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Due to the shortage of natural fine aggregates in many countries, sea sand has been alternatively used in
the production of concrete. However, due to the presence of chlorides in sea sand, the threat of corrosion
of steel reinforcing bars embedded in such concrete has become a major concern. Therefore, many studies
related to corrosion level and bond behavior have been performed. The realistic corrosion levels at which
the aged structures are exposed to danger are usually greater than 1% and beyond minimal 2%. Since
safety predictions of aged concrete structures based on corrosion failure are of the utmost importance,
research concerning more realistic corrosion levels would help the prediction process. For this purpose,
two types of specimens are investigated to understand the bond properties as a function of corrosion
level in RC members. Prismatic concrete specimens with reinforcements subjected to corrosion before
and after casting of concrete are used for pullout tests. Based on the experimental data, an equation
for bond strength prediction is developed. Also, the validity of the proposed equation is demonstrated
through comparison with the existing prediction curves.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Corrosion of reinforcement is a major contributing factor to the
deterioration of reinforced and prestressed concrete structures.
More specifically, structures exposed to seawater and chloride-
containing chemicals are more vulnerable to corrosion. In some in-
stances, aggregates, primarily fine aggregates, contaminated with
chlorides have been used in the concrete, resulting in rapid corro-
sion of the reinforcement. Also, reinforcement used for many rein-
forced concrete (RC) structures is exposed to moisture in the air
causing slight corrosion even before casting of concrete. Due to
the increasing prevalence of corrosion in RC structures, the prob-
lem of repair and rehabilitation of existing structures is becoming
a major part of construction works. The estimate for repair and
rehabilitation of transportation infrastructure in the US exceeds
several billion dollars [1]. To plan repair strategies for damaged
structures, the strength of the existing structures needs to be esti-
mated. Currently, much research [2–9] has focused on the factors
affecting the corrosion level of reinforcement in concrete. Rela-
tively less information, however, is available on the behavior of
structural members that have corroded reinforcement.

Results available in the literature focus on: (1) techniques for
measuring the amount of corrosion [10,11]; (2) comparison of lab-
ll rights reserved.

: +82 43 230 2319.
oratory and field corrosion level studies [12]; (3) use of corrosion-
reducing admixtures as a constituent for new concrete [13], and
penetration admixtures for existing structures to reduced the rate
of corrosion [14]. Available bond behavior results deal usually with
low corrosion levels in which reinforcement mass loss is less than
1% [15]. However, the realistic corrosion levels at which the aged
structures are exposed to danger are usually greater than 1% and
beyond minimal 2% [16–19]. Since the prediction of the safety of
aged concrete structures based on corrosion failure is of the utmost
importance, research concerning more realistic corrosion levels is
presently needed. Also, most of the studies performed on corrosion
problems have concerned corrosion levels obtained by synthetic
means, such as through electric current-induced accelerated corro-
sion, either before or after casting of the concrete. However, there
have not been any studies to correlate the results from these pre-
and post-corrosion methods where the data can be used to predict
the safety of concrete structure based on corrosion level. Because
of the limitations of the currently available data on corrosion level,
a study that can resolve these difficulties is needed to better pre-
dict the safety of aged concrete structures due to corrosion.

As an overall perspective of corrosion research, a study dealing
with both pre-corrosion and post-corrosion is planned. Pre-corro-
sion method is considered not only to obtain corrosion, but also
to compare with and normalize the pre-existing corrosion data
for overall evaluation of safety of concrete structures due to corro-
sion level. Post-corrosion method is used to evaluate the corrosion
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Fig. 2. Current-induced corrosion setup of concrete cast steel bar (post-corrosion).
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level in more realistic setting conditions where the structural cor-
rosion problems occur in reinforcements embedded in concrete
under confined condition. However, the difficulty associated with
the post-corrosion method is that the corrosion level is difficult
to control, especially the desired maximum corrosion level is prac-
tically unobtainable. Since this study focuses on the overall evalu-
ation of safety of concrete structures based on corrosion level, the
data from pre-existing corrosion studies, as well as newly obtained
corrosion data from both pre- and post-corrosion methods, should
be used to develop relations for concrete structure safety evalua-
tion covering a wide range of corrosion levels.

