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Abstract: Port structures are mostly constructed from reinforced concrete that can withstand high compressive forces in preparation
for collisions or wave shocks caused by ships. The rebar within the concrete is shielded from corrosion by the formation of a passive
layer in a highly alkaline environment. However, over time, this rebar becomes susceptible to corrosion, especially when exposed to
corrosive conditions such as seawater. To combat this corrosion, cathodic protection has been developed and widely employed to
safeguard rebar in reinforced concrete structures. This cathodic protection can be categorized into two main types: Sacrificial Anode
Cathodic Protection (SACP) and Impressed Current Cathodic Protection (ICCP). In recent construction projects, there has been a focus
on expanding existing ports, often resulting in the juxtaposition of steel and reinforced concrete piles supporting the upper structure.
If the pier consists of a long connection between a reinforced concrete port and steel port, or if the harbor structure and marine bridge
are adjacent, problems caused by leakage current generated between the cathodic protection facilities will inevitably occur. However,
there are many cases where the entity that manages the structure is different. To prevent safety accidents and clarify responsibility for
accidents, it is necessary to consider the problem of stray current. To effectively prevent stray current when connecting SACP and ICCP
systems, it is advisable to set the ICCP system’s protective potential to approximately 10 to 20 mV higher than that of the SACP system.
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1. Introduction

Port structures are constructed using reinforced concrete that
can withstand high compressive forces, preparing them for colli-
sions by ships or wave shocks when entering or leaving the port
[1][2]. In most cases, the upper slab and beams of the pier are
made from reinforced concrete, while the lower part of the slab
is primarily constructed with either reinforced concrete piles or
steel piles to support the top plate. These piles come into direct
contact with seawater, which leads to corrosion by oxygen and
salt exposure. Concrete structures exposed to marine environ-
ments face vulnerability to chloride attack. The diffusion of chlo-
ride ions can trigger the corrosion of steel bars, ultimately caus-
ing the concrete cover to crack. This sequence of events contrib-
utes to structural deterioration and influences how concrete struc-
tures respond to various types of loads. To combat this, cathodic
protection systems have been developed [3]-[6].

Cathodic protection systems are of two types: Sacrificial An-
ode Cathodic Protection (SACP) and Impressed Current Catho-

dic Protection (ICCP). Typically, the SACP system is applied to
steel piles, which are simple to install and easy to manage, while
the ICCP system is used for reinforced concrete piles, which re-
quire proper protection current at high-resistivity parts [7][8].

In recent times, construction projects have aimed to expand
existing ports, often resulting in the adjacent placement of steel
and reinforced concrete piles that support the upper structure. In
these composite structures where steel and reinforced concrete
piles are adjacent, stray currents can occur due to interference
between the SACP and ICCP systems. Stray current refers to un-
desirable protection current flow in a path other than the intended
circuit. These stray currents accelerate corrosion. In other words,
the issue arises from the generation of stray currents by two dif-
ferent types of cathodic protection systems. When a stray current
occurs between the structures where the cathodic protection
method is installed, the cathodic protection current on one side is
transmitted to the other side, so the cathodic protection current

increases rapidly, resulting in a part of the structure that is
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partially under-protected. If the cathodic protection current leaks
from the sacrificial anode, the consumption of the anode will in-
crease rapidly, and the lifetime of the sacrificial anode will be
shortened. In the event of leakage of current by an impressed cur-
rent cathodic protection system, an accident may occur in which
the transformer or some electrical devices of the power supply
are burnt out [9][10].

Therefore, this study aimed to identify problems related to
leakage current from port structures caused by the two different
cathodic protection systems and propose solutions to minimize

stray currents.

