chloride ions increase, and chloride ions can also complex with
ferrous ions to form a water soluble product which can also accelerate the corrosion processes.
Figure 5.41 illustrates the effect of chloride content on corrosion rate.

3.5

R;=1500 ohms .
3 | teo= Tyear e
T=55 °F

W ater soluble

1.5 = ‘ K

\ Acid soluble

Corrosion rates (mA/ft2 )

0.5

0 1 2 3 4 5 6 7 8
Chloride content (Ib/yds)

Figure 5.41. Effects of chloride content o the corrosion rate.
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Exposure Time

Corrosion exposure time has a significant effect on the corrosion rate during early stages after
corrosion initiation (see Figure 5.42). The corrosion rate decreases rapidly at the early stage (first
year after initiation) and then tends to reach a near constant value. This is due to the changes of
ratio of anode and cathode area, and also results from the formation of the rust products on the
steel surface which slows down the diffusion of iron ions away from the steel surface.
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Figure 5.42. Effects of corrosion time on the corrosion rate.

Cover Depth

From the model, the corrosion rate appears not to be affected by cover depth. However, because
there is a slight difference in temperature and moisture at different cover depths, these parameters
may affect the corrosion rate. The experimental results showed that the corrosion rate at 2 inch
cover depth was about 5 % higher than that of 3 inch cover depth because there was about 1 to 2
°F difference in the mean temperature between two cover depths. Figure 5.43 shows the changes
of temperature at different cover depths due to changes of air temperature during a particular day.
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Figure 5.43. Changes of temperatures at different cover depths during daytime.

As stated above, the effects of temperature, chloride content, resistance of concrete and corrosion
time on corrosion rate can be well explained by the model. Based on an annual mean of
temperature, resistance of concrete and amount of chloride at depth of reinforcement, corrosion
rate of steel in concrete can be estimated from the above model. The service life of chloride
induced corrosion of reinforced concrete structure, which is a function of corrosion rate, can also
be predicted.

5.5.3 Model Applications

The annual mean temperature in Blacksburg, Virginia, is about 52 °F, anshmic resistance of
concrete may be taken from Table 5.3. According to equation 5.8, the adjusted corrosion rate for
3LP can be obtained. The results are summarized in Table 5.6.

As seen from the table, the adjusted corrosion rates by the model are still about 1.5 - 1.6 times
higher than that from weight loss. This is due to the fact that the actual polarization area for the
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3LP device is larger than the nominal polarization area. Therefore, the equivalent corrosion rate

may be taken as the adjusted corrosion rate by the model divided by a factor of 1.5 to 1.6.

Table 5.6. Adjusted corrosion rates and measured corrosion rates.

Series corrosion time Wioss ( MA/FE ) 3LP (mA/ff) | Adjusted (mA/ff)
0A2859.6 1.84 2.18 7.89 3.33
0OB3859.6 3.67 1.67 4.64 2.59

OE(F)18512.0 0.87 3.50 8.12 5.54
Block9.6 2.38 1.68 6.03 2.80

1 mA/ff = 1.076 mA/cm?

Because the proposed model was developed from the admixed chloride concrete, as is known,
there is a significant difference in chloride concentration in the pore solution for the same amount
of chloride content between admixed chloride concrete and field concrete. For the admixed
chloride concrete, chloride ions may be uniformly distributed in the concrete and some of them
have already combined with cement hydrates; while for the field concrete, chloride ions, which
mainly come from the environment, may mainly present in the concrete around concrete pore
systems. Because only the concentration of chloride ions in pore solution has a great effect on
the corrosion process, further work needs to be done on determining the difference in chloride
concentration in concrete pore solution between admixed chloride concrete and field concrete
before using the proposed model for predicting the corrosion rate.

5.6 Modeling the Time to Cracking

The existing models for predicting the time to cracking, as presented in section 3.2 and 3.3,
underestimate the time to cracking of corrosion of steel in concrete and need to be modified.
Based on observed times to cracking and measured corrosion rates, a corrosion-cracking model
has been suggested and time to cracking has been modelled using the critical amount of corrosion
products.

