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This paper presents an experimental study on the stress-strain relation of confined concrete that consid-
ers the corrosion effects of transverse reinforcement. The main variables are the corrosion level of trans-
verse reinforcement, cross sectional shape of confined concrete, as well as arrangement and configuration
of confining transverse reinforcing bars. The test results revealed that four key parameters of the com-
plete stress-strain relation are significantly affected due to the corrosion of transverse reinforcement,
including the maximum concrete strength and corresponding axial concrete strain, maximum concrete
strain at the fracture of the first hoops, and descending branch of the stress-strain curve after exceeding
the maximum strength. Based on the test data and regression analysis, the empirical equations to esti-
mate these key parameters are proposed, and a complete stress-strain model for confined concrete with
corroded transverse reinforcement is developed. The proposed model showed good correlation with the
test data of both circular and square specimens with various corrosion levels and subjected to compres-

Keywords:

Corroded confined concrete
Corroded transverse reinforcement
Corrosion level

Stress-strain relation

sion axial loading.
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1. Introduction

Corrosion of steel reinforcement has been found to be one of the
most significant causes of deteriorations for reinforced concrete
(RC) structures subjected to various corrosive environmental
actions. The corrosion products expand the volume of corroded
steel reinforcement that develops the tensile stresses at the inter-
facial regions between reinforcement and concrete, causing the
cover concrete of these RC structures to crack and spall off [1].
Additionally, the deterioration of strength and ductility of rein-
forcement due to corrosion also results in the significant reduction
of the confinement effectiveness for confined concrete and buck-
ling resistance of longitudinal reinforcement. As a result, the dura-
bility and safety performance of RC structures will be adversely
affected especially important since these structures usually exist
in the severely corrosive environments and earthquake prone
regions [2,3].

Past earthquakes have proved that inadequate confinement of
core concrete results in brittle characteristics under severe
earthquake which should be avoided in design. The amount and
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arrangement of confining transverse reinforcement play a signifi-
cant role in enhancing the performance of RC structures, especially
in their inelastic ranges. During the service life of RC structures,
their strength and ductility often deteriorate due to reinforcement
corrosion, hence these deteriorations should be accurately pre-
dicted and taken into account from the outset of the design pro-
cess, even more so for structures built in corrosive environments
and subjected to seismic loading. In literature, the behavior of rein-
forced concrete beams with corroded reinforcement has been well
investigated, particularly their flexural and shear strength deterio-
rations due to corrosion of reinforcement [4-7]. In addition, there
are also several experimental studies about the effects of corrosion
on the performance of RC columns subjected to seismic loading.
Particularly, studies conducted by Meda et al. [8], Yang et al. [9],
and Goksu and Ilki [10] were devoted to investigate the effects of
corrosion on the seismic behavior of RC columns which failed in
flexural manners while the other studies carried out by Bousias
et al. [11], Li et al. [12], and Meda et al. [13] have focused on the
effectiveness of strengthening methods on corroded RC columns
subjected to cyclic loading. It is also clearly recognized that the
stress-strain relations of reinforcement and confined concrete
material are important input parameters to predict the perfor-
mance of RC members, particularly their flexural and shear
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Nomenclature

Do original diameter of reinforcement

Dmin minimum residual diameter of corroded reinforcement

Dye average residual diameter of corroded reinforcement

E. elasticity modulus of concrete

Egec secant modulus of confined concrete at maximum stress

Estress normalized corroded concrete stress error

. longitudinal concrete stress

fe compressive strength of standard concrete cylinder
specimens

fie compressive strength of corroded confined concrete

e measured compressive strength of corroded confined
concrete

fibre calculated compressive strength of corroded confined
concrete using Eq. (15)

feo compressive strength of unconfined concrete

fi effective lateral confining stress

fy yield strength of longitudinal reinforcement

fgh yield strength of transverse reinforcement

fon yield strength of corroded transverse reinforcement

Finea measured corroded concrete stress

Fea calculated corroded concrete stress

ke confinement effectiveness coefficient

li length of the crack i

L clear height of column

Do perimeter of specimen cross section

Xeorr corrosion level in terms of mass loss

x0 corrosion level in terms of average residual cross

sectional area
corrosion level in terms of minimum residual cross
sectional area

Weri width of crack i

Wer total crack width of the specimen

Wo original weight of reinforcement before corrosion

Wi residual weight of reinforcement after corrosion

o stress correction coefficient

s yield strength reduction factor for corroded transverse
reinforcement

B strain correction coefficient

Bs ultimate strain reduction factor for corroded transverse
reinforcement

& longitudinal concrete strain

Ecc corroded concrete strain at maximum concrete stress

&P measured corroded concrete strain at maximum con-
crete stress

& calculated corroded concrete strain at maximum con-
crete stress using Eq. (16)

Ecu ultimate strain of corroded confined concrete

P measured ultimate strain of corroded confined concrete

& calculated ultimate strain of corroded confined concrete
using Eq. (17)

Esm steel strain at maximum tensile stress of transverse
reinforcement

&m steel strain at maximum tensile stress of corroded
transverse reinforcement

Ds volumetric ratio of transverse reinforcement of un-
corroded confined concrete

Pse volumetric ratio of transverse reinforcement of cor-

roded confined concrete

behavior. While the stress-strain relations for corroded reinforce-
ment have been well studied in literature [14-20], to the authors’
knowledge, so far there is no analytical stress-strain model for con-
fined concrete with corroded transverse reinforcement. In this
study, the stress-strain relation of confined concrete with various
corrosion levels of transverse reinforcement has been experimen-
tally investigated. Meanwhile, the influences of corrosion level of
transverse reinforcement on the characteristic parameters of the
stress-strain relation are investigated. Finally, an analytical
stress-strain model for confined concrete with corroded transverse
reinforcement is proposed based on the experimental data by
incorporating the corrosion effects into the model for un-
corroded confined concrete suggested by Mander et al. [21].

