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Abstract: Cathodic protection (CP) has been successfully employed to protect steel-framed masonry buildings from
corrosion related damage. When a CP system is installed to protect the structural members, other metallic items which are
within the fabric of the structure but are not in direct electrical continuity may suffer from stray current interactions,
resulting in accelerated corrosion of the discontinuous items. Therefore, these must be considered when CP systems are

designed prior to installation.

This paper presents both experimental and numerical studies into the risk and extent of stray current corrosion in steel-
framed masonry structures when subject to impressed current cathodic protection. The objective is to allow CP systems to
be optimised so that interference is minimised without compromising the technical or cost benefits of this method of

corrosion control.
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1. INTRODUCTION

Cathodic protection (CP), originally proposed by
Humphry Davy [1] and subsequently employed widely on
buried and submerged structures as well as for reinforced
concrete [2, 3], has been successfully used to protect steel-
framed masonry buildings from corrosion for over a decade
[4].

While the majority of CP installations will operate
effectively with no side effects, there remains the risk of
stray current corrosion which could be induced in
discontinuous metalwork associated with steel-framed
masonry buildings [4]. It is widely recognised that such
buildings contain a variety of metallic elements. In addition
to the frame itself, other items include metal window frames,
metal drainage pipes as well as metal fixings such as cramps,
lintels and wall ties.

Generally, electrical continuity between structural
members is rarely a problem since the structural connections
are typically bolted or riveted. But elements outside the main
structural frame are more likely to be -electrically
discontinuous. When a CP system is installed to protect the
structural members, other items which are within the fabric
of the structure but are not in electrical continuity may suffer
from stray current interactions, resulting in accelerated
corrosion of the discontinuous items. Therefore, these must
be considered when CP systems are designed and before
installation.
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The boundary element method has been widely used to
analyse CP systems for offshore and marine structures [5-8].
More recently, the method has been introduced to analyse
CP systems for steel-framed masonry structures [9, 10]. The
method has also been employed to model the stray current
corrosion of ships and pipelines [11], predict the likelihood
of CP interference on steel structures located in proximity to
large cathodically protected chemical storage tanks [12], and
analyze the risk of stray current corrosion between ships and
steel piles [13].

This paper presents both experimental and numerical
studies into the risk and extent of stray current corrosion in
steel-framed masonry structures when subject to impressed
current CP. The objective is to allow CP systems to be
optimised so that interference is minimised without reducing
any of the technical or cost benefits associated with the
technique.

2. EXPERIMENTAL PROCEDURE

The principles and basic components of impressed
current cathodic protection (ICCP) systems have been well
documented and described elsewhere [14]. Based on these, a
representative ICCP system which incorporates two
electrically discontinuous steel bars was constructed to
analyze the distribution of the protective potential and
current as well as the magnitude and effect of stray current.

The main components of the system are a direct current
power supply; a titanium oxide ceramic discrete anode; a
carbon steel ‘I’ section as the cathode with dimensions as
shown in Fig. (1). Two steel bars, each 8mm diameter x
200mm length employed to represent electrically
discontinuous metal items; sandbox fabricated from poly-
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Fig. (2). Schematic representation of test arrangement.

methyl-methacrylate (PMMA) with dimensions of 100mm
length, 360mm width and 560mm height (Fig. 2).

Building sand was employed to represent the surrounding
masonry. The moisture content of the sand was adjusted to
achieve a similar resistivity to masonry within the range 10-
50 KQ.cm as measured by a proprietary resistivity meter.
The completed test specimen is shown in Fig. (3). The
experimental work was performed at a constant 20°C and
60% Relative Humidity in an environmentally controlled
room.

The potential distribution was measured on a grid under a
range of test conditions, including various sand resistivities
and output currents, by moving a hand-held copper/copper
sulphate reference electrode (CSE) over the surface of sand.
Potential values obtained in this manner do not represent the
actual protective potential values on the surface of the steel
section as they incorporate a potential drop or /Rq.