5.6.1 Corrosion-Cracking Model

It is well recognized that mechanism of corrosion damage of reinforced concrete is due to the
formation of rust products on the steel surface which has about 4 to 6 times higher volume than
that of steel to induce expansive stress and cause cracking and spalling of the cover concrete.
Although, corrosion takes place in concrete as pitting corrosion and thus non-uniformly, it is
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assumed that uniform corrosion products are formed around the steel surface to simplify the
analysis. The uniform corrosion products result in a uniform expansive stress applied to the
surrounding concrete. Not all of corrosion products are responsible for the expansive pressure,
some of them may fill the voids around the steel/concrete interface or migrate away from the
steel/concrete interface. Due to the complexity of the problem, corrosion cracking is only
restricted to the stresses resulting from the expansion of corrosion products. Other effects such
as dynamic loading, freezing and thawing are not considered at this time, although they may
influence the processes of corrosion damage. Figure 5.44 shows a schematic diagram of the
basic model for the corrosion-cracking processes.

Concrete Steel

Concrete/steel interfacial

porous zone

Corrosion products

&

a. Corrosion initiated.

Weic > W > W)

c. Stress initiated.
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d. Concrete cracking.

Figure 5.44. A schematic diagram of the corrosion-cracking processes.
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There are three stages considered in the proposed model and are briefly explained as follows:

a. Free Expansion. As the passive film is broken by chloride ions, the metallice at the
anode is oxidized to form ferrous ions, which can react with hydroxyl ions to produce ferrous
hydroxide and then can be further converted to hydrated ferric oxide. In the present model, it has
been assumed that there exists a porous zone around the steel/concrete interface caused by the
transition from cement paste to steel, entrapped / entrained air voids and corrosion products
diffusing into the cement paste capillary voids. The volume of this porous zone is directly related
to the surface area of reinforcement, W/C ratio, degree of hydration and degree of consolidation.
As the corrosion takes place on the surface of the steel, the porous zone will gradually fill with
the corrosion products. When the total amount of corrosion productd¥r is less than the amount
of corrosion products required to fill the porous zone around the steel/concrete interfac®p, the
formation of corrosion products at this stage will not create any stress on the surrounding
concrete.

b. Stress Initiation. As the total amount of corrosion productd¥r, exceeds the amount
of corrosion products needed to fill the porous zone around the steel/concrete interfac®p, the
formation of corrosion products starts to create expansive pressure on the surrounding concrete,
and this pressure increases with an increase in corrosion products.

c. Cracking. When the total amount of corrosion productsWr, reaches the critical
amount of corrosion products,W,i; ( the limiting amount of the corrosion products needed to
induce cracking of the cover concrete ), the internal stress from the volume increase of rust
products will exceed the tensile strength of concrete and crack the cover concrete. It is obvious
that W,,i¢ 1s mainly dependent on quality of concrete and cover depth. The value W,;; should
be relatively high in high strength concrete with a thick cover depth, while it is small in low
strength concrete with a thin cover depth.

There are two important concepts,Wp and Wi, in this suggested model, and time to cracking
can be predicted based on these values. Some assumptions are necessary to estima¥é and
Wait, and are discussed in detail in the following paragraphs.

Estimation of Wp

The amount of the corrosion products needed to fill the porous zone around the steel/concrete
interface is difficult to measure. Further work needs to be conducted on quantitatively estimating
the total volume of these interconnect pores around the steel/concrete interface.

Considering the steel/concrete interface is somewhat like the transition zone between cement

paste and aggregate and influenced by the water/cement ratio, degree of consolidation and
hydration, aggregate sizes and steel reinforcement, the value oV, may be expressed as,
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W = Iyst Vp (510)

where I 1 1s the density of corrosion products andVp is the total volume of interconnected pores
around the steel/concrete interface.

Letdy denote the thickness of porous zone around the steel/concrete interface, which depends on
the total volume of interconnected pores around the steel/concrete interface. A steel bar having
originally diameterD will increase its diameter toD+2dy, when the amount of corrosion

products reachesWp, For a unit length of steel bar, since ¢<< D, Wp can be estimated from
equation 5.11,

WP = prrustdoD (51 1)

It can be seen thatWp is related to the size of the reinforcement, density of rust products and
property of steel/concrete interface.

Estimation of W

The critical amount of rust productsonsists of two parts,Wp, the amount of corrosion products
to fill the total interconnected porous around the steel/concrete interface,

and W5, the amount of corrosion products that generate the critical tensile stresses

As dy << D, for a unit length of steel bar, the value oWs can be estimated from equation5.12,

W0
e

Ws = I rust 8p (D+2d0)ds (512)

where [ the density of corrosion products;
I« the density of steel;
do : the thickness of pore band around the steel/concrete interface;
ds : the thickness of corrosion products to generate the tensile stresses.
D: the diameter of steel reinforcement;
W,:: mass of steel corroded.

