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(ABSTRACT)

Concrete provides a nearly perfect environment for
corrosion protection of steel; However, the use of de-icing
salts on the highway system has accelerated the deterioration
rate of bridge decks in the snow belt. In 1981, over 100,000
bridges were reported to be structurally deficient, and the
estimated cost of repair was placed at $93 billion.

Concrete specimens, 1 ft. x 1 ft. x 4 in., containing
four pieces of steel reinforcing bars, were prepared. In a
first time, five specimens with different rebar networks were
cast in order to study the effects of the rebar network on
corrosion. Half-cell potential measurements were used to
monitor the corrosion behavior of each specimen.

In a second time, calcium nitrite, monofluorophosphate



and sodium borate were evaluated for their capacity to control
corrosion. The various corrosion inhibitors were tested either
externally (in the test solution), internally (as a concrete
admixture). The specimens were exposed to alternate complete
immersion in a 6 wt% sodium chloride solution, plus eventual
addition of corrosion inhibitor, for 3 days and 12 hours of
drying at 110°F. The effects of corrosion inhibitors were
evaluated using half-cell potential measurements and
Electrochemical Impedance Spectroscopy (EIS) measurements.

The EIS data were analyzed through a computer assisted
EIS data analysis system. This allowed for circuit modeling of
the corrosion mechanisms and evaluation of polarization
resistance values for the different specimens.

In both phases of this work, chloride concentration
profiles as function of depth were determined.

The half-cell potential measurements in complete
immersion were found to give an average over the length of a
bar or electrically connected bars.

The corrosion inhibitors applied internally were found to
reduce corrosion better than corrosion inhibitors applied
externally.

It was shown that chloride concentration is not the only

parameter controlling corrosion initiation.
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1.0 INTRODUCTION

The deterioration of reinforced concrete structures is of
national and international concern. For example, marine and
offshore structures such as piling and drilling platforms are
in widespread use. In the future, fixed and floating platforms
of reinforced concrete using reinforcing bars are likely to
become important. The spalling and failure of bridge decks
when exposed to deicing salts or ocean spray, especially in
association with freeze-thaw conditions, is a problem of very
large proportions.

The effects of corrosion of steel reinforcement in
concrete exposed to chloride environments have been observed
for a long time [1]. However, efforts to determine the
mechanisms involved in the degradation phenomenon started only
two decades ago. These efforts have been stimulated by the
problem created with the increased use of deicing salt on the
US highway system. Indeed, the salt usage was 0.5 million tons
in 1947, 10 million tons in 1975 [2] and over 12 million tons
in 1979 [3]. Figure 1 [4] shows how the use of salt increased
between 1955 and 1975. During the winter season, about a
quarter pound of salt per square foot will be spread on a
typical highway pavement in the snow belt states [1, 5].
However, amounts of salt up to one pound per square foot have

been observed [5]. Bridge structures in the snow belt states
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Figure 1: De-icing Salt Usage in the United States as a
Function of Year [4].



started deteriorating very quickly in the late 1960's [6]. The
Federal Highway Administration (FHWA), which funds about half
of the 560,000 bridges in USA, estimated the annual cost for
repairing bridge decks in the USA at $70 million in 1973. This
estimate increased to $200 million per year in 1975 [1]. The
General Accounting Office estimated that the number of
structurally deficient bridges exceeded 100,000 in 1981. The
cost for repair or replacement was placed at $93 billion [7]
and this figure was to increase by $0.5 billion per year.
Several solutions to the problem of accelerated
degradation of reinforced concrete structures have already
been applied in the field [8]. Cathodic protection has proven
to be effective in many situations [4, 9-12]. However, side
effects due to stray currents have not been completely
assessed. Galvanized steel bars have been used in several
cases but most of the results are negative due to long-term
corrosion of the zinc coating itself [4, 13-18]. Of the
metallic coatings, cadmium could provide the best answer, but
only laboratory work has been conducted on this metal [13].
Organic coatings, such as epoxies, are commonly used to
protect reinforcing steel embedded in concrete exposed to
corrosive environments. Many promising results had been found
[4, 19, 20], but corrosion was observed on rebars embedded in
substructural elements such as piles. Many studies have been
conducted on corrosion inhibitors. Many compounds have been

3



found to reduce corrosion of steel in chloride contaminated
concrete [4, 16, 21-32j, but many of them produce negative
side effects that prevent their use. Calcium nitrite is,
today, the most commonly known and applied corrosion inhibitor
[25,27-32].

Further research still needs to be done in order to
completely understand the corrosion mechanisms of steel in
concrete in order to develop new repair or rehabilitation
techniques.

To respond to the need for a solution to the problem of
chloride-induced corrosion of steel reinforcement for bridge
structures, the National Research Council (NRC) has funded a
program, the Strategic Highway Research Program (SHRP). The
research program has been divided into areas such as
assessment of the physical condition of bridges, cathodic
protection, electrochemical protection bf bridges, synergistic
inhibitors and physical and chemical methods for repair and
rehabilitation [33].