In order to qualitatively and quantitatively understand the ef-
fects of corrosion on the bond properties in RC members, two types
of bar pullout tests are made using prismatic concrete specimens.
For the first specimen type, the reinforcing bars are pre-corroded
before casting. The reinforcing bar of the second specimen type
is corroded after concrete casting. Both methods used electric cur-
rent to accelerate corrosion of the reinforcing bars.

Various corrosion levels up to 10% are applied to pre- and post-
corroded bars for the preparation of pullout tests. The amount of
corrosion is expressed as percentage of mass loss in comparison
to the control bar. After the effective corrosion is applied, pullout
tests are performed on both types of specimens. The major tasks
consisted of (1) designing bond specimen geometry; (2) finding
an efficient way to apply maximum and consistent corrosion along
the entire length of steel bar before casting of concrete (pre-cor-
roded) and after casting concrete (post-corroded); and (3) obtain-
ing bond properties that can be used to predict the behavior of
RC structural elements with corroded reinforcement. It was
expected that specimens would fail by splitting of concrete. The
following sections describe the logic used for producing reinforce-
ment corrosion, specimen selection, test procedure, discussions
and results.

2. Current-induced corrosion process

As mentioned previously, two types of electric current-induced
accelerated corrosion were performed on reinforcing steel bars.
Figs. 1 and 2 are schematic diagrams of the current-induced accel-
erated corrosion setup of steel bars before (pre-corrosion) and after
casting of concrete (post-corrosion), respectively. The magnitude
of corrosion was measured using percentage of mass loss. A meth-
od developed for inducing corrosion by externally applied electric
current was used for this study. An electric current is passed from
the reinforcement to the copper plate placed inside of 3% NaCl
solution underneath the corroding steel bar as shown in Figs. 1
and 2. This copper plate acts as a cathodic site, which consumes
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Fig. 1. Current-induced corrosion setup of bare steel bar (pre-corrosion).
the electrons given out by the corroding deformed bar. Generally,
lm/year (mpy) is used to represent corrosion level and remaining
service life of an aged RC member. However, in this study, the focus
is to achieve maximum corrosion level, rather than the corrosion
amount based on the applied electric current.

A power supply with an output of 24 V DC and 12 amps was
used to induce the corrosion. The positive terminal was connected
to the deformed bar whereas the negative terminal was connected
to the copper plate. In the case of post-corroded steel bars, both
end portions are placed outside of the tank containing the salt
solution to prevent the corrosion of exposed bar and at the junc-
tion of concrete. This setup worked well, which is confirmed by
the presence of fairly uniform corrosion along the bar when the
specimens are checked after the pullout test. After the power sup-
ply was turned on, the current flowing through the system was
recorded at a 1 min interval using a computer-controlled data-
acquisition system. The amount of corrosion is related to the elec-
trical energy consumed, which is a function of voltage, amperage,
and time interval. The amount of corrosion can be estimated from

mass loss ¼ time ðsÞ � current ðAÞ � 55:847
2� 96;487

ð1Þ

The quantity of charge applied for any given electrolysis is given
by the product of time (s) and current (A). For the corrosion pro-
cess, for each mol of iron that oxidizes, 2 mols of electrons are gi-
ven out, consuming a charge of 2 � 96,487 coulomb. The mass loss
is then calculated by multiplying the applied charge (C) by the mo-
lar mass (55.847 g/mol for iron) and dividing by the charge needed
per mole.

3. Measurement of mass losses

After the completion of the pullout test, the corroded bars were
removed from the specimens and the cleaned bar was weighed and
the total percentage loss was determined. An attempt was made to
obtain the mass losses along the length of the bar to ascertain the
uniformity of corrosion. The setup shown in Fig. 3 was used for the
measurement. Method of rust cleaning followed the procedure
specified in ASTM G 1-72 ‘‘Preparing, cleaning, and evaluating cor-
rosion test specimens [20].” Archimedes’s principle was used to
obtain the mass loss for every 6 mm length of the bar. After the
bar was cleaned, starting from corroded end, 6 mm segments were
marked using a scribe. Then the bar was mounted on the stand
using a grip and placed on an electronic scale. Water is filled up



Fig. 3. Setup for mass loss measurement.