In order to obtain the value of the /Rq-free CP protective
potential on the surface of steel, the instant-off potential
method is employed, whereby the current is briefly
interrupted (turned off) and a value of potential taken
immediately afterwards whilst no current is flowing and

there is, therefore, no potential drop. The power is then
reapplied. As the steel section has a very complex geometry,
it is not possible to accurately measure every point on the
steel surface. Due to this limitation, only the protective
potential at selected points on the top surface of the steel
section was measured.

3. BOUNDARY ELEMENT METHOD

For a uniform isotropic electrolyte, the flow of current
can be shown to obey the following Laplace equation, as
represented in Fig. (4) [5-8]:

kV?E (p)=0p € Q (1)
where E is the potential at any point p(X, y, z) of the domain
k is the conductivity of the electrolyte

Q is the domain under consideration

The problem in cathodic protection is to solve the above
Laplace equation subject to the following boundary
conditions:

E=FEjonT1 )
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Fig. (3). Test specimen and components.
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where I' (=I'1 +I'2 +I"a +I'c) is the surface of the electrolyte
domain Q, Ej, and i, are the prescribed values of potential
and current density respectively.
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Fig. (4). Boundary conditions for a uniform isotropic electrolyte.

Equations 4 and 5 describe the relationship between the
potential E and current density i on the anode surface and
cathode surface separately, known as the polarization curves,
and are experimentally determined. A series of linear
algebraic equations are generated which may be written in
matrix notation [15, 16]:

HE = Gi (6)

where H and G are the (n x n) square matrices, called the
influence matrices, and £ and i contains the nodal potential
vectors and the nodal normal current density vectors
separately. Rearranging equation (6) to get all known values
on the right-hand side and then multiplying out, and all
unknown values on the left-hand side, gives:

AX=F (7
where A is the coefficient matrix, X is the vector of the

unknown values of potential and current density on the
boundaries, and F'is an independent vector.
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For the linear boundary conditions, the above equation
can be solved by Gauss Elimination or LU Decomposition.
However, in practice the boundary conditions on the anodes
and cathodes are represented by the non-linear polarisation
curves. Equation 7 is, therefore, solved by an interactive
procedure [7, 17]. After all values of the potential and
current densities in Equation 7 are solved, the solution of the
internal point in the electrolyte domain can be calculated [15,
16].

RESULTS AND DISCUSSION

The system was analyzed under the conditions shown in
Table 1.

Table1. Test Conditions
Case 1 Case 2
Average sand resistivity(KQ.cm.) 42.0 15.0
Axis co-ordinates of anode Pl X=17.8cm X=17.8 cm
Y=43.0 cm Y=43.0 cm
Z=0.0 Z=0.0
P2 X=17.8cm X=17.8 cm
Y=43.0 cm Y=43.0 cm
Z=10.0 cm Z=10.0 cm
Axis co-ordinates of steel bar 1 Pl  X=17.8cm X=17.8 cm
Y=33.0 cm Y=33.0 cm
Z=0.0 Z=0.0
P2 X=17.8cm X=17.8 cm
Y=33.0 cm Y=33.0 cm
Z=10.0 cm Z=10.0 cm
Axis co-ordinates of steel bar 2 Pl X=17.8cm X=17.8 cm
Y=53.0 cm Y=53.0 cm
Z=0.0 Z=0.0
P2 X=17.8cm X=17.8 cm
Y=53.0 cm Y=53.0 cm
Z=10.0 cm Z=10.0 cm
Applied current density(mA/cm?) 5x10* 2.50x107
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The locations of the anode and steel bars are the same in
both cases. The total boundary element mesh used for the
analysis is shown in Fig. (5). For clarity, the boundary
element mesh on the surface of the steel section and steel bar
is also shown separately in Fig. (6).

Fig. (5). Schematic representation of the total boundary element
mesh on the surface of sandbox.

Y

Fig. (6). Schematic representation of the element mesh on the
surface of steel section and steel bar.

