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Abstract: Cathodic protection is of two types, namely, sacrificial anode cathodic protection (SACP) and impressed current catho-
dic protection (ICCP), depending on the method of supply of the protection current. The ICCP method with external DC cur-
rent is invariably used in an inhomogeneous environment with high resistivity such as reinforced concrete structures. In this
method, various factors such as the conditions of reinforcement; mixing ratio of concrete; moisture content; environment-exposed
concrete structure; and types, arrangement, usage, and method of installation of the insoluble anode must be taken into account
in order to achieve uniform protection throughout the concrete structure. However, the SACP method involves a simple elec-
trical connection between the anode and rebar. The characteristics of the various types of anodes in the cathodic protection
methods must be identified precisely. In this study, the performance of the ICCP system was investigated by installing
Ti-Mesh, Ti-Ribbon, and Ti-Rod anodes on reinforced concrete specimens. The cathodic protection potentials and depolarization
behaviors were measured to confirm the effectiveness of the ICCP system. It was shown that the performance of the ICCP
system depended on the arrangement and not the type of anode in the reinforced concrete specimen.
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in an environment of low resistivity such as sea water [5]. In

1. Introduction

Cathodic protection is one of the most widely applied elec- the design of cathodic protection to reinforce concrete struc-

frochemical repairing methods and is of two types, the sacrifi- tures, a suitable method is chosen considering the environment,

cial anode cathodic protection (SACP) method and impressed characteristics, convenience of maintenance, and economic

feasibility. Various studies were undertaken and considerable
developments made in the SACP and ICCP methods of catho-

current cathodic protection (ICCP) method, depending on the

mode of supply of the protection current [1]. The SACP meth-

od is suitable in seawater environment where sufficient corro- dic protection in concrete structures. However, further inves-

sion current can be supplied. There are some advantages as tigation is required to overcome the drawbacks in each of the

well as drawbacks of using the SACP method [2]. In an envi- methods. In the SACP method, it is reduced the anti-corrosion

ronment of high resistivity such as concrete, the surface of the effects in a cement environment with a high degree of alkalin-

sacrificial anodes changes to a passive state. In addition, as ity that causes the passive state. In the ICCP method, it is oc-

the anode is oxidized it must be replaced periodically. The
ICCP method can be applied only when power supply is
available. There are a few disadvantages owing to the occur-
rence of current leakage, hydrogen embrittlement caused by
overprotection current, and continuous management of the en-
tire power supply system [3]. However, this method is in-
variably chosen between the two, with external DC current
supplied in an inhomogeneous environment with high re-
sistivity such as reinforced concrete structures [4]. A passive
layer is formed on the surface of the sacrificial anode in con-

ditions of high resistivity; hence, the SACP method is suitable

curred the interference caused by leakage currents and short
circuit problems in the overall operation [6]. In a heteroge-
neous environment of high resistivity such as concrete, the
ICCP method must be used with supply of external direct cur-
rent, despite the difficulty in maintenance [7]. In this method,
various factors such as the conditions of reinforcement, mixing
ratio of concrete, moisture content, environment-exposed con-
crete structure, types, arrangement, usage, and method of in-
stallation of the insoluble anode must be taken into account in
order to achieve uniform protection throughout the concrete

structure, unlike in the SACP which is a simple method of
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electrically connecting the anode and rebar. The anode charac-
teristics of the various types of anodes in the cathodic pro-
tection methods must be identified precisely [8]. Accurate
identification of the types of anodes and construction of a
cathodic protection system considering the shape and environ-
ment of the composite concrete structure can solve the prob-
lems and minimize economic losses [9]. The purpose of this
study is to make it easier to install an insoluble anode in com-
plicated concrete structures where the space is insufficient. To
solve this problem, a slot is dug in which a ribbon type anode
is installed or a hole is drilled in which a rod type anode is
installed. To measure the effect of each insoluble anode, con-
crete specimens with Ti-Mesh, Ti-Ribbon, and Ti-Rod anodes
[10] were prepared. The ICCP method was applied to re-
inforced concrete structures to investigate the cathodic pro-
tection characteristics and obtain basic experimental data. We
also attempted to develop an optimal cathodic protection sys-
tem by considering the types of anodes and arrangement of

the anodes for supply of uniform protection current.