2. Experimental program
2.1. Test specimens

This experimental study included 36 reinforced concrete col-
umns with 600 mm in height which were either 200 mm square
or 200 mm diameter circular sections, with cover concrete thick-
ness of 10 mm. Fig. 1 shows the arrangements of longitudinal rein-
forcing bars, transverse hoops, square helices, and spiral
reinforcement of the specimens. As indicated, the test specimens
were divided into three series: Series A (AS, AM, AL), Series B (BS,
BM, BL), and Series C (CS, CM, CL) that represent different cross sec-
tional shapes, various arrangements of longitudinal and transverse
reinforcing bars. Following which the specimens in each series
were corroded with different corrosion levels by controlling the
accelerated corrosion time and the applied current intensity. The

reinforcement details of the square and circular test specimens
are summarized in Table 1.

In order to make sure that test specimens fail in the middle
regions, the spacing of transverse reinforcement was decreased to
25 mm within the regions of 100 mm from both ends of the speci-
mens to provide more confinement effect in these regions. To pre-
vent the spalling of cover concrete at both ends of the specimens
because of the stress concentration and corrosion attacks, the exter-
nal confinement using the steel frames was also installed in two
end regions of the specimens, as demonstrated in Figs. 1 and 3.

2.2. Material properties

The target concrete strength of 30 MPa for test specimens was
supplied by a local ready-mix plant and casted in five batches.
Three 150 x 300 mm cylinder specimens and an unconfined con-
crete specimen were made for each batch. The unconfined concrete
specimens have the same dimension as the other specimens, how-
ever, without transverse reinforcement, that is 600 mm in height
and either 200 mm square or 200 mm circular sections, which
were tested to estimate the maximum strength and the corre-
sponding axial strain for unconfined concrete. The average com-
pressive strengths of the cylinders at testing days, above 28 days,
for the five batches of specimens were 30.5, 29.3, 25.9, 25.3, and
31.9 MPa while the corresponding strengths of the unconfined
concrete specimens were 25.4, 24.9, 21.7, 18.0, and 24.4 MPa,
respectively. The axial concrete strain of unconfined concrete at
maximum stress for each batch of specimens was also recorded,
as indicated in Table 1. As a result of the size effect and less effec-
tive consolidation, the maximum strength of unconfined concrete
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Fig. 1. Details of test specimens (note: all dimensions are in mm).
Table 1
Specimen properties and corrosion measurement.
Unit  Plain concrete data Longitudinal reinforcement Transverse reinforcement Corrosion level Total crack
- . o o width
f. £ £co No. Dia. fy Dia. Spa. Fin ps (%) Xeor (%) X (%) X2 (% (mm)
(MPa) (MPa) (bars) (mm) (MPa) (mm) (mm) (MPa)
ALO 305 25.4 0.0016 4 10 568 6 65 360 0.97 0.0 0.0 0.0 0.00
AL1 305 254 0.0016 4 10 568 6 65 360 0.97 4.9 10.8 238 0.00
AL2 305 254 0.0016 4 10 568 6 65 360 0.97 9.8 18.9 36.9 0.12
AL3 305 25.4 0.0016 4 10 568 6 65 360 0.97 17.5 30.7 53.7 0.48
AMO 305 25.4 0.0016 4 10 568 6 40 360 1.57 0.0 0.0 0.0 0.00
AM1 305 254 0.0016 4 10 568 6 40 360 1.57 7.3 6.7 18.9 0.00
AM2 305 25.4 0.0016 4 10 568 6 40 360 1.57 12.5 17.4 36.6 0.21
AM3 305 25.4 0.0016 4 10 568 6 40 360 1.57 21.6 41.1 73.6 0.71
ASO 293 24.9 0.0015 4 10 568 6 25 360 2.51 0.0 0.0 0.0 0.00
AS1 293 24.9 0.0015 4 10 568 6 25 360 2.51 9.5 13.8 41.6 0.13
AS2 293 24.9 0.0015 4 10 568 6 25 360 2.51 16.7 143 53.3 0.44
AS3 293 24.9 0.0015 4 10 568 6 25 360 2.51 25.0 26.6 76.8 1.10
BLO 293 24.9 0.0015 8 10 568 6 65 360 1.65 0.0 0.0 0.0 0.00
BL1 293 24.9 0.0015 8 10 568 6 65 360 1.65 7.7 10.7 35.0 0.00
BL2 293 24.9 0.0015 8 10 568 6 65 360 1.65 103 18.1 59.9 0.15
BL3 293 24.9 0.0015 8 10 568 6 65 360 1.65 123 194 58.8 0.41
BMO 259 21.7 0.0014 8 10 568 6 40 360 2.68 0.0 0.0 0.0 0.00
BM1 259 21.7 0.0014 8 10 568 6 40 360 2.68 5.6 5.9 17.6 0.00
BM2 259 21.7 0.0014 8 10 568 6 40 360 2.68 10.0 173 48.7 0.29
BM3 259 21.7 0.0014 8 10 568 6 40 360 2.68 134 30.4 50.5 0.27
BSO 259 21.7 0.0014 8 10 568 6 25 360 4.29 0.0 0.0 0.0 0.00
BS1 259 21.7 0.0014 8 10 568 6 25 360 4.29 149 26.3 56.5 0.35
BS2 259 21.7 0.0014 8 10 568 6 25 360 4.29 20.8 283 59.2 0.66
BS3 259 21.7 0.0014 8 10 568 6 25 360 4.29 25.0 34.6 79.1 0.90
CLO 253 18.0 0.0016 8 10 568 6 55 360 1.14 0.0 0.0 0.0 0.00
CL1 253 18.0 0.0016 8 10 568 6 55 360 1.14 16.8 15.1 31.8 0.45
CL2 253 18.0 0.0016 8 10 568 6 55 360 1.14 218 26.2 47.4 0.72
CL3 253 18.0 0.0016 8 10 568 6 55 360 1.14 315 40.6 85.4 1.25
CMO 319 24.4 0.0017 8 10 568 6 40 360 1.57 0.0 0.0 0.0 0.00
cM1 319 244 0.0017 8 10 568 6 40 360 1.57 7.6 5.7 243 0.00
CM2 319 24.4 0.0017 8 10 568 6 40 360 1.57 22.8 40.0 70.5 1.00
CM3 319 24.4 0.0017 8 10 568 6 40 360 1.57 329 44.5 89.1 1.50
cso 319 244 0.0017 8 10 568 6 25 360 2.51 0.0 0.0 0.0 0.00
CcS1 319 24.4 0.0017 8 10 568 6 25 360 2.51 9.3 8.3 28.0 0.20
cs2 319 24.4 0.0017 8 10 568 6 25 360 2.51 10.0 11.2 36.0 0.35
CcS3 319 24.4 0.0017 8 10 568 6 25 360 2.51 13.6 19.0 473 0.60