The work described in this thesis was part of the SHRP.
The task was concerned with non-electrochemical techniques for
concrete bridge protection and rehabilitation. Large concrete
specimens, 1 ft. x 1 ft. x 4 in., containing four pieces of
reinforcing steel were used as test samples. The first task
consisted of the study of the effects of the rebar network on
corrosion. Concrete specimens with different rebar networks

4



were exposed to a sodium chloride solution. Corrosion
potential measurements and chloride titration were used to
evaluate the corrosion behavior of the rebars embedded in the
concrete specimens.

Another part of the study included the evaluation of
several conventional corrosion inhibitors, which were either
added to the concrete mixture or dissolved in the sodium
chloride solution. Corrosion potential measurements,
Electrochemical Impedance Spectroscopy (EIS) tests, specific
ion concentration were used to evaluate the action of the
various inhibitors.

The objective of this work was to evaluate the effects of
inhibitors on the corrosion behavior of rebar and to develop

a method for the practical application of the best inhibitor.



2.0 BACKGROUND

Concrete and steel are sometimes competitors for
structures that could be built of either material, but they
are very often complementary, as in reinforced concrete bridge
structures. Due to its high alkalinity, concrete provides a
nearly perfect environment for corrosion protection of steel.
The service-life of reinforced concrete structures should be
only limited by the life of the concrete surrounding the
reinforcement. However, daily observation has shown that many
reinforced concrete structures have a shorter service life
than expected due to the deterioration of the reinforcement.
In order to understand how this early deterioration occurs, it
is necessary to begin with a description of the properties of
the concrete environment (e.g. composition, permeability and
resistivity), as well as a description of how these properties

can affect the steel reinforcement.
2.1 Concrete Environment
2.1.1 Composition

Concrete is a very complex mixture of compounds such as
cement, water, fine and coarse aggregate, which are the main
constituents. The aggregates are mainly passive in the
formation of concrete, whereas cement produces an exothermic
reaction with water. Although several types of cement are

6



available, they all contain the same basic elements and ASTM
standard C 150 defines their maximum proportions for the
different types of cements as illustrated in Table 1 [34].
These are mainly tricalcium silicate, 3Ca0.S8i0,
abbreviated C;S, dicalcium silicate, 2Ca0.Si0, abbreviated C,S,
tricalcium aluminate, 3Ca0.Al,0; abbreviated C;A, tetracalcium
aluminoferrite, 4Ca0.Al,0;.Fe,04 abbreviated C,AF, calcium
sulfate, CasO,, calcium oxide, CaO, magnesium oxide, MgO, and
trace species volatilized (ignition loss) [34, 35]. Two of the
minor compounds are of interest: the oxides of sodium and
potassium, Na,0 and K,0, known as the alkalis [35]. Immediately
after mixing the water with the cement, the hydration process
begins. Different compounds of the cement react with the water

through the following reactions [34]:

2(3Ca0.5i0,) + 6H,0 --> 3Ca0.25i0,.3H,0 + 3Ca(OH), (1)

2(2Ca0.5i0,) + 4H,0 --> 3Ca0.2Si0,.3H,0 + Ca(OH), (2)

C;A and CAF reactions with water produce insoluble water

compounds:

3Ca0.A1,0; + 12H,0 + Ca(OH), —-> 3Ca0.Al,0;.Ca(OH),.12H,0 (3)
3Ca0.Al,0, + 10H,0 + CaSO,.2H,0 --> 3Ca0.Al,0,.CaS0,.12H,0 (4)

4Ca0.Al,0;.Fe,0; + 10H,0 + 2Ca(OH), ==> 6Ca0.Al,0;.Fe,0;.12H,0 (5)

Curing is the process during which the following
properties develop: durability, strength, watertightness,

7



Table 1: Chemical and Compound Composition and Fineness of

Some Typical Cements ([34].
|

Potential compound .
Jgggﬁ; Chemical composition, % Losson | Insoluble composition, %* ﬁr?el?»'g:s.
cement | SiO; | AlO; | Fe,05 | Ca0 | MgO | SO; | ignition, % | residue, % | C3S | C.S | CaA | C.AF | m2/kg
Type | 20.9 5.2 2.3 644 | 28 | 2.9 1.0 0.2 55 19 10 7 370
Type I 21.7 4.7 3.6 636 | 29 | 24 0.8 0.4 51 24 6 11 370
Type lll 21.3 5.1 2.3 649 | 3.0 | 3.1 0.8 0.2 56 19 10 7 540
Type IV 24.3 4.3 4.1 62.3 1.8 1.8 0.9 0.2 28 49 4 12 380
Type V 25.0 3.4 2.8 644 | 1.9 1.6 09 0.2 38 43 4 9 380
White 245 59 0.6 65.0 | 1.1 1.8 0.9 0.2 33 46 14 2 490



