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Abstract

Bond degradation of rebar embedded in concrete due to impressed cathodic protection current was studied and is reported in this paper.

Different mix designs of concrete are found to have influence on the degradation percentage of bond strength. More specifically, bond

strength degradation percentage with higher water-to-cement (w/c) ratio is found to be larger than that with lower w/c ratio. The

microstructure scanning electron microscope (SEM) photos of the concrete near the rebar–concrete interface showed that a loose structure

with larger microvoids existed in the interface zone. Further, microhardness tests on the concrete near the interface and chemical titration to

determine contents of potassium and sodium ions were performed to ensure that the main cause of bond degradation is the softening effect of

concrete. A unified parameter, which combined the effects of cathodic current density and polarization time, is used to build up the

relationship between experimental data. This concept allows engineers to quickly obtain design information from the experimental data of

accelerated tests. D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cathodic protection now is well accepted as a suitable

method for corrosion prevention of reinforcing steel in

concrete. The Federal Highway Administration [1] even

suggested that the only effective corrosion prevention

method for a contaminated reinforcing concrete member

is the impressed cathodic current method. However, there

exist many possible side effects when the cathodic protec-

tion method is used. Physical and chemical inhomogene-

ities and instabilities inherent to the concrete material may

lead to nonuniform distribution of the cathodic protection

currents and result in localized overprotected areas [2,3].

The hydrogen permeation current for a cathodically pro-

tected steel membrane with concrete cover has been

reported to increase nonlinearly with the concrete cover

thickness [4]. It was studied [5,6] that the overprotection

cathodic current softened the C-S-H gel in concrete so that

both the compressive strength and the durability of concrete

could be reduced. It was also found that the alkali–silica

reaction would be accelerated by the cathodic current [5].

Besides, it was found [7–10] that the bond strength

between rebar and concrete decreased due to the cathodic

current. For the above-mentioned drawbacks of the cathodic

protection, the bond degradation may be one of the most

important factors to engineers. It is well known that many

parameters, such as the developed length and splice length,

depend mainly on the bond quality of rebar–concrete

interface. Therefore, it is quite important for us to invest-

igate the effect of cathodic current on the bond quality from

the viewpoint of practice. It has been reported that the

potassium and sodium ions will migrate to the interface

during cathodic polarization of the rebar and result in

softening of C-S-H gel [8]. However, in this study, only

few data were used in time intervals, and it is not easy to

draw a conclusion. The author and his coworkers have

reported the effect of current density and polarization time

on bond degradation [9]. They proposed a unified para-

meter to combine the effect of current density and polar-

ization time. From their results, it then became possible for

engineers to design a cathodic protection system by experi-

mental data from an accelerated test. However, they took

the concrete quality as a control parameter and only one

mix was used.

In this paper, the quality of concrete is taken into

consideration by using different mix designs of concrete.
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In addition, the microscale experiments of interface were

performed to understand the mechanism of bond degrada-

tion. Further, a unified parameter approach was used to

analyze data, and it could be applied in engineering practice.

2. Experimental program

In this study, Type I Portland cement conforming to

ASTM 150 was used. River sand and crushed stone were

from local sources. The concrete mix design is tabulated in

Table 1, and three water-to-cement (w/c) ratios, 0.48, 0.58

and 0.66, were used. The reinforcing steel was made of

medium carbon steel with a Young’s modulus of 203 GPa

(29,435 ksi) and a yield strength of 410 MPa (59.5 ksi). The

nominal diameter of rebar was 1.27 cm (4/8 in.), and the

details of rebar geometry are given in Table 2.

The pullout specimen was cast in a ; 10� 20 cm (; 4�
8 in.) steel mold with reinforcing steel positioned at the

