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ABSTRACT

The corrosion conditions prevalent in the partially submerged reinforced concrete
substructure of marine bridges have been incorporated in a computer model. The system modeled
is an axisymmetric cylindrical column with a rebar cage placed along its entire length. Inputs to
the model include the column and cage dimensions, the size of the portion of the rebar cage which
is in an active state, the concrete resistivity and oxygen diffusivity distributions along the column,
the polarization characteristics of the steel, and the external oxygen concentration. A finite
difference model was used to compute the distribution of electrical potential and oxygen
concentration throughout the system. From these results are obtained the distribution of oxygen
consumption and corrosion current densities over the rebar cage. Cases addressing various
dimensions, and various distributions of oxygen diffusivity and concrete resistivity are analyzed. For
the parameters tested, the results show a tendency for greatest corrosion near the top of the active
zone, and that relative changes in oxygen diffusivity have a greater impact on corrosion activity than
comparable relative changes in concrete resistivity. Implications for marine substructures are
examined.

Keywords: Corrosion, concrete, reinforcing steel, computer, computation, model, substructures,
marine, oxygen, chloride, bridges, finite difference.

INTRODUCTION

Steel-reinforced concrete is frequently used to build substructure members in marine bridges.
The lower substructure may include piles made of concrete containing prestressed steel strands, or
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drilled shafts of concrete reinforced with steel bars. A reinforced concrete footer is often placed
on top of the lower elements, and reinforced concrete columns may be built on top of the footer.
Horizontal reinforced concrete struts are sometimes used to join adjacent columns. The lower
portion of the substructure is often permanently submerged in seawater, and the region
immediately above is subject to tidal variations in the local sea level. The substructure above the
high tide line experiences wave splash, seawater mist and occasional wash due to the wakes of
watercraft traffic. Depending on the local conditions, the latter action may result in seawater
contact reaching portions of the bridge superstructure.

The water solution present in concrete pores is initially highly alkaline (pH near 13 [1]) and
the steel embedded in the concrete becomes passivated as a result. However, passivity breakdown
can take place if chloride ions from the external seawater penetrate through the concrete cover.
Various investigations indicate that passivity loss occurs when the concentration of chloride ions
in the pore solution is of the same order as the hydroxide ion concentration [1-3]. With typical
concrete formulations and cover thicknesses, it is not uncommon to observe the onset of active
corrosion in marine bridge substructures after only a few years of service. Steel depassivation is by
no means limited to the portion of the structure that is always submerged. Indeed, chloride buildup
is faster and more pronounced in the region directly above the high tide line. This is due to
evaporation of the seawater between wetting events, leading to chloride enrichment of the solution
remaining absorbed at the concrete surface and a consequent increase in the quantity of chloride
ion diffused inward.

After depassivation of the steel, the distribution of corrosion in Florida coastal marine
substructures tends to develop a maximum in a region typically 0.5m to 2m above the high tide
mark [4]. Several factors are thought to act jointly in creating this situation. Early accumulation of
chloride above high tide should allow for longer evolution times in the process of corrosion product
accumulation and subsequent cracking that characterizes reinforcement corrosion damage [2,3].
Perhaps more important are the roles of the distribution of the cathodic reaction and of the
electrolyte resistance along the substructure elements.

The main cathodic reaction responsible for reinforcement corrosion is considered to be
oxygen reduction [S]. Oxygen is transported through the concrete cover to the surface of the
reinforcing steel. Oxygen reduction can proceed readily even if the surface of the steel is passive,
so the reaction is not limited to those areas of the steel in contact with chloride ions. While there
is only limited experimental evidence available, it is generally thought that oxygen transport is much
faster in dry than in water-saturated concrete. Measurements by Tuutti [6] indicate a three orders
of magnitude difference in the effective diffusion coefficient of oxygen in concrete exposed to 100%
relative humidity (R.H.) air versus concrete exposed to dry air. If the rate of the cathodic reaction
were subject to simple transport limitation, the cathodic current density would then be expected
to be greatest in the regions above water.

