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Abstract

Current distribution from a surface mounted anode to steel reinforcement in atmospherically exposed concrete is modelled as a
function of the condition of the steel, the resistivity of the concrete and anode-steel geometry. The boundary conditions at the steel
have a significant effect on current distribution with more uniform distribution arising at low steel corrosion rates. In a typical
situation the surface of a steel bar facing the anode may receive 50% more current than the opposite surface. As cathodic protection
has proved to be effective in these cases, a basis for many design decisions that influence current distribution is that their effect is
small by comparison. When more than one layer of reinforcement is present the current distribution is significantly worse. In this
case a surface anode may not be enough and discrete anodes may be necessary to improve current distribution. An increase in the
concrete resistivity, cover and the anode to cathode area ratio at a constant anode current density will increase the voltage drop
through the concrete inducing an improvement in the environment at the steel that promotes steel passivity. © 2002 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

One of the objectives in cathodic protection (CP)
design is to deliver a fairly uniform current density to
the protected steel. This will minimise the current re-
quired to achieve the protection criterion, thus reducing
the cost and improving the life of the system compo-
nents. The achievement of uniform current distribution
in an atmospherically exposed reinforced concrete CP
system is, however, hindered by the location of the steel
in a resistive environment close to a large planar anode.

Much previous work [1-3] has examined current
distribution with regard to the design of CP systems
applied to steel elements/structures in sea water and soils
using experimental methods and mathematical models.
In mathematical models the boundary conditions at the
polarising interfaces have always presented problems. In
early works the resistance to polarisation presented by
the interface was often ignored. Empirical functions
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approximating the polarisation behaviour have also
been used and recent advances have allowed the time
dependence of the polarisability of the cathodic interface
resulting from the precipitation of deposits there to be
modelled [4].

The distribution of current in reinforced concrete CP
systems has been subject to less extensive analysis.
Bertolini et al. [5] studied the screening effects of an
outer steel bar on bars located at greater depths and
modelled the experimental results using an empirical
cathodic boundary condition. They noted that polari-
sation of bars at depth was difficult to achieve if the bars
were corroding. On the other hand passive steel polar-
ised relatively easily. Sagues and Kranc [6] modelled the
degree of polarisation at a local anode in a galvanic cell
and concluded that it may be underestimated due to
activity of the macro-corrosion cells. Polder [7] used
experimental methods to examine the current distribu-
tion resulting from alternative anode arrangements that
were cast into reinforced concrete elements.

In a typical reinforced concrete CP system, design
decisions that influence current distribution include the
division of the anode system into zones, the internal
resistance of the chosen anode, the location of the
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connections and current feeders to the anode system, the
location of the current drainage point connections to the
reinforcing steel and the resistance of the cables carrying
the current. However, other factors associated with the
steel and concrete over which the design engineer has
less control will also affect current distribution.

The aim of the present work is to model the current
distribution in a typical reinforced concrete CP system
as a function of the condition of the steel (its corrosion
rate and polarisability), the resistivity of the concrete
and reinforcement geometry (bar spacing, diameter,
cover depth and layers). The implication of the results
on the design of a CP system will be examined.

2. Method
2.1. Exact solution

An exact solution to the current distribution problem
may be obtained for specific circumstances by applying
the same theory as that used to solve electrostatic po-
tential problems. Thus, for non-polarising interfaces, the
potential distribution between an infinite planar anode
and a single bar in an infinitely thick homogeneous
concrete slab of uniform resistivity will be similar to that
for a capacitor consisting of two parallel equidistant
cylinders [8]. In this case it can be shown that the ratio of
the current going to the front and back of a plain steel
bar (ifont/ivack) Of radius r placed a distance ¢ + r from
the concrete surface, where ¢ is the cover depth, is a
function of the ratio of the cover depth to bar radius
given by the equation:

ifront/iback =1 + 21"/6‘. (1)

When there is no resistance to polarisation at the cath-
ode and anode the current distribution is determined
only by the relative geometry. The conductivity of the
environment and the drive voltage will only affect the
magnitude of the current.

