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Cracks lead to a reduction of the bond between concrete and reinforcing steel rebars. A considerable decrease in the bond strength is
more dangerous to a structural element’s safety than the loss of the cross-sectional steel reinforcement area. The purpose of this
study is to evaluate the bond strength of corroded-damaged structures exposed to severely aggressive marine environments.
Eighteen (18) cube specimens with dimensions of 200 mm x 200 mm were cast. They were reinforced with three (3) diﬀerent
diameters of deformed steel and were grouped as unconﬁned and conﬁned. The specimen was accelerated under a simulated
corrosive environment. The experiment results reveal that the bond strength of concrete and steel reinforcement is susceptible
to corrosion levels. The degree of corrosion signiﬁcantly aﬀects the bond strength of concrete and steel. The bond strength and
the average crack width have a strong correlation; a minimal amount of corrosion with a minimum crack width of 0.03 mm
after cracking reduces the bond strength to an unacceptable level. Stirrups conﬁnement has a signiﬁcant inﬂuence on the bond
strength; it provides an excellent means to counteract bond loss. The loss of bond directly aﬀects the serviceability and ultimate
strength of reinforced concrete structures. There is an exponential relationship between cement and steel reinforcement’s bond
strength with the serviceability and residual strength of reinforced concrete structures.

1. Introduction
Corrosion of steel reinforcement is considered one of the
main issues in the construction industry [1, 2]. It is considered the leading cause of the premature deterioration of reinforced concrete structures [3, 4] and the most predominant
factor aﬀecting the structural deterioration [5, 6]. Corrosion
of steel reinforcement is the major factor that limits the durability and serviceability performance of reinforced concrete
structures [7].
The environmental condition where the structures are
exposed has been found to have a signiﬁcant inﬂuence on
the reliability of the deterioration of reinforced concrete
structures [5]. Corrosion is the most frequent and relevant
deterioration suﬀered by reinforced concrete structures, particularly in structures located in an aggressive marine environment [8]. Corrosion of reinforcement in the marine
environment usually occurs due to aggressive agents such
as chloride ions [9]. A drop in pH initiates corrosion of rein-