The results obtained indicate that stray current corrosion
cannot be simply identified by analyzing the potential
distribution on the surface of the sandbox or steel. However,
the study of normal current density distribution on the
surface of two steel bars showed clear demarcation between
anodic and cathodic areas.

In areas of both bars closest to the anode, the measured
current is negative, demonstrating that current is being
picked up, consistent with cathodic  behaviour.
Simultaneously, the current on the areas furthest away from
the anode is positive, reflecting a current discharge
consistent with anodic behaviour and as a result, corrosion is
induced at these areas. Examples of the results
demonstrating this effect are shown in Figs. (7-10).

The stray current density on the surface of Steel Bar 1 is
higher than on the Steel Bar 2 in both Case 1 and Case 2.
This is clearly indicated in Figs. (7, 8) (Case 1) and Figs. (8,
10) (Case 2). Therefore, it is apparent that the effect of stray
current corrosion on Steel Bar 1 is greater than that on Steel
Bar 2 in the present study.
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Fig. (7). Normal current distribution on the surface of Steel Bar 1

(mA/cmz, - current in, + current out, Case 1).
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Fig. (8). Normal current distribution on the surface of Steel Bar 2
(mA/cm?, - current in, + current out, Case 1).
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Fig. (9). Normal current distribution on the surface of Steel Bar 1
(mA/cmz, - current in, + current out, Case 2).
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Fig. (10). Normal current distribution on the surface of Steel Bar 2
(mA/cmz, - current in, + current out, Case 2).

This would appear to be because Steel Bar 1 is located
directly between the anode and the steel section where the
greatest current may be expect to flow. Steel Bar 2, although
adjacent to the anode, is not in the direct path between the
anode and the steel and as a consequence the extent of
current pick-up is greatly reduced.

Table 2.
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Fig. (11). Comparison of experimental measurement of potential
with boundary element solutions (Case 2).

The boundary element technique can however be used to
model stray current corrosion induced by CP interference. It
can provide information about the level of interference in
terms of current density rather than potential, from which
rates of metal loss can be calculated.

Boundary element modelling has therefore been shown to
be a useful tool for the analysis of CP interference in steel-
framed masonry buildings and may be employed to reduce

Coordinates of Representative Points on the Free Sandbox Surface

Coordinates | Point 1 (5,10,10)

Point 2 (10,10,10) | Point 3 (15,10,10) | Point 4 (20,10,10)

Point 5 (25,10,10) | Point 6 (30,10,10) Point 7 (35,10,10)

Coordinates | Point 8 (5,38,10)

Point 9 (10,38,10) | Point 10 (15,38,10) | Point 11 (20,38,10) | Point 12 (25,38,10) | Point 13 (30,38,10)

Point 14 (30,38,10)

Coordinates | Point 15 (5,48,10) | Point 16 (10,48,10) | Point 17 (15,48,10) | Point 18 (20,48,10) | Point 19 (25,48,10) | Point 20 (30,48,10)

Point 21 (35,48,10)

The results of the boundary element modelling in Case 2
are now compared with the experimental measurements at
the representative points as shown in Fig. (11). The
coordinates of the points plotted in Fig. (11) are given in
Table 2. Whilst they generally follow the same trend, there is
a relatively small difference of around 50mV in the potential
values between the boundary element solutions and the
experimental data. The reasons for this difference could be
associated with the experimental procedure, the modelling or
both. For example, inaccurate experimental measurements
could result from resistance drops in the cables and
equipment or errors in data capture. In the boundary element
modelling, possible causes of inaccuracy could include
errors in the experimentally obtained polarization curves or
inaccurate discretisation of the element mesh. Although there
is some difference between the boundary element results and
the experimental data, the general level of agreement is
sufficiently good to confirm the validity of the modelling
approach and to allow the results to be employed for design
purposes.

5. CONCLUSIONS

The results demonstrate that the potential distribution
cannot be used to identify or accurately illustrate the effect
of stray current corrosion on electrically discontinuous steel.

or remove the risk of stray current corrosion when evaluating
or designing ICCP systems for such applications.
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