center. The embedded length of rebars was 6 cm. It has been

reported that the bond strength is independent of embedded

length [11]. After demolding, the specimens were cured for

28 days. Then, the pullout specimens were immersed into a

3.5% NaCl solution. The cathodic current densities applied

to the pullout specimens were 0, 400 and 1200 mA/cm2. The

polarization times were 0, 1, 3 and 5 months. After a given

polarization time, the pullout tests were performed on five

specimens for each group. Pullout test setup basically

followed the specification of ASTM C-234-91a [12], but

the cylindrical specimens were used instead of prismatic

specimens. The bearing plate was designed to accommodate

the specimens. The pullout test was performed in a universal

material testing machine at a maximum stroke rate of

1.27 mm/min. The maximum pullout forces were recorded,

and they were divided by the corresponding embedded area

to obtain the bond strengths. The deviation of the bond

strengths for specimens of each group was below 9%, and

the average bond strength was used for analysis. It should be

noticed that only specimens with wholly pullout type fail-

ures were taken into consideration. Splitting type failures or

combined splitting–pullout type failures were ignored since

these are mainly related to the concrete property and not the

bond quality. The setup of measurement equipment is

illustrated in Fig. 1. After the pullout test was performed,

the concrete near the interface was taken, and specimens

were prepared for scanning electron microscope (SEM),

microhardness and chemical titration. The SEM photos,

for which a 5000� scale was selected, provided micro-

scopic evidence of the microstructure. The microhardness

results were expressed by a hardness index, HV, and it

represents the mechanical property of concrete on a micro-

scale. Basically, the microhardness test is a Vicat hardness

test on a microscale. The HV value can be obtained by the

following formula (Eq. (1))

HV ¼ 0:1891P

d2
ð1Þ

where HV is the Vicat hardness value, P (N) is the load

and d (mm) is the length of the diagonal line for the

Table 1

Mix designs for concrete

Mix proportion (kg/m3)

w/c Water Cement Sand Aggregate

0.48 192 400 714 1100

0.58 200 345 750 1090

0.66 201 305 765 1105

Table 2

Details of the rebar geometry

Number of

steel rebars

Nominal diameter

(dn), cm (in.)

Nominal area,

cm2 (in.2) a, � b, �
Sr, mm

(in.)

Lr, mm

(in.)

hr, mm

(in.)

Lb, mm

(in.)

4 1.27 (0.5) 1.2668 (0.1964) 65 53.7 7.84 (0.309) 1.81 (0.071) 0.84 (0.033) 3.05 (0.120)
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concave stamp made by the diamond pyramid. Ten spots

at the concrete near the interface (within 2 mm of the

rebar–concrete transition zone) were tested for each

specimen, and an average value was taken to represent

the interface hardness.

In addition, the chemical titration of potassium and

sodium ions existing in the interface zone was performed

in order to understand the relationship between the ion

content and other studied parameters. The samples for the

ion concentration test were selected by taking the interface

concrete samples, which were within 1 cm from the rebar

surface. In the previous literature [8], it was concluded that

the bond strength degradation was proportional to the

content of potassium and sodium ions. In this study, we

attempted to reexamine their conclusion.

3. Results and discussions

The compressive strength development is shown in

Fig. 2. The compressive strength attained higher values as

the age of concrete increased and w/c ratio decreased. In

Figs. 3–5, the bond degradation due to the current density

and polarization time are shown for concrete of w/c = 0.48,

0.58 and 0.66, respectively. It can be seen that the bond

strength decreased as the polarization time increased and/or

the cathodic current density increased, which are similar to

the results reported in the previous study [9]. In our previous

study [9], the w/c ratio was not taken into account. From

these results, it can be concluded that the bond strength

showed lower values for concrete of higher w/c ratio. This is

Fig. 1. Pullout measurement setup.

Fig. 2. Development of compressive strength. Fig. 3. Bond strength development for specimens with w/c = 0.48.

J.J. Chang / Cement and Concrete Research 32 (2002) 657–663 659



because the concrete of lower w/c ratio has denser micro-

structure. It can also be seen that the bond degradation was

most significant for concrete with w/c = 0.66. In Figs. 6(a)

and (b), the percentage of bond strength reduction versus

w/c ratio is illustrated. The percentage of bond strength

reduction is defined as (Eq. (2))

s �
jjsp�s0jj

s0
� 100% when sp 	 s0 ;

0 when sp > s0

8<
:

9=
; ð2Þ

where s is the percentage of bond strength reduction, sp is
the bond strength for the specimens at a specific polarization

time and s0 is the bond strength for the control specimens at

the corresponding time. It can be seen that the maximum

reduction percentage in bond strength was about 55% when

the current density was 1200 mA/cm2 and polarization time

was 5 months. Furthermore, under the same polarization

current density and polarization time, it can be seen that the

degradation percentage of bond strength increases as the w/c

ratio increases. Concretes with higher w/c ratios were

observed to have a loose microstructure. This facilitated the

ingress of potassium and sodium ions from the nearby

environment towards the rebar–concrete interface under the

high current gradient and resulted in more serious

degradation of the bond. This observation is supported by

the results of chemical titration of accumulated potassium

and sodium ions near the interface presented later.

In a previous study [9], the effect of current density (ic)

and polarization time (tp) was combined to define a new

parameter f = ic� tp. It was reported [9] that the bond

strength degradation data due to various current densities

and polarization times could fit in a unified regression

curve. However, it was suggested in Ref. [9] that a research

of family of curves for different concrete qualities should be

conducted before using such a concept in the engineering

practice. In the present study, three w/c ratios were chosen.