forced concrete structures to a level below 11 [5]. According
to Zhao and Jin, reinforcing steel rebars are initially protected
by a high pH of 12–14 of concrete [10]. At pH values below
12, a concrete layer that protects the embedded steel reinforcement is destroyed [5]. The exposure of steel reinforcement from deteriorating agents, like chloride in the marine
environment, decomposes the steel in its original states,
which is rust [1]. These corrosion products lead to the deterioration of reinforced concrete structures, particularly
those facilities in ports that are severely exposed to marine
environments [5].
According to Kreit et al., steel corrosion of reinforced
concrete leads to several major defects, the reduction of steel
reinforcement bars and ductility, and the expansion of the
corrosion products, which leads to concrete cracking and
spalling, then to the deterioration of the bond [11], and
reduction of its serviceability and residual strength [12]. It
disclosed that the main issue in the degradation of reinforced
concrete structures due to corrosion is the reduction of its
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mechanical strength and the reduction of bond strength
between concrete and steel reinforcement [13]. A considerable decrease in the bond strength at the steel-concrete interface can be more dangerous to a structural element’s safety
than the loss of the steel cross-sectional area at the bond
interface [14].
The bond between the steel reinforcement and concrete is
considered one of the essential properties for reinforced concrete structures [5]. The bond behavior between the reinforcing steel and the surrounding concrete is a signiﬁcant factor
in reinforced concrete structures’ structural performance,
particularly in terms of serviceability and load-carrying
capacity in their remaining service life [15, 16]. Bonding
facilitates load transfer across the steel-concrete interface,
essential for the composite action of reinforced concrete
structures. Bonding behaviors are primarily dependent on
three factors: the compressive strength of concrete, conﬁnement, and the surface of the reinforcing rebars [9].
Corrosion greatly inﬂuences the bond mechanism of steel
and concrete [17]. The surface of the steel rebar itself is disintegrated, and its ribbed surface is altered. Corrosion products
in the form of rust cause expansion in the volume of reinforcing steel. Volume expansion, in turn, exerts internal
pressure on the surrounding concrete [3]. The expansion
of corrosion products due to steel disintegration leads to
spalling and eventually cracking the concrete surface [3,
12]. Cracks are generated on the surface of concrete when
the ultimate stresses exceed the tensile strength of concrete.
Once a crack has been generated, it propagates widely, which
leads to a reduction in conﬁnement between the steel and
concrete [12].
Small amounts of corrosion products can reduce the
bond strength to unacceptable levels [12]. However, at a certain level of corrosion, there is an increase in friction between
the bars and concrete, which leads to a better bond and
enhances the strength. The bond strength increases up to a
certain level of reinforcement corrosion. However, with a further increase in corrosion, the bond strength progressively
declines [9]. The continuous disintegration of steel-concrete
bonds reduces the strength and ductility of reinforced concrete structures [18]. If the corrosion is allowed to propagate
over a suﬃciently long period, and the proper interventions
are delayed, loss of the bond between the corroded steel bar
and the surrounding contaminated concrete may lead to
impaired structural performance and safety of the aﬀected
structures [4]. It likewise causes the design life span of the
structures to be shortened [17]. Corroded-damaged structures not only give the appearance of poor performance but
also can, in extreme cases, lose their structural integrity
[18]. Therefore, the limit mass loss of existing corroded steel
reinforcement is important in understanding the bond
strength behavior of reinforced concrete structures. This will
help to determine the appropriateness and eﬀectiveness of
the repair to be indulged in corroded structures.
Many structures in harsh marine environments have
experienced unacceptable losses in serviceability and safety
much earlier than anticipated, owing to the corrosion of reinforcing steel and thus need rehabilitation, strengthening, or
replacement [19]. Several studies related to the repair or ret-
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roﬁtting of existing corroded-damaged structures have been
conducted by many researchers for its rehabilitation or
restrengthening. The limit mass loss of corroded structural
elements was considered in each method or retroﬁtting techniques to restrengthen the corroded-damaged reinforcing
rebars. Triantafyllou et al. disclosed patch repair and FRP
bonded laminates’ eﬀectiveness to retroﬁt corrodeddamaged reinforced concrete beams. The methods’ appropriateness and eﬀectiveness were based on the measured mass
loss of the deformed reinforcement rebars, which is from
7.56% to 24.15% gravimetric mass loss of rebars. Further,
the average steel mass losses of 7.56, 15.48, and 24.15%
resulted in maximum longitudinal corrosion-induced crack
widths of 0.35, 0.90, and 1.40 mm, respectively [20]. In a similar study, Triantafyllou et al. conducted an experimental and
analytical investigation of four reinforced concrete beams
with corroded steel reinforcements with a mass loss of
around 7.5%. From their assessment, the residual ﬂexural
capacity of the corroded beams and the suitable strengthened
measures depend largely on the concrete cover crack pattern
and width of 0.30 mm. The beams were strengthened with
two NSM FRP strips of equivalent axial rigidity with EBR
FRP laminate presented an 18.20% higher load and 41.5%
higher deﬂection than the latter [21]. Kreit et al. implemented the Near Surface Mounted technique NSM and used
a 6 mm Ø CFRP rod to increase corroded beams’ loadbearing capacity signiﬁcantly. The experiment was conducted on a 23-year corroded beam stored in a chloride
environment under service loadings. A corroded beam with
a 40% reduction in its steel cross-sectional area was eﬀectively repaired using the NSM techniques. It showed the same
ultimate capacity as the control-uncorroded beam [11]. AlSaidy et al. repaired the corroded-damaged structural beams
by bonding carbon-ﬁber-reinforced polymer CFRP sheets to
the tension side to restore the strength loss to corrosion.
Repaired structural beams have a 5% to 15% reduction in
their cross-sectional area, which corresponds to their corrosion rates. The corroded beams showed lower stiﬀness and
strength than the control-uncorroded specimens. Its strength
was restored to the undamaged state when strengthened with
CFRP sheets. The use of CFRP sheets for strengthening corroded RC beams can maintain the structural integrity and
increase the ultimate strength of beams to a level above the
ultimate strength of the control-uncorroded beams. Furthermore, the use of CFRP sheets for strengthening RC beams
decreased the ultimate deﬂection of these beams to a level
below the control-uncorroded beams [19]. This implies that
corrosion-damaged structures can be eﬀectively repaired
with several mentioned techniques employed by diﬀerent
authors. Its appropriateness and eﬀectiveness rely on the
mass loss reduction of steel reinforcement rebars.
It is essential to evaluate the bond strength degradation to
predict a corroded reinforced concrete structure [18]. Several
studies have been undertaken considering the bond strength
of steel and concrete and the methods to be taken for the
strengthening or retroﬁtting of corroded, damaged structures. However, the eﬀects of corrosions on bond strength
deterioration are limited, considering the span of life of those
structures aﬀected by corrosion exposed to aggressive marine
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environments, especially those of pier wharves whose entire
life is at risk of corrosion deterioration.
This study will evaluate the factors that aﬀect the bonding
behavior of reinforced concrete structures, particularly the
pile-supporting wharves, and will help predict the serviceability and ultimate strength of corroded-damaged structural
elements. The purpose of this study is to investigate the relationship between the degree of reinforcement corrosion and
bond properties. This study will help in the decisionmaking regarding the maintenance and repairs of
corrosion-aﬀected reinforced concrete structures.
Experimental procedures were employed in this study.
Corrosion acceleration with the galvanostatic method in an
artiﬁcially controlled environment was implemented. After
a period of accelerating corrosions, the specimens were subjected to several measurements of data.