More complicated potential distribution problems
representing multiple bars may be obtained by super-
position of the solution to simpler problems [8]. Thus
the potential field resulting from a 11 bar array placed
adjacent to an infinite planar anode is equal to the sum
of the separate potential fields that would result from
each bar on its own. In this case the ratio of the current
between the front and back of the middle bar of 11
equally spaced 16 mm diameter bars at a fixed distance
from the anode (the cover depth) is given by the curves
in Fig. 1. It is evident that bar spacing and cover depth
affect current distribution with an increase in bar spac-
ing and cover depth improving current distribution.

The assumptions made, particularly that regarding
a non-polarisable cathodic interface, will however

6T

v
[
'

—— 60 mm cover
—+40 mm cover
-=-30 mm cover
—e—20 mm cover

IS
[T
' '

IS
'

w
'

Current Ratio (front:back)
N w

S}
'

n
'

[N
G

50 75 100 125 150 175 200 225 250 275 300 325
Bar Spacing (mm)

Fig. 1. The current ratio between the front and back of the central bar
in equally spaced 11 bar array as a function of cover depths and bar
spacings in a non-polarising boundary problem.

render such solutions inaccurate. Only the general
trends that are a function of the geometry should be
extracted from such solutions. For a more accurate
solution, which takes into account the boundary con-
dition at the steel-concrete interface, numerical mod-
elling is required.

2.2. Description of the model

For a stationary interfacial condition the current
distribution is a boundary value problem. The current
density vector (J) is given by a function of the form:

1
J=-Vo, 2
5 2)

where p is the resistivity and ¢ is the scalar potential
field. At all points between the boundary conditions
current is conserved. Thus the potential field is a solu-
tion of the Laplace equation:

Vip =0, (3)

for the given boundary conditions. The problem was
simplified to two dimensions by assuming that the steel
reinforcement extends in the third dimension only and
there is no change in the properties in this direction. In
practice, however, the situation is more complicated
due to the existence of transverse steel bars. Further-
more, the resistivity of concrete tends to be position-
dependent as a result of carbonation and moisture
gradients.

In the present work the problem was solved using a
finite element model. Numerical integration in finite el-
ement calculations is usually carried out using Gaussian
quadrature of the form [9]:

) f(x)dx = Z Wif (x,), (4)
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where W, are the weights, x; is the location of the points
at which the integral is made, M is the total number of
points and Q. is the element domain. The element be-
haviours are first expressed in terms of the functional
nodal values before the final equations are then assem-
bled for the whole structure. The potential field was thus
interpolated over each element as [10]:

E=Y_EN, (5)

where N; is the element level interpolation function
(shape function), E; is the nodal potential value and & is
the number of nodes in each element.

Using the Galerkin weighted residual method, which
is the most commonly used to derive finite element
equations, the weighting functions W; in Eq. (4) are
chosen to be the same as the approximating functions N;
in Eq. (5), and Eq. (3) is recast in the integral form for
each element as [11]:

OF
/NiVZdez—/ VNiVde+/N,»—ds:O, (6)
Qe foR s, on

where S, is the boundary of Q., s and n are co-ordinates
parallel and normal to S.. Substituting Eq. (5) into
Eq. (6), the element matrix equation is obtained as [12]:

KCE® = P~ (7)
where
Kfj = VN, VN, dx
Qe
ON; ON; =~ ON; ON;
= —2 4+ ——2)dxd 8
/Qe<ax 6x+6y ay) 4 (8)
and
. OE OF

7= [ (Grgn v ¥

Global matrixes are assembled using the individual ele-
ment matrixes to yield the global system that is then
solved, subject to the boundary conditions, using a
matrix inversion procedure to obtain the required nodal
values [13].