The anodic reaction would first take place in the area of chloride concentration above the
waterline. Later, anodic dissolution would be possible also in the entire submerged portion of the
column, where the chloride content will have reached the critical level for depassivation. A
corrosion macrocell pattern may then develop, with the cathodic reaction predominant above water,
and anodic processes taking place in all the regions where steel passivity was lost. However, as
indicated above corrosion is usually less important in the permanently submerged portion of the
substructure. The finite resistivity of concrete may provide an explanation for this behavior.
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Hardened concrete is a highly inhomogeneous medium, composed of cement paste in which
fine aggregate (typically sand) and coarse aggregate (stone, often with sizes in the 2 cm range) are
mixed. Oven-dry concrete behaves much as an electrical insulator, but in the presence of common
ambient air enough water is present in the cement paste and aggregate pores to result in significant
conduction. Thus, resistivities on the order of 10 KQ-cm to 1 M-cm are often observed in ambient
air for concrete specimens large enough to average out local inhomogeneities. Water-saturated
concrete has resistivities typically in the 1-10 Ka-cm range [7,8]. The concrete resistivity results in
finite resistance paths between the constituents of the corrosion macrocell. Since the cathodic
reaction is expected to be taking place primarily above water, the effective circuit resistance is
thought to be high enough so that the anodic reaction rate cannot be large much below the
waterline. In the portion of the column above water similar IR drop effects may result on the
cathodic reaction being of importance for only a limited distance above the active region of the
reinforcement.

The factors determining corrosion current distribution in these systems can be understood
qualitatively. However, the complexity of the geometric, physical and electrochemical factors
~ involved prevents applying limited qualitative arguments to specific engineering questions. For
example, it might be of interest to know how much will the total rate of corrosion be changed if
the concrete resistivity is doubled. Likewise, it may be argued that the seawater surrounding the
submerged region may, in some cases, provide enough parallel conductance to extend the macrocell
action significantly below the waterline.

The purpose of this paper is to present a computational model of substructure conditions
that can address quantitatively the main operating conditions of the system, and subject to
numerical test the expectations of previous qualitative assessments. The computational approach
used contains features of earlier models by the authors and others [9-12].

APPROACH

The calculations are based on a vertical, cylindrical reinforced concrete column, with its
lower part immersed in seawater (Figure 1). The entire system is axisymmetric. The column
contains a single cylindrical reinforcing steel cage, with a radius equal to that of the column minus
the thickness of the concrete cover. For the purpose of these calculations, the reinforcing steel
cage will be treated as a screen with mesh spacing much smaller than the dimensions of the rest
of the system. In effect, the rebar cage will be considered as a two-sided pervious sheet. This
represents a simplification from the discrete bar lattice geometry (which has a typical characteristic
spacing on the order of 1/4 of the column diameter). Nevertheless this simplification permits the
evaluation of general corrosion distribution trends and the corrosion macrocell pattern of the
column.

The concrete is treated as a radially homogeneous conducting electrolyte with variable
conductivity along the column axis. The concrete is also treated as a medium where oxygen can
be transported by diffusion. Both resistivity and oxygen diffusivity are considered constant in the
radial direction but variable along the column axis. It is assumed that oxygen concentration in the
column medium is constant along the entire external cylindrical surface, for'both the upper and
submerged portions of the column. For simplicity, oxygen flow across the upper and lower end
surfaces of the column is considered to be zero. *
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The rebar cage surface is considered to be active in a region that includes the entire
submerged portion and a length reaching from the waterline to a preset height. The latter region
is representative of the rebar zone above water where chloride contamination has reached the
threshold for active corrosion. The rest of the cage is treated as a passive surface, which is treated
as the site of cathodic reaction (oxygen reduction: O,+2H,0+4e -> 4OH" ) only. Active surfaces
support both the cathodic reaction and the anodic reaction (iron dissolution: Fe -> Fe*" +2e).

Reverse reactions (oxygen evolution and iron reduction) are considered to be negligible for
the operating potential regime present in the column. The polarization behavior of the anodic and
cathodic reactions will be assumed to be determined by simplified electrode kinetics:

iFe = ico Fe €XpP [23 (Es'Eo Fe)/ ba] (1)
ior = 1, 0r (Cs/Co) exp[2.3(E, or-E;)/b.] ()
(symbols are explained in the Nomenclature section.)

Eq.(1) assumes that the anodic reaction is subject only to simple activation polarization
(unrestricted metal supply). Eq.(2) takes into consideration both activation and concentration
polarization effects for the oxygen reduction reaction.

The two-sided sheet approximation corresponds to a steel placement density of 2 m? of steel
surface for every 1 m* of nominal mat area. Actual placement densities in structures are typically
closer to 1 m*1 m% Examination of the system conditions shows that a 1:1 placement density can
be simulated by using exchange current densities in Eqs. (1) and (2) that are one-half the value of
those encountered on an actual steel surface. The same considerations show that for a 1:1
placement density the actual average current densities of the reactions on the steel surface can be
simulated by adding the computed current densities on both sides of the pervious sheet. To better
represent an actual system, the 1:1 steeel placement density will be simulated in the present
calculations by means of the scaling procedure just described. Other placement density values can
be simulated if desired by using the appropriate scaling factors.