L. Chung et al. / Cement & Concrete Composites 30 (2008) 603–611 605
to the first mark, which is 6 mm from bottom (or corroded) end
and the change in mass was recorded. This step was continued
until the water reached 126 mm mark. The procedure was also
repeated for the uncorroded or control bar. The comparison of
mass change between control and corroded bar provided the mass
loss for every 6 mm. The mass losses were added to obtain the
cumulative mass loss.

4. Test specimens and experimental program

4.1. Test specimen

Various types of specimens have been used for bond tests such
as the commonly used specimen in ASTM C 234 [21] and modified
beam tests. ASTM specifies that the concentric pullout test can be
used only for comparison purposes. The details of various other
test setups can be found in the research report by Chapman and
Shah [22]. After evaluating various setups, a modified version of
the setup proposed in Danish Standard DS 2082 [23] was used
for the current study (Fig. 4).

The specimen consisted of a concrete prism in which a single
piece of mild steel bar is embedded in the center (Fig. 4). Other
than the 3db length of steel bar in contact with concrete, the rest
of the steel bar is placed inside of embedded PVC pipe so that
the steel bar is not in contact with concrete. The bond length
was chosen as 3db to ensure bond failure. The bond failure is asso-
ciated with splitting cracking, because the slip of rebar within con-
crete specimen causes tensile strain around the circumference of
rebar, causing splitting cracks. Therefore, a 3db bond length pro-
vides sufficient bonding between concrete and rebar until slippage
of rebar occurring at sufficient loading. The dimensions of the con-
crete cross-sections were chosen to prevent tension failure of con-
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Fig. 4. Pullout test spec
crete. The molds were constructed using 13 mm thick ply-wood,
coated with several layers of water repellent to avoid water pene-
tration to wood. The photograph of the setup is shown in Fig. 5.
Two sets of three screws were threaded into the pipe to align
and grip the ends of the deformed bars. This arrangement ensured
location and alignment of the steel bar. Extra plates with openings
slightly larger than the bar size were placed at the ends of the mold
to avoid leakage of mortar concrete into the hollow pipes. A mini-
mum of three compression cylinders were cast for each bond spec-
imen. Compression cylinders with a dimension of 100 � 200 mm,
usually employed in the compressive strength test, were cast to
obtain the compressive behavior of concrete.

4.2. Materials and mixture proportion

The constituent materials consisted of ASTM Type I cement,
concrete, sand, 9 mm maximum size coarse aggregate, tap water,
chloride based accelerating admixtures, and air-entraining admix-
tures. The expected 28-day compressive strength of the concrete is
25.0 MPa. An air-entraining admixture was used to simulate the
concrete used in outside environments, while a chloride admixture
was used to aid corrosion. The water–cement ratio (w/c) was 0.58.
A high w/c was used to facilitate rapid corrosion. Table 1 shows the
mixture proportion of concrete. D13 (13 mm) reinforcing bars are
used. The yield and tensile strengths of the bars were 384.7 MPa
and 526.8 MPa, respectively.

4.3. Mixing, casting, and curing

A concrete mixer with a maximum capacity of 0.3 m3 was used
for the mixing. First, coarse and fine aggregates and 2/3 of the
water were loaded into the mixer and mixed for 1 min to allow
for absorption of water. Then, cement, remaining water, and the
admixtures were added, and the contents were mixed for 3 min.
After a rest period of 3 min, mixing continued for an additional
2 min.

Before mixing the concrete, the mass of the reinforcement for
each specimen was recorded and the bars were aligned and fas-
tened to the molds. A mold-releasing chemical was applied to
the inside surface of both pullout specimen molds and cylinder
molds. A table vibrator was used for compaction of both pullout
specimens and cylinders. At the end of casting, polyethylene sheets
were used to cover the samples for the next 24 h.