2. Materials and Methods
2.1. Research Flow Chart. The following were carried over
during the experimental program: characterization of the
materials and variables used in the research, corrosion
acceleration method, pull-out testing, and bond stress
measurement. Figure 1 shows an overview of the research
methodology.
2.2. Specimen Preparation. 18 samples of 200 mm x 200 mm
x 200 mm cubes were cast and grouped as conﬁned and
unconﬁned. Three (3) diﬀerent sizes of diameter reinforcements were used in each group, as shown in Table 1. Four
(4) additional control specimens were cast from each group
of diﬀerent steel main vertical reinforcement sizes.
The speciﬁed compressive concrete strength was
28 MPa during a 28 period. Ordinary Portland cement
(ASTM C150 Type I), ﬁne aggregates (medium-sized natural sand), and coarse aggregates were used. Figures 2 and 3
show the gradation curves of the ﬁne aggregates and coarse
aggregates, respectively. The ratio of water to cement was
considered constant throughout the experiments; it was
0.45 w/cm. It was based on ACI 211, and 0.45 is the maximum permissible water-cement for concrete in severe exposure to seawater. The concrete proportions and mixing are
shown in Table 2. Table 3 shows the uncorroded steel
reinforcement properties, a control rebar specimen used in
the experiments.
2.3. Specimen Geometry. A single reinforcing bar from each
group was used and placed in the middle, with a total
length of 500 mm in each cast specimen. Each reinforcement diameter in each group was installed in the center
of a cube specimen with a bottom concrete cover of
50 mm and an embedded length of 150 mm for all the specimens. For conﬁned specimens, 8 mm Ø deformed bars
were used as lateral stirrups. A closed stirrup was provided
with a 40 mm spacing. After 24 h, the cast specimens were
demolded and soaked in fresh water. After the ﬁrst 24hour curing in freshwater, the specimen was air moist for
2-1/2 days. After 28 days of curing, the specimens were
subjected to accelerated corrosion. Figure 4 shows the
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Figure 1: Research ﬂow chart.

specimen’s details with conﬁnement, Figure 5 details of
the specimen without conﬁnement, and Figure 6 shows
the scheme of a prism. Square specimens were cast with
square stirrups of 8 mm diameter to model the specimens
more realistically with the actual structures of square piercolumns dimensions.
2.4. Accelerated Corrosion Program. The specimens were
corroded using an electrochemical accelerated corrosion
technique that involved impressing a current through the
specimen. A detailed illustration of corrosion acceleration
using impressed current technique is shown in Figure 7.
The specimen was immersed in an electrolytic solution containing 5% sodium chloride (NaCl) solution by weight of
water to accelerate the oxidation process. The current was
0.10 A per specimen, allowing for the required reduction in
the cross-sectional area over approximately 360 days. The
solution was changed every week to eliminate any change
in sodium chloride solution (NaCl). The current direction
was arranged so that the reinforcing bar served as the anode,
while the steel mesh served as the cathode. A 200 mA current
was applied.
2.5. Testing of Specimen. After the accelerated corrosion, pullout tests were performed on the specimens. The pull-out tests
were conducted following a procedure similar to ASTM C234
(ASTM 1988). The testing machine is shown in Figure 8. In
these experiments, all specimens’ loading was monolithically
increased slip loading with a loading speed of 0.40 mm/min.
The corroded specimens were tested in a loading machine
with a specially designed and fabricated loading frame. The
pull-out tests were performed using a universal testing
machine that had a capacity of 50 kN. The load was applied
at a rate of 2 kN/s and distributed on the specimen surface
by a square steel plate with 20 cm and a hole at the center.
All specimens were tested at the age of 28 days.
2.6. Calculation. The weight of the rebars was tabulated
before and after corrosion acceleration. The weight of the
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Table 1: Specimen designation.

Group - ∅ (mm)

Specimen ID Concrete cover
No.
(mm)

Table 2: Materials proportion of designed concrete mix (unit:
kg/m3).
Dimension
(mm)

Cement

Conﬁned

II – 20mm

III –25mm

VI -25mm

100
90
80
70
60
50
40
30
20
10
0
0.01

Water/cement
ratio

783

992

185

0.45

Diameter of
rebars (mm)

200 x 200 x 200

50

D-1
D-2
D-3
E-1
E-2
E-3
F-1
F-2
F-3

V – 20mm

Water

Table 3: Properties of the control-reinforcing rebars.