For the purpose of evaluating the polarization conditions at every point of the rebar cage,
the volume of the column is divided into axisymmetric regions defined by divisions along the radial
and longitudinal directions (see Figure 1). The radius is divided into 35 zones (36 radial nodes),

and the column length into 240 zones (241 longitudinal nodes). The rebar cage is located at node
28, counting from the center (node 0).

The steady state current distribution within the concrete is calculated by solving the
continuity equation:
Vi=0 €)

since by Ohm’s law:

i=-0VE 4)
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the continuity equation becomes:
V(@VE) =0 )

Note that Eq.(5) would reduce to the Laplace equation, V’E = 0 (commonly used in
previous calculations of corrosion current distributions in concrete [9-12]) if ¢ were constant.

The boundary conditions for Eq.(5) at the rebar cage are provided by the polarization
conditions, Egs. (1) and (2). Each element of the rebar cage is considered as a two-sided surface.
The electrolyte potential is a continuous function along a direction crossing the cage, so E is the
same (E,) on either side immediately next to the cage. On either side, the component of current
density in the electrolyte normal to the surface will be given by

ily = I - log (6)
and by application of Eq.(4)
Lootn sides(-0V [ B) = Lo sides(ire - ior) (7
At the two column ends current flow is assumed to be zero so that
V|, E = 0 (column end faces) (8)
Likewise, current flow is taken as zero perpendicular to the external column surface above

the waterline (air insulation) and perpendicular to the column axis along the axis itself (by
symmetry):

(column exterior above water and r=0) )

The portion of the column below water is in contact with an electrolyte that is typically two
orders of magnitude more conductive than the adjacent concrete. This permits using a convenient
approximation to an otherwise difficult boundary condition, by treating the surface in contact with
seawater as a constant potential region:

E = constant

(submerged column outer surface) (10)

The oxygen distribution problem was addressed by taking into consideration that steady-state
conditions prevailed. Therefore, at every point of the concrete, the oxygen concentration satisfied
a condition similar to that of Eq. (5):

V(DVC) =0 (11)
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The oxygen supply, in turn, needs to equal the amount consumed by the cathodic reaction
at the metal surface. Assuming that 4 electrons are consumed for each oxygen molecule:

Ebom sidcs(iOR) = Eboth sides(d F Vln C) (12)

The remaining boundary conditions were provided by the absence of oxygen transport at the
column ends, and constant oxygen concentration at the sides.

V‘n C lends = 0 (13)
Clsidcs = C0 ‘ (14)

Concrete is heterogeneous, and oxygen transport is expected to proceed through pores that
are partially filled with water to an extent depending on the moisture content. The assumption of
Fickian diffusion is at best an approximation, and the diffusion coefficient should be viewed as an
effective magnitude. Reported measurements of effective diffusion coefficients of oxygen in
concrete are derived from concentration gradients variously based on the oxygen content of air or
of water in contact with the external concrete surfaces [5,6]. For the purposes of these calculations,
it has been chosen to express C in terms the concentration of oxygen present in the pore solution,
which is in turn assumed to be in equilibrium with any surrounding gas. The seawater is assumed
to be in equilibrium with atmospheric oxygen within the depth range considered here [13]. For
simplicity, both seawater and the pore solution were assumed to have oxygen solubilities (and
associated pressure dependencies) equal to those of pure water.

The conditions expressed in Equations (1-14) were formulated as difference equations based
on nodes placed on a longitudinal section of the column, representing the concrete in the column.
The difference equations were formulated to account for cylindrical symmetry along the main axis,
thus obtaining full spatial simulation. The equations were solved by means of a Gauss-Seidel
method, stopping the iteration process when a predetermined maximum error criterion was met.
For each internal node of the system, and at each iteration step, the new value of C was obtained
from the surrounding values of the previous iteration, by Equation (11). The same procedure was
used for E, using Equation (5) in the same step. At the appropriate boundaries, Equations (15,16)
were applied consecutively at each node during the same step to obtain the new node values.
Similar procedures were used for Equations (6-10).