Based on equations 5.11 and 5.12, the critical amount of corrosion products may be
re-written as following:

VVstO
[ st ﬂ

Werit = T rust 8p(ds+d0)D + (513)
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Figure 5.45. Expansive pressure on surrounding concrete due to formation of rust
products.

Note that Wy, the amount of steel corroded equalsa Wi, in whicha is the molecular weight of
steel divided by the molecular weight of corrosion products. Valua depends on the kind of

corrosion products, for examplea equals 0.523 when corrosion products are considered as
Fe(OH); and 0.622 forFe(OH),.

The thickness of corrosion productsds needed to generate the critical tensile stress which
induces cracking of the cover concrete, can be routinely solved by the finite element method
[12,112-113]. Figure 5.45 gives the diagram of interactions of reinforcing steel, rust products
layer and surrounding concrete.Considering concrete to be a homogeneous elastic material and a
thick-wall concrete cylinder with inner radiuna =(D+2d,)/2, and outer radiumb =C +

(D+2dy)/2, in whichC is cover depth, then the pressureP at concrete/rust products interface can
be expressed as [114],

2Eefds
P= — (5.14)

b +a
(D +2d0)(bz-7a2+ Ne )

where n. is Poisson’s ratio of the concrete E.r is an effective elastic modulus of the concrete
which E¢e= EJ/(14 o), Ec is elastic modulus of the concrete and . is the creep coefficient of the
concrete. d; is the radical displacement of the concrete under pressurE, in this particular case,
because clastic modulus of steel is about seven times more than that of concrete, it is considered
that the radical displacement of the concrete under pressurB is the thickness of corrosion
products generating the pressure on the concrete.
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If, at failure, considering that cracking occurs just over the reinforcement (the observed corrosion
cracks in reinforced concrete structures are mostly located above the steel rebars, as shown in
Figure 5.1), the minimum stress required to cause cracking of the cover concrete equals the
tensile strength of concrete,

p o I (5.15
D + 2d, 15)

where C is the cover depth of concrete and f is the tensile strength of concrete.

From equations 5.14 and 5.15,d; may be expressed as,

d = C—ﬁ'(a”b2 + N (5.16)
S Eef b2_a2 C .

Therefore, the critical amount of corrosion products needed to induce cracking of the cover
concrete can be estimated from equations 5.13 and 5.16,

® éCfi a’+b’ u Wi O
Wit = T rust gp é_(ﬁ"‘l.]c) +d0[:|D + - (517)
e éEef b” -a G st g

It can be seen that the critical amount of corrosion products needed to induce cracking of the
cover concrete is mainly dependent on the tensile strength of concrete, cover depth , elastic
modulus of concrete and properties of steel/concrete interface.

5.6.2 Growth of Rust Products
As the rust layer grows thicker, the ionic diffusion distance increases, and the rate of rust

production decreases because the diffusion is inversely proportional to the oxide thickness. The
rate of rust production can be written as follows,

dWmst/dt = kp/Wrust (518)

where Wy 1s amount of rust products (Ib/ft)f is corrosion time (year) andk, is the rate of rust
production. k; is related to the rate of metal loss, which may be expressed in terms of corrosion
rate,
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k, =2.59710°(1/a) pD icor (5.19)

in which a is related to types of rust products, D is the steel diameter (in.) and,t is the annual
mean corrosion rate (mA/ft).

Integrating equation 5.18, the growth of rust products can be obtained,

Wi = 2 Qkrdt (5.20)

By knowing the corrosion rate, the amount of rust products for a certain period of corrosion can
be estimated.

5.6.3 Time to Cracking

As stated earlier, when the total amount of corrosion products reaches the critical amount of rust
products, the internal expansion stress will exceed the tensile strength of concrete and cause the
cracking of the cover concrete. According to equation 5.20, for a constant corrosion rate, the
time to cracking, t,can be given as follows:

= Wor 5.21
tcr - 2kp ( . )

where Wi 1s the critical amount of corrosion products. Since corrosion rate is a function of
corrosion time as presented in equation 5.8, using the numerical method, the time to cracking can
be also calculated from equation 5.20.