N.S. Vu et al./ Engineering Structures 151 (2017) 472-487 475

was less than the expected 85% the strength of standard cylinder
specimen. It is noted that to improve the electrical conductivity
of concrete in the accelerated corrosion scheme, 5% sodium chlo-
ride (NaCl) by weight of cement was added into the concrete mix-
ing ingredients. The experimental stress-strain relations of the
original reinforcing bars are indicated in Fig. 2 and their mechani-
cal properties are presented in Table 2.

2.3. Instrumentation

A 5000 kN capacity hydraulic testing machine was utilized to
provide the concentric axial load using displacement control with
the loading rate of 0.5 mm/min. A preload of 50 kN was applied
to the specimens and the readings from the linear variable dis-
placement transducers (LVDTs) and strain gauges were checked
to ensure the specimens deform uniformly. Two different methods
of recording axial deformations were used during testing of the
specimens in this experimental program [22]. The first method
was to measure the overall axial deformation of the specimen
between the platen and the crosshead, that is, the gauge length
is total height of the specimen, 600 mm, using the reading results
of the hydraulic machine. The measured results of the first method
will be used if localized failure does not happen at the central part
of the specimen. The second method used two pairs of 25 mm
LVDTs mounted on the opposite sides of the square specimens
while three LVDTs were used for circular specimens, which were
mounted on a pairs of aluminum hoops embedded in the mid-
height of the specimens. The distance between two aluminum
hoops is 250 mm. It was observed that the failure regions of all test
specimens were at the central part of the specimen within the
gauge length of 250 mm as predicted. Fig. 3 shows the typical test
set-up of the square and circular specimens. The axial deformation
of the specimens was then derived from the average readings of
the LVDTs. A pair of concrete strain gauges was also attached on
the surface of the specimens to measure the axial concrete strain
in the elastic range of concrete. The experimental results revealed
that the readings of the concrete strain gauges exactly coincided
with the readings of the LVDTs in the elastic range of the speci-
mens. In this study, it is also noted that there are no strain gauges
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Fig. 2. Typical stress-strain curves of reinforcement.

Table 2
Properties of reinforcement.

Fig. 3. Typical test set-up of square and circular specimens in 5000 kN capacity
hydraulic universal testing machine.

Fig. 4. Accelerated corrosion scheme.

installed on the reinforcing bars as they will be damaged by the
accelerated corrosion process.

2.4. Accelerated corrosion scheme

The electro-chemical method was adopted to accelerate
corrosion process in reinforced concrete specimens, due to the fact
that the natural corrosion process usually takes several years or dec-
ades. Transverse reinforcing bars were corroded using an electro-
chemical method and a constant current density of approximately

Steel type Nominal diameter (mm) Yield strength (MPa) Ultimate strength (MPa) Modulus of elasticity (GPa)
R6 6 360.0 5254 210
T10 10 568.3 654.5 210
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0.5 mA/cm? was applied to the transverse reinforcing bars by con-
necting to the anodes of the DC power supplies while their cathodes
were connected to the copper plates. To simulate the corrosive envi-
ronments, the specimens were immersed in the water tank with a
5% sodium chloride (NaCl) solution, as shown in Fig. 4. The longitu-
dinal reinforcing bars were not corroded in this study and isolated
from the transverse reinforcement by using the electrical tapes. In
theory, the corrosion level of reinforcement in terms of mass loss
can be estimated by using the Faraday’s law and governed by the
accelerated corrosion time. However, many researchers pointed
out that the Faraday’s law overestimates the corrosion level of rein-
forcement and this finding is also confirmed in this experimental
program. Therefore, in this study, the corrosion level was estimated
based on the measured data of experiment as presented in the fol-
lowing section.

2.5. Corrosion level assessment

It is well known that the corrosion degree of reinforcement can
be evaluated in terms of either mass loss or residual cross-sectional
area. In this study, three evaluation methods of corrosion degree of
reinforcement based on experimental measurement are proposed,
including corrosion levels in terms of mass loss X, average resid-
ual cross sectional area X!!) | and minimum residual cross sectional

corr?
area, or pitting corrosion X2 | defined as follows:

corr*

CWo - W,
Xeorr = Wy (1)
D} -D?
X(lzr _~0 re (2)
CO; D(Z)
D - D},
Xeom == 3
0

where Wy and Dy are the original weight and diameter of reinforce-
ment before corrosion; Wy, D, and D, are the residual weight,
average residual diameter, and minimum residual diameter of rein-
forcement after corrosion, respectively. The measurement proce-
dure follows ASTM G1-03 [23] particularly after testing, all the
reinforcing bars were taken out of the test specimens and then were
cleaned by the steel brushes. After that, they were immersed in 10%
hydrochloric acid (HCI) for 20 min to remove all the rust, as demon-
strated in Fig. 5. Finally, all the reinforcing bars were measured to
estimate their weight loss and residual diameters. It should be
noted that all transverse reinforcing bars were weighed before
doing formwork and concrete casting to estimate the original

Fig. 5. Process of removing the rust from corroded reinforcement.