2. Experimental Procedure

2.1 Reinforced concrete specimens

The reinforced concrete specimens with typical insoluble
anodes (Ti-Mesh, Ti-Ribbon, and Ti-Rod) were fabricated to
identify the cathodic protection characteristics according to
the type of anode. We altered the existing cathodic protection
patterns that used only one kind of anode. Two types of
specimens, beam-type and slab-type, were prepared to install
the insoluble anode easily and improve the cathodic pro-
tection effect.

The specimen was cured for 28 days in air, and then re-
moved from the mold. The mixed design of the specimens is
given in Table 1. The rebar used was KS D16 (ASTM #5).
Each beam-type specimen included 35 cm x 2 pieces of the
rebar. The specimen was made following the ASTM G109
format (H: 10 cm, W: 10 cm, L: 25 cm) [11]. Figure 1
shows the beam-type specimen installed on the upper part of
a water tank after removing the mold. The water tank was fil-
led with 3% salt water, which was melted with salt in tap
water, up to a height of 5 cm above the specimen, and the
water was changed every week. Each slab-type specimen in-
cluded 70 cm x 6 pieces of the rebar placed 6 cm apart. The
size of each slab-type specimen was as follows: H: 7 cm, W:
40 cm, L: 40 cm.

Figure 2 shows the slab-type specimen installed on the up-

per part of a water tank after removing the mold.

Table 1: Mixed design of concrete specimens

weight (kg)
W | C S | GA
lem | 10cm | 5% | 51% | 53% | 210 | 411 | 845 | 752

Gmax | slump | air | W/C | S/a

% Compression strength: 210 kgf/ci, Gmax: maximum size of
coarse aggregate, GA: coarse aggregate, S: fine aggregate,

W/C: water to cement ratio, S/a: fine aggregate ratio

Figure 1: Photograph and schematic drawing of beam-type

concrete specimen

/ Anode
{ I
d: 16 mm I 30 mm
60 mm . . .
S1 52 =53 S54 =55 =56

Figure 2: Photograph and schematic drawing of slab-type

concrete specimen

(a) Ti-Ribbon (b) Ti-Mesh (c) Ti-Rod
Figure 3: Installation of three types of anodes for beam-type

concrete specimens
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Figure 3 shows the installation of the three types of anodes
for the beam-type concrete specimens. The sizes of the in-
soluble anodes were as follows: Ti-Ribbon: 10.0 cm x 2.0 cm,
Ti-Rod: 9.0 cm x 10 @, Ti-Mesh: 9.0 cm X 6.5 cm. Figure 4
shows two types of anodes (Ti-Ribbon: 30.0 cm x 2.0 cm,
Ti-Mesh: 10.0 cm x 10.0 cm) that were grouted by mortar for

application in cathodic protection.

(a) Ti-Ribbon anode

(b) Ti-Mesh anode
Figure 4: Preparation of two types of anodes for slab-type

concrete specimens

(a) Ti-Mesh anode + Ti-Ribbon anode

(b) Ti-Rod anode
Figure 5: Installation of the three types of anodes for

slab-type concrete specimens

Figure 5 (a) shows the preparation of grouting by mortar
above the slab-type specimen. The Ti-Ribbon anodes were in-
stalled on top of the first rebar parallel to it, and the Ti-Mesh
anodes were installed on top of the fifth and sixth rebars.
Figure 5 (b) shows the 20 mm hole made between the fifth
and sixth rebars with the Ti-Rod (9.0 cm x 10 @) inserted in-
to it, after which grouting with mortar was carried out. Both
sides of the beam-type and slab-type specimens were drilled to
the ends of the rebar and screws were used to fix the wires
for measuring the potential and connecting with the cathodic
protection system. The anode was connected to each end by
wires and soldered to minimize the electrical contact
resistance. The connection area was sealed with epoxy to pre-
vent the flow of leakage current from the connection of catho-
dic protection current. The outer sides of the specimens, ex-
cept the water tank, were coated with enamel to prevent evap-

oration and absorb water only from below.

2.2 Experimental method

The potential was measured by a silver-silver chloride refer-
ence electrode (SSCE). A CR-1212 multichannel power supply
unit from CorRel Technology Inc. was used [12] to maintain

the protection potential.