RESULTS AND DISCUSSION
Cases Examined

Table I shows the cases examined. The baseline case consisted of a column with a total
length of 1200 centimeters, half of which was above the water line. The active zone extended to
202.5 centimeters above the water line. The diffusion coefficient of oxygen varied along the column
from a value D, =10 cm?/sec to a value Dy=107 cm®/sec. Keeping in mind the gas-liquid
equilibrium assumptions made above, these values correspond to the typical range of oxygen
diffusivity reported in the literature [5,6]. Figure 1 shows the assumed pattern of variation of D
along the column. Above water, the log of D was taken to vary linearly with height, to represent
the expected rapid variation of D with moisture content [6]. The concrete resistivity was taken to
vary from 2ka-cm to 10kq-cm. These resistivity values are in the range commonly observed in
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actual substructure applications in humid environments. The variation was assumed to be linear
with height above water, as a rough approximation to actual observed patterns [14]. The column
diameter was 105cm, whereas the concrete cover over the rebar was 10.5cm. These values are
representative of typical construction dimensions. The iron dissolution and oxygen reduction
polarization parameters used in the calculations are also shown in Table I. These polarization
parameters are equivalent to those used by the authors in previous computations [9-11], except that
the exchange current densities are approximately halved to account for the two-sided sheet model
as explained previously. In addition to the baseline, other cases investigated included variations
in the height of the active zone above the water line, the height of the column above the water line,
the diffusion coefficient limits and the concrete resistivity limits.

It is emphasized that the parameter ranges chosen for the calculations are intended only to
obtain insight on the general patterns of corrosion behavior in the systems investigated. Specific
dimensions and trends of parameter variation along the column could be very different from those
assumed here, and detailed analysis of particular cases would require customized calculation with
appropriate initial data.

The computations returned the value of the electrical potential and the oxygen concentration
at every point in the concrete. From these values and by application of Equation (7), the
distributions of the current along entering or leaving the rebar cage surface, and the amounts of
oxygen consumed at various points of the system could be obtained. In addition, by application of
Equation (1), the value of the corrosion current density could be obtained at any point where the
surface of the rebar was active. Cathodic current densities will be treated as positive; anodic
current densities will be treated as negative. The net current density flowing at any point from the
rebar surface into the electrolyte will be denoted as the macrocell current density (which will be
taken as positive). As indicated earlier, to account for the pervious sheet used to represent the
rebar cage the results have been interpreted by taking at any point the sum of the process rates
(current densities) of both sides of the mesh. The designation "sum of both sides" will be used as
a reminder of this interpretation.

Potential and Oxygen Concentration Distributions

Figure 2 shows iso-electric potential and iso-oxygen concentration diagrams on longitudinal
column cross-sections for the conditions of the baseline case A (note that in the convention used
in the calculation the potentials are given with respect to the metal, so that less noble conditions
correspond to higher potentials). The isopotential diagram shows that the potential increase as one
moves from the air portion of the column to the submerged region. The increase reflects both the
presence of the active region and the lower availability of oxygen in the wet portions of the column.

The isopotential lines indicate that there is a general flow of conventional current across the
concrete from the lower to the upper parts of the column. This is because iron dissolution takes
place only in the active, lower region while oxygen reduction is more predominant in the upper
portion of the active zone and is the only reaction in the passive area. The resulting net ionic flow
corresponds to the calculated conventional current direction.

The isoconcentration lines show predominant oxygen flow from the top to bottom in the
upper part to the column, and from the exterior into the rebar cage in the lower regions. The
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oxygen concentration is very low inside the cage over the entire active steel portion; in that region
there is no significant oxygen transport through the interior of the column. In examining the
diagram it should be remembered that the oxygen diffusivity is not constant along the column.
Thus, although the isoconcentration lines show roughly the same spacing at the bottom of the
passive region than in the region below water, the oxygen flow normal to the lines in the latter
region is orders of magnitude smaller than in the former.

Current Distribution

The potential and concentration distributions discussed above, together with the conductivity
and diffusivity distributions, define the extent of electrochemical reactions at the steel surface. The
following discussion refers to current densities treated as the sum of both sides of the pervious
sheet.

Figure 3 (top) shows the macrocell current density at points along the rebar cage as a
function of position for the baseline case (A) and for a higher resistivity condition (B). The
magnitude of the macrocell current density reaches a maximum at the highest active point of the
column. At that location, the macrocell current also changes sign when going from the active
portion to the passive portion of the column.