2.3. Boundary conditions

At the anode, the predetermined magnitude of the
current defines an average voltage gradient over the
whole anode surface. The surface nodes in contact
with the anode all have the same potential. It was
assumed that the voltage drop through the anode
material is negligible. This parameter is generally un-
der the control of the designer. Another assumption
implicit from the use of a fixed voltage gradient is that
the effect of the resistance across the anode concrete

interface is considered to be negligible. This will be
true only if the level of anode polarisation is inde-
pendent of position. While this is not usually the case,
the errors resulting from this assumption may be small
[6]. The use of more resistive anode materials and the
interfacial resistance will be investigated in future
work.

The boundary conditions at the cathode, assuming
the resistance through the steel is again negligible, are
provided by the polarisation conditions given by Egs.
(10)—(12) [14]. The potential shift (1) at the cathode is
equal to the sum of activation (1,) and mass transfer
(1) effects

=1y + M- (10)
The activation potential is defined by

i=i.—i,

2. 2.
= icorr eXp ( ;’7&> - iCOlT exp ( - ;na )7 (11>

where i is the applied current, , and f, are the anodic
and cathodic Tafel slopes and i, is the corrosion rate.
The mass transfer potential is defined by

RT i.

L

where i;, R, T,n and F are the limiting current density,
gas constant, absolute temperature, electronic charge
number and Faraday constant, respectively. Future
work will consider the spacial variation in corrosion rate
on the bars and the time-dependent changes of the
conditions at the steel surface [15]. In the finite element
method, not applying any boundary condition on part
of the domain is equivalent to applying a zero voltage
gradient on that surface. This was implemented at all the
other boundaries of the domain.

The boundary conditions applied in this work (po-
tential values at the anode and current values at the
cathode) are known to be of mixed Dirichlet/Neumann
type [16]. Owing to the non-linear nature of the ca-
thodic boundary conditions (Eqs. (10)—(12)), an itera-
tive procedure was employed to achieve the analysis.
This involves starting from certain values at the
boundaries and changing them in steps such that the
problem converges towards a unique solution. To
avoid divergence a relaxation procedure was employed
[17].

A 2 mm square grid was used in the finite element
analysis. Convergence was shown by conservation of
current i.e., current entering steel equals the current
leaving anode to more than four significant figures.
Typically less than 1000 iterations were needed to
achieve this level of accuracy.



162 A.M. Hassanein et al. | Cement & Concrete Composites 24 (2002) 159-167

3. Results
3.1. A typical case

To verify the finite element analysis the model pre-
dictions were compared with previously reported results
obtained using the finite difference method [18]. The
applied current leaving the anode surface was set equal
to 5 mA/m? The corrosion rate of the bars was
1 mA/m? which is considered to be the upper limit for
passive steel [19]. Values of the cathodic Tafel slope ()
estimated from reported corrosion potential-corrosion
rate relationships range between 120 and 230 mV
[20,21]. A value of 150 mV was used in this example. A
value of 300 mV was assigned to the anodic Tafel slope
to represent a strongly polarised anodic reaction while
the limiting current for oxygen reduction was set equal
to 100 mA /m? [14]. The difference between the output
of the finite difference and finite element analysis was
typically less than 1%. This is expected as there should,
in theory, be no difference between these methods for
regular geometries.

An example of the results is given in Fig. 2 in which
the potential distribution was computed from a planar
anode to parallel 16 mm diameter bars placed at 100 mm
centres with 40 mm of cover in a 150 mm thick concrete
slab of resistivity 300 Q m [9]. The resulting ratio of the
current flowing to the front of the bar compared to its
back was approximately 1.4. The potential shifts at the
front and back of the bar were 146 and 128 mV, re-
spectively. The results also suggest that a current of
5 mA /m? will induce approximately 80 mV through the
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Fig. 2. Potential distribution between a planar anode and a cylindrical
cathode.