weight of all transverse reinforcing bars. In order to measure the
average and minimum residual diameters (or pitting corrosion)
along the length of the transverse reinforcing bars, the transverse
reinforcement was equally divided into eight regions, four regions
at the corners, and the other four regions at the middle of steel rein-
forcement, then the average and minimum residual diameters of
each transverse reinforcement were recorded. The digital vernier
caliper was used to measure the minimum residual diameters of
the corroded reinforcement. Firstly, eight regions of each transverse
reinforcing bar were measured to obtain their minimum residual
diameters. After that, the minimum residual diameter of each trans-
verse reinforcing bar is obtained by taking the minimum value
among these obtained values of eight regions. The same measure-
ment procedure was repeated for all transverse reinforcing bars.
Finally, the minimum residual diameter of transverse reinforcement
of the specimen is achieved by taking the average value of
minimum residual diameters of all transverse reinforcing bars.
The measured corrosion levels of transverse reinforcement of test
specimens are tabulated in Table 1. In this experimental program,
there is relatively high correlation between corrosion level in terms
of minimum residual cross sectional area and corrosion level in
terms of mass loss of corroded specimens, as indicated in Fig. 6.
In addition, the correlative relationship between corrosion level in
terms of average residual cross sectional loss and average corrosion
level in terms of mass loss of corroded specimens is also demon-
strated in Fig. 7. Although the test results show that the cross-
sectional loss varies along the length of the transverse reinforce-
ment, the measured mass loss and residual cross sectional area
for different corroded transverse reinforcing bars are relatively
comparable. It is due to the fact that all the transverse reinforcing
bars were applied and remained the same constant current density
of 0.5 mA/cm? during the accelerated corrosion process. Hence in
this study, for convenience and simplification in calculation, the
corrosion level in terms of mass loss is adopted to describe the cor-
rosion degree of transverse reinforcement as well as develop the
stress-strain model for confined concrete with corroded transverse
reinforcement.

2.6. Corrosion cracks

After the accelerated corrosion, the corroded specimens sub-
jected to low corrosion level, less than 10% in terms of mass loss,
did not show any visible cracks. On the other hand, the cracks
induced by corrosion were obvious for the specimens subjected
to high corrosion level which primarily appeared and developed
vertically along the direction of longitudinal reinforcement. Fig. 8
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Fig. 6. Relationship between corrosion levels in terms of average mass loss and
minimum residual cross sectional area of corroded specimens.
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Fig. 7. Relationship between corrosion levels in terms of mass loss and average
residual cross sectional area of corroded specimens.

demonstrates some corroded specimens after accelerating corro-
sion process and cleaning all the rust on their surfaces.

Their width and length were traced and measured at all sides of
the specimens using the crack width gauges. In order to consider
the effect of cover concrete cracks to the stress-strain relations of
corroded confined concrete, the total crack width of the specimen
W, which is defined as the average value of crack width deter-
mined for the four sides of the test specimen as follows:

W, = = Vel @
where w,,; is the width of crack i; [; is the length of the crack i; L is
the clear height of test specimens (L =600 mm). The total crack
width of the specimen of corroded specimens is indicated in Table 1.
As observed, the total crack width increases with the increase of
corrosion level. A good correlation between the total crack width
of the specimen and the corrosion level of transverse reinforcement
in terms of mass loss is shown in Fig. 9. It is noted that the total
crack width W, of the specimen which is defined as Eq. (4) can
be easily measured in the experiment and real engineering using
the crack width gauges.

2.7. Measured stress-strain curves for confined concrete

In this study, it is noted that the test result from the hydraulic
testing machine was the total load carried by the confined concrete
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Fig. 9. Relationship between total crack width of a cross section and corrosion
levels of transverse reinforcement of corroded specimens.

with transverse reinforcement, unconfined cover concrete, and
longitudinal reinforcing bars. Therefore, the longitudinal steel force
and the cover concrete force contributions were subtracted to give
the total load carried by the confined concrete which was divided
by the core area to obtain the confined concrete stress [24,25]. The
longitudinal steel force was calculated based on the tensile test
results. In order to convert the measured stress-strain relations
of reinforcement in tension into the stress-strain relations in com-
pression, the steel model proposed by Dodd and Cooke [26] was
adopted. For un-corroded specimens, the force contribution of
the unconfined cover concrete was calculated by multiplying the
concrete stress obtained from the unconfined concrete specimens
fi, (of the same size as the reinforced specimens) by the cover area
of the reinforced concrete specimen. For the corroded specimens,
the compressive concrete strength of cover concrete was reduced
to ¢f,, due to the cracks of cover concrete induced by corrosion
and the softening coefficient { can be estimated as follows [27]:

- (5)
/T +600¢,
b = V: (6)

where ¢, is the tensile strain induced by the cracks of cover con-
crete; W, is the total crack width of the specimen, as indicated in

Fig. 8. Appearance of corroded specimens after accelerated corrosion scheme.
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Table 1 or predicted as Eq. (5) based on corrosion level in terms of
mass loss of transverse reinforcement; p, is the perimeter of the
column section. Fig. 10 demonstrates the experimental results of
stress-strain curves for confined concrete of test specimens sub-
jected to various corrosion levels.

3. General description of test behavior

The failure mode of test specimens are characterized sequen-
tially by the appearance and propagation of vertical cracks along
the longitudinal reinforcing bars, the cover concrete spalling after
the specimens exceeded the peak stress, either the fracture of
transverse reinforcement or the bucking of longitudinal reinforcing
bars occurs first, depending on the spacing and corrosion levels of
transverse reinforcement, and finally the crushing of core concrete.
As observed in Fig. 10, the volumetric ratio of transverse reinforce-
ment and the corrosion level are the most important parameters
that significantly affect the stress-strain relations of corroded spec-
imens for all cross sectional shapes, including maximum concrete
strength and the corresponding axial strain, ultimate concrete
strain, and the stress-strain curves after exceeding the maximum
strength.