Figure 3 (center) shows the anodic current density (equal in magnitude but, by convention,
opposite in sign to the corrosion current density) along the column. The corrosion current density
reaches a maximum also at the highest active point in the column; the current density is zero (by
assumption) at the passive region. The corrosion current density values obtained are typical of
those encountered in reinforced concrete systems exposed to aggressive environments. The
maximum corrosion current densities in Figure 3 would be enough to result in the observation of
external cracks after several years of service [15] in that area of the column, in agreement with field
observations. Nevertheless, the simplifications used in these calculations need to be kept in mind
when interpreting these results.

Figure 3 (bottom) shows the cathodic current density (equal in magnitude and sign to the
value of the oxygen consumption rate) at the rebar cage surface as a function of position along the
column. The oxygen consumption is nearly constant for the entire submerged portion of the rebar
cage, reflecting the assumption of constant oxygen diffusion coefficient in that region (where, as
shown before, the oxygen supply is also under diffusion-limited conditions). The value computed
by the model for the underwater oxygen consumption rate (0.12 uA/cm?) is consistent with that
obtained with an approximate calculation that would assume one-dimensional diffusion across the
concrete cover: i = 4 F D Cy/c = 0.11 pA/cm®. Oxygen consumption increases as elevations
above the water line are reached, reflecting the increase in the diffusion coefficient as a function
of height above the water line. However, the oxygen consumption begins to decay after a maximum
at or near the highest point of the active zone. This behavior is a consequence of the electrical
potential distribution on the rebar cage surface along the column. As indicated in Figure 2, the
potential at the zone above the highest active spot tends to decrease in magnitude with further
height, therefore reducing the demand for oxygen to the cathodic reaction.

Figure 3 also illustrates the effect of changing the value of the concrete electrical resistivity.
As the electrical resistivity is increased by one order of magnitude (that is, going from case A to
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case B), the distribution of the corrosion macrocell is confined to a smaller distance range. This
is as expected, since the potential attenuation from the highest electrochemical activity point will
be greater at greater electric resistivities. The same effect applies to the corrosion current density
distribution. In addition, the maximum magnitudes of the corrosion current and macrocell current
densities are smaller when the concrete resistivity is higher.

The effect of varying concrete resistivity on the oxygen consumption is more complex (Figure
3, bottom). Below the water line, the amount of oxygen demand does not change significantly upon
increasing the resistivity, since that portion of the rebar cage behaves much as a uniform mixed-
potential electrode. In that regime, oxygen transport is the limiting factor on the rate of corrosion,
and resistivity has no significant effect. Above the water line, the increase in concrete resistivity
results in a narrower transition region in the rate of oxygen consumption. The total rate of oxygen
consumption is, as expected, lower for the high resistivity case. However, the peak value of the
oxygen consumption rate tends to be actually slightly greater when the concrete resistivity is higher.
This behavior is not surprising, since the peak rate results from a complex balance between the
overall rate of the reactions and the size of the spacial region affected.

Corrosion Behavior Trends

Table II summarizes information that can be extracted from the results of all the cases
computed. All magnitudes and rates correspond to the sum over both sides of the pervious sheet.
The total macrocell current is equal to the absolute value of the integral of the macrocell current
density over either the entire net anodic or the entire net cathodic portion of the column. The
total corrosion current is equal to the absolute value of the integral of the corrosion current density
over the entire active portion of the rebar cage surface. The maximum corrosion current density
corresponds to the absolute value of the anodic current density at the highest point of the active
zone. The oxygen consumption below water is the integral of the oxygen consumption rate over
the portion of the rebar surface which lays below the water line. Finally, the iron solution rate
below water results from integrating the corrosion current density over the portion of the rebar
cage surface below the water line.

Figure 4 shows that increasing the concrete resistivity range (cases A,B,1,M) over more than
an order of magnitude decreases the corrosion severity, but not to the same relative extent. The
trend curves in the log-log representation can be approximated in the range investigated by straight
lines, which in turn represent an approximate power relationship between the magnitudes
examined:

Li « p" (15)

The slope of each line corresponds to the power exponent, n of each respective relationship. Thus,
the total macrocell current varies roughly with the square root of the relative resistivity change
(n~-0.5) and the maximum corrosion current density shows a weaker dependence (n~-1/4). The
total corrosion current is altered the least by changes in resistivity (n > -1/4) over the range
investigated.

Figure 5 shows a similar treatment to examine the dependence of corrosion severity on the

diffusivity of oxygen. The total macrocell current density shows a moderate power dependence
(n~1/2) with the diffusivity. The total macrocell current density and, importantly, the total
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corrosion current show a stronger dependence (1/2=n=1) on the diffusivity of oxygen than that
shown for the concrete resistivity. The relative importance of concrete resistivity and oxygen
diffusivity as corrosion parameters is also shown in Figure 5 by displaying the results of calculations
where p; =2 ka-cm (solid lines) and p; =20 kn-cm (dashed lines). With the exception of the total
macrocell current, a relative change in oxygen diffusivity has a greater effect than a similar change
in concrete resistivity.