Table 1

Typical set of model input parameters
Layers of steel 1
Steel bar diameter 16 mm
Bars spacing 100 mm
Slab thickness 150 mm

Concrete cover 40 mm

Steel current density 10 mA/m?
Anodic Tafel slope 300 mV/decade
Cathodic Tafel slope 150 mV/decade

Corrosion rate 2 mA/m?
Oxygen limiting current den- 100 mA /m?
sity

Anode type Planar
Concrete resistivity 300 Q m
Grid dimensions 2 mm

concrete between the anode and the steel. It may be
noted that this is sufficient to maintain a chloride con-
centration ratio of more than 20 between an external
chloride source and the steel reinforcement [18,22]. Thus
if the average external chloride concentration was 2 M,
the chloride concentration at the steel would not reach
0.1 M (equivalent to about 0.4% total chloride by weight
of cement) [23].

The effects of corrosion rates, anodic and cathodic
Tafel slopes, oxygen limiting current density, magnitude
of the applied current, resistivity of the concrete and
geometry on the current and potential distribution
and the voltage drop in the concrete were studied in the
examples given below using the typical values of the in-
put parameters given in Table 1 unless otherwise stated.

3.2. Interfacial condition

The effect of the corrosion rate between 0.5 and
20 mA/m? (approximately 0.5-20 pm/yr) on the cur-
rent flowing to the front and back of the bar and on the
potential shifts induced by these currents is shown in
Fig. 3. An increase in the corrosion rate has a marked
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Fig. 3. Effect of the corrosion rate on current and potential distribu-
tion.
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Table 2
Effect of cathodic and anodic Tafel slopes and oxygen limiting current density on current and potential distribution
Parameter Value of Ratio of Front potential Back potential Ratio of
parameter (front:back) shift (mV) shift (mV) (front:back)
current potential shift
f. (mV/decade) 60 1.87 54 39 1.37
150 1.47 123 100 1.22
300 1.26 230 202 1.14
f, (mV/decade) 60 1.43 118 95 1.25
150 1.45 120 97 1.24
300 1.47 123 100 1.22
I; (mA/m?) 15 1.39 132 107 1.23
30 1.46 125 102 1.22
100 1.47 123 100 1.22
180 1.47 123 100 1.22
20 210

adverse effect on both the current and potential distri-
bution, with almost twice as much current flowing to the
front of the bar than to its back at a corrosion rate of
20 mA/m? (cf. a ratio of about 1.4 for marginally pas-
sive steel). The potential shifts induced at the front and
back of the bar were also reduced significantly with an
increase in the corrosion rate. An applied current of
10 mA/m? induced only 15-30 mV of potential shift
(back and front of the bar) when the corrosion rate was
20 mA/m?. This may be compared with 160-200 mV
induced on steel corroding at 1 mA/m?.

The effect of the cathodic and anodic Tafel slopes and
the limiting current for oxygen reduction on the current
and potential distribution, when the applied current and
corrosion rate of the bar were set at 10 and 2 mA/m?,
respectively, is shown in Table 2. The influence of the
anodic Tafel slope and the limiting current density on
both the current and potential distribution was very
small. A decrease in limiting current density improved
the current distribution and increased the potential
shifts at the bar as its value approached the corrosion
rate of the bars. An increase in the anodic Tafel slope
marginally increased the potential shifts induced at the
back and front of the bar. By contrast, changes in the
cathodic Tafel slope strongly affected the current and
potential distribution to the front and back of the bar as
well as the magnitude of the potential shifts induced
with more steep cathodic slopes resulting in significantly
increased potential shifts as well as better current dis-
tribution around the bar.