abrasion resistance, volume stability and resistance to
freezing, thawing, and de-icer salts. During this period, the
mixture is maintained in a wet environment in order to avoid
evaporation of the mixing water necessary to complete the
hydration reactions, and at a temperature above 77°F (25°C) in
order to accelerate the rate of hydration [34]. As we will see
later, the hydration products help protect the steel from
corrosion, by increasing the pH of the pore solution and by
reducing the volume of water and the space 1left in the
concrete. The hydration rate decreases exponentially with
time. As a result, the concrete approaches its maximum
strength after a few weeks, as shown in Figure 2 [34].
However, the liquid phase does not disappear completely. The
capillary and gel pores contain a very alkaline solution whose
composition has been evaluated to be 0.6 M KOH, potassium
hydroxide, 0.2 M NaOH, sodium hydroxide, and 0.001 M Ca(OH),
(saturated), calcium hydroxide [36]. The two first compounds,
KOH and NaOH, come from the reaction between two minor
compounds of the cement and some aggregates. The last
compound, Ca(OH),, is produced by reactions (1) and (2). The
resulting pH was found to be between 12.6 and 13.8 [37]. This
PH can be affected by admixtures, such as calcium chloride, or
by reaction with carbon dioxide from the atmosphere as we will
see later.

As one can imagine, the internal structure of concrete is
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a distribution of coarse aggregates, fine aggregates, pores,
voids and capillaries. This will result in very heterogeneous
properties of concrete, at a macroscopic level as well as at

a microscopic level.
2.1.2 Permeability

Concrete may be a hard and dense material, but, due to
its constitution, it contains a lot of pores. A complex
network of interconnections between the pores makes concrete
permeable to both liquid and gases. The permeability of
concrete 1is an important factor considering that the
environment surrounding the concrete structures contains both
corrosion initiators (e.g. chlorides) and corrosion supporters
(e.g. oxygen) and that both must diffuse through the concrete
cover to get to the reinforcement.

It has been shown that permeability can be affected by
several parameters. The first important parameter which
controls the permeability of concrete is the water/cement
ratio. The minimum water/cement ratio to allow for a complete
hydration process is 0.22 to 0.25 [34]. Consequently, the
excess water added to the mixture will stay in the pore
system, allowing easier diffusion of water-soluble species
from the outside to the inside of the concrete. Figures 3 [26]
and 4 [26] illustrate the influence of the water/cement ratio
on the concrete permeability to water and chloride ions

11
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respectively. The permeability of water in concrete increases
exponentially with the water/cement ratio whereas the
permeability of chloride ions in concrete increases linearly
with the water/cement ratio. Since the water/cement ratio has
an influence on the permeability of concrete to chloride ions,
one can expect it to also influence the chloride concentration
profiles as a function of depth in the concrete. This is shown
in Figure 5 [4]. The concrete cover over the reinforcement
appears to be very important in the control of corrosion.
Chloride concentration varies significantly in the first two
inches of cover and then stabilizes. This explains why the
recommended minimum rebar depth in concrete bridge structures
is 2 inches.

The second important parameter <controlling the
permeability of concrete is the curing time. As was shown in
Figure 2, the hydration rate decreases exponentially with
time. This means that the consumption rate of water by the
hydration reactions likewise decreases exponentially with
time. Table 2 [26] shows changes in the permeability
coefficient with time for the first 24 days of curing. One can
observe the exponential decrease of the coefficient of
permeability with time which can be related to the exponential
decrease of hydration rate with time. The water, which is
responsible for the permeability of concrete, is being
consumed as the hydration process takes place; thus, the
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Table 2: Permeability of Concrete
to Water as a Function of Curing
Time [26].

|

Days of Coefficient of
curing permeability

fresh paste 1,150,000,000
36,300,000
2,050,000
191,000
23,000
5,900
1,380

195

46

N
BN WD
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permeability is decreased.

Similarly to water and chloride ions, permeability of
concrete will affect the diffusion of oxygen in concrete. The
higher the water/cement ratio the higher the diffusion rate of

oxygen in concrete. This is illustrated in Figure 6 [38].
2.1.3 Resistivity

Resistivity of concrete is generally very high, on the
order of 1 to 30 Ki.cm [29]. Like permeability, resistivity of
concrete is controlled by several parameters among which are
moisture content, soluble ion content, water/cement ratio and
temperature. As these parameters increase, resistivity of
concrete will tend to decrease.

Resistivity is very important in the control of corrosion
rates. Corrosion of steel in concrete is generally controlled
by ionic diffusion and the lower the resistivity of the
concrete the higher the corrosion rates will be.

Oven-dried concrete was found to have a resistivity up to
10" 0.cm whereas a wet concrete has a resistivity lower than
1000 1.cm, 8 orders of magnitude less [39]. This obviously has
a large influence on corrosion rate.