Figure 6 shows the effect of changing the height of the active zone above water on the
corrosion severity. The total corrosion current increases with the height of the active zone, as
expected since more active material is available for corrosion, in a region where oxygen supply is
less restricted than below water. The same happens for the maximum corrosion current density.
Interestingly, the total macrocell current changes little with the height of the active zone above
water. The corrosion current density distribution associated with this behavior is seen in Figure
7. As the active zone above water becomes shorter, the corrosion current density in the submerged
zone becomes greater. In the presence of a sizable active steel zone above water, the oxygen
consumed there served to increase the local iron dissolution rate. Without a large active zone
above water, the effect of oxygen consumption there is to increase the corrosion rate below water
(which was otherwise restricted by the slow local delivery of oxygen through water-saturated
concrete).  The combination of the system dimensions and the diffusivity and resistivity
distributions used here creates an effective limiting current phenomenon, with the resulting
observed stability of the total macrocell current. It should be noticed also that the calculated
increase in corrosion rate below water is uniform. This results form the assumption of an
equipotential concrete surface in the submerged area. Some deviation from this behavior would
result if a finite resistivity for seawater were assumed.

Polarization of the Oxygen Reduction Reaction

Further insight on the corrosion process in these systems can be gained by examination of
the potential-current relationship of the oxygen reduction reaction. Figure 8 shows a composite
E-log i (sum of both sides) curve for the entire column, for the baseline case (A). The more noble
potentials correspond to the passive region above water, where diffusional transport is not limiting.
As a result, the curve approaches ideal Tafel behavior, with a slope close to the assumed value of
0.16 V per decade. As more active potentials are reached, a diffusional limitation is encountered.
However, because the system is three-dimensional and the diffusion coefficient is variable, the
curve does not approach a simple limiting current density. The kink in the curve corresponds to
the transition into the active portion of the rebar cage. The current density actually decreases
dramatically as the potential becomes less noble. Finally, the curve portion representing most of
the submerged portion of the column is compressed near the end point (which corresponds to the
flat portion of the plots in Figure 3, bottom.) The composite polarization curve illustrates the
complexity of the phenomena encountered in large, heterogeneous systems. It should be noted that
this curve does not represent the polarization behavior of an individual surface element on the
rebar cage; behavior which varies with position along the column length. Rather, the complex
nature of the system examined here prevents the use of a master cathodic polarization curve, as
is sometimes assumed in the computer modeling of extended structures [12,16].

It should also be noted that the steel in the portion of the column below water, which has

the less noble potentials, does not have the highest corrosion rate. This observation is in line with
the behavior observed in similar systems [17], and emphasizes the importance of not equating high
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corrosion rates with extreme potential readings, as it would result from an uncritical application
of specialized corrosion criteria (such as ASTM C-876).

Modeling Considerations

The interpretation of the peak current density magnitudes reported (Figures 3-7) must be
qualified by keeping in mind that discretization errors are unavoidable. The peak current densities
present at the active-passive transition line would be finite even if a continuous model were used
(as required by Egs. (1) and (2)). However, the computational grid used here prevents obtaining
the actual values of the peak current densities at the transition itself, and only values at points half
a grid space away can be estimated. The actual value at the transition will differ from the reported
value by an amount depending on the effective polarization slope acting at that point, and on the
rate of potential variation across the transition. Since the potential tends to vary rapidly across the
region of interest, the peak current density results reported here are to be considered as an
approximation, useful to evaluate the relative effects of the corrosion parameters of the system.
It should also be understood that in a real system a sharply defined spacial active-passive transition
is not likely to be present, and that the simulation of a rebar cage by means of a fine mesh has
already involved numerous simplifications.

Implications on Marine Substructure Conditions

The calculations provide quantitative support to the long-held view that the corrosion rate
in the underwater portion of the structure is small as a result of limited oxygen access. The
calculations indicate however that corrosion underwater could be enhanced as a result of corrosion
macrocell coupling with the portion above water, if the anodic activity there is lessened. This
finding merits consideration if corrosion abatement methods for the splash zone (such as the use
of silane or siloxane surface treatments) become successful. The possibility of enhanced corrosion
underwater in those cases should be examined in more detail.