When the specimens were water cured after the first 24 h for 28
days, it was found that it was almost impossible to induce uniform
corrosion on the pullout bar. Because the water permeability of
concrete is low, there is always more corrosion at the junction of
the bar and concrete. Therefore, the procedure described in Section
150 150

15050

(Unit; mm)

imen dimensions.



Fig. 5. Photo of pullout specimen molds.
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4.5 was chosen based on tests of both pullout specimens and
cylinders.

4.4. Conditioning specimens

After 24 h from casting, the samples were demolded and imme-
diately placed in 3% NaCl solution. Because the concrete was not
yet in fully hardened state and a considerable amount of pore
water was present, it was possible to induce corrosion along the
bar by induced current. Current-induced corrosion was started
after the specimens were soaked in saltwater for a minimum of 3
days.
Table 1
Concrete mixture proportion

Target strength
(MPa)

w/c ratio
(%)

Weight of mix ingredients (kg/m3)

Water Cement Sand Aggregate Air-entrain

25.0 58 185 319 690 991 1.6

Load cell

Oil jack

Specime

LVDT

a
Fig. 6. (a) Global pullout test setup; and (
4.5. Test procedure

The test setup for the pullout test is shown in Fig. 6. The pullout
load was applied as a compression load at the shorter end of steel
bar from the 3db segment. The longer end of steel bar was attached
with 5 mm linear variable displacement transducer (LVDT) to mea-
sure the bond-slip response between the concrete and the reinforc-
ing bar (Fig. 6). The test was conducted using a 534 kN capacity
universal testing machine. Because the 3db length of the steel bar
in contact with concrete is located closer to the load application
point, the stable longitudinal slippage failure of the bar is ensured
by using the 3db segment of the specimens. None of the bars
reached yield point during the tests. The companion cylinders were
tested in compression using the standard ASTM C 39 procedure
[24].

5. Test results

For each pre-corroded and post-corroded specimen type, three
specimens are prepared for experiments. Specimens are designated
as J13-L-M, where J is assigned either A for post-corrosion, B for
pre-corrosion, or S for no corrosion; L is an expected corrosion level
0%, 2%, 3%, 4%, 5%, 7%, or 10%; and M for corrosion is an achieved
corrosion level, except when there is no corrosion (i.e., J = S) where
M for no corrosion is assigned a specimen number I, II, or III.

5.1. Achieved corrosion levels

Initially the desired corrosion levels for both pre- and post-cor-
roded specimens were 2%, 3%, 4%, 5%, 7%, and 10% of its original
Slump
(cm)

Average compressive
strength (MPa)

ing (A/E) admixture Accelerating admixture

9.6 15 28.3

n

δ

P

b

b
b) pullout test setup of loading point.
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cross sectional area of the reinforcement. However, the achieved
corrosion levels are very different than the expected corrosion
level in most of the specimens. As shown in Tables 2 and 3, the
achieved corrosion levels for pre- and post-corroded specimens
are far less than the expected corrosion levels in most specimens
except in several specimens. In pre-corroded specimens, the
achieved corrosions are approximately 75% of the expected corro-
sion level in the specimens with the expected corrosion level less
than or equal to 4%. However, as the expected corrosion level in-
creases the achieved corrosion levels become approximately 50%
of the expected corrosion values of greater than or equal to 5%.
In post-corroded specimens, the achieved corrosion levels are
approximately less than 2% for most of the specimens no matter
what the expected corrosion levels are. This trend indicates that
the application of corrosion using electric current-induced method
is not efficient and that the post-corroded application is more dif-
Table 2
Test results of pre-corroded specimens (pre-corrosion)

Expected corrosion
level (%)

Achieved corrosion
level (%)