Figures 5.46 and 5.47 present the analysis results by the model for the time to corrosion cracking
of the cover concrete at different conditions. As can be seen from the figures, the time to
corrosion cracking of the cover concrete is mainly influenced by the corrosion rate, tensile
strength of concrete, concrete cover depth and type of corrosion products.
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Figure 5.46. Effects of tensile strength of concrete and type of corrosion products

Figure 5.47. Effects of corrosion rates and cover depths on the time to cracking.
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5.6.4 Applications of the Proposed Models

For outdoor specimens, £= 4500 psi (31.5 MPa), let us take tensile strength, =472 psi (3.3
MPa); elastic modulus of concrete, E= 3,900,000 psi (27 GPa) and creep coefficient .= 2.0;
Poisson ratio, n. = 0.18; density of rust products jus = 225 1b/ft (3600 kg/mr’); assume that the
composition of rust products is between Fe(OH)and Fe(OH), a varies from 0.523 to 0.622; and
also assume that the thickness of porous zone equals 4.9 mils (12.6m). According to equation
5.17, the calculated critical amounts of rust products for OA2859.6, OB3859.6, and
OE(F)18512.0 are plotted in Figure 5.48. It can be seen that the predicted critical mass of rust
products is well in agreement with the experimental results.

0.05
+ Predicted Wt
* Experimental W +
S 004 A
qg ~~$__,_
Y— L 7’
5 o
@ a=0.622 £.7 T
£ v
5 003 L a=0.523
E ~ .ﬂ
O g
X-
0.02
0 0.5 1 15 2 25 3 35 4

Cover depth (inch )

Figure 5.48. Critical mass of rust products versus concrete cover depth.

Based on calculated critical amount of rust products and measured corrosion rates, the times to
cracking can be obtained from equation 5.21. The results are summarized in Table 5.7. As it

can be seen from the table, the observed times to cracking are within the predicted values by the
model.
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Table 5.7. Model predicted times to cracking and observed times to cracking.

Steel Cover Measured Model predicted Observed
Series diameter depth corrosion rate teor teor
(in.) (in.) (mA/ft) (year) (year)
0A2859.6 0.63 1.87 2.18 1.53 t0 2.06 1.84
0B3859.6 0.63 2.74 1.67 3.34 to 4.49 3.54
OE( F)18512.0 0.63 1.07 3.50 0.56 to 0.75 0.72
Block9.6 0.50 2.05 1.68 1.79 to 2.40 2.38

Note: The predicted times to cracking were calculated taking value of 0.523 (Fe(OH)) and 0.622 (Fe(OH)),
respectively. The highera, the longer time to cracking, because the density of Fe(OH)s much lower than that of
Fe(OH),,

According to the proposed time-to-corrosion cracking and corrosion rate models, the predicted
times to corrosion cracking for two other series of specimens can be calculated. Table 5.8
presents the estimated corrosion rates and times-to-corrosion cracking for 2.4 and 4.8 1bA/d
admixed chloride series with 2 and 3 inches cover depth. The next cracking will occur soon for
specimens with 4.8 1b/yd admixed chloride series and 2 inches cover depth. Because only two
series specimens have cracked, the proposed model needs to be validated or modified based on
the observed times to cracking of other series specimens.

Table 5.8. Model predicted times to cracking for other two series specimens.
Series steel diameter Cover depth | Estimated corrosion| Model predicted t,
(in.) (in.) rate (mA/ff) (year)
0A2854.8 0.63 2.0 0.79 4.8 t0 6.3
0OB3854.8 0.63 3.0 0.79 6.7 t0 9.1
0A2852.4 0.63 2.0 0.43 8.91t0 12.1
0B2852.4 0.63 3.0 0.43 129 to 17.5
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6.0

Conclusions

The following conclusions can be made from this study:

1.

For outdoor exposure condition, the measured corrosion rates varied with corrosion time;
and measured values were strongly dependent on environmental exposure conditions such as
temperature, moisture for the same admixed chloride series. When amount of admixed
chloride exceeded 2.4 1b/yd, the measured corrosion rates increased significantly with an
increase in the amount of admixed chloride.