The experimental observation also revealed that the pitting cor-
rosion becomes more significant with the increase of corrosion
level. Particularly, for the corroded specimens with the corrosion
level approximately less than 10%, it is observed that the diameter
of transverse reinforcing bars of these specimens reduced rela-
tively uniformly, generally defined as uniform corrosion. Fig. 11
demonstrates an example of some typical corroded transverse
reinforcing bars of corroded Specimen AS1 with the corrosion level
of 9.5% after testing and cleaning all the rust. In addition, the accel-
erated corrosion process of transverse reinforcement did not cause
any visible cracks on the surface of these specimens. As a result of
uniform corrosion and low corrosion level of transverse reinforce-
ment, the overall stress-strain relations of these corroded speci-
mens were not affected significantly when compared to the un-
corroded specimens in the same series, as indicated in Fig. 10, par-
ticularly for the corroded Specimens AS1, AM1, AL1, BM1, BL1, CS1,
and CM1. Furthermore, in the well-confined Specimens AS1, BS1,
and CS1, those with small spacing of transverse reinforcement
and high volumetric ratio of confining reinforcement, the corroded
specimens still showed the ductile behavior after the maximum
stress exceeded even though they were corroded. These specimens
failed when the longitudinal reinforcing bars were buckled and the
core concrete was crushed. Fig. 12 shows typical failure of some
low corroded specimens with the corrosion level less than 10%
after testing and taking out all the instruments. On the other hand,
with the highly corroded specimens, where the corrosion level is
greater than 15%, the severe pitting corrosion, or eventually the
corrosion induced the fracture of transverse reinforcing bars can
be observed. Fig. 13 demonstrates an example of some typical cor-
roded transverse reinforcing bars of Specimen AS3 with the corro-
sion level of 25.0% after testing. In addition, it is of interest to
notice that the severe pitting corrosion and corrosion induced frac-
ture of transverse reinforcing bars occurred near the cover concrete
crack regions. This is because the cracks of the cover concrete due
to corrosion facilitated the chemical reaction between the ferrous
ions and hydroxyl ions to form the corrosion products. It is also
observed that the cracks induced by corrosion developed vertically
along the direction of longitudinal reinforcement and occurred in
the highly corroded specimens. Afterward, these cracks further
developed and widened with the increase of the applied compres-
sion axial force during the test. Finally, these specimens failed with
the fracture of transverse reinforcing bars and then the following
buckling of the longitudinal reinforcement. Fig. 14 indicates the

typical failure of some highly corroded specimens with the corro-
sion level greater than 20%. As demonstrated in Fig. 10, the severe
pitting corrosion and the fracture of transverse reinforcing bars
induced by corrosion significantly affected the stress-strain rela-
tions of highly corroded specimens. Particularly, more brittle
behavior and steeper descending branches can be noticed in the
complete stress-strain curves of these specimens.

4. Discussion of test results
4.1. Effect of corrosion level

The effect of corrosion level on the stress-strain relation of test
specimens is demonstrated in Fig. 10. As observed, the initial stiff-
ness was not significantly affected by the increase of corrosion
level. However, the higher corrosion level resulted in the lower
maximum concrete strength and the axial concrete strain at max-
imum strength. Furthermore, significant deterioration of confined
strength after the maximum stress reached was more obvious with
the increase of corrosion level for all cross sectional shapes, espe-
cially with the highly corroded specimens. For instance, comparing
to the un-corroded Specimen ASO, an approximately 7.1%, 10.0%,
13.4% maximum confined strength reduction and 7.8%, 17.3%,
22.7% axial strain at maximum stress decrease for corroded Speci-
mens AS1, AS2, and AS3 with the same cross sectional shape and
reinforcement details were observed corresponding to the increase
of their corrosion levels from 0% to 9.5%, 16.7%, and 25.0%, respec-
tively. Although similar trends were also noticed for the other cor-
roded specimens belong to Series B and C, their deterioration rates
of strength and ductility are different, depending on the arrange-
ments and spacing of confining reinforcement, as well as the cross
sectional shapes of confined concrete. As predicted, the deteriora-
tion rate of strength and ductility after peak stress of corroded con-
fined concrete constructed with large hoop spacing, low
volumetric ratio, and highly corroded transverse reinforcement is
much faster than that of corroded confined concrete with small
hoop spacing, high volumetric ratio, and low corrosion level. The
corrosion effect was more detrimental on the axial strain at maxi-
mum stress and ultimate axial strain than that on confined con-
crete strength.

4.2. Effect of volumetric ratio of transverse reinforcement

The volumetric ratio of transverse reinforcement is considered
as one of the most significant parameters to improve the strength
and ductility capacities of confined concrete. In this study, this
effect on the stress-strain relations of corroded confined concrete
under various corrosion levels can be observed in Fig. 10. For tested
Specimens AS2, AM2, and AL3 with the corrosion levels of 16.7%,
12.5% and 17.5%, respectively, comparing to the un-corroded Spec-
imens with the same design ASO, AMO, and ALO, an approximately
10.0%, 7.8%, 22.3% peak stress decrease and 13.8%, 20.0%, 31.3%
ultimate axial strain reduction were observed corresponding to
the volumetric ratio of transverse reinforcement of these speci-
mens reduces from 2.51% to 1.57% and 0.97%, respectively. The
experimental observation of the descending branches of stress-
strain curves also revealed that among the corroded specimens
subjected to the relatively similar corrosion levels, the lower volu-
metric transverse reinforcement ratio and larger hoop spacing
resulted in more brittle behavior for corroded confined concrete.
The similar trend can be also observed in Fig. 10 with corroded
specimens belong to Series B and C. In conclusion, the volumetric
ratio of transverse reinforcement significantly affects the stress-
strain relations of corroded confined concrete, including the max-
imum strength, ultimate axial strain, as well as the descending
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Fig. 10. Experimental stress-strain curves for confined concrete of test specimens subjected to various corrosion levels.
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Fig. 11. Appearance of some typical corroded transverse reinforcing bars of specimen AS1 (X, = 9.5%) after testing and removing all the rust.