3.3. Concrete resistivity

The effect of concrete resistivity and applied current
density on the current flowing to the front and back of
the bar and on the potential shifts induced by these
currents is plotted in Figs. 4 and 5, respectively. The slab
dimensions and parameters given in Table 1 were used
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Fig. 4. Effect of the concrete resistivity on current and potential dis-
tribution.
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Fig. 5. Effect of the applied current on current and potential distri-
bution.

as inputs to the model. Increasing both the applied
current density and concrete resistivity worsened the
current distribution between the front and back of the
bar with the influence of the concrete resistivity being
more dominant. This had an adverse effect on the po-
tential distribution with a lower potential shift being
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Fig. 6. Effect of concrete resistivity, bar spacing and cover depth on
current distribution.

induced at the back of the bar while the potential shift at
the front of the bar increased slightly.

3.4. Geometry

The effect of concrete resistivity, concrete cover and
bar spacing on the current distribution is plotted in Fig.
6. An increase in the concrete cover at a given resistivity
only had a limited effect on the current distribution
between the back and front of the bar. By contrast, an
increase in the spacing of the bars, with the anode cur-
rent density kept constant, considerably improved the
current distribution.

The effect of additional layers of steel at depth on
the current and potential distribution is given in Table
3. Up to four equally spaced layers of parallel 16 mm
diameter bars placed at 100 mm centres with concrete
covers from the anode surface of 40, 88, 136 and 184
mm, respectively, in a concrete slab were examined.
The ratio of current flowing to the front bar surface
facing the anode compared to its back increased sig-
nificantly when more than one layer of reinforcement

was present at different cover depths. Thus about 3.5
times as much current went to the front bar compared
to its back when four layers of steel were present in
the slab compared to a ratio of about 1.5 with only
one layer of steel.

The layer of reinforcement near the anode received
about 70% of the total current when two or more layers
of steel were present in the slab with the other 30% being
distributed to the other layers. In the case of the four
steel layers the ratio between the current flowing to the
first bar near the anode and the last bar farthest away
from the anode was as high as 14 times for a corrosion
rate of 2 mA/m?.

3.5. Voltage drop in the concrete

The effect of resistivity, concrete cover, bar spacing
and corrosion rate of the bars on the voltage drop in the
concrete between the steel and the anode was investi-
gated. The effect of resistivity, concrete cover and bar
spacing on the concrete voltage drop is plotted in Fig. 7.
As expected increasing the cover and resistivity in-
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Fig. 7. Dependence of the voltage drop — resistivity relationship on bar
spacing and cover depth.

Table 3
Current and potential distribution to additional layers of steel at depth
No of steel Bar No. Ratio of Front potential Back potential Ratio of Ratio of (bar
layers (front:back) shift (mV) shift (mV) (front:back) current:last
current potential shift bar current)
1 1 1.47 123 100 1.22 1.00
2 1 2.44 156 102 1.53 2.26
2 1.24 89 78 1.15 1.00
3 1 3.03 186 116 1.61 5.76
2 1.74 98 69 1.42 1.76
3 1.19 61 54 1.13 1.00
4 1 3.39 209 130 1.61 13.94
2 1.97 109 73 1.50 3.65
3 1.56 61 44 1.40 1.59
4 1.16 39 34 1.13 1.00
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creased the voltage drop in the concrete. Increasing the
spacing of the bars also increased the voltage drop in the
concrete due to its dependence on the steel surface area
relative to anode surface area. For example a voltage
drop of 100 mV predicted for bars spaced at 100 mm
with a cathode to anode area ratio of 0.64 decreased to
80 mV for bars spaced at 50 mm with a cathode to
anode area ratio of 1.28 when the resistivity and cover
were 300 Q m and 40 mm, respectively. On the other
hand, the effect of the bar corrosion rate on the induced
voltage drop in the concrete was marginal.

4. Discussion
4.1. Uniform current distribution

The numerical results presented in this work show
that uniform current distribution is difficult to achieve in
reinforced concrete CP systems. For a single layer of
reinforcement in typical conditions, the surface of a steel
bar facing the anode may receive 1.5 times more current
than the opposite surface (cf. Figs. 3-5). The current
distribution is dependent on many factors. These include
the resistivity of the concrete, applied current, boundary
conditions describing the condition of the steel and ge-
ometry of the system.