2. Experimental contents

2.1 Specimens

Two different kinds of specimens were fabricated: steel piles
and reinforced concrete piles. Steel pile specimens consisted of
two carbon steel pipes (65 mm in diameter and 680 mm in length)
with concrete blocks (350 mm x 80 mm x 100 mm) attached to
the top and bottom, mimicking the shape of steel piles used in
port structures. Reinforced concrete pile specimens (with a width
of 400 mm and height of 680 mm) were fabricated using KS
standard D19 rebar and concrete. Each of the upper slab, lower
slab, and concrete piles contained two rebars. The concrete mor-

tar had a mixing ratio of 1 : 2 : 0.5 (cement : sand : fresh water).
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Figure 1: Schematic diagram of the specimens and wiring

Figure 1 presents a schematic diagram of the specimens de-
signed for leakage currents from two different types of cathodic
protection systems. Zinc rods were applied to the steel pile spec-
imens as sacrificial anodes for the SACP system, while titanium
ribbons were used for the reinforced concrete pile specimens as
noble anodes for the ICCP system. All electrical connections
were made externally to prevent wire breakage.
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2.2 Experimental Procedure

2.2.1 SACP System with Zinc Rod For Steel Pile Specimens
Steel pile specimens were partially submerged in a seawater
tank. A 1-ohm (Q) resistance was connected to the electrical wire
linking the zinc rod and steel pile specimens. The protection cur-
rent flowing from the zinc rod to the steel pile specimens was
measured. Protective potential was measured using a silver-silver
chloride electrode (SSCE) immersed in seawater. Both protection
current and protective potential were regularly recorded using
computer software. After the experiments, the recorded data were

analyzed.

2.2.2 ICCP System with Titanium Ribbon for Reinforced Con-
crete Pile Specimens

Reinforced concrete pile specimens were partially submerged
in a seawater tank. The titanium-inserted mortar anode was cre-
ated using titanium ribbons (20 mm x 160 mm x 0.5 mm) and
mortar applied through grouting. The concrete mortar had a mix-
ing ratio of 1 : 2 : 0.5 (cement : sand : fresh water), and the con-
crete was cured for 7 days in open air. The positive terminal of
the power supply unit was connected to the titanium-inserted
mortar anode, while the negative terminal was connected to the
rebar of the reinforced concrete pile specimen. Direct current was
supplied from the power supply unit to the reinforced concrete
pile specimen. A silver-silver chloride electrode (SSCE) was
used as a reference electrode to measure the protective potential.
Reference electrodes were installed at various locations (upper
slab, lower slab, and concrete pile) to measure protective poten-
tial under different environmental conditions. The protective po-
tential was set at -850 mV/SSCE on the power supply unit. Dur-
ing the experiment, the protection current increased until it
reached the set point, and both protection current and protective

potential were regularly recorded using computer software.

2.2.3 Leakage Current between SACP and ICCP Systems

Steel pile and reinforced concrete pile specimens were par-
tially submerged in a seawater tank. A 1-ohm (Q) resistance was
applied between the steel pile specimens and reinforced concrete
pile specimens to measure the current. Stray current generated by
the two different cathodic protection systems was measured. This
measurement of stray current provides essential data for devel-
oping an electric hybrid cathodic protection system that com-
bines the SACP and ICCP systems.

Protection current, protective potential, and 4-hour decay po-

tential were measured to analyze cathodic protection chara-

326



Study on the interference effect of electric hybrid cathodic protection system on steel and concrete piles

cteristics under different systems and environmental conditions

[11]. Figure 2 shows the experimental setup for steel pile and

reinforced concrete pile specimens.

Figure 2: Scene of experimental for steel pile specimens and re-
inforced concrete pile specimens

3. Experimental Results

3.1 Experimental Results of SACP System with Zinc Rod
for Steel Pile Specimens

The protective potential and protection current of the steel pile
specimens were measured to identify the effect of the SACP sys-
tem. Figure 3 shows the change of protective potential of the
steel pile specimens with time. After the zinc rod was connected
to the steel pile specimens, protection current flowed. Thus, the
steel pile specimens were cathodic polarized at approximately -
980 to -1020 mV/SSCE. This protective potential value was
maintained for approximately 270 hours.

Steel piles No. 1 and 2 were not electrically connected. In ad-
dition, because the corrosion potential values of the steel piles
and sacrificial anodes used were different, there was a slight dif-
ference in the cathodic protection potential value. There was even
a slight potential difference of 40 to 50 mV between the two piles,
likely due to variances in half-cell potential between the zinc rod
and each reference electrode. Despite these errors, the impact on
the overall specimen was negligible.