ASI(X, =9.5%) BMI (X, =5.6%) CMI (X, =7.6%)

corr corr

corr

Fig. 12. Appearance of specimens subjected to low corrosion levels after testing.

branches of stress-strain curves after exceeding the maximum
strength.

4.3. Effect of confinement reinforcement configuration

It is well known that the transverse reinforcement arrangement
is one of the vital factors that affect the performance of confined
concrete because of its influence on the distribution of lateral con-
fining pressure. However, this effect has not been well studied in
cases of confined concrete undergo severe corrosive environment.
In this study, the effect of transverse reinforcement arrangement
can be observed by comparing the stress-strain relations of two
pairs of corroded Specimens AM1&BL1, AS2&BM3, of almost the
same volumetric ratio of transverse reinforcement and subjected
to the similar corrosion levels. Specimens AM1 and AS2 were con-
structed using single perimeter hoops while Specimens BL1 and
BM3 designed with double hoops configuration. Additionally, due
to the compressive concrete strength varied among test specimens,
the confined strength enhancement which is ratio of confined con-
crete strength to unconfined concrete strength is used to compare
the confinement effectiveness of test specimens. The experimental
results showed that both Specimens BL1 and BM3 performed bet-

ter than AM1 and AS2 in terms of strength and ductility, as well as
the improvement of deterioration rate after exceeding the maxi-
mum stress, for details, the enhancement of peak stress and ulti-
mate strain of Specimen BL1 were 3.3% and 14.2% higher than
those of Specimen AM1 while 7.6% and 14.5% higher of peak stress
enhancement and ultimate strain can be also observed in Specimen
BM3 compared to Specimen AS2. Therefore, these comparisons
confirmed the improvement of strength and ductility in corroded
concrete confined with double hoops configuration.

4.4. Effect of cross sectional shape of confined concrete

Generally, the normal concrete confined by circular spirals per-
forms better than rectilinear ties because of its uniformly dis-
tributed confining pressure around the perimeter of the section.
In this study, this effect was investigated and quantified for cor-
roded circular and square specimens in terms of their strength
and ductility. Comparing two pairs of the corroded Specimens
CS1&AS1, CM1&AM1 which were designed with similar volumetric
ratio of transverse reinforcement and under almost the same cor-
rosion levels showed that the peak stress enhancements of circular
corroded Specimens CS1 and CM2 were 15.0% and 10.6% higher
than those of square corroded Specimens AS1 and AM1, respec-
tively. In addition, these circular corroded specimens performed
a ductile behavior after their peak stress attained while those
square corroded specimens exhibited a pronounced reduction in
load carrying capacity after the maximum load reached, showing
that the cross sectional shape significantly affects the confinement
effectiveness of corroded confined concrete.

5. Stress-strain model for confined concrete with corroded
transverse reinforcement

5.1. Stress-strain relation

In this study, to establish the new analytical model for corroded
confined concrete, the stress-strain model for un-corroded con-
fined concrete proposed by Mander et al. [21] was adopted and
modified to take into consideration the effects of corrosion because
of some of its advantages, including the overall stress-strain curve
can be represented by one single polynomial function and its appli-
cation for any cross sectional shape of confined concrete. More
importantly, comparing the well-known stress-strain models in lit-
erature [21,28-30] with the experimental results of un-corroded

L U]

Fig. 13. Appearance of some typical corroded transverse reinforcing bars of specimen AS3 (X = 25.0%) after testing and removing all the rust.
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Fig. 14. Appearance of specimens subjected to high corrosion levels after testing.

Specimens ALO, AMO, ASO, BLO, BMO, BS0O, CLO, CMO, and CSO in this
study showed that the model proposed by Mander et al. [21] has
the best interpretation of these experimental data, as indicated in
Fig. 15. In the model for un-corroded confined concrete proposed
by Mander et al. [21], the longitudinal compressive concrete stress
f. is expressed as follows:

fo= T )
x=c (8)
E. = 50004/f, (10)
Eqec :% (11)

cC

where & is the longitudinal compressive concrete strain; f,. and &
are the maximum confined strength and corresponding axial strain,
respectively, which will be modified later to take into consideration
the effects of corroded transverse reinforcement; E. and Ej. are the
elasticity modulus of concrete and secant modulus of confined con-
crete at the maximum stress, respectively; f., is the maximum
strength of unconfined concrete, which is estimated based on the
experimental results, as shown in Table 1. When the experimental
data is unavailable, the unconfined concrete strength f,, can be
expected to be equal 85% strength of the standard cylinder test
results.

5.2. Maximum strength of corroded confined concrete

Generally, corrosion of reinforcement reduces the mechanical
properties and diameter of reinforcement, resulting in the reduc-
tion of total cross-sectional area A, and yield strength of transverse
reinforcement f,,. Therefore, a modification of volumetric ratio p,
(Eq. (12)) and yield strength f;h (Eq. (13)) for transverse reinforce-
ment was made in this proposed model, resulting in the reduction
of effective lateral confining pressure f; (Eq. (14)). Finally, based on
the test data of 36 specimens, a regression analysis was conducted
to modify the maximum confined strength f._ (Eq. (15)).

Pse = (1 = Xeorr) ps (12)
f;h = (1 - OCsXcorr)fyh (13)
fi= ke (14)

foo = (1 = Xeor)f (—1.254 +2.254 1+ 7'1?,4f; - 2Jf—l> (15)

where X, is the corrosion level in terms of mass loss of transverse
reinforcement; o is the yield strength reduction factor for corroded
transverse reinforcement, taken as 0.005 [14], s = 0.005 was also
recommended to use in [31]; o is stress correction coefficient
derived from the regression analysis of the test data; oo = 0.19 for
square confined section with single hoops configuration (Series
A); o = 0.40 for square confined section with double hoops config-
uration (Series B); oo = 0.51 for circular confined section with spiral
hoops (Series C); k. is the confinement effectiveness coefficient,
more calculation details of this coefficient can be found in [21].
The average ratio of the measured maximum corroded confined
strength of 36 specimens to their values calculated by using Eq.
(15) is 0.997 and its standard deviation (SD) of 0.052, showing a
good agreement between the experimental results and the pro-
posed equation, as shown in Table 3 and Fig. 16.