Concrete resistivity will also affect the relationship
between micro- and macrocells by limiting the current flow
between anodic and cathodic sites. Microcells consist in two
half-cells separated by a microscopic distance (in
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millimeters). They are generally located on the same bar. On
the contrary, macrocells are two half-cells separated by a
macroscopic distance (in inches). They'are generally located
on different bars and their relationship is established
through the electrically conductive pore system. Consequently
concrete resistivity affects slightly microcells, whereas it

has a strong influence on macrocells.
2.1.4 Concrete cover depth

The concrete cover depth is an important factor in the
control of the environment around the reinforcement. The
larger the cover depth, the longer the time for the aggressive
elements to reach the threshold concentration for corrosion
initiation. A large cover depth of good quality concrete

allows for a better control of the rebar environment [40, 41].
2.2 Steel corrosion

A lot of work has been conducted on the corrosion of
steel in simulated pore solution. Although these studies do
not exactly simulate the conditions found in concrete, they
help explain the trends, and provide a baseline for

understanding the corrosion of steel in concrete.
2.2.1 Effects of the pH on steel

An essential quide for understanding the behavior of
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steel as a function of the pH is the Pourbaix diagram (E'vs.
pH) for iron in water. This diagram is presented in Figqure 7
[40].

As we have seen previously, concrete is a highly alkaline
environment. According to the Pourbaix diagram, steel will be
in a passive state at most potentials. The millscale formed on
the steel gurface during its cooling constitutes a good
protective film under high pH conditions. When the hot rolled
steel cools down, its surface is oxidized. When looking at the
equilibrium phase diagram for iron-oxygen, shown in Figure 8
[42], it appears that if the steel is cooled down from
temperatures over 570 °C to room temperature, three different
oxide layers will be found on its surface [42, 43, 44]. The
inner oxide is wistite, of chemical formula FeO. FeO is a very
defective p-type semiconductor which is stable only above 570
°C. Its atomic proportions are not exactly 50:50 but 48 Fe to
52 O [42]. The next oxide layer is magnetite, of chemical
formula Fe;0,. Magnetite is a p-type semiconductor oxide with
a lower conductivity than wistite [42]. Both anions and
cations can diffuse through magnetite. The last oxide layer is
ferric oxide, of chemical formula Fe,0;. This is an n-type
semiconductor oxide with anion defects [42]. Although there
are two crystalline types of ferric oxide, the one found on
steel is the cubic or gamma ferric oxide [42, 44]. It forms a
continuous solid solution with magnetite. The ferric oxide
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layer is the one in direct contact with the environment. This
passive film becomes unstable at 1low pH, where it is
dissolved. Bare steel is then exposed and corrosion can

initiate.
2.2.2 Oxygen and steel

In the highly alkaline environment found in concrete,
hydrogen reduction cannot take place and oxygen plays a very
important role in the corrosion process. Oxygen diffusion was
found to be the main controlling factor in corrosion of
immersed concrete structyres. As illustrated in Figure 9 [4],
corrosion rates increase significantly when oxygen
concentration is increased. It is also important to note that
oxygen solubility decreases when chloride concentration
increases. This is illustrated in Figure 10 [42]. As shown in
Figure 11 [26], the corrosion rates increase with chloride
concentration up to about 70 g NaCl/l of solution cr about 7
wt%. Then the corrosion rates decrease although the chloride
concentration is increasing. This is due to the low solubility

of oxygen in highly concentrated chloride solutions.
2.2.3 Chloride and steel

Figure 12 [45] shows the Pourbaix diagram for iron in
seawater. The differences between the Pourbaix diagram for
water and for seawater are very important. Indeed, the Fe;O,
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shows the equipment used for the air content determination
with the pressure method. Premolded specimens for strength
tests were made and tested after 7 days and 28 days of curing,
according to ASTM C 39-86 standard. The results of the tests
are summarized in Table 11. Two batches of concrete were
necessary to cast the five specimens. As shown in Table 11,
this results in two groups of specimens: specimens 1 and 5,
and specimens 2, 3 and 4. Although the original concrete mix
composition was the same for the two batches, the properties
of concrete are different from one to another. Specimens 1 and
5 showed a lower compressive strength than specimens 2, 3 and
4, however the difference is due to the normal variability and
is not significant.

The concrete specimens were removed from their molds
after 24 hours of curing in the moisture room. They were then

cured for 17 days before starting the tests.

5.1.3 Test exposure

After the five concrete specimens were removed from the
curing room, they were completely immersed in a 3.5 wt% sodium
chloride solution at room temperature. All specimens were
immersed in the same container, with wood spacers between the
bottom of the container and the specimen in order to allow for
the solution to circulate around all the specimen surfaces.
The solution was aerated using air bubbling. This allowed for
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Table 11: Properties of the Concrete Mix.

Specimen Slump Unit Wt. Yield Air Strength (Ksi)

(in.) (lbs/ft3) (%) 7 day 28 day
1, 5 2 5/8 147.55 1.024 5.2 4.51 5.41
2, 3, 4 2 3/8 148.27 1.029 5.1 4.52 5.70

Notes: 1 1b/ft® = 16.02 Kg/m’
1 Ksi = 6.895 MPa
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a constant dissolved oxygen content in the solution.