The calculations showed that limitation of the oxygen reduction reaction below water need
not be due, as sometimes thought, to low availability of oxygen in the seawater itself; oxygen
concentrations comparable to those present near the surface are encountered even at great depths
[13]. In the computed cases the limitation results from the oxygen diffusion process through the
concrete cover. The calculations suggest moreover that oxygen supply from above through the core
of the column is not likely to be important to the corrosion behavior underwater.

The quantitative results agreed also with the common observation of severe corrosion in the
splash-evaporation zone of marine substructures. Depending on the choice of parameters assumed,
macrocell currents ranged from about 10% to 90% of the total corrosion current of the system.
In general, total macrocell currents were a larger fraction of the total corrosion current when range
of values of the concrete resistivity or the oxygen diffusivity was low. The high calculated corrosion
current densities near the top of the active zone resulted from a combination of increasing oxygen
diffusivity with height (which allowed for greater local cell action), and coupling with the oxygen
reduction at the nearby portion of the passive zone. The "throwing power" of the macrocell effect
into the passive zone can be estimated from Figure 3 (bottom) to be on the order of 0.1m to 1m
for the conditions investigated.. As indicated earlier, the macrocell effect distances could be much
larger into the less resistive submerged zone. Other characteristics of the system (such as steel
placement density and effective exchange current densities) will be expected to play a role in
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determining the extent to which the macrocell action contributes to the overall development of
corrosion in the column.

Regardless of the relative importance of local versus extended cell action, the results
underscored the importance of increasing concrete resistivity and reducing the effective oxygen
diffusivity to lower the overall corrosion rate. The present trend toward using denser concretes in
marine construction is therefore expected to be beneficial not only in delaying the onset of active
corrosion (by retarding chloride ion ingress), but also because of the reduced gas transport and
higher resistivities of those materials [17].

Model Extension and Enhancement

The results presented here covered only some of the most important variables in the
problem. The present model is suitable also to evaluate the effect of concrete cover thickness,
alternative oxygen diffusivity and concrete resistivity profiles, alternative steel placement density
and polarization variables, truncated column geometries and a number of service-related situations.
Those conditions should be examined in detail for possible implications on structural design for
improved corrosion resistance. The model could also be modified to evaluate the performance of
various cathodic protection options; work along those lines is in progress and will be presented
elsewhere.

Numerous factors of importance remain unaddressed because of the assumptions of the
present model; the following is only a partial account of possible improvements leading to a more
realistic simulation. A desirable enhancement would be the implementation of a more realistic
rebar geometry simulation. It is expected that the typical three-dimensional cage assembly will give
rise to current and oxygen flow concentration effects that may significantly alter the local corrosion
distribution from the more uniform conditions examined here. The polarization characteristics
assumed here make no allowance for back reactions, which might be important in the submerged
zone. The anodic reaction can be very complex and involve several intermediate states not
considered here. In addition, the simple active-passive behavior assumed here is a strong
simplification of the actual material behavior. The cathodic reaction rate may be strongly sensitive
on the surface condition of the steel. and it may also involve other reactions (such as ferric to
ferrous ion conversions) not considered here. Reliable data on oxygen diffusivity in concrete are
scarce, and in view of the importance of that parameter suggested by the results, more documented
information may be highly beneficial in that area.

CONCLUSIONS

1. In a simulated reinforced concrete marine substructure column, the potential of the
reinforcing steel varied continuously from the noble values in the zone above water to very active
values in the submerged zone.

2. The concentration of oxygen inside the column varied from a value near equilibrium with
the exterior at the top, to almost zero below water. Oxygen transport to the steel below water was

almost exclusively through the concrete cover and not downward through the center of the column.

3. The corrosion current density was greatest at the top of the active zone of the column.
Corrosion below water proceeded at a smaller rate even though the steel potential was significantly
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less noble than in the region of highest corrosion.

4. The local oxygen consumption rate was greatest near the top of the active steel zone. This
resulted from a combination of the oxygen diffusivity pattern assumed in the calculations, and of
the proximity of the active steel zone.

5. The total corrosion current varied from being almost equal to the total macrocell current,
to being several times greater, depending on the values of concrete resistivity and oxygen diffusivity
ranges assumed. Low concrete resistivities, or low oxygen diffusivities, tended to reduce the relative
difference between total corrosion current and macrocell current.

6. Corrosion below water was not enhanced by oxygen consumption in the air zone unless
corrosion activity in the latter was greatly reduced. This suggests that undesirable side-effects of
reducing corrosion in the air zone might occur and should be investigated.