Unconﬁned
IV-16mm

Coarse
aggregate

411

A-1
A-2
A-3
B-1
B-2
B-3
C-1
C-2
C-3

I – 16mm

Fine
aggregate

16
20
25

Tensile
strength
MPa

Yield
strength
MPa

Ultimate
strain

Elastic
modulus
MPa

663.50
662.30
827.87

248.68
286.48
305.58

0.078
0.098
0.122

200 x 106

actual corroded bars and area reduction was determined
using the given formula:
Acs = W f /ðL × γiron Þ,

where:
Acs = actual area of corroded reinforcement bar (mm2),
W f = weight of reinforcement after corrosion, and rust
removed (g)
L = length of the specimen (mm) and
γiron = 0.00785 g/mm3 (steel).
The actual mass of rust per unit surface area following
ASTM G1 on rebars extracted from the concrete specimen
after the accelerated corrosion test is computed as

Wi − W f
M ac =
,
πDL

0.1

ð1Þ

1

10

100

Figure 2: Gradation curves of ﬁne aggregate.
120
100
80

ð2Þ

where:
M ac = actual mass of rust per unit surface area of the bar
(g/cm2),
W i = initial weight of the bar before corrosion (g),
W f = initial eight after corrosion (g) for a given duration
of induced corrosion,
D = diameter of the rebar (cm), and
L = length of the rebar sample (cm).
Rate of corrosion was determined using corrosion current density, icorr :

60

icorr =

40

M ac F
,
EWt

ð3Þ

20
0
0.01

0.1

1

10

Figure 3: Gradation curves of course aggregate.

100

where:
icorr = corrosion current density (μAmp/cm2),
M ac = actual mass of rust per unit surface area of the bar
(g/cm2),
F = Faraday’s constant (96487 Amp-sec),
EW = equivalent weigth of steel (27.925 for steel), and
T = time of accelerating corrosion (sec).

International Journal of Corrosion

5
Deformed rebar
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Cube specimen
0.20 m
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0.20 m

0.20 m
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Top view

Figure 4: Detail of specimen with unconﬁnement.

Deformed rebar
(⌀ varies-16 mm, 20 mm, 25 mm)

Lateral ties 8 mm ⌀ spaced @ 40 mm o.c
Concrete cover thickness
varies (35 mm, 50 mm, 75 mm)
0.50 m

Deformed rebar
(⌀ varies-16 mm,
20 mm, 25 mm)
Lateral ties 8 mm ⌀spaced
@ 40 mm o.c
0.20 m

0.20 m

Cube specimen

Concrete cover thickness
varies (35 mm, 50 mm, 75 mm)
Concrete cover
thickness (50 mm)

0.20 m

0.20 m

Section view

Top view

Figure 5: Detail of specimen with conﬁnement.

The corrosion level is expressed using the equation:

Cr =

G0 − G
× 100%,
gn L

ð4Þ

where:
Go = is the initial weight of the embedded part of steel
reinforcement covered by concrete, before corrosion;

G = is the weight of the embedded part of the steel reinforcement covered by concrete, after removal of the corrosion products;
go = is the weight per unit length of the embedded steel
reinforcing bar covered by concrete; and
L = is the bond length and length of the embedded steel
reinforcing bar covered by concrete.
2.7. Bond Stress Calculations. Bond stress is calculated as the
average stress between the reinforcing bar and the
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Deformed rebar
(⌀ varies-16 mm, 20 mm, 25 mm)
Cube specimen

0.20 m

0.20 m

Figure 6: Scheme of cube specimen.

surrounding concrete along the bar’s embedded length. In
general, the bond stress corresponding to the maximum
pull-out load can be regarded as the bond strength or the ultimate bond. The criterion of ultimate bond strength is characterized by its clear deﬁnition and simplicity in bond strength
interpretation. For uniform bonds, the bond stress can be
expressed as [9, 22]
τ = F max /ðπ × L × d Þ,

ð5Þ

where:
τ = bond stress(MPa),
F max = Maximum pull out load,
D = diameter of the bar, and
L = embedded bar length.

3. Results and Discussion
The following discusses the correlations of the properties of
the corroded specimens. Table 4 shows the properties of the
corroded specimens.
Specimens were grouped into unconﬁned and conﬁned
groups. Unconﬁned are specimens without stirrups reinforcements, while conﬁned are specimens with 8 mm Ø stirrups, as shown in Figures 4 and 5, respectively. In each group,
three (3) diﬀerent diameters of deformed steel reinforcement
were used: 16 mm, 20 mm, and 25 mm. Additionally, six (6)
units of specimens were cast in each steel reinforcements
group of diﬀerent sizes as control specimens. Specimen IDs
A-0, B-0, and C-0 were the control specimens for unconﬁned
groups with 16 mm, 20 mm, and 25 mm diameter, respectively. Simultaneously, D-0, E-0, and F-0 were the control
specimens for the conﬁned group with 16 mm, 20 mm, and
25 mm diameter, respectively. Specimen ID I-16 is in the
unconﬁned group with 16 mm diameter. Three (3) specimens were cast designated as A-1, A-2, and A-3: for conﬁned