Comparing indoor and outdoor exposure, cracking has already occurred in outdoor specimens
with admixed chloride of 9.6 1b/yd, whereas no cracking has been observed in indoor
specimens with the same test series. The metal loss measurements show that the corrosion
rate in outdoor specimens with admixed chloride of 9.6 1b/ydwas about three times higher
than that of indoors with same test series. The low corrosion rate in indoor specimens is
most likely due to the higher moisture content in indoor specimens from weekly water
spraying on the specimens which limits the supply of oxygen.

Compared with the measured corrosion rates from weight loss tests, results from 3LP were
overestimated corrosion rates due to the difference in the actual polarization area and the
nominal polarization area; whereas results from Gecor were underestimated corrosion rates.

The measured corrosion rate from current commercial linear polarization devices, such as
3LP and Gecor, only represents the instantaneous value which may vary with the corrosion
time and environmental exposure condition. Therefore, the measured corrosion rate at one
time should be adjusted to an equivalent value used for predicting service life corresponding
with the service exposure conditions such as temperature, moisture and chloride content.

Ohmic resistance of concrete varies with the chloride content and exposure conditions. For
the same exposure conditions, ohmic resistance of concrete decreases as the chloride content
increases.

An interaction model was developed based on the experimental corrosion database. The
proposed model shows that corrosion rate is a function of the temperature, ohmic resistance
of concrete, chloride content and corrosion time related to the service conditions of concrete
structure. Based on annual mean temperature, ohmic resistance of concrete and chloride
content for the reinforced concrete, the corrosion rate can be predicted by the model.

The corrosion-cracking conceptual model proposed here shows that the critical mass of the
corrosion products (W) to induce cracking of the cover concrete has two parts, the amount
of corrosion products to fill the total interconnected pores around the steel/concrete interface
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(W;) and the amount of corrosion products to generate the critical tensile stress (W The
critical mass of the rust production is mainly influenced by the type of the corrosion products,
concrete cover depth, rebar size, and properties of the concrete and steel/concrete interface.

The time to corrosion cracking model developed here shows that the time to corrosion
cracking of the cover concrete in a chloride contaminated concrete structure is a function of
corrosion rate and critical mass of the corrosion products. The times to cracking predicted by
the model are in good agreement with the observed times to cracking based on this study.
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7.0

Recommendations for Further Studies

Only the highest admixed chloride series has cracked. Continued research is still needed to
verify or modify the proposed models based on the times when other series of test specimens
crack.

The laboratory work done on this research focused on the different series of admixed
chlorides to simulate different corrosion rates. In the field situation, the chloride content at
the depth of reinforcing steel in bridge decks is a variable value which usually increases with
time due to the annual application of the de-icing salts. The effects of constant chloride
content on corrosion activities may differ from that of varied chloride content. Further work
is needed on the effects of varied chloride content on the corrosion activities in concrete.

The difference of chloride concentration in pore solution between the admixed chloride
concrete and field concrete needs to be further investigated.

The proposed corrosion-cracking model for predicting time to cracking is limited to the
corrosion damage caused by the volume increase from the formation of rust. In the field
situation, other factors such as traffic load, freezing-thawing may act simultaneously with the
corrosion which may accelerate the cracking process. Much work is required on the
corrosion cracking under the dynamic loading.
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Appendix A. Conversion of the corrosion rate

Corrosion rate can be measured in terms of weight loss (given as mass per area per time,
mass/area -time) or depth of penetration (givens as depth of penetration per unit time). The
most common unit of weight loss has been milligrams per square decimeter per day (mdd) or in
SI system of unit, grams per square meter per day (g/fird ). For the depth of penetration, the
most common unit is mils per year (mpy, where 1000 mils = 1 in.), and the SI system unit is
millimeters per year (mm/y). Conversion factors to change from traditional units to SI units are
given in Table A-1.

Table A-1. Conversion of traditional units to SI units

To convert from To Multiple by*
mpy mm/y 0.0254
mpy g/m’ -d 0.0695d

ipy mm/y 25.4
ipy g/m’ -d 69.5d
mdd mm/y 0.0365/d

mdd g/m” -d 0.100

* Note: d = metal density in grams per cubic decimeter (g/cth

From the linear polarization devices, the corrosion rate usually measured in terms of corrosion
current density. The units of corrosion current density from 3LP device and Gecor are mA/ft
and MA/cm’.  The conversion of corrosion current density to corrosion rate can be easily done
according to the Faraday’s law,

corrosion rate =ig./nF

where i, is the corrosion current density in amperes per square meter (A/f), F is Faraday’s
constant (96494 C/mol -¢€) and n is in moles of electrons per mole of metal corroded. For steel,

n equals 2.