Specimen
designation

M
(k

0 0.0 S13-0-I 21
0.0 S13-0-II 24
0.0 S13-0-III 21

2 1.5 B13-2-1.5 23
1.6 B13-2-1.6 24
2.1 B13-2-2.1a 27

3 2.2 B13-3-2.2 23
2.3 B13-3-2.3 25
2.4 B13-3-2.4 23

4 2.4 B13-4-2.4 22
2.5 B13-4-2.5 24
2.8 B13-4-2.8 23

5 2.7 B13-5-2.7 24
3.1 B13-5-3.1 21
3.2 B13-5-3.2 22

7 3.4 B13-7-3.4 18
4.1 B13-7-4.1a 20
8.8 B13-7-8.8 13

10 4.6 B13-10-4.6 15
5.7 B13-10-5.7 14
6.3 B13-10-6.3a 19

a Excluded from data due to loading eccentricity, problems in cutting steel bars, etc.

Table 3
Test results of post-corroded specimens (post-corrosion)

Expected corrosion
level (%)

Achieved corrosion
level (%)

Specimen
designation

Max
(kN)

0 0.0 S13-0-I 21.7
0.0 S13-0-II 24.8
0.0 S13-0-III 21.2

2 0.1 A13-2-0.1 29.9
0.5 A13-2-0.5 25.8
1.0 A13-2-1.0 30.0

3 1.1 A13-3-1.1a 21.4
1.2 A13-3-1.2 23.6
1.4 A13-3-1.4 26.5

4 0.9 A13-4-0.9 24.8
2.5 A13-4-2.5a 32.2
0.2 A13-4-0.2a 23.5

5 0.8 A13-5-0.8 27.2
1.9 A13-5-1.9 30.1
0.9 A13-5-0.9a 20.9

7 0.5 A13-7-0.5a 24.3
1.4 A13-7-1.4a 28.0
2.2 A13-7-2.2 21.6

10 0.6 A13-10-0.6a 23.2
0.7 A13-10-0.7a 22.0
1.9 A13-10-1.9 23.3

a Excluded from data due to loading eccentricity, problems in cutting steel bars, etc.
ficult than in pre-corroded application. The goal of this study is not
measuring corrosion level using electric current-induced method,
but it is to develop a concrete structure safety evaluation based
on corrosion level. So no matter what the corrosion levels came
out to be, the achieved corrosion levels are used for the analysis.

5.2. Corrosion crack pattern

The typical crack pattern of specimens with corroded bars
tested in this study is shown in Fig. 7. It is important to note that
when the loading is applied, a crack is initiated nearby the loading
point and subsequently propagating to a direction parallel to the
reinforcing bar. From the experiments, it is also observed that
when the corrosion level is relatively a large value, the number
of cracks is less but they are more localized and have wider crack
widths. However, when the corrosion level is relatively a small
ax. load
N)

Bond length
(mm)

Max. bond
strength (MPa)

Slip at max.
load (mm)

.78 37.1 14.7 0.53

.82 36.6 17.0 0.80

.29 37.9 14.0 0.58

.35 38.3 15.2 0.34

.43 36.9 16.6 0.80

.17 37.9 18.0 0.95

.94 38.4 15.6 0.94

.41 38.0 16.7 1.06

.25 37.8 15.4 0.57

.66 37.2 15.2 0.48

.53 38.1 16.1 1.08

.74 38.0 15.6 0.37

.53 36.9 16.6 1.06

.78 37.4 14.4 0.49

.96 37.1 15.5 0.71

.25 36.8 12.4 0.95

.01 35.9 13.9 0.92

.64 36.0 9.4 1.31

.30 36.6 10.5 1.25

.13 36.9 9.5 1.17

.62 38.4 12.8 1.39

. load Bond length
(mm)

Max. bond strength
(MPa)

Slip at max.
load (mm)

8 37.1 14.7 0.53
2 36.6 17.0 0.80
9 37.9 14.0 0.58
2 37.2 20.1 0.18
0 37.1 17.4 0.61
2 37.4 20.0 0.08
8 37.0 14.5 0.62
4 36.7 16.2 0.03
9 37.1 17.9 0.03
2 38.0 16.4 0.06
8 39.1 20.6 0.05
4 37.0 15.9 0.55
7 36.7 18.5 0.06
2 37.1 20.3 0.06
0 37.1 14.1 0.39
3 36.5 16.7 0.68
6 37.0 19.0 0.03
8 37.8 14.4 0.76
5 36.1 16.1 0.55
7 35.9 15.4 0.49
5 36.8 15.9 0.03
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value, the number of cracks is greater, but they are distributed
along the member and have smaller crack widths.