7. The overall level of corrosion increased with increasing oxygen diffusivity and reduced
concrete resistivity.

8. Relative changes in oxygen diffusivity had a greater impact on corrosion activity than
comparable relative changes in concrete resistivity.

9. The three dimensional, heterogenous nature of the system leads to polarization behaviors
that cannot be described by a simple monotonic polarization curve.
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NOMENCLATURE
b, Activation Tafel slope for the anodic reaction.
b, Activation Tafel slope for the cathodic reaction.
v Concrete cover.
C Oxygen concentration.
C, Oxygen concentration at the steel surface.
Co Oxygen concentration at the external concrete surface.
D Oxygen diffusion coefficient.
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D,. D,

V), A

pHa pL

Highest and lowest values of D.

Potential at a point of the electrolyte (through an idealized reference electrode) with
respect to the body of the metal. Note that this convention, used throughout this
paper, is the opposite of the common usage of referring potentials with respect to a
reference electrode placed in the electrolyte.

Potential at the electrolyte immediately next to the metal surface.

Redox potential for the Fe/Fe* " +2e system.

Redox potential for the OH/O,+2H,0 +4e system.

Height of active zone above water.

Current density of the iron oxidation reaction.

Current density of the oxygen reduction reaction.

Exchange current density for the Fe/Fe** +2e system.

Exchange current density for the OH/O,+2H,0 +4e system.

Corrosion current density.

Corrosion current.

Macrocell current.

Current density vector.

Column length.

Direction normal to a surface, pointing away from the surface.

Radial column direction.

Column diameter.

Axial column direction.

Component along the direction p of the gradient of scalar magnitude A.

Concrete resistivity.

Highest and lowest values of p.

Concrete conductivity (o = 1/p )
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TABLE 1
CASES INVESTIGATED
CASES h, (cm) D, (cm?/s) Dy (cm?/s) py. (kQ-cm) py (ko-cm)
A 202.5 10° 103 2 10
BASELINE
B 202.5 10 107 20 100
C 102.5 10° 103 2 10
D 2.5 10 103 2 10
E 302.5 10° 103 2 10
F 202.5 10° 10 2 10
G 202.5 107 10-5 2 10
J 202.5 10°¢ 10* 20 100
K 202.5 107 10 20 100
L 202.5 10° 103 6 30
M 202.5 10° 103 1 5
For all cases:
L = 1200 cm
= 105 cm
= 10.5 cm

i, pe= 1.875 10® A/cm?®

i, or= 6.25 10" A/cm®

E, = 780 mV’

E, or= -160 mV’

b,= 60 mV

o= 100 mV
Co= 3 107 Mol/cm?
* SCE scale, signs per convention in Nomenclature section.
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TABLE II
SELECTED CALCULATED MAGNITUDES

CASE TOTAL TOTAL MAXIMUM OXYGEN IRON
MACROCELL Teorn icorg CONSUMED DISSOLVED
CURRENT BELOW BELOW
(mA) (mA) (rA/CM?) WATER WATER
(mA) (mA)
A 14.2 49.7 4.5 19.6 20.2
BASELINE .
B 3.89 39.8 22 19.6 20.0
13.7 384 33 19.6 21.8
D 142 34.1 0.57 19.6 34.1
E 143 735 6.5 19.6 18.9
F 5.8 83 1.4 0.91 1.51
G 248 2.7 0.35 0.196 0.44
J 2.05 5.64 0.6 1.96 225
K 0.76 1.1 0.17 0.196 0.236
L 8.05 435 32 19.6 20.1
M 205 57 552 19.6 20.7
rates correspond to the sum of both sides)
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Figure 1. Idealized, half submerged reinforced concrete column model.
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model calculations for the baseline case A. The
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distributions along the rebar cage for the baseline case
A and for case B (higher concrete resistivity). The
macrocell current density (top) is equal to the algebraic
sum of the anodic (center) and cathodic (bottom)
current densities. The absolute values of the corrosion
current density and the oxygen consumption current
densities are equal to those of the anodic and cathodic
current densities respectively.
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Figure 4. Total corrosion and macrocell currents,
and maximum corrosion current density (sums of both
sides), as a function of lowest concrete resistivity while
keeping the other parameters constant (results from
cases A,B,L. and M).
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Figure 8. Composite  polarization diagram
showing the locus of potential at the cage surface and
oxygen consumption current density (sum of both sides)
as it varies along the rebar cage (baseline case A). The
portions of the diagram corresponding to different
column regions are indicated in the main plot and in the
detailed inset.
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