Figure 4 illustrates the change of protection current of the
steel pile specimens with time. After connecting the zinc rod, a
protection current of 90 mA initially flowed. Shortly thereafter,
the protection current rapidly decreased to 10 mA and remained

stable, which is a typical behavior of the SACP system.
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Figure 3: Change of protective potential of the steel pile speci-

mens with time
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Figure 4: Change of protection current of the steel pile speci-

mens with time

3.2 Experimental Results of ICCP System with Titanium
Ribbon for Reinforced Concrete Pile Specimens

The protective potential for reinforced concrete pile speci-
mens was set at -850 mV/SSCE. The natural corrosion potentials
of different parts were measured, and the results were as follows:
upper slab (-108 mV/SSCE), lower slab (-164 mV/SSCE), and
concrete pile (-177 mV/SSCE). The power supply unit controlled
the protection current, maintaining the protective potential of the
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Table 1: Steel pile specimens and reinforced concrete pile specimens were disconnected

Specimen type CP type Location CP (p:]t\i;tial po:lehnrti(:ic(?:v) CP(;uAr\r)ent Stra{mc':;rent
i Steel pil -98 262
pecinen SACP | Sarpilez | ot : :
lab -378 6
ngg?:ﬁg'e IccP ngz;rr ;Zb -7;5 2701 26
Concrete pile -851 258
Table 2: Steel pile specimens and reinforced concrete pile specimens were connected
Specimen type CP type Location CP (p:]t\i;tial po:lehnrti(:ic(?:v) CP(;uAr\r)ent Stra{mc':;rent
I pil Steel pil -9 30
spcimen SACP | Seipile | 1005 0 ; ’
. lab -138 0
ConrE e | ccp | Louerdab |00 i ;
Concrete pile -972 291

fully submerged concrete pile at -850 mV/SSCE. The protective
potential of the partially submerged lower slab was measured as
-790 mV/SSCE. The upper slab, exposed to the air, measured a
protective potential higher than -400 mV/SSCE, which slightly
increased as the atmosphere became drier. The protective poten-
tial remained lower than the natural corrosion potential by -292
mV/SSCE. Therefore, the chosen protective potential of -850
mV/SSCE for reinforced concrete pile specimens was deemed

suitable for corrosion prevention.

3.3 Experimental Results of Leakage Current between
SACP and ICCP Systems

3.3.1 Experimental Results of Disconnected Condition with
SACP and ICCP Systems

The SACP system was installed for steel pile specimens, and
the ICCP system was installed for reinforced concrete pile spec-
imens, and the specimens were disconnected. The specimens
were partially submerged in seawater for one month, and protec-
tion current, protective potential, and 4-hour decay potential were
measured. Table 1 presents the results related to corrosion pre-
vention. A protection current of 2.6 mA was supplied from the
ICCP system’s power supply unit to maintain the protective po-
tential at -850 mV for the concrete pile. Consequently, the pro-
tective potential of the upper and lower slabs decreased to -378
mV and -775 mV, respectively. 4-hour decay potential measure-
ments were taken for each component: upper slab (76 mV), lower
slab (201 mV), and concrete pile (258 mV). The measured value
for the upper slab was lower than the recommended 100 mV

threshold for corrosion prevention. The National Association of

Corrosion Engineers (NACE) International SP0169-2013 states
“A minimum of 100 mV of cathodic polarization between the
structure and a stable reference electrode contacting the electro-
lyte. The formation or decay of polarization can be measured to
satisfy this criterion” [12]. The concrete’s resistivity was too high
in dry atmospheric conditions to supply the protection current re-
quired by the ICCP system [11].