Figure 6: Photograph of beam-type concrete specimens with
CR-1212 power supply unit

Figure 7: Photograph of slab-type concrete specimens with
CR-1212 power supply unit
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Figure 6 and Figure 7 illustrate the cathodic protection sys-
tem with the power supply unit and connection between the
rebars in the specimen, anode, and reference electrode. Six
SSCEs were clamped to the upper part of each rebar in the
specimen. To minimize the resistivity of the concrete between
the concrete surface and reference electrode, a porous sponge
was applied to the end of the reference electrode. In the case
of the beam-type specimen, the protection potential was based
on -900 mV/SSCE for cathodic protection, whereas in the
case of the slab-type specimen, it was based on -600
mv/SSCE. The values of the potential for cathodic protection
of each type of specimen were determined to prevent ex-
cessive depolarization, excluding the IR drop. While measur-
ing the potential of a specimen exposed to air, a sponge was
attached to the end of the reference electrode to provide an
clectrolytic path between the specimen and reference
electrode. While measuring the potential of a specimen with
sea water or tap water in the water tank, the reference elec-
trode was soaked in the water. The protection potentials and
depolarization of the types of anodes and exposed environ-
ment of the specimens were compared. The measurements
were made automatically and at intervals of 1 min and all the
data were monitored in real time and stored automatically on
the computer by communication cables. In the case of the
slab-type specimen, to investigate the dependence of the pro-
tection effect on the arrangement of the anodes, we conducted
complex experiments such as using only the Ti-Ribbon anode,
Ti-Ribbon together with Ti-Mesh anode, and Ti-Ribbon with
Ti-rod anode and compared the protection characteristics by
measuring the protection potentials and depolarization of each
of the six rebars [13].
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Figure 8: Variation in potential of beam-type specimen with
Ti-Ribbon anode during an instant-off measurement of ohmic

interference
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Figure 9: Variation in potential of beam-type specimen with

Ti-Rod anode during an instant-off measurement of ohmic

interference
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Figure 10: Variation in potential of beam-type specimen
with Ti-Mesh anode during an instant-off measurement of

ohmic interference

3. Experimental Results

3.1 Test results of beam-type specimens

Figure 8, Figure 9 and Figure 10 show the depolarization be-
havior as a function of time, after switching off the power sup-
ply of the ICCP system in the beam-type specimens. Figure 8
presents the variation in potential of the beam-type specimens
with the Ti-Ribbon anode, Figure 9 shows that with the Ti-Rod
anode, and Figure 10 indicates that with the Ti-Mesh anode.

The deviation in the cathodic protection potential of the
beam-type specimens with the three types of anode was meas-
ured when exposed to different conditions of corrosion.

The ohmic resistance measured instantly after switching off
the power supply of the ICCP system was highest in the
specimen exposed to atmospheric conditions, decreased as

highly corrosive environments, and that exposed to 3 % salt
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water conditions was the lowest; however, the degree of depo-
larization, excluding ohmic resistance, was approximately 490-
500 mV in 3 % salt water conditions, 450-490 mV in tap wa-
ter conditions, 210-220 mV in atmospheric conditions, i.e., it
increased in a highly corrosive environment.

As shown by these results, the polarization of the rebar in
the beam-type specimen in atmospheric conditions progressed
a little due to the high resistivity of concrete.

Results in different corrosive conditions for different types
of insoluble anodes were obtained in the experiments. It was
confirmed that a similar cathodic protection effect in re-
inforced concrete environment was shown by using any type
of anode in the experiment. It was found that the results sat-
isfied the standard of cathodic protection potential by NACE
(100 mV depolarization criteria, except for IR drop) depending
on the corrosive conditions and types of anodes used in the
ICCP system [14].

Consequently, any method of installation of the anode in the

ICCP system protects the reinforced concrete structure

appropriately.
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Figure 11: Variation in potential of slab-type specimen with
Ti-Ribbon anode during an instant-off measurement of ohmic

interference in 3% salt water condition

3.2 Test results of slab-type specimens

Figure 11 shows the results of variation in the cathodic pro-
tection potential at a setting of -600 mV/SSCE in constant po-
tential mode of the CR-1212 power supply unit.