After 44 days of exposure, the specimens were only
partially submerged in the test solution. The sodium chloride
content was increased from 3.5 to 6 wt$% in order to increase
the concentration gradient between the solution and the
concrete, thus accelerating the diffusion of chloride into the
specimens. The top half of the specimens was exposed to the
atmosphere, thus allowing more oxyéen to penetrate the
concrete. The intent of these alterations was to accelerate

the corrosion initiation.
5.1.4 Electrochemical tests

Corrosion potential measurements were taken regularly for
each specimen. The measurements were conducted using an EG&G
Princeton Applied Research model 273 potentiostat/galvanostat
coupled with an IBM XT personal computer. All the corrosion
potential measurements were measured in reference to a
Saturated Calomel Electrode (SCE). A test lead was used as
working electrode. The values reported'represent the average
of the corrosion potential measured for 60 seconds at the rate
of 1 reading/second, i.e. 60 readings in total. Figure 37

shows a schematic of the experimental set-up and connections.
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5.1.5 Chloride titration

After the test period ended, one specimen was tested for
chloride content as a function of depth. Powder samples were
drilled in specimen 5 where all four bars were electrically
isolated. A rotary impact hammer with a 3/4 in. diameter bit
was used to drill the holes. The powder was collected at
different depths: 1/4 in. to 3/4 in.; 3/4 in. to 1 1/4 in.; 1
1/4 in. to 1 3/4 in.; 1 3/4 in. to 2 1/4 in. . The first 1/4
in. of concrete was not used. The concrete powder was
collected and titrated using the AASHTO T 260-78 specification
to determine the total soluble (or écid soluble) chloride
concentration as a function of depth. Four powder samples were
taken in the top surface and two in the side surfaces. Two of
the powder samples drilled in the top surface, numbered 1 and
2, were located outside the rebar network, i.e. far close to
the side surfaces. The two other powder samples of the top
surface, numbered 3 and 4, were drilled inside the rebar
network, i.e. far from the side surfaces. This powder sample
location was chosen in order to evaluate the influence of the
distance from side surfaces on chloride concentration. In the
side surfaces, two powder samples, numbered Ul and U2, were
taken above the immersion line (see'test exposure, second
part) and two other powder samples, numbered D1 and D2, below

the immersion line. The idea of these powder sample locations
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was to show the influence of the immersion line on chloride
concentration. Figure 38 shows the position of the different

powder samples in the specimen.
5.2 Phase 2

The second part of the work focused on the study of the
action of three corrosion inhibitors: DCI, or Darex Corrosion
Inhibitor, based on calcium nitrite, Ca(NO,),, as shown in
Table 12, and supplied by WR Grace; TCI, corrosion inhibitor
based on monofluorophosphate and supplied by Domtar; sodium
tetraborate, or borax, NaB,0,, a novel corrosion inhibitor. In
order to get more reproducible data, two concrete specimens
were cast for each configuration. Two reference specimens were
also cast with the intent of comparing the specimens
containing admixtures, not only betweeh themselves, but also
with some specimens without any admixture. In total, five
pairs of specimens were studied in this phase.

Initially, the specimen design will be described. Then,
the different concrete mixes and the concrete properties will
be presented. The exposure for each specimen, as well as the
measurement techniques used for the tests will also be
presented. Finally, a specific ion technique used to determine
the chloride ion concentration profiles as a function of depth

will be described.
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Table 12: Composition of
commercial calcium nitrite
liquid concrete admixture.

.|

Composition Value
Calcium nitrite, wt$ 30.3
Calcium nitrate, wt% 2.15

Specific gravity,
1.277

pH 10.4
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5.2.1 Specimen design

In this part of the investigation, it was important to
get as much information as possible from the bars embedded in
the specimens. Consequently, a specimen design similar to
specimen 5 of Phase 1 was adopted. This means concrete
specimens of size 1 ft. x 1 ft. x 4 in. with 4 pieces of
electrically isolated steel reinforcing bars. This is shown in
Figure 39. Only two test leads were connected to each bar, one
at each bar end. A hole was drilled and the stripped end of
the insulated copper wire was forced into the hole. The
connection was then epoxy coated to avoid its exposure. The
bar spacing system was designed differently from Phase 1. A
piece of rigid plastic tube of internal diameter equal to the
external diameter of the insulated copper wire was put around
each test lead. One end of the tube was fixed to the bar with
epoxy. The connection and the tube were then coated with
electroplater tape in order to develop a good bond at the
interface with concrete. Figure 40 shéws a schematic of the
test lead connection and bar spacing system. The other end of
the tube was entered in holes specially drilled in the sides
of the molds. A mold ready to be filled with concrete is shown

in Figure 41.
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Figure 41: Photograph of Mold
with Bars in Place for
Concrete Pouring.

116



5.2.2 Concrete mix and concrete properties

A basic concrete mix was adopted for all ten specimens
and the different admixtures were added to their respective
concrete batches.

Four gallons of DCI per cubic yard of concrete were added
to the DCI specimens, as recommended by WR Grace. Fifteen
pounds of sodium chloride were added to the TCI specimens, as
recommended by Domtar. Actually, TCI is an external corrosion
inhibitor added to de-icing salts. As a novel corrosion
inhibitor, sodium borate was tested in both ways, i.e. as a
concrete admixture and as an external admixture in order to
determine which way was more efficient for corrosion
reduction. In both cases, sodium borate was added to the water
in a 0.3 M concentration. The basic mix composition as well as
the particular admixtures are summarized in Table 13.