5.3. Axial corroded concrete strain at maximum strength

As mentioned previously, the axial strain of corroded confined
concrete corresponding to its maximum strength reduces signifi-
cantly due to reinforcement corrosion, much more than the deteri-
oration of maximum confined strength. Based on the experimental
data of 36 specimens and regression analysis, the axial corroded
concrete strain at the maximum stress &. can be estimated for
both circular and square confined sections with corroded trans-
verse reinforcement, as follows:

1+5G%_>} (16)

Basically, Eq. (16) was derived from modifying the original
equation in [21] that takes into consideration the corrosion effect
on the reduction of axial strain at peak stress. In this equation,
is strain correction coefficient; g = 0.49 for square confined section
with single hoops configuration (Series A); g = 1.29 for square con-
fined section with double hoops configuration (Series B); f = 0.28
for circular confined section with spiral hoops (Series C); & is the
axial strain of unconfined concrete corresponding to maximum
unconfined stress, which is estimated based on the experimental
results of unconfined concrete specimens, as indicated in Table 1.
The value of &, = 0.002 can be assumed when the test data is
not available. In this proposed equation, the strength of corroded
confined concrete /. is calculated following Eq. (15). The compar-
isons of axial corroded concrete strain between the experimental
data and the proposed equation Eq. (16) produce a good agreement
because the average ratio of measured axial corroded concrete
strain at peak stress of 36 specimens to their values estimated by
using Eq. (16) is 1.034 and its standard deviation (SD) of 0.176,
as indicated in Table 3 and Fig. 17.

Ecc = (1 - ﬁxcorr)gco

5.4. Ultimate strain of corroded confined concrete

It is conservative to estimate the ultimate strain of confined
concrete corresponding to the strain at which the fracture of the
first confining reinforcement occurs [21,32], causing longitudinal
reinforcement to buckle and the crush of core concrete follows.
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Fig. 15. Comparisons of experimental and analytical stress-strain curves for test specimens.
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Fig. 15 (continued)

In order to predict the ultimate strain of corroded confined con-
crete &q, the empirical equation proposed by Paulay and Priestley
[32], which based on the energy balance approach, was adopted
and modified as following:

1 '4pscf;h ng

&y =0.004 + (1 — Xeorr) f/
cc

(17)

&m = (1 = BXcorr) &sm (18)
where the modified volumetric ratio of transverse reinforcement p,.
and the strength of corroded confined concrete f._ are estimated fol-
lowing Eqs. (12) and (16); f;h is the yield strength of corroded trans-
verse calculated based on Eq. (13); &, and &, are the steel strains
at the maximum tensile stress of corroded and un-corroded trans-
verse reinforcement, respectively; &, =0.12 is adopted in this
study based on the test result. g, is the ultimate strain reduction
factor for corroded transverse reinforcement, taken as 0.05 [15].
Table 3 and Fig. 18 show a good correlation between the measured
ultimate strain of corroded concrete of 36 specimens and their pre-
dicted values using Eq. (17), particularly the average ratio of the test
data to the predicted results is 0.985 and its standard deviation (SD)
of 0.095.

Fig. 15 demonstrates the comparisons of complete stress-strain
curves of 36 specimens between the experimental data and the

proposed analytical model that illustrated a reasonably good pre-
diction of this proposed model. Furthermore, the normalized cor-
roded concrete stress error Egpss was evaluated to quantify the
accuracy of the proposed analytical model that is the error
between measured and calculated corroded concrete stress error,
as the following equation:

VA (P )’

max(|Fie,|)

(19)

ES[VESS

where F,., and F, are the measured and calculated corroded con-

crete stresses at the i loading step. Table 3 summarizes the values
of normalized corroded concrete stress error of 36 specimens. As
indicated, the mean error in corroded concrete stress of 36 speci-
mens is 11.28%, showing a reasonable estimation of the overall
stress-strain curves for corroded confined concrete by adopting this
proposed model.