An insoluble Ti-Ribbon anode was installed on the rebar S1
at the side of the specimen, and 6 reference electrodes of sil-
ver/silver chloride were fixed on the surface of the specimen
directly above the rebar.

The potential of rebar S1 was maintained at -600 mV/SSCE
at the beginning of the measurement due to the vicinal dis-

tance of the anode after applying the ICCP system. The catho-

dic protection potentials of rebars S2 and S3, which were near
S1, were approximately -520 mV/SSCE, that of S4 was -470
mV/SSCE, that of S5 was -420 mV/SSCE, and that of S6 in-
dicated -370 mV/SSCE. The potentials of the rebars gradually
shifted by 50 mV as a function of 6 cm distance from the
anode to the rebar, and the degree of depolarization after
switching off the power supply also indicated a gradual de-

crease as the distance from the anode to the rebar increased.
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Figure 12: Variation in potential of slab-type specimen with
Ti-Ribbon together with Ti-Rod anode during an instant-off

measurement of ohmic interference in 3% salt water condition

The cathodic protection potential showed an improvement
due to addition of the Ti-Rod anode on the S6 rebar of the
specimen as shown in Figure 12.

The cathodic protection potential of the slab-type specimen
changed for the S4, S5, as well as S6 rebars and was low at
-530 mV/SSCE, and the degree of depolarization indicated was
above 500 mV, which signified a satisfactory condition of

cathodic protection.
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Figure 13: Variation in potential of slab-type specimen with
Ti-Ribbon with Ti-Mesh anode during an instant-off meas-

urement of ohmic interference in 3% salt water condition
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The behavior of the cathodic protection potential of the
slab-type specimen with two types of anodes, Ti-Ribbon and
Ti-Mesh, is depicted in Figure 13. The difference between the
potentials was approximately 10-50 mV, and all the values
ranged from -540 to -600 mV/SSCE. The degree of depolari-
zation indicated was above 500 mV signifying a satisfactory
condition of cathodic protection.

From the experiment, it was confirmed that the use of dif-
ferent types of insoluble anodes in the ICCP system had no
difference in the effect on the protection of reinforced concrete
structure, and under-protected areas may occur as the distance
from the anode to rebar increased, due to the resistivity of
concrete.

Therefore, it should be protected thoroughly and homoge-
neously without any under-protected area with the distance be-
tween the anodes designed to be 30 cm as the maximum
reachable space of cathodic protection current from the anode
to the rebar was 15 cm as observed in the experiment. The
anode that is structurally easy to install must be appropriately
selected, if it is not possible to install a particular anode in a
complex structure. It was found that the results satisfied the
standard of cathodic protection potential by NACE. In addi-
tion, although anodes of different types were used for the re-
inforced concrete structure, similar cathodic protection effects
were evident. Thus, if it is not possible to install a certain
anode in the complicated concrete structure, an anode that can
be installed easily can be used to carry out the corrosion pro-

tection suitably.

4. Conclusions

The results of the experiments on the cathodic protection ef-
fects to confirm the characteristics of the ICCP system accord-

ing to the types and arrangements of anodes are as follows:

(1) From the cathodic protection test of the beam-type speci-
mens, it was confirmed that the ohmic resistance of the
specimen exposed to atmospheric conditions was the high-
est and that of the specimens exposed to 3% salt water
conditions was the lowest; however, the degree of depola-
rization, excluding ohmic resistance, increased in a highly
corrosive environment.

(2) From the cathodic protection test of the slab-type speci-
mens, the cathodic protection potential increased as the
distance from the rebar to anode increased; the increase
was by 50 mV for a distance of 6 cm and the degree of
depolarization, excluding ohmic resistance, decreased as
the distance from the rebar to anode increased.

(3) From the cathodic protection test of the beam-type and

slab-type specimens, it was confirmed that the effect of
cathodic protection had no relation with the types of ICCP
anodes. It should be protected thoroughly and homoge-
neously without any under-protected area with the distance
between the anodes designed to be 30 cm as the max-
imum reachable space of cathodic protection current from
the anode to the rebar was 15 cm as observed in the

experiment.
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