The magnitude of the resistance to polarisation of the
steel-concrete interface compared to the resistance of
the concrete is an important aspect governing the cur-
rent distribution [24]. If there is no resistance to polar-
isation at the surfaces of the anode and cathode, the
current distribution will be entirely governed by the cell
geometry with resistivity only affecting the magnitude of
the current (Eq. (1) and Fig. 1). However, for a practical
reinforced concrete CP system, both the concrete resis-
tivity and the corrosion rate will affect the current dis-
tribution to some extent. An uneven current distribution
is exacerbated when the steel is corroding and the re-
sistance to polarisation of the steel is small compared to
the resistance of the concrete. On the other hand if the
steel is passive the current distribution will be more
even. It may be noted that this is the case when the steel
corrosion rate does not vary over the steel surface [5].
When an active passive couple exists, the current dis-
tribution will be complicated by the voltage difference
between the active and passive sites [6].

The cathodic behaviour of steel in above ground
concrete structures is usually under activation control
[21,25]. This gives support for the use of Eq. (1) when
modelling cathodic kinetics [14]. Like the corrosion rate,
cathodic reaction kinetics also exert a strong influence
on the polarisation of the steel. A strongly polarised
cathodic reaction improves the potential and current
distribution (Table 2). On the other hand the effect of

the anodic reaction on the net current flowing is small
when the degree of cathodic polarisation is large [26].
Thus the influence of the anodic Tafel slope is not sig-
nificant. Similarly the limiting current density has little
effect when the cathodic reaction rate does not approach
this value.

Another factor affecting current distribution in the
design of a reinforced concrete CP system is the geometry
of the existing steel and concrete. The influence of this on
current distribution is usually outside the control of the
designer. Thus when the ratio of the installed anode to
cathode area increases (when the bar to bar spacing is
greater or the diameter of the steel bars is smaller) current
distribution in a CP system will improve (Fig. 6). When
the concrete cover to the steel is larger the current is also
more uniformly distributed but its effect is limited com-
pared to that of the anode to cathode area ratio.

4.2. Implication on drainage point connection spacing

A CP system may be viewed as an electric circuit with
some of the components such as the steel and the con-
crete already in place. The designer has little control
over the properties of these components although they
also have an effect on the current distribution. As pro-
tection is commonly achieved in practice, a basis for the
design of the installed components would be to ensure
that any variations in current distribution arising from
the installed components are small by comparison to the
variations arising from the components already in place.
For example, the variation in current distribution
around a steel bar could be used to define the upper limit
for the acceptable variation arising from the installed
components.

This may be translated into acceptable voltage drops
through the reinforcing steel and anode system which
can then be translated into a connection spacing using
Ohm’s law. It is noted that there is very little discussion
in the literature with respect to the principles of speci-
fying these connection spacings for reinforced concrete
CP systems. The above analysis may also be used to
define the upper limit for the voltage drop through the
cables carrying the current. Further work is necessary to
develop guidelines to enable design decisions to be based
on minimising voltage drops that affect current distri-
bution.

4.3. Implications with regard to protection of additional
layers of steel at depth

From the model predictions it is clear that in the case
of CP being applied from a surface anode to multiple
layers of steel, protection may be limited to the bar near
to the anode, particularly when the steel is corroding
(Table 3). Similar results have previously been reported
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[5]- In this work the first bar near the anode received
about 70% of the total current applied. This implies that
for some geometries the bars farthest away from the
anode may be receiving as little as 5% of the total cur-
rent and thus it would not be possible to induce any
voltage drop there or achieve any significant potential
shift if corrosion was occurring. This will depend on the
bar spacing within each layer of steel (Fig. 6). It is also
noted that the back of the first layer near the anode may
be screened by the other layers of steel from the pro-
tection current. Indeed the ratio between the current
flowing to the front and back of the first bar was as large
as 3.5 times when more than four layers of steel existed
(Table 3).