groups: IV-16 with D-1, D-2, and D-3; V-20 with E-1, E-2,
and E-3; and VI-25 with F-1, F-2, and F3. All conﬁned specimens had a concrete cover thickness of 50 mm clear distance. All concrete specimens reinforced with steel rebars
were accelerated with the same corrosion acceleration of
the impressed current techniques and the same duration.
In each group with diﬀerent specimen IDs, crack widths
were observed and tabulated. The weight of each specimen
was recorded before accelerating corrosion. After a year of
accelerating corrosion procedures, specimens were removed
from the covered concrete. After extracting the steel rebars
from concrete, the steel specimens were immersed in hydrochloric acid for 10 min, as required by ASTM G1 (2011), and
later with potable water. The specimens were further cleaned
with a bristle brush. After being subjected to cleaning, the
steel reinforcements were weighed to determine the corrosion it accumulated. The initial weight of the embedded part
of the steel reinforcement with concrete before corrosion
accelerations was tabulated and the weight after the acceleration of corrosion. The corrosion level (%) was determined
using Equation (4), considering each specimen’s weight
before and after the corrosion acceleration procedures. The
length of the embedded reinforcement, which was actually
covered by concrete, was considered when determining its
weight using a digital weighted scale with 0.01 accuracy.
The actual area of steel reinforcement after cleaning was
determined using Equation (1). The corroded steel reinforcement’s actual weights were used in the calculation of the
actual area of corroded rebars. From the calculated actual
area of corroded steel reinforcement, the area reduction of
each steel vertical reinforcement was determined by deducting from the uncorroded weight of steel reinforcement (control specimen) of similar diameter and length. The actual
mass of rust per unit surface area was determined using
Equation (2). From the tabulated weights of the steel reinforcements, before and after the corrosion accelerations, the
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Figure 7: Illustrations of accelerating corrosion of specimens.

Figure 8: Pull-out testing machines.

corrosion rates of each specimen were determined using
Equation (3), with each actual mass of rust per unit surface
area, and considering the duration in seconds of accelerating
corrosions. Bond stress was determined using Equation (5),
with a maximum pull-out load of 50 kN. The length of the
bars considered in the bond strength test is the rebars’
embedded length with concrete. The loss in strength (%) is
the diﬀerence in the bond strength of the uncorroded rebar
specimens and the steel reinforcement’s actual bond strength
after corrosion acceleration.

3.1. Bond Stress. The diameter of the steel rebars and conﬁnement are two important factors that inﬂuence the specimen’s
bond strength behavior due to corrosion. As veriﬁed in
Table 4, corrosion signiﬁcantly causes a reduction of the
bond between the concrete and steel reinforcement surface.
Control specimens from both groups, A-0, B-0, C-0, D-0,
E-0, and F-0, have bond strength of 6 MPa,13 MPa,17 MPa,
21 MPa, 24 MPa, and 30 MPa, respectively.
According to Kivell et al., the bond performance is primarily dependent on factors: concrete compressive strength,

VI
(25)

V
(20)

IV
(16)

III
(25)

II
(20)

I
(16)

A-0
A-1
A-2
A-3
B-0
B-1
B-2
B-3
C-0
C-1
C-2
C-3
D-0
D-1
D-2
D-3
E-0
E-1
E-2
E-3
F-0
F-1
F-2
F-3

—
0.230
0.223
0.210
—
0.117
0.130
0.150
—
0.090
0.075
0.030
—
0.019
0.015
0.010
—
0.008
0.007
0.006
—
0.006
0.004
0.003
789.168
789.168
789.168
789.168
1233.075
1233.075
1233.075
1233.075
1926.68
1926.68
1926.68
1926.68
789.168
789.168
789.168
789.168
1233.075
1233.075
1233.075
1233.075
1926.68
1926.68
1926.68
1926.68

—
740
741
742
—
1219
1219
1218
—
1918
1919
1916
—
787
786
788
—
1233
1233
1232
—
1927
1927
1927

—
20.88
20.42
19.98
—
3.63
3.63
3.89
—
1.42
1.26
1.75
—
0.87
1.27
0.47
—
0.12
0.15
0.17
—
0.005
0.003
0.002

Weight of rebars
Specimen Crack width
Weight of rebars after Corrosion level
before corrosion
ID No.
(mm)
corrosion (g)
(%)
(g).

*Note: Concrete cover thickness of 50 mm.

Conﬁned

Unconﬁned

Group, ∅
(mm)
—
12.61
12.27
12.13
—
3.76
3.76
4.07
—
2.35
1.96
2.75
—
0..75
0.75
0.50
—
0.31
0.31
0.31
—
0.39
0.39
0.39

Area
reduction
(mm2)

Table 4: Properties of corroded specimen.