Several tests were performed to determine the properties
of each particular concrete batch and specimen as it was
described for Phase 1. The results of these tests are
presented in Table 14. The tests were conducted using the same
ASTM standard procedures as for Phase 1. The ten specimens
were cured only for three days in order to accelerate the

diffusion of the test solution into the concrete.

117



Table 13:
Element Reference DCI

Cement
(1bs/yd3) 780 780
Water
(lbs/yd3) 348 348
CA
(1bs/yd3) 1301 1301
FA
(1bs/yd3) 1890 1890
AEA
(ml/yd3) 184 184
WR-R
(oz/yd>) 1161 1161
NacCl
(1bs/yad®) (i 0
DCI
(gal/yd®) 0 4
(g/1 of water) 0 0

Note:

1 1b/yd® = 0.5933 Kg/m®

l gal = 3.785 1

1 yd® = 0.7645 n®

WR-R is WR Grace Retarder

SBS stands for Sodium Borate in Solution
SBC stands for Sodium Borate in Concrete

TCI and SBS

780

348

1301

1890

184

1161

15

Concrete mix and admixtures used in Phase 2.
|

SBC

780

348

1301

1890

184

1161

25

15 lbs of NaCl corresponds to 9.1 1lbs of Cl
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Table 14: Properties of Test Specimens.
. ____________________________________________________|

Specimen Slump Unit Wt. Air 7 day 28 day

(in.) (lbs/ft3) (%) Strength (Ksi)
Reference 5/8 141 5.5 5.15 6.76
DCI 2 2/8 140 7.5 4.65 5.26
TCI-SBS 2 3/8 137 5.7 3.83 4.49
SBC 2 5/8 139 | 6.8 2.77 4.08

Notes: 1 1b/ft® = 16.02 Kg/m’
1l Ksi = 6.895 MPa
TCI-SBS are put together because they were both
made out of the concrete mixture.
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5.2.3 Test exposure

The test exposure included 3 daysiof complete immersion
in a test solution and 12 hours of drying at 110°F in an
infrared heated oven.

Similar to the concrete mix design, all specimens had the
same basic test solution to which was eventually added
admixtures for each particular type of specimen. All ten test
specimens were immersed in a 6 wt% sodium chloride solution.
However, for TCI and SBS specimens, monofluorophosphate and
sodium borate, respectively, were added to the basic test
solution. As explained previously, Domtar recommends that TCI
be applied externally and allowed to diffuse into the
concrete. The recommended concentration is 2.5 wt$ of TCI per
97.5 wt%¥ of sodium chloride. Here, i£ was 0.154 wt% since
there was 6 wt% of sodium chloride in the test solution.
Similarly to the sodium borate admixture in the concrete of
SBC test specimens, 25 g of sodium borate per liter of water,
0.3 M, were mixed with the test solution for the SBS test

specimens.
5.2.4 Electrochemical Testing

Two types of electrochemical tests were conducted. They
were corrosion potential measurements and Electrochemical

Impedance Spectroscopy measurements. The measurements were
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performed with two EG&G Princeton Applied Research model 273
potentiostat/galvanostats and an EG&G Model 5208 Two Phase
Lock~-in Analyzer coupled with an IBM PS/2 model 30 personal
computer. In order to evaluate the effects of the drying
cycles, all measurements were taken just before drying and 4
to 6 hours after drying. All measurements were taken in
complete immersion, as shown in Figure 42. The rebar was the
working electrode, a Saturated Calomel Electrode (SCE) was the
reference electrode and a platinum grid was the counter
electrode.

The corrosion potential measurements were conducted as in
Phase 1. For the EIS measurements, frequencies between 5 mHz
and 100 kHz were used. 64 data points were collected within
this range of frequency. The AC amplitude was 5 mV peak to

peak.
5.2.5 Specific Ion Technique

After 100 days of tests, powder sémples were drilled in
the test specimens using a rotary impact hammer and a 1 in.
diameter drill bit. The rotary impact hammer and the powder
collecting system are presented in Figure 43. Three powder
samples were drilled in each test specimen: two on the top
surface one of which was inside the rebar network and the
other one outside the rebar network; the third sample was
taken in the center of a side surface. Figure 44 shows the
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Figure 43: Photograph of Equipment Used
in Core Sample Drilling and Concrete
Powder Collection.
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location of the sample on the test specimen. Four powder
samples were collected for each sample similarly to Phase 1.

A specific ion testing system, a James Instrument CL-
1000, Chloride Test System, was used to determine the chloride
concentration profiles as a function of depth in the test
specimens. The equipment included an electrometer and a
specific ion probe, as shown in Figure 45.