5.3. Load–slip curves

Fig. 8 shows the relationship between load and the slip obtained
at the longer end of steel bar by LVDT with achieved corrosion level
on each reinforcing bar. It is important to recognize the following
information from this figure: (a) the point of stiffness change after
formation of initial crack; and (b) slips corresponding to maximum
and yielding loads.

5.4. Bond strength and slip

The bond strength has been calculated using the initial (uncor-
roded) cross-sectional dimension of the bars. From the experiment,
it was observed that the corrosion started at the rib section of the
bars. As the corrosion continued, the rib height declined. When the
corrosion level reached 2%, the rib no longer existed or only small
portion remained. This is the reason why 2% corrosion level is the
critical corrosion level effecting bond strength.

The bond strength of corroded bar fb is calculated as

fb ¼
P

lb
P

0
ð2Þ

where P is pullout load; lb is bond length; and
P

0 is bar initial
circumference.

The effective bond length of D13 corroded bars was
38.1 ± 2.1 mm (3db). Tables 2 and 3 tabulate the pullout experi-
mental results of pre-corroded and post-corroded bars for various
corrosion levels, respectively. Both tables also include the pullout
test results of non-corroded bars. It is important to note that the
Fig. 7. Typical cracked specimen with corroded bar: (a) Exterior view; and (b) split
view.
achieved corrosion levels of steel bars were less than the expected
corrosion levels due to lose of applied electric current to the sur-
rounding environment during the accelerated corrosion process.
Also, the achieved corrosion levels for post-corroded specimens
are less than pre-corroded specimens when compared to the ex-
pected corrosion levels. This trend is expected since the application
of corrosion in steel bars cast in concrete is much more difficult
compared to bare steel bars. This is due to the dispersion of electric
currents during the application of corrosion.

For S13 specimens, initial slip of steel bars occurred at the bond
strengths of 7.1–10.3 MPa. Slip displacements of 0.53–0.80 mm
are measured at the bond strengths of 14.0–17.0 MPa. Initial slip
of steel bars for pre-corroded and post-corroded specimens oc-
curred at 2.9–10.3 MPa and 7.5–19.9 MPa, respectively. Also, slip
displacements of 0.34–1.31 mm for pre-corroded specimens are
measured at the bond strengths of 9.4–16.7 MPa. For pre-corroded
specimens, the slip displacement tended to increase as the pre-cor-
rosion level increased. In the case for post-corroded specimens, slip
displacements of 0.03–0.76 mm are measured at the bond
strengths of 14.4–20.3 MPa. For post-corroded specimens, the slip
displacement at the maximum pullout load tended to decrease un-
til the achieved post-corrosion level reached 2% and then started to
increase after 2% corrosion level.
6. Discussions of analysis results

6.1. General behaviors

In this study, the authors have performed numerous experi-
ments to apply corrosion on reinforcing bars using the accelerated
electric current induced corrosion method. However, the amount
of expected corrosion level was practically unobtainable for post-
corrosion. Also, the reference studies to obtain the bond strength
data with large corrosion level using this corrosion method were
performed without success. Therefore, using the limited number
of pre- and post-corroded specimen data obtained from this study,
the bond prediction curve is developed. Then, the developed curve
is compared with other bond prediction curves as a function of cor-
rosion level reported by other researchers. It is important to note
that the pre- and post-corrosion specimens gave sufficient range
of corrosion level up to 8.8% for bond strength evaluation based
on corrosion level. Also, the pre- and post-corrosion specimens
represent application of corrosion under laboratory and in situ set-
tings, which are important in design bond strength prediction
curves for concrete structures with corrosion damage.