3.3.2 Experimental Results of Connected Condition with SACP
and ICCP Systems

To investigate the interference effect of the SACP system on
steel pile specimens and the ICCP system on reinforced concrete
pile specimens, the upper slab parts of each specimen were con-
nected. Table 2 presents the results related to corrosion preven-
tion when the specimens were connected. The results differed
compared to when the specimens were disconnected. The protec-
tive potential of the steel pile specimens with the SACP system
increased by 6-7 mV. Additionally, the 4-hour decay potential
increased by 41-43 mV. Protection current increased by 3 mA for
each zinc anode. However, the protective potential of the sub-
merged reinforced concrete pile specimens was measured as -972
mV, which is lower than the set point of -850 mV. The protective
potential of the lower slab decreased to -809 mV, but the protec-
tive potential of the upper slab increased to -138 mV, similar to
the natural corrosion potential. The protection current of the
ICCP system was 0 mA because the protective potential of the
submerged concrete pile was lower than the set point. In other
words, protection current flowed from the SACP system’s zinc

anode to the concrete pile through seawater. An ammeter
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between the steel pile and reinforced concrete pile specimens
measured 7 mA of stray current. In this case, output current did
not flow from the ICCP system, but the protective potential of the
upper slab increased until it matched the natural corrosion poten-
tial. It is worth noting that even when the SACP and ICCP sys-

tems are adjacent, unprotected areas can still remain.
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Figure 5: Decay potential of each part according to the set po
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Figure 6: Stray current levels according to the set potential of the
ICCP system

Figure 5 illustrates the decay potential of each part according
to the set potential of the ICCP system. When the set potential
was -850 mV, stray current flowed from the Zinc anode to the

ICCP system, causing the upper slab to remain unprotected.

However, when the set potential was -1000 mV, stray current did
not affect the ICCP system, resulting in an increase in decay po-
tential values for the upper slab (80 mV) and lower slab (50 mV).
Conversely, the value decreased for the concrete pile submerged
in seawater, decreasing by 10 mV. Stray current did not flow from
the zinc anode to the concrete pile due to the lower set potential
of -1000 mV. This configuration provided protection for the en-
tire specimens without any unprotected areas. When the set po-
tential was -1100 mV, stray current flowed from the ICCP system
to the steel pile specimens, resulting in an increase of 40 mV in
decay potential at the steel pile specimens. There was also a slight
increase in decay potential at the reinforced concrete pile speci-
mens.

Figure 6 displays stray current levels according to the set po-
tential of the ICCP system. Stray current varied depending on the
set potential of the ICCP system. When the ICCP system’s set
potential was -1000 mV, the stray current was 0 mA. For set po-
tentials lower than -1000 mV, stray current flowed from the ICCP
system to the SACP system, while for set potentials higher than
-1000 mV, stray current flowed from the SACP system to the
ICCP system. This result indicates that to prevent stray current
when the SACP and ICCP systems are connected, an optimal set
potential for the ICCP system should be around 10 to 20 mV
higher than the protective potential of the SACP system.

In real structures, the protective potential can vary depending
on the shape of the structure and the resistivity of concrete. To
determine the optimal set potential value, simple experiments

may be required for each site.

4. Conclusion

The primary goal of this study was to identify issues related to
stray currents in port structures caused by the interaction of dif-
ferent cathodic protection systems. The following conclusions
were obtained from the model experiment conducted to identify
current leakage problems that may occur when a steel pile pier
with the SACP system and reinforced concrete pier with the
ICCP system are connected, and to find the optimal prevention
conditions.

1. Findings for steel pile and reinforced concrete specimens in
electrically disconnected state: When applying the SACP
system to the steel pile specimens, the experiment yielded
acceptable protection current and protective potential val-
ues throughout the three-month test period. Applying the

ICCP system to reinforced concrete specimens led to
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acceptable protective potential values when set at -850
mV/SSCE. However, 4-hour decay potential measurements
for the upper slab (76 mV) fell below the recommended 100
mV threshold for corrosion prevention according to ASTM.
This is because the concrete’s resistivity was too high in dry
atmospheric conditions to supply the protection current re-
quired by the ICCP system.

2. Observations for electrically connected steel pile and rein-
forced concrete specimens: Setting the ICCP system’s po-
tential at -850 mV resulted in current leakage from the zinc
anode to the reinforced concrete specimens. This caused the
ICCP system’s output current to drop to 0 mA, rendering
the upper slab unprotected. When the ICCP system’s poten-
tial was significantly lower than the zinc anode’s potential,
current leakage occurred from the ICCP anode to the steel
pile specimens. To effectively prevent stray current when
connecting the SACP and ICCP systems, it is advisable to
set the ICCP system’s potential around 10 to 20 mV higher
than the protective potential of the SACP system.
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