Three grams of the collected powder were introduced in
yials containing a proprietary extraction 1liquid. After
dissolving the chloride contained in the concrete powder by
agitation, the specific ion probe was placed in the vial and
a chloride percentage or a chloride concentration, in ppm, was

read on the display of the electrometer.
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Figure 45: Photograph of Specific Ion Test System.
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6.0 Results

As it was described above, the investigation was divided
into two phases. In Phase 1, the work focused on the effects
of the rebar network on corrosion. In Phase 2, thfee corrosion
inhibitors were evaluated for their ability to reduce

corrosion of steel reinforcement.
6.1 Phase 1

The results of Phase 1 are based on potential
measurements as a function of time and chloride concentration
profiles as a function of depth. Table i from Chapter 5, which
summarizes the rebar network for each specimen, is repeated

here as Table 15.
6.1.1 Corrosion potential as a function of time

For the first measurements, the potential was measured
for all test leads and all bars, i.e. 3 test leads per bar and
4 bars per specimen. Several trends, as illustrated in Figures
46 through 50, were found after only a few weeks of exposure.
At this time, all specimens were completely immersed in a 3.5
wt% sodium chloride solution. Figures 46 through 50 show the
evolution of the corrosion potentiai over a period of 2
minutes. These measurements were taken after 2 days of

complete immersion. Figure 49 shows the evolution of the
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Table 15: Reinforcing Bar Network for each
Specimen.

___________________________________________________________________________________________________|
Specimen Bars in electrical Bars electrically

contact isolated
1 A, B, C, D
2 A, B, C D
3 pair (AB) pair (AB)
pair (CD) pair (CD)
4 pair (CD) pair (CD)
A, B
5 A, B, C, D

128



potential over a period of one minute for the four different
bars embedded in specimen 2. These measurements, although
performed after 2 days of complete immersion, are
representative for the period of 100 days of measurements.
Figure 50 shows the corrosion potential for increased time of
exposure.

Figures 46, 47 and 48 show corrosion potential results
for three test leads attached to Bar A of specimen 1. The
potential is the same at all positions on a the test bar. This
result is typical for all bars tested, meaning that
reinforcing bars that are in electrical contact have the same
potential. The potential tends to vary substantially for bars
that are not in contact. This is shown in Figure 49, where bar
D is not in electrical contact with the others.

The potential decreased during the first 24 hours, but
subsequently remained stable for 30 days. An example of this

behavior is shown for specimen 1 in Figure 50.

After 40 days of exposure, none of the specimen showed
signs of corrosion, i.e. no potential fell below =200 mV vs
SCE. As explained previously, the test exposure was changed
from complete to partial immersion of the specimen, and the
sodium chloride content of the test solution was increased
from 3.5 to 6 wt%. The potential measurement results for the

complete period of exposure are presented in Figures 51
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Figure 46: Corrosion Potential Versus Time for Test Lead
1, Bar A of Specimen 1 (All bars in Electrical Contact).
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Figure 47: Corrosion Potential Versus Time for Test Lead
2, Bar A of Specimen 1 (All Bars in Electrical Contact).
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Figure 48: Corrosion Potential Versus Time for Test Lead
3, Bar A of Specimen 1 (All bars in Electrical Contact).
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Figure 49: Corrosion Potential Versus Time for Specimen 2
(Bars A, B and C in Electrical Contact; Bar D Isolated).
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through 55, for each of the five specimens. The results are
summarized in Tables 1 through 5 of Appendix A. Because it
will be often referred to the different states of corrosion,
Table 3 from Chapter 2, which gives the relationship between
corrosion state and potential, is repeated here as Table 16.
All the corrosion potential values given in the following text
are expressed versus SCE, unless otherwise specified. The
potential values indicated in the text can be converted to CSE

by subtracting 70 mv.

The evolution of the potential in specimen 1 with all
four bars in contact is presented in Figure 51, showing that
the potential became more active in the first few days of test
as it dropped from -155 mV to -175 mV. The potential continued
decreasing until the exposure (partial submersion and 6 wt%
NaCl), i.e. up to 40 days of test when it reached -200 mV. The
change of exposure led to a 30 mV increase of the potential
from =200 mV to -170 mV. After a few days of the new test
exposure, the potential began a steady decline towards more
active values, dropping from -170 mV on day 50 to =-225 mV on
day 99. Throughout the test period, the potential remained in
the critical potential range where the probability of active
corrosion is 50 %. Although the exposure used in the second
part of the test period apparently helped accelerate the

potential drop towards more active values, a few more weeks of
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Table 16: Interpretation of Corrosion Potential

Measurements (ASTM C 876-80)

. ______________________________________________________________________________________________________________________________]
Probability of Corrosion

Ecorg VS SCE  Eggp VS. Cu/CusSo,

R
in volts in volts
< =-0.28 < =0.35 > 90 %
> =-0.13 > =-0.20 < 10 %
-0.13 -0.28 -0.20 -0.35 uncertain
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Figure 51: Corrosion Potential Versus Time for Specimen 1
(All 4 Bars in Electrical Contact).
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the initial exposure scheme would probably have been necessary

for the potential to drop into the active corrosion range.