—
1.077
1.055
1.032
—
0.240
0.240
0.258
—
0.118
0.104
0.145
—
0.046
0.067
0.025
—
0.008
0.009
0.011
—
0.0004
0.0002
0.0001
6.00
2.65
2.60
2.70
13.00
9.50
9.30
9.11
17.00
14.20
14.30
14.35
21.00
19.00
19.20
19.30
24.00
23.50
23.60
23.40
30.00
29.87
29.75
29.85

Corrosion rate, CR Bond stress
(MPa)
(μAmpere/cm2)
—
0.202
0.197
0.193
—
0.045
0.045
0.048
—
0.022
0.019
0.027
—
0.008
0.012
0.004
—
0.0015
0.0018
0.0021
—
0.0000764
0.0000509
0.00002547

Actual mass of
rust (g/cm2)

—
55.833
56.667
55.000
—
26.923
28.462
29.923
—
16.471
15.882
15.588
—
9.524
8.571
8.095
—
2.083
1.667
2.500
—
0.433
0.833
0.500

Loss in strength
(%)
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32

60

28

50

24

40
Loss in strength (%)

Actual bond stress (MPa)

Unconfined UCF

Confined

20
16
12

30
20
10
Confined CF

Unconfined

8

0

4
–10
0
–4

0

4

8
12
16
Corrosion level (%)

20

24

Diameter of deformed steel bars:
16 mm dia.
20 mm dia.
25 mm dia.

Figure 9: Correlation of bond stress and corrosion level.

conﬁnement, and the surface of the bar (deformed or round)
[23]. Conﬁnement provides an excellent means to counteract
the bond loss. The presence of stirrups as conﬁnement can
signiﬁcantly limit the degradation of the bond strength
[22]. It increases the bond strength of corroded steel rebars
[14, 18]. As veriﬁed in Figure 9, the conﬁned group has a
higher bond strength than the unconﬁned group. The bond
stress of the same diameter reinforcement is higher in the
conﬁned group than in the unconﬁned group of specimens—specimen in 16 mm diameter. Unconﬁned UCF
group has a bond stress of 2.65 MPa to 2.70 MPa, while the
16 mm conﬁned CF group has a bond stress of 19 MPa to
19.30 MPa, an almost 85% of bond strength diﬀerence.
Further, Figure 9 shows that, as the level of corrosion
increases, the bond stresses between the steel and cement
decrease in both the conﬁned and unconﬁned groups of steel
specimens. The correlation between the bond stress and corrosion level is inversely related. According to Chen and
Nepal, the bond strength increases at the early stage of corrosion, usually less than 1% of steel mass loss, but signiﬁcantly
decreases when cracks are generated on the concrete cover
surface and then gradually decays to zero [15]. Bond eﬃciency is evaluated in the presence of an increased corrosion
level up to 20% of mass loss [4]. According to Kivell et al., a
low level of corrosion, that is, less than 5% of steel bar reduction, has a good bond strength; however, with corrosion
levels above this, the bond capacity dropped oﬀ signiﬁcantly.
Furthermore, according to Ouglova et al., with low corrosions, the bar’s surface becomes rougher, which increases
the friction between the bar and concrete. At 0.36% corrosion
levels, it creates an opening normal to the interface. When
the corrosion levels reach 0.40%, the maximal average bond
stress decreases quickly to become negligible. The debonding
of concrete and cement is at 0.76% level of corrosion [6]. It

15 16 17 18 19 20 21 22 23 24 25 26
Bar diameter (mm)
Diameter of steel rebars
16 mm dia. UCF
20 mm dia. UCF
25 mm dia. UCF

16 mm dia. CF
20 mm dia. CF
25 mm dia. CF

Figure 10: Loss of bond strength due to corrosion level.

should be noted that a low level of corrosion can result in a
slight increase in bond strength, but increasing the corrosion
level leads to a reduction in the bond between concrete and
steel reinforcement. The increase in pressure between the
concrete and steel with corrosion products’ appearance may
contribute to the decrease in the residual bond stress when
the corrosion level is high. The bond strength initially
increases with an increase in the corrosion level until concrete cracks develop; then, the bond strength decreases with
further increases in the corrosion level.
Corrosion levels produced a severe deﬁciency in bond
strength [8]. Smaller reinforcement has a higher corrosion
level. It has a higher risk of detachment from its bond with
cement, and it has lower bond stress. The smaller reinforcement diameter (16 mm) had the highest corrosion level and
lower bond strength in both groups than the larger reinforcement diameter (20 mm and 25 mm). A high corrosion level
signiﬁes lower stress between the bonds of cement and steel
reinforcement. This reveals that the bond strength measured
in the pull-out specimens is signiﬁcantly aﬀected by the level
of corrosion.
When rebar starts to corrode, a gradual decrease in its
diameter (axisymmetric corrosion is assumed) is produced,
together with the generation of rust. From the graph in
Figure 10, the loss of bond strength is higher with the unconﬁned group of the specimen, while for those in the conﬁned
group, the loss of its bond strength is low. Veriﬁed from the
same ﬁgure, a smaller reinforcement diameter (16 mm) has
a great reduction in its strength compared to larger reinforcement diameters (20 mm and 25 mm) in both conﬁned and
unconﬁned groups of specimens. For specimens with the
same diameters, the unconﬁned group has a great percentage
of its bond strength reduction. In contrast, conﬁned groups
have lower bond strength reduction. I-UCF (16 mm) has a
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Figure 11: Bond strength and mass of corrosion products.
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Figure 13: Correlation of bar diameter and residual strength.