Although these three mix designs cannot represent all

concrete designs neither can they provide an upper bound

and lower bound, we believe that these three mixes give a

Fig. 4. Bond strength development for specimens with w/c = 0.58.

Fig. 5. Bond strength development for specimens with w/c = 0.66.

Fig. 6. Reduction percentage in bond strength for specimens. (a)

Polarization current density 400 mA/cm2, (b) polarization current density

1200 mA/cm2.
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reasonable spread of the trend in engineering practice. In

Fig. 7, the bond strength versus the parameter f is shown. It

can be seen that at all w/c ratios, the bond strength

decreases exponentially as f increases. For each curve, at

the parameter f = 1200 mA/cm2 month, there exists two

points (one represents for polarization current density

1200 mA/cm2 and polarization time of 1 month and the

other represents for polarization current density 400 mA/cm2

and polarization time of 3 months), and bond strengths of

these two data were very close. It confirms our previous

conclusion [9] that under similar polarization condition

(that is the same f value), the degradation of bond strength

will be very close. An application of data from accelerated

experiments is possible according to the suggestion in

Ref. [9]. For example, assume that w/c = 0.58 and required

minimum bond strength is 8 MPa. From Fig. 7, it can be

concluded that when f = 2400 mA/cm2 month, bond

strength reduces to the critical value. If a cathodic current

density of 2 mA/cm2 is used, which is commonly used in

engineering practice, then the predicted service life is 1200

months (100 years).

In order to study the softening of concrete nearby the

rebar–concrete interface due to the cathodic impressed

current, several microscale experiments were performed.

Fig. 8 shows the hardness values versus the parameter f.
It can be seen that the microhardness values decreased as the

parameter f increased, which was evidently supported by

the facts of interface softening. Further, concrete with lower

w/c ratio showed higher microhardness value due to its

denser structure. In Fig. 9, the accumulated potassium and

sodium ion concentrations are found to have a nonlinear

Fig. 10. Bond strengths versus total concentration of potassium and

sodium ions.Fig. 8. Microhardness values versus the polarization parameter f.

Fig. 9. Total concentration of potassium and sodium ions versus the

polarization parameter f.Fig. 7. Regressive curves for bond strengths versus the polarization

parameter f.
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increment as the parameter f increased. It can also be found

that the increasing rate became higher as the parameter f
increased, which meant that the penetration of potassium

and sodium ions into the concrete became faster and faster.

Two possible mechanisms are explained as follows: (1) the

concrete pore structure became looser such that the ion

penetration was easier, (2) the potassium and sodium ions

migrated faster to cathodically charged rebar when the

applied current was stronger. Further, one can find from

this figure that this trend is more severe for concrete with

higher w/c ratio. In Fig. 10, the average bond strengths of

specimens impressed by 1200 mA/cm2 for 1, 3 and 5 months

were found to decrease as the total potassium and sodium

ion concentrations increased. However, the linear propor-

tional property reported in Ref. [8] is not found in our

current study. A possible reason is that the potassium and

sodium ions were preadded in the specimens in Ref. [8] to

simulate the contaminated concrete; however, the main

source of sodium ions in our study was from the artificial

seawater where the specimens were immersed. We did not

add any sodium and potassium ions inside concrete in the

mixing process. In addition to microhardness and potassium

and sodium ion concentration tests, the scanning electronic

microscopic pictures were taken to examine the changes in

the microstructure due to the impressed cathodic current.

Figs. 11(a) shows the interface microstructure of concrete of

w/c equal to 0.66. Figs. 11(b) and (c) shows the interface

microstructures of concrete with w/c = 0.66 but impressed

for 5 months by 400 and 1200 mA/cm2 cathodic current

densities, respectively. By comparing Figs. 11(a), (b) and

(c), we can conclude that the microstructure became looser

as the impressed current density was higher. From our

microscale experiments, we can conclude that the interface

is deteriorated due to the cathodic current.

4. Conclusions

In this paper, the degradation of bond strength due to

the impressed cathodic current has been studied. The

impressed current density and polarization time have been

combined into a parameter, f. It has been found that the

bond strength decreased as the parameter increased. The

degradation percentage of bond strength for concrete with

higher w/c ratio has been found to be bigger due to its

looser microstructure nature. The microhardness test,

potassium and sodium ion concentration test and scan-

ning electronic microscopic pictures have supported

our conclusions.
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