The potential in specimen 2, where bars A, B and C were
in electrical contact and bar D isolated, had a different
evolution from specimen 1. This is shown in Figure 52. The
potential for single bar D remained in the passive potential
range. Its evolution with time shows some variations, but the
trend leads to a stable potential value of -120 mV throughout
the test period. The evolution of the potential for connected
bars (ABC) was similar to the single bar D, although it had
less variation. The difference between bar D and connected
bars (ABC) resides in their potential. The potential for
connected bars (ABC) (about =170 mV) remained in the critical
potential range whereas single bar D, which was exposed to
more corrosion favorable conditions, had its potential
remained in a more noble potential range. This is
contradictory to the fact that single bar D was closer to the
top surface than connected bars (ABC) (1/4 in. closer than bar
C, and 3/4 in. closer than bars A and B) and thus, the
transport distance for oxygen was shorter and more oxygen was
available for corrosion of bar D. A possible explanation for
this result is that the concrete was drier at the level of
single bar D than deeper in the specimen where bars A, B and

C were located. Since a drier concrete means a higher
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Figure 52: Corrosion Potential Versus Time for Specimen 2
(Bars A, B and C in Electrical Contact; Bar D Isolated).
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resistivity, this leads to more noble potential and hence to

lower corrosion rates.

Specimen 3, in which bars A and B were connected and bars
C and D were connected, but these pairs were electrically
isolated from each other, showed active corrosion signs for
pair (CD). This is shown in Figure 53. Pair (AB), which was
located in the lower part of the specimen, had its potential
at the limit between the passive and the critical potential
ranges, 1i.e. about =130 mV. Some large variations of the
potential were measured, but the trend was still regular with
a slight decrease towards more active values. Pair (CD)
followed the same trend as pair (AB), with smaller variations,
up to 65 days. At this time, both pairs of bars showed a
potential about =140 mV. Then, between days 68 and 70, pair
(CD) showed a large potential drop, more than 150 mV. This
potential drop took the potential from the critical potential
range to the active potential range. Indeed, the potential
dropped from -140 mV to -310 mV. The potential showed a slower
decrease to -350 mV on day 76 and a subsequent increase to -
280 mV, which is just at the upper 1limit of the active
potential region. Thus, the probability of active corrosion

was still high.

Similar accelerated corrosion behavior was found in
specimen 4 for pair of bars (CD), in electrical contact. This
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is shown in Figure 54. Like pair (CD) in specimen 3, pair (CD)
in specimen 4 lies in the upper half of the specimen, 1 in.
below the top surface.

From the beginning of the tests until day 60, all four
bars, pair (CD) and single bars A and B, presented similar
corrosion behavior. Their potentials decreased during the
first 10 days from -95 mV for bar B, and -115 mV for the other
bars, to -150 mV on day 10. Then it increased slightly, but
during all this time, the potentials of all bars remained at
the border between the passive potential range and the
critical potential region. Thus, corrosion was 1likely not
developing on any of the bars. After 60 days, single bars A
and B followed a different trend from pair (CD). The potential
of single bars A and B decreased slightly but remained in the
critical range. Their final potential was =150 mV. The
potential for pair (CD) decreased regularly between days 60
and 88, dropping from -150 mV to -245 mV. However, it did not
enter the active region. Consequently, it is difficult to know
whether corrosion was developing on this pair of bars. Since
its corrosion potential was 100 mV lower than for single bars
A and B, it is reasonable to assume that the probability that
corrosion was developing on pair (CD) is much higher than for

single bars A and B.
Specimen 5 had all four bars electrically isolated, with
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Figure 54: Corrosion Potential Versus Time for Specimen 4
(Pair (CD) and Single Bars A and B Electrically Isolated).
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bars C and D in the higher half of the specimen and bars A and
B in the lower half of the specimen. All four bars started
with similar potentials, between -130 mV and -150 mV, on the
limit between the passive and the critical region. This is
shown in Figure 55. All four bars followed the same stable
corrosion behavior up to day 60 of exposure. After 62 days of
exposure, the potential of bar A dropped from -140 mV to -370
mV on day 70, into the active region. Similarly to pair (CD)
of specimen 3, the potential drop was very steep: 170 mV in 4
days and then 60 mV in the next four days. The potential then
stabilized for 20 days at =375 mV and started to drop again
after 90 days of exposure and finished at =450 mV. Thus,
active corrosion was expected on this bar.

Bar D continued to follow the other bars A and B until
day 70 where the potential registered large variations with a
decreasing potential trend. 1Indeed, after day 80, the
potential dropped towards the active corrosion region which
was reached a few days later. Subsequent evolution of the
potential shows a regular decrease toward more active values.
The final potential for bar D was =380 mV.

The potentials of bars B and C started to decrease slowly
after 62 days of exposure. However, since their final
potential was -220 mV for bar C and -250 mV for bar B, they
did not leave the critical region.

In this specimen, bar A had the most active potential,

144



Ecorr vy SCE In mV Ecorr vs CSE In mVv

0.1 0.17
-0.18 0. 22
0.2 0. 27
-0.26 0.32
-0.8 0.87
«0.38 0.42

0.4 0.47
<0.43 L ' : — .0.852

0 20 40 1) Y 100

Time In days
= Bar A — bar B T Bar € “T T Bar D

Figure 55: Corrosion Potential Versus Time for Specimen 5
(All 4 Bars Isolated).
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