strength decreases. A linear correlation was applied in both
groups, unconﬁned and conﬁned. Unconﬁned groups accumulated higher amounts of corrosion products compared
to conﬁned groups. Conﬁned groups have higher actual bond
stresses. This is due to the horizontal stirrups, which adds up
as additional strength protection to the main vertical stirrups,
directly facing contact with the cement. Figure 11 reveals
that, with the corrosion product or rust to the concrete surface, the bond between the concrete and steel decreases. Corrosion products of steel rebars are the primary factors that
aﬀect the debonding between concrete and steel. 0.20 g/cm2
mass of rust will cause a reduction of 55.83% of its bond
strength. An increase of mass of rust with 1.15% causes a
1.47% of reduction of its strength.
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Figure 12: Correlation of crack width and bond stress.

55.83% loss of its strength, while IV-CF (16 mm) of the same
diameter as I-UCF has a 9.52% loss of its strength only.
According to Hamidun et al., the pressure created from
an 8 mm steel bar diameter is higher than the pressure of
10 mm diameter at the same degree of corrosion [1]. With
further corrosion, the bond stress declines consistently until
it becomes negligible for about 8.50, 7.50, and 6.50% corrosion for the 10, 14, and 20 mm bars, respectively [5].
The graph in Figure 11 shows that when the amount of
corrosion products increases (actual mass of rust), its bond

3.2. Crack Width. The three phases for bond strength
evolution associated with concrete crack development are
crack initiation at the bond interface, crack propagation
through the concrete cover, and completely cracked over
the cover [15]. The crack initiation phase is relatively short;
as the corrosion progresses, cracks propagate from the bond
interface to the concrete cover surface. With further corrosion, cracks widened until it reached the ultimate cohesive
width and the bond strength loses completely.
Figure 12 shows that the conﬁned group of the specimen
has the narrowest crack widths. In contrast, the unconﬁned
group has the widest crack width. Bond stress was higher in
the conﬁned group and lowered in the unconﬁned group.
The conﬁned group had a crack width of 0.0057 mm to
0.045 mm and bond stress of 19 MPa-29.87 MPa. The
unconﬁned group had a crack width of 0.090-0.230 mm
and bond stress of 2.60 MPa to 14.35 MPa. From the two
lines, it shows that bond stress is inversely correlated with
crack width. With an increase in the crack widths, the bond
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Figure 14: Cracks at (a) unconﬁned specimen and (b) conﬁned specimen, with 16 mm diameter vertical reinforcement.

3.3. Residual Strength. The assessment of the progressive degradation of the bond between concrete and reinforcing steel
is of vital importance in evaluating the residual strength of
corroded-damaged structures. Cracking the concrete cover
due to corrosion may not indicate the end service life of the
structures. The cracked member may continue to be in ser-

110
100
Residual strength (%)

stress also decreases. The results reveal that cracks’ width
has a high correlation with the bond stress exerted by corrosion products at the interface between the steel reinforcement and concrete. The width of concrete cracks induced
by corrosion has an approximately linear relation with the
corrosion level [15].
The reinforcement’s diameter likewise aﬀects the generation of cracks at the surface of the concrete cover of corroded
reinforced concrete structures. A smaller reinforcement
diameter (16 mm) was obtained with wider crack widths than
larger reinforcement diameters (20 mm and 25 mm). The latter has lower bond stress. Higher corrosion levels exerted a
greater amount of corrosion to the interface between the steel
and concrete, which causes the creation of wider cracks on
the surface of the concrete.
Corrosion products’ formation will exert stresses on the
concrete-steel interface, which causes cracking and aﬀects
its bond behavior. Corrosion cracking is of critical importance from the standpoint of bond strength. The eﬀects of
corrosion on the bond signify that as long as there is no
cracking of the steel cover, the corroded bar’s bond strength
increases. However, very little corrosion after cracking can
reduce the bond strength to an unacceptable level. A strong
correlation exists between the bond strength and the average
crack width.
There is an exponential relationship between the bond
strength and the average crack width for the specimen without stirrups conﬁnement. For samples with stirrups, the
strength showed no reduction until the crack width reached
0.0060 mm. Thus, the surface crack width is a better indicator
of bond strength degradation than the average corrosion
penetration. According to Lin et al., the bond strength
decreases exponentially with the surface crack width [22].
For specimens without stirrups, the bond strength drops signiﬁcantly with an increase in the crack width. However, for a
specimen with stirrups, bond deterioration is prevented by
the presence of stirrups.
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Figure 15: Variation of bond stresses.