The implication of these results in the design of a
reinforced concrete CP system is that the first layer of
reinforcement seen by the installed anode should be that
which needs the protection the most. For some geome-
tries, distributed discrete anodes may be necessary,
particularly if corrosion is occurring, to maintain an
adequate level of current and potential distribution.
However, the spacing of discrete anodes will once again
be affected by the corrosion state of the steel and further
work is necessary to establish acceptable limits.

4.4. Induced protective effects

It may be noted that the factors influencing current
distribution do not necessarily have the same influence
on the induced negative potential shift. Thus, for ex-
ample, while the effect of increasing the resistivity of the
concrete on the current distribution is large, its effect on
the potential shift at the steel is small (cf. Fig. 2). By
contrast, a 100 mV of potential shift required by the
commonly applied CP criterion [27] would be difficult to
achieve if the steel was corroding (Fig. 3). It may only be
achieved when the applied current is approximately five
times the initial corrosion rate in conditions character-
ised by weakly polarised cathodic reaction kinetics [28].

It has been noted that the protective effects of a neg-
ative potential shift may not be as important in a rein-
forced concrete CP system as in other CP systems and
may sometimes be ignored as a basis for protection
[29,30]. This is because of the dominance of the inhibitive
effects of an improvment in environment at the cathode
that induces passivation [31]. The voltage drop induced
in the concrete by the applied current provides the driv-
ing force for reducing the chloride content at the steel and
maintaining a high hydroxyl concentration there, thus
promoting steel passivity [32,33]. Such a voltage drop
may therefore provide a basis for the choice of the ca-
thodic protection design current density [18].

While an increase in resistivity is unfavourable in
terms of current distribution (Fig. 6), it has a positive
effect on the voltage drop driving the improvement in

the local conditions at the steel (Fig. 7). The voltage
drop is determined mainly by the applied current density
and the concrete resistivity. Thus it might be necessary
to increase the design current density for low resistivity
concrete. However, the improving environment at the
steel should be accompanied by an improvement in the
current distribution and a reduction in the current re-
quirement with time.

The numerical predictions in this work showed that
an increase in the concrete cover or in the ratio of the
anode area compared to the cathode area will increase
the voltage drop in the concrete, with the effect being
more dominant at higher resistivities (Fig. 7). This
highlights an important point regarding the use of pre-
vious performance to select the design current density,
namely that careful consideration should be given to
differences between factors such as the concrete resis-
tivity and geometry in the two cases as a very low
concrete resistivity and cover may result in an insuffi-
cient voltage drop in the concrete.

5. Conclusions

The boundary conditions at the steel have a signifi-
cant effect on current distribution with factors that in-
crease the potential drop across the steel-concrete
interface relative to the potential drop through the
concrete improving the uniformity of the current dis-
tribution. Thus the current is more uniformly distrib-
uted when the corrosion rate is low as the high resistance
to polarisation of interface is a controlling factor.

For a single layer of reinforcement in typical condi-
tions, the surface of a steel bar facing the anode may
receive 1.5 times the current received by the opposite
surface. As CP is known to work in these cases, a basis
for many design decisions that influence current distri-
bution is that their effect is small by comparison. This
may be used to define the acceptable voltage drop
through the reinforcing steel and anode system which
can then be translated into connection spacings and
acceptable resistivities of installed components.

When more than one layer of reinforcement is present
at different cover depths substantially more current may
flow to the front bar surface facing the anode than to its
back. Furthermore, bars farthest from the anode may
receive very little of the total current. In this case the
anode should be located close to the layer of steel
needing the protection the most and discrete anodes
may be necessary to improve current distribution.

An increase in the concrete resistivity and concrete
cover and a decrease in the cathode to anode area ratio
at a constant anode current density will increase the
voltage drop in the concrete. These factors are impor-
tant to consider in the selection of the design current
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density when the principal protective effect is to generate
an improvement in the environment at the steel pro-
moting passivity.
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