If iron corrodes at a corrosion current density of 1 mA/Atthe

17 107 A (55.85g / mol Fe )(86400 s / d)

corrosion rate = icor / nF = =027g/ ' xd

2mol e
(127 0.0254) o’

(96494 Axs/ mol e")
mol Fe

and also can convert the weight loss to depth of penetration, divided by the metal density, which
for Fe is 7.86 g/cni.

corrosion rate = (0.27 g/m -d) (1 m’/7.86 " 10° g of Fe) (365 d/y) = 0.0126 mm/y

Appendix A. Conversion of the corrosion rate 115



Appendix B. Climate Data, Blacksburg, Virginia, USA

The monthly average mean temperature and total precipitation in Blackburg, Virginia,
USA from 1991 to 1995 are summarized in Table B-1 and B-2 respectively.

Table B-1. The monthly average mean temperature in Blackburg, Virginia, USA (1991-

1995).
YEAR JAN. | FEB. MAR. APRIL MAY JUNE JuLy AUG. SEP. OcCT. | Nov. | DEc. ANNUAL
MEAN

1991 344 | 37.8 44.1 53.2 64.8 68.3 N/A 70.7 65.2 55.6 | 43.9 39.0 51.7
1992 354 | 389 42.4 51.6 57.4 64.8 73.4 68.0 64.9 514 | 439 33.6 52.1
1993 36.4 | 32.5 37.8 49.8 62.2 68 75.9 71.8 65.3 51.7 | 43.7 33.4 52.4
1994 282 | 36.6 42.1 55.9 56.6 71.2 73.7 70.5 63.2 N/A | N/A N/A N/A
1995 N/A | N/A N/A N/A N/A N/A N/A 72.8 62.5 53.7 38.6 29.0 N/A
Record | 319 | 324 41.8 50.5 59.2 66.8 71.0 70.1 63.8 52.5 42.2 33.8 51.4
mean

Table B-2. The Total precipitation in Blackburg, Virginia, USA (1991-1995).

YEAR JAN. FEB. MAR. APRIL MAY JUNE JuLy AUG. SEP. OcT. | Nov. | DEc. ANNUAL

TOTAL

1991 2.96 2.15 5.86 2.78 4.66 1.27 2.99 2.69 0.49 0.26 2.99 5.5 34.6
1992 2.94 3.47 3.26 5.43 4.25 6.20 9.35 427 1.72 2.15 3.78 2.35 49.17
1993 3.32 3.24 6.94 3.37 4.36 3.58 3.30 3.27 5.27 1.74 4.01 5.23 47.63
1994 4.42 5.77 5.85 3.93 1.41 1.69 5.99 4.20 0.97 N/A N/A N/A N/A
1995 N/A N/A N/A N/A N/A N/A N/A 2.00 1.69 2.90 3.06 2.06 N/A

Record | 2.95 2.94 3.90 3.55 3.62 3.61 4.01 3.77 3.51 3.63 2.89 2.82 4091
total
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Vita

In Dec., 1966, Youping Liu, was born in Fenghua, a small town in the east of Zhejiang
Province, China. He attended Southeast University (former name is Nanjing Institute of
Technology), Nanjing, in September, 1984, where he majored in Civil Engineering. He
graduated with a B.S. degree in July, 1988. Soon after graduation, he started his graduate
studies in Tsinghua University, Beijing. He did research on areas of mineral concrete
admixture, low weight silicate materials and glazed cement materials during his graduate
studies, and got two patents in glazed cement materials and mineral concrete admixtures.
In April, 1991, he obtained his M.S. degree in Civil Engineering. After that, he became
an Assistant Professor in Shanghai Institute of Building Materials, Shanghai, where he
taught undergraduate courses in Concrete Admixtures, Construction Materials and
Industrial Management of Construction Materials, and did research on utilizing industrial
waste materials as construction materials. He came to Virginia Polytechnic Institute &
State University, Blacksburg, to pursue a Ph.D degree in Civil Engineering in Fall, 1993.
Working with his advisor, Dr. Richard E. Weyers, he did research on corrosion of steel
in chloride contaminated concrete structures during his graduate study. His Ph.D degree
in Civil Engineering is expected in Fall, 1996.
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