vice provided that the residual strength is still suﬃcient
to resist the loads within an acceptable margin of safety.
The ﬂexural capacity, serviceability, ultimate limit states,
and shear capacity are aﬀected by the bond between the
steel reinforcement and the adjacent concrete in reinforced
concrete structures. The deterioration of the steel-concrete
bond due to the steel reinforcement’s corrosion causes an
increase in deﬂection and a reduced strength, which leads
to failure.
As veriﬁed in Figure 13, the specimen’s conﬁned group
has a higher residual strength compared to the unconﬁned
specimen group. These results are consistent for all sizes of
steel reinforcement. In 16 mm diameter, the unconﬁned
group I-UCF has a maximum of 45% of its residual strength.
In contrast, the conﬁned group IV-CF has a 91.90% of its
residual strength. For a 20 mm diameter, the unconﬁned
group II-UCF has 73.08% of its residual strength. In contrast,
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the conﬁned group V-CF has 97.92% of its residual strength.
For a 25 mm diameter, the unconﬁned group III-UCF has
84.41% of its residual strength. In contrast, the conﬁned
group VI-CF has 99.57% of its residual strength. Therefore,
conﬁnement has great advantages in the residual life of
corroded-damaged structures. Aside from its service of controlling the formation of cracks, stirrup conﬁnement likewise
helps maintain the reinforced concrete element’s strength.
According to Chen and Nepal, stirrup conﬁnement signiﬁcantly contributes to the ultimate binding strength, speciﬁcally the residual bond strength during the residual life
phase of corroded reinforced concrete structures [15].
Figure 14(a) shows the specimen from the unconﬁned
group with 16 mm diameter reinforcement with cracks
formed at the concrete surface, and Figure 14(b) shows
cracks formed in the specimen from the conﬁned group with
16 mm diameter reinforcements.
Figure 14 shows cracks formed at the unconﬁned group
of the specimen with 16 mm diameter and from the conﬁned
group of the specimen with 16 mm diameter at main vertical
reinforcement. Each crack was measured and tabulated with
a crack ruler’s aid, as shown in Table 4. Unconﬁned concrete
specimen has wider cracks opening of 0.230 mm, 0.223 mm,
and 0.210 mm, compared to conﬁned concrete specimen
with cracks opening of 0.019 mm, 0.015 mm, and 0.010 mm.
Cracks were measured at every acceleration duration. After
a period of 1 year, cracks were tabulated before extracting
from the concrete. Steel reinforcement was removed from
each covering concrete and subjected to cleaning before
subjected to pull-out testing.
Figure 15 shows the variation of bond stresses of each
specimen of diﬀerent reinforcement diameters and diﬀerent
groups. Conﬁned specimens have higher actual bonds with
higher residual strength. In contrast, unconﬁned specimens
have lower actual bond stresses and residual strength. The
above ﬁgure illustrates that stirrup conﬁnement helps
increase the residual life of the corroded, damaged reinforcement and secures the corroded, damaged structures’
serviceability.

4. Conclusions
Evaluation of the eﬀect of corrosion on the structural behavior of reinforced concrete pier wharf columns is essential for
estimating the residual load-carrying capacity, and ultimately
for the development of cost-eﬀective repair strategies.
The following were the conclusions:
(i) The diameter of the steel rebars and conﬁnement are
two important factors that inﬂuence the specimen’s
bond strength behavior due to corrosion. The conﬁned group had a higher bond strength than the
unconﬁned group. The smaller reinforcement diameter (16 mm) had the highest corrosion level and
lower bond strength in both groups than the larger
reinforcement diameter (20 mm and 25 mm)
(ii) The bond strength initially increases with an
increase in the corrosion level until concrete cracks

develop; then, the bond strength decreases with further increases in the corrosion level. Generally, the
bond strength decreases as the corrosion level
increases
(iii) There is an exponential relationship between the
bond strength and the average crack width for the
specimen without stirrups. In contrast, for samples
with stirrups, the strength showed no reduction until
the crack width reached 0.0060 mm. Thus, the
surface crack width is a better indicator of bond
strength degradation than the average corrosion
penetration
(iv) Conﬁnement has a great advantage in the residual
life of corroded-damaged structures.

5. Recommendations
It is recommended to study the reduction of the crosssectional area of prestressing wires due to corrosion, corrosion level, and the rate of its deteriorations.
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