Figs. 9 and 10, respectively, show calculated bond strength and
slip at bond strength versus achieved corrosion level using current-
induced corrosion method. The general trend of bond strength
curves of both pre-corroded and post-corroded specimens is simi-
lar: the bond strength initially increases up to a maximum value,
but decreases afterward. Also, the bond strengths of pre-corroded
specimens are less than those of post-corroded specimens.

In Fig. 9, the prediction curve of bond strength as a function of
corrosion level is compared with other bond strength models. The
curve shows that the bond strength values are higher than other
models until the corrosion level of 3%. Beyond 3% corrosion level,
the bond strength is less than other proposed models. However,
the relative differences between the newly proposed curve and
existing curves are small and within the range of acceptable varia-
tion. The significant difference between the prediction curves is
that the behavior of newly proposed model is initially horizontal
until 2% corrosion level and decreasing nonlinearly beyond 2%. This
trend has been observed in the study reported by Chung et al. [25].
The other models are just a declining straight line with constant
slope. Therefore, the newly proposed prediction curve can be
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corroded specimens; (f) 7% corroded specimens; and (g) 10% corroded specimens.
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considered more realistic and show the actual bond strength
behavior. The bond strength prediction behavior of this trend has
been already reported by many researchers, where the corrosion
up to 2% shows increase in bond strength and declines beyond
2%. However, the increase in bond strength up to 2% corrosion is
negligible and can be considered to be constant, especially when
the prediction curve is used for safety design or performance eval-
uation of concrete structure with corrosion.
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Fig. 9. Bond strength versus achieved corrosion level using current-induced corrosion method.
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6.2. Proposed bond strength model

The bond strength Eq. (3) as an exponential function is obtained
from the LSM regression analyses on the test data obtained from
this study.

ub ¼ 16:87 for C0 6 2:0
or24:7C�0:55

0 for C0 > 2:0
ð3Þ

where ub is bond strength and C0 is corrosion level in %.
From the reference study, several researchers [19,26] reported

the empirical equations of bond strength as a function of corrosion
level as the following two equations. Lee et al. [19] proposed the
bond strength as an exponential function with corrosion level as
a variable, which is expressed as

ub ¼ 5:21e�0:0561C0 ðMPaÞ ð4Þ

where ub is bond strength and C0 is corrosion level. Cabrera [26]
proposed the bond strength as a function of corrosion level as
ub ¼ 23:478� 1:313C0ðMPaÞ ð5Þ

In Fig. 9, the comparison of the experimental data and the bond
strength equation explained in Eq. (3), and the empirical bond
strength equations reported by other researchers (i.e., Eqs. (4)
and (5)) is shown. Fig. 9 clearly shows that the previous empirical
equations predict bond strength to decline linearly as corrosion le-
vel increases, which does not properly capture the gradual bond
strength reduction behavior after 2% corrosion level. Also, for cor-
rosion levels less than and greater than 2%, the previous empirical
bond strength equations underestimate and overestimate bond
strengths, respectively. However, the newly proposed equation
correctly and properly predicts the bond strength for the corrosion
level considered in the study.

7. Conclusions

1. The general trend of bond strength curves of both pre-corroded
and post-corroded specimens is similar: the bond strength
initially increases up to a maximum value, but eventually
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decreases for greater levels of corrosion. Also, the bond
strengths of pre-corroded specimens are less than those of
post-corroded specimens.

2. The proposed bond strength equation shows that the bond
strength values are higher than those of other models until a
corrosion level of 3%. Beyond 3% corrosion level, the bond
strength becomes less than that given by the other referenced
models. However, the relative differences between the newly
proposed curve and existing curves are small and within the
range of acceptable variation.

3. The significant difference between the newly proposed model
and the previous prediction curves is in the shape of the curves,
where the new model shows a more realistic behavior. For cor-
rosion levels less than and greater than 2%, the previous empir-
ical bond strength equations underestimate and overestimate
bond strengths, respectively. Further studies on the bond char-
acteristics of concrete structures with large corrosion levels
over 3% are needed.
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