6. Conclusions

In this paper, the influences of the corroded transverse reinforce-
ment on the stress-strain relation of confined concrete are experi-
mentally and analytically investigated. The key parameters
affecting the stress-strain relation of confined concrete with cor-
roded transverse reinforcement are investigated and quantified,
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Table 3
Experimental results and comparisons with proposed analytical model.
Unit % (MPa) P (MPa) 5 £ (%) &2 (%) 5 5P (%) &P (%) 5 Exress (%)
ALO 31.96 29.51 1.083 0.331 0.289 1.145 2.607 2.381 1.095 7.07
AL1 30.62 29.05 1.054 0.300 0.268 1.119 2.582 2.217 1.165 11.84
AL2 29.49 28.59 1.032 0.305 0.248 1.229 2.347 2.056 1.142 8.46
AL3 24.83 27.86 0.891 0.218 0.217 1.005 1.792 1.815 0.987 11.27
AMO 33.85 32.91 1.029 0.373 0.396 0.941 3.501 3.287 1.065 6.41
AM1 31.84 31.95 0.996 0.351 0.353 0.993 2.867 2.942 0.974 4.84
AM2 31.20 31.29 0.997 0.344 0.324 1.060 2.800 2.710 1.033 5.36
AM3 29.01 30.12 0.963 0.286 0.276 1.035 2.168 2.315 0.937 17.56
ASO 39.57 37.17 1.065 0.421 0.520 0.810 3.988 4.489 0.888 7.58
AS1 36.78 35.51 1.036 0.388 0.448 0.867 4,019 3.887 1.034 3.35
AS2 35.61 34.27 1.039 0.348 0.397 0.877 3.437 3.631 0.947 12.54
AS3 34.27 32.83 1.044 0.325 0.341 0.953 2.706 2.970 0.911 17.46
BLO 33.84 34.74 0.974 0.582 0.446 1.304 3.809 3.273 1.164 14.20
BL1 32.28 33.03 0.977 0.433 0.356 1.218 3.343 2.966 1.127 18.39
BL2 32.91 32.45 1.014 0.407 0.327 1.244 2.824 2.862 0.987 12.06
BL3 29.55 31.99 0.924 0313 0.306 1.022 2.401 2.781 0.864 19.98
BMO 36.89 38.20 0.966 0.851 0.672 1.266 4979 4.645 1.072 5.91
BM1 35.26 36.64 0.962 0.728 0.577 1.262 4.512 4.335 1.041 7.05
BM2 34.15 35.40 0.965 0.612 0.506 1.209 3.608 4.088 0.883 18.72
BM3 33.59 34.46 0.975 0.490 0.456 1.074 4.021 3.902 1.031 16.78
BSO 44.77 46.72 0.958 1.034 0.947 1.092 6.005 5.954 1.009 6.57
BS1 43.45 41.37 1.050 0.472 0.625 0.755 5.090 4901 1.039 9.11
BS2 41.38 39.29 1.053 0.456 0.517 0.882 3.837 4.492 0.854 7.89
BS3 38.45 37.83 1.016 0.365 0.447 0.815 3.531 4.205 0.840 18.99
CLO 26.33 26.97 0.976 0.574 0.559 1.028 2.721 2.962 0.919 7.85
CL1 24.90 23.47 1.061 0.409 0.384 1.065 2.099 2.422 0.867 5.43
CL2 22.04 22.45 0.982 0.396 0.336 1.180 1.957 2.260 0.866 19.50
CL3 20.67 20.53 1.007 0.328 0.248 1.321 1915 1.952 0.981 18.04
CMO 36.30 37.76 0.961 0.647 0.635 1.019 3.183 2.916 1.091 7.50
CM1 34.21 35.47 0.964 0.627 0.544 1.152 2.630 2.678 0.982 7.46
CM2 30.06 31.04 0.968 0.335 0.376 0.893 2.202 2.203 0.999 19.17
CM3 29.87 28.19 1.060 0.201 0.274 0.734 2.035 1.889 1.078 14.37
CSo 44.84 45.32 0.989 0.899 0.899 1.000 3.424 3.754 0.912 6.47
Cs1 42.39 41.72 1.016 0.877 0.753 1.165 3.026 3.379 0.895 7.62
CS2 42.65 41.48 1.028 0.689 0.744 0.926 2.854 3.355 0.851 7.56
CS3 33.75 40.11 0.841 0.401 0.690 0.581 3.004 3.209 0.936 15.85
Mean 0.997 1.034 0.985 11.28
Coefficient of variation 0.052 0.176 0.095
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Fig. 16. Comparisons of the corroded confined concrete strength of 36 specimens
between experimental results and calculated by Eq. (15).

including corrosion level, volumetric ratio, arrangement and config-
uration of confining reinforcing bars, and cross sectional shape of
confined concrete. Some important conclusions can be summarized
from the experimental and analytical studies as followings:

1. A stress-strain model for confined concrete with corroded
transverse reinforcement is proposed by incorporating the cor-
rosion effects into the model for un-corroded confined concrete
proposed by Mander et al. [21]. The proposed model showed a

Fig. 17. Comparisons of the axial corroded concrete strain at maximum strength of
36 specimens between experimental results and calculated by Eq. (16).

2.

reasonably good estimate of the experimental stress-strain
curves for both circular and square specimens with various cor-
rosion levels of transverse reinforcement and subjected to com-
pression axial loading.

The experimental results revealed that the corrosion level and
the volumetric ratio of transverse reinforcement are the most
important factors affecting the stress-strain relations of cor-
roded confined concrete. As the corrosion level increases, both
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Fig. 18. Comparisons of ultimate corroded concrete strain of 36 specimens between
experimental results and calculated by Eq. (17).

strength and ductility of the corroded confined concrete drasti-
cally decrease and the slope of the stress-strain curve after
exceeding the maximum stress also becomes steeper. The cor-
rosion effect on the corroded confined concrete is found to be
more detrimental on the axial strain at the maximum stress
and ultimate strain than that on the maximum strength.

3. The pitting corrosion is more significant with the increase of cor-
rosion level which significantly affects the overall stress-strain
relations of corroded confined concrete. Particularly, as observed
in corroded specimens with corrosion levels in terms of mass
loss less than approximately 10%, the uniform corrosion of trans-
verse reinforcement slightly influenced their global stress-strain
relations of corroded confined concrete. In addition, at the end of
the test, neither the cover concrete crack induced by corrosion
nor the fracture of transverse reinforcing bars was observed in
these corroded specimens. However, with the highly corroded
specimens under corrosion levels from 15% to 30%, the severe
pitting corrosion can be noticed which resulted in the significant
deterioration of the strength and ductility of corroded confined
concrete. This is because of the severe reduction of the confine-
ment effectiveness caused by the fracture of confining transverse
reinforcement due to severe pitting corrosion.

4. Regarding the effect of cross sectional shape of confined con-
crete, the experimental results showed that with the similar
volumetric ratio of transverse reinforcement and under the
same corrosion levels, the corroded concrete confined with cir-
cular spirals performed better than that confined with rectilin-
ear ties in terms of both strength and ductility capacity. In
addition, more ductile behavior was also observed for the cor-
roded concrete confined with circular spirals even though sub-
jected to relatively high corrosion levels.

5. The experimental results also confirmed that the corroded con-
crete confined with double hoops configuration, resulting in the
uniform distribution of confinement pressure, significantly
improved the confinement effectiveness, particularly the
increase of the maximum strength and ultimate concrete strain,
as well as delay in the deterioration rate of the stress-strain
curves after exceeding the maximum stress, comparing to the
corroded concrete confined with